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Abstract 
 

Climate change scenarios for the coming century suggest that the UK will experience 

hotter, drier summers and warmer wetter winters with more extreme precipitation events. 

These changes will be a particular problem in cities, where urban heat islands exacerbate 

heatwaves and surface sealing enhances runoff, which can result in flash flooding. There is 

a clear need to adapt our cities to climate change. 

 

This thesis quantifies the important contribution that urban greenspace already makes to 

moderating climate impacts. Furthermore, it shows that manageable increases in the 

amount of greenspace in urban areas can reverse some of the deleterious effects of climate 

change. A GIS-based urban characterisation was undertaken for Greater Manchester, 

mapping urban morphology types and their surface cover from aerial photograph analysis. 

This formed a key input into models that investigated surface temperature during a summer 

heatwave and surface runoff during an extreme winter storm. Model runs were undertaken 

for the baseline climate as well as for future climate scenarios and a range of ‘development 

scenarios’, which added or removed greenspace. In addition, changes in the soil water 

content of amenity grassland were explored. 

 

The results suggest that the expected maximum surface temperature increase in city centres 

and high density residential areas could be prevented by adding 10% greenspace or adding 

green roofs to buildings. However, during droughts, the cooling effect of greenspace is 

diminished, and irrigation would be needed for 2-5 months each year by the 2080s to 

sustain this function. Urban greenspace normally moderates surface runoff, but is 

ineffective at counteracting the increased runoff from a once-a-year precipitation event 

with climate change. The results show that cities can be largely climate-proofed by simple 

soft engineering, but that attention will need to be paid to managing rainwater runoff, 

perhaps by increasing storage and using it to irrigate greenspace. 

 

The planning system can be used to help adapt cities for climate change. However, current 

planning policy favours the ‘densification’ of the urban environment, which will reduce the 

ability of cities to adapt to climate change. More emphasis must be placed on the 

functional importance of the ‘green infrastructure’ in planning policy and practice.  
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Chapter 1. Introduction 
 

1.1 Introduction 
 

Much of the emphasis in planning for climate change is, quite properly, focused on 

reducing greenhouse gas emissions, or mitigation. Present day emissions will impact on the 

severity of climate change in future years (Hulme et al., 2002). However, climate change is 

already with us. The World Wide Fund for Nature, for example, has recently drawn 

attention to the significant warming of capital cities across Europe (WWF, 2005).  Due to 

the long shelf-life of carbon dioxide in the atmosphere, much of the climate change over 

the next 30 to 40 years has already been determined by historic emissions (Hulme et al., 

2002). Thus, there is a need to prepare for climate change that will occur whatever the 

trajectory of future greenhouse gas emissions. 

 

Climate change adaptation has been defined as “adjustment in ecological, social, or 

economic systems in response to actual or expected climatic stimuli and their effects or 

impacts” (Smit et al., 2001). Climate change adaptation can be either autonomous or 

planned (Figure 1.1) (Smit et al., 1999). Whilst autonomous adaptations are likely to occur 

in the absence of specific policy initiatives, planned adaptation results from policies that 

deal with modifying the impacts or vulnerabilities of systems to climate change and its 

effects. These two roles are not independent of each other and do not necessarily occur in 

any particular sequence (Smit et al., 1999). 
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Figure 1.1. The position of adaptation in the climate change agenda (Smit et al., 1999) 
 

 
 

Urban greenspace offers significant potential in adapting cities for climate change, through 

its important role in ameliorating the urban climate (e.g. Solecki et al., 2005). However, 

this potential has not been explored. In addition, little is known about the impact of climate 

change on urban greenspace, and how this may impact back on its functionality. 

 

This opening chapter will provide an introduction to the thesis. In particular it will discuss 

its context as part of a larger research project into ‘Adaptation Strategies for Climate 

Change in the Urban Environment’. It then discusses the research context and relevant 

background material before setting the research aims and objectives. The methodological 

framework is then outlined and the case study site is introduced. 

 

1.2 Research Context within the ASCCUE Project 
 

The UK Engineering and Physical Sciences Research Council (EPSRC) and the UK 

Climate Impacts Programme (UKCIP) have established a research programme into 

Building Knowledge for a Changing Climate (BKCC), looking at how climate change will 

affect different aspects of the built environment. The BKCC initiative comprises a range of 

different research projects (Figure 1.2). Some of the projects consider climate change 
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impacts and responses, for example looking at urban planning (ASCCUE) and urban 

drainage (AUDACIOUS). Other projects support these sectoral studies, for example, 

through the development of high-resolution weather data (BETWIXT), methods for 

analysing uncertainties (CRANIUM), and socio-economic scenarios (BESEECH) (EPSRC 

& UKCIP, 2003). The BKCC projects are managed through an integrating framework 

which allows for the sharing of datasets and scenarios and the exploration of linkages 

between projects. 

 

Figure 1.2. Integrating framework for the BKCC initiative 

 
 

The research presented in this thesis forms part of the ASCCUE project, looking at 

‘Adaptation Strategies for Climate Change in the Urban Environment’. There are four 

principal aims of ASCCUE: to develop an improved understanding of the consequences of 

climate change for urban areas and how these, and the neighbourhoods within them, can be 

adapted to climate change; to explore policy options for urban planning in response to 

climate change, with emphasis on changes in urban form and urban management; to 

produce a tool-kit for climate-conscious planning and design at various scales from 

neighbourhood to the whole city level; and to initiate demonstration projects (to be 

managed by the stakeholders involved) to make cities and urban neighbourhoods fit for 

climate change through planning, design and management. 
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The ASCCUE research is based on two conurbations of contrasting size, vulnerability and 

climate regime, at opposite ends of the south east/north west climate gradient across 

England. These case studies are Lewes, a low-lying town in a tidal river valley in the south 

east, and Greater Manchester, a large conurbation in the north west. Lewes, which already 

experiences severe riverine flooding, was chosen as an ‘extreme case’; Greater Manchester, 

a large conurbation of 2.5 million people covering 1300 km2, was chosen as a 

‘representative case’. ASCCUE focuses on the consequences of climate change, and 

adaptation strategies, for three key exposure units: building integrity, human comfort and 

urban greenspace, as well as exploring the interactions between them. ASCCUE is divided 

into eight work packages (WP) (Figure 1.3): Lewes case study (WP1), Greater Manchester 

case study (WP2), integrity of the built environment (WP3), outdoor human comfort 

(WP4), urban greenspace (WP5), assessment of socio-economic impacts (WP6), adaptation 

strategy development including feasibility (WP7), and potential interaction between 

adaptation and mitigation measures (WP8). 

 

Figure 1.3. ASCCUE project framework 
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This thesis forms part of the urban greenspace work package. Whilst it is situated within 

the ASCCUE project, it has its own distinct aims and objectives (Section 1.4). However, 

this research is both informed by, and informs, the wider ASCCUE project. This is 

particularly notable in the sharing of common case studies and datasets.   

 

The ASCCUE project involved both local and national stakeholders from the outset, who 

helped with the development of the project to ensure that it remained relevant, practical 

and was likely to be successful. In addition they helped to target and disseminate research 

findings and contributed their knowledge on strategies, documents and guidance that has 

already been developed.  

 

The national steering group is led by the Town and Country Planning Association (TCPA) 

and comprises enablers, policy makers, realisers and end-users. It includes a range of 

interests including insurance, construction, engineering, developers, social impact, health, 

planning, and greenspace. It includes representatives from the UK Climate Impacts 

Programme (UKCIP), the Engineering and Physical Sciences Research Council (EPSRC), 

the Building Research Establishment (BRE), Arup, the Environment Agency, the Royal 

Town Planning Institute (RTPI), the Office of the Deputy Prime Minister (ODPM) now 

known as the Department for Communities and Local Government (DCLG), the 

Association of British Insurers (ABI), the South East Climate Change Partnership, the 

Construction Industry Research and Information Association (CIRIA), the North West 

Climate Group, the Institute of Public Health from the University of Cambridge, and the 

Commission for Architecture and the Built Environment (CABE) Space. 

 

The Greater Manchester local advisory group is composed of a similar group of people. It 

includes representatives from: the North West Regional Assembly, Bridge Risk 

Management, the Manchester Joint Health Unit, Arup, the Red Rose Forest, The 

Environment Practice, Manchester City Council Planning, the Greater Manchester 

Geological Unit, the Environment Agency, United Utilities, the North West Development 

Agency, and the British Geological Survey. 
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1.3 Research Context 
 

A full literature review was completed for the ASCCUE project (Gill et al., 2004). The 

literature review followed the ‘Driver-Pressure-State-Impact-Response’ framework of the 

European Environment Agency (EEA, 2003). The main findings were: 

 

• The key drivers of change in the urban environment are greenhouse gas emissions, 

lifestyle changes, and urban development. These drivers act in conjunction with each 

other as well as with other environmental, socio-economic and political drivers.  

• The drivers exert pressures on the urban system, which again act both independently 

and in conjunction with each other to produce impacts. Pressures not only result from 

changes per se, but crucially depend on other factors including climate variability and 

extreme events. Climate change in the UK will result in warmer wetter winters and 

hotter drier summers, with an increased occurrence of extreme events such as heatwaves 

and intense precipitation. In addition, increasing urbanisation, which is partly dependent 

on lifestyle choices, reduces greenspace cover and puts pressure on the urban ecosystem, 

impacting on, for example, surface temperatures and stormwater runoff. 

• The severity of the impacts of climate change depends upon the state of the urban 

environment. In particular, urban environments already have their own microclimate, air 

quality and hydrological regimes. The greenspace to built surfaces ratio is important for 

the environmental functionality of urban areas. 

• Climate change impacts on air quality (e.g. decreased mean and episodic winter 

concentrations of particles, NO2 and SO2, increased summer ozone episodes), hydrology 

(e.g. altered river flows, decreased annual and summer average soil moisture, changes 

to surface runoff, flooding), urban greenspace (e.g. changes to species range, phenology, 

physiology and behaviour, susceptibility to drought, increased irrigation demands, 

increasing importance for reducing flooding and temperatures and meeting recreational 

demand), human comfort and health (e.g. winter comfort increases and mortality 

decreases, more heat stress in summer which may result in deaths within vulnerable 

populations), and building integrity (e.g. through wind, driving rain, subsidence and soil 

movement, flooding). 

• The response to these impacts was to be determined within the ASCCUE project and, to 

some extent, within this thesis. It is anticipated that urban greenspace has a key role to 
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play in climate change adaptation through moderating impacts and improving the 

quality of an increasingly important outdoor realm. 

 

This section sets the research context of relevance to this thesis, which has the title 

‘Climate Change and Urban Greenspace’. 

 

Urban areas have their own distinctive climate (Table 1.1) (Bridgman et al., 1995). The 

physical structure of the city, its artificial energy and pollution emissions, and the reaction 

of climatic elements with urban surfaces, combine to create an urban climate (Bridgman et 

al., 1995). Such biophysical changes are therefore, in part, a result of the altered surface 

cover of the urban area (Whitford et al., 2001). The process of urbanisation replaces 

vegetated surfaces with impervious built surfaces. 

 
Table 1.1. General alterations in climate created by cities (after Landsberg, 1981, p. 258) 

 
Climatic Element Comparison with rural areas 

Annual mean 0.5-3.0°C higher 
Winter minimum 2.5-4.0°C higher 

Temperature 

Summer maximum 1.0-3.0°C higher 
Annual mean 6% lower 
Winter 2% lower 

Relative 
humidity 

Summer 8% lower 
Clouds 5-10% more 
Fog, winter 100% more 

Cloudiness 

Fog, summer 30% more 
Total, horizontal surface 0-12% less 
Ultraviolet, winter 30% less 
Ultraviolet, summer 5% less 

Solar radiation 

Sunshine duration 5-15% less 
Mean 20-30% lower 
Extreme gusts 10-20% lower 

Windspeed 

Calms 5-20% more 
Amounts 5-10% more 
Days with <5 mm 10% more 
Thunderstorms 10-15% more 
Snowfall, inner city 5-10% less 

Precipitation 

Snowfall, lee of city 10% more 
 

Hydrological processes are altered by urbanisation (Figure 1.4). Precipitation may be 

higher in a city due to urban-modified atmospheric gases which increase the condensation 

nuclei necessary to produce rain (Bridgman et al., 1995). A reduced vegetation cover 

results in less evapotranspiration by plants and interception of rainfall. In addition, a 

greater surface sealing decreases infiltration. As a result, surface runoff is greatly increased, 

both in terms of volume and speed. Thus, the time between the rainfall event and its 
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appearance in streams is reduced, as water moves efficiently across sealed surfaces and 

through drains (Mansell, 2003; Bridgman et al., 1995). Stream hydrographs in urban areas 

display a flashier nature; they are shorter in duration with higher peak flows (Bridgman et 

al., 1995). This increases the risk of both riverine flooding, as well as flooding from 

combined sewer overflows, where the capacity of the drains is overwhelmed by the runoff 

(Bridgman et al., 1995).     

 

Figure 1.4. The effect of urbanisation on hydrology: (A) the situation in rural areas, (B) the situation in 
urban areas (Whitford et al., 2001) 

 
 

Urbanisation also alters energy exchanges (Figure 1.5). In any location the major radiation 

parameters affecting climate are: incoming short wave (solar) radiation which is direct or 

diffuse; the fraction of short wave energy reflected back into the atmosphere as a result of 

surface albedo; the long wave radiation released from the surface to the atmosphere which 

is dependent on surface temperature; the long wave radiation released from the atmosphere 

towards the surface which is dependent on atmospheric temperature; and the net radiation, 

or excess or deficit between incoming and outgoing components (Bridgman et al., 1995). 

Whilst urbanisation alters every component flux of the radiation budget, the net effect on 

urban and rural radiation differences is small (Oke, 1987). The net radiation is partitioned 

between different components of the heat budget: sensible heat, or the convective energy 

flux, represented by a change in temperature; latent heat of evaporation, where energy is 

stored as water vapour; heat flux to the subsurface; and artificial heat in cities (Bridgman et 
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al., 1995). Urbanisation alters the importance of these various components (Bridgman et al., 

1995; Oke, 1987). 

 

Figure 1.5. The effect of urbanisation on transfers of energy: (A) the situation in rural areas, (B) the 
situation in urban areas (Whitford et al., 2001) 

 
 

In the countryside, latent heat, or evaporation, forms the most important component of the 

budget due to an abundance of vegetation. Energy fluxes to the substrate are also an 

important component, whilst sensible heat is not a major factor (Bridgman et al., 1995; 

Oke, 1987). In contrast, in the city, net radiation is supplemented by waste heat, which is 

especially pronounced in winter time due to the heating of buildings (Bridgman et al., 1995; 

Oke, 1987). The energy budget is dominated by sensible heat, followed by sub-surface 

fluxes, including into buildings and paved surfaces. Latent heat is less important as there is 

reduced vegetation cover and less water available for evaporation as it is removed from the 

surface and diverted into drains (Bridgman et al., 1995; Oke, 1987). 

 

The altered energy exchange results in an urban area that is warmer than the surrounding 

rural area. This is referred to as the urban heat island effect, where air temperatures may be 

several degrees warmer than in the countryside (Wilby, 2003; Graves et al., 2001). Within 

the urban canopy layer, which extends from the surface to the roof level, the magnitude of 

the urban heat island effect varies in time and space as a result of meteorological, 
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locational and urban characteristics (Oke, 1987). The heat island morphology is strongly 

influenced by the unique character of a city (Oke, 1987). In general, air temperatures in 

surrounding countryside areas are cooler, and at the rural/urban boundary there is a steep 

temperature gradient that can be as great as 4ºC/km (Figure 1.6). Over most of the urban 

area temperatures are at a ‘plateau’, which is interrupted by intra-urban land uses such as 

parks and open areas, which are cooler, and commercial districts and areas with dense 

buildings, which are warmer. The heat island peaks in the urban core (Oke, 1987).  

 

Figure 1.6. Generalised cross-section of a typical urban heat island, where ∆Tu-r is the difference in air 
temperature between urban and rural areas (Oke, 1987) 

 
 

The difference between urban and rural air temperatures is greatest at night and with low 

winds and cloudless skies (Oke, 1987). It is also related to the size of the city. There is a 

strong relationship between population, used as a surrogate for city size, and the maximum 

heat island intensity (Figure 1.7) (Oke, 1987). Even villages, with a population of 1000, 

have a heat island effect; whilst in large cities the maximum thermal modification can be 

up to 12ºC. In addition, urban geometry has a fundamental control over the urban heat 

island. There is a strong correlation between the geometry of street canyons in city centres 

and the maximum heat island intensity (Oke, 1987). 
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Figure 1.7. Relation between maximum observed heat island intensity (∆Tu-r(max)) and population for 
North American and European settlements (Oke, 1987) 

 
 

In practice, surface urban heat islands also exist and have been measured. These show a 

similar spatial and temporal pattern to air temperature heat islands within the urban canopy 

layer, though the correspondence is not exact (Arnfield, 2003). For example, surface 

temperatures tend to be more strongly related than air temperatures to microscale site 

characteristics such as sky view factors (Bourbia and Awbi, 2004; Eliasson, 1996, 

1990/91). 

 

Thus, urban areas already have distinctive biophysical features compared to the 

surrounding countryside. These features will be further exacerbated by the impacts of 

climate change. In the UK, climate change scenarios suggest average annual temperatures 

may increase by between 1°C and 5°C by the 2080s, with summer temperatures expected 

to increase more than winter temperatures. There will also be a change in the seasonality of 

precipitation, with winters up to 30% wetter by the 2080s and summers up to 50% drier. 

These figures are dependent on both the region and emissions scenario (Hulme et al., 2002). 

Precipitation intensity also increases, especially in winter and the number of very hot days 

increases, particularly in summer and autumn (Hulme et al., 2002). It should be noted that 

these climate change scenarios do not take urban surfaces into account. Research 

undertaken as part of the BETWIXT project (Section 1.2) has begun to address this issue 

(Betts and Best, 2004). There is likely to be significant urban warming over and above that 

expected for rural areas (Wilby and Perry, 2006; Betts and Best, 2004; Wilby, 2003). 

 

These climate change impacts will be felt by both people and the built infrastructure. For 

example, it is estimated that the European summer heat wave in 2003 claimed 35,000 lives 

(Larsen, 2003). By the 2040s more than one in two years have mean summer temperatures 
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warmer than 2003; whereas by the end of the century, 2003 would be classed as an 

anomalously cold summer relative to the new climate1 (Stott et al., 2004). In addition, 

intense rainfall can result in riverine and sewer flooding. Incidents of flooding can cause 

both physical and psychological illnesses to those invloved (e.g. Reacher et al., 2004; 

Baxter et al., 2002; Shackley et al., 2001) and buildings are vulnerable to flooding 

depending on their location (Graves and Phillipson, 2000). Flooding in the UK in autumn 

2000 resulted in an estimated insured loss of £500 million (Austin et al., 2000). In Great 

Britain, 90% of people lived in urban areas in 1991 (Denham and White, 1998) and it is 

here that much of the impact of climate change will be felt.  

 

Urban greenspace offers potential to help adapt cities for climate change. Urban 

greenspace helps to reduce both the rate and volume of surface water runoff. Incoming 

precipitation is intercepted by the vegetation (Lazaro, 1990; Ovington, 1965). The leaves 

of plants, and in particular trees, have a far greater surface area than that of smooth 

surfaced buildings and other built surfaces. The efficiency of precipitation interception 

depends on the nature and amount of precipitation, as well as vegetation characteristics 

such as stand architecture, density and area of foliage (Oke, 1987; Ovington, 1965). For 

example, interception efficiency is high for a dry canopy in the early stages of rainfall or if 

the rainfall input is small. Intercepted water can represent up to 20% of the total rainfall 

(Mansell, 2003). However, eventually a threshold storage capacity is passed and the 

interception efficiency decreases (Mansell, 2003; Oke, 1987). Rainfall then reaches the 

ground as a result of leaf drip or by running down stems (Oke, 1987). Figure 1.8 shows a 

simplified model of interception. 

 

Figure 1.8. Simplified model of interception (Mansell, 2003) 

 
 

                                                 
1 This analysis uses the Hadley Centre global climate model (HadCM3) with Intergovernmental Panel on 
Climate Change A2 emissions scenario (see Section 2.3).  
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Since urban greenspace generally occurs on unsealed surfaces (the exception is street trees 

where the surfaces around them may be sealed) when the water reaches the ground it can 

be stored in surface hollows and can also infiltrate, depending on soil type and wetness, 

into the ground (Oke, 1987; Hall, 1984). Sustainable urban drainage systems use 

permeable surfaces to replicate and enhance natural drainage mechanisms. They attenuate 

peak flows by providing storage and reduce flow by allowing infiltration to the 

groundwater (Mansell, 2003). Once the soil is saturated or its infiltration capacity is 

exceeded then water will start to run off the surface (Mansell, 2003). In contrast, on an 

impermeable surface there may be fewer surface hollows to store water and much of the 

rainfall will be immediately converted to surface runoff as infiltration into the ground is 

impeded. As the precipitation event ends, most of the water that has been intercepted by 

the vegetation will be evaporated (Mansell, 2003), whilst some leaf drip and stemflow will 

still occur (Oke, 1987). Water from the soil will also be evaporated and used by the plant 

via the transpiration stream which is driven by evapotranspiration from the leaves (Oke, 

1987). 

 

Urban greenspace also helps to moderate the microclimate. A microclimate is created by 

the interaction of the regional climate with the local landscape (Brown and Gillespie, 1995). 

By day, energy received in a given landscape is normally received as solar radiation, which 

is apportioned according to, for example, the characteristics of surfaces; the size, location 

and orientation of objects; the presence or absence of water; the size, type and health of 

plants (Brown and Gillespie, 1995). Radiant energy can be stored in objects, used to 

evaporate water, be reradiated as terrestrial radiation, or used to heat the air (Brown and 

Gillespie, 1995). Urban greenspace is important for reducing temperatures, by cooling 

through evapotranspiration, storing and reradiating less heat than built surfaces, and direct 

shading.  

 

The cooling resulting from evapotranspiration is not cooling as such but better expressed 

as “warming the air less” (Dimoudi and Nikolopoulou, 2003, p. 69). Incoming radiation is 

used as energy in the evapotranspiration process to convert water within the plant, on its 

surfaces, and in the surrounding soil, into water vapour. Thus, less of the incoming 

radiation is converted into sensible heat that we feel (as more energy is used to overcome 

the latent heat of evaporation), so temperatures are reduced (Dimoudi and Nikolopoulou, 

2003; Oke, 1987). This ‘cooling’ is only possible if there is water available to be used for 

evapotranspiration (Brown and Gillespie, 1995) and some research has suggested that the 
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evaporative cooling of air is mainly a mesoscale rather than a microscale process (Heilman 

and Gesch, 1991). In addition, vegetation also stores less heat than built surfaces, which 

have a higher thermal conductance and lower albedo (Oke, 1987). Built surfaces store the 

heat during the day and reradiate it throughout the night. However, heat loss is obstructed 

by reflection off surrounding buildings (Meiss, 1979).  

 

Plants, and in particular trees, also reduce surface temperatures by direct shading of 

incoming radiation (Dimoudi and Nikolopoulou, 2003; Brown and Gillespie, 1995). A tree 

canopy intercepts the incoming radiation mainly with its leaves, but also its stems, 

branches and twigs (Brown and Gillespie, 1995). However, leaves allow substantial 

amounts of near infrared radiation to pass through them (Figure 1.9) (Brown and Gillespie, 

1995). Increasing layers of leaves results in less visible radiation being transmitted (Brown 

and Gillespie, 1995). Trees vary in their characteristics, but can intercept up to 90% of the 

light falling on them (Hough, 2004), typically allowing a quarter of sunshine through in 

summer compared to three quarters in winter (Brown and Gillespie, 1995). Buildings also 

provide shade but are less effective in the middle of the day in summer when the sun is 

directly overhead. During such times tree canopies continue to provide shade beneath them. 

This shade reduces the temperatures of surfaces, thereby decreasing their emissions of 

terrestrial longwave radiation (Hough, 2004; Brown and Gillespie, 1995). 

 

Figure 1.9.  Leaves absorb and use a large portion of the visible solar radiation for photosynthesis, but 
reflect and transmit a large potion of the invisible solar infrared radiation (Brown and Gillespie, 1995, 

p. 47) 
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Irrigated parks with trees tend to be cooler by day than open, dry parks due to increased 

shading and evapotranspiration (Spronken-Smith and Oke, 1999). Thus, at the start of the 

night they demonstrate a larger cool island effect in comparison to their surroundings. By 

contrast, open, dry parks can be hotter than their surroundings by day (Spronken-Smith and 

Oke, 1999). Modelling work has shown that by night the reduction in sky view factor 

created by trees decreases the longwave radiative loss from the surface to the sky and 

wetness retards the ability of the subsurface materials to release their store of heat 

(Spronken-Smith and Oke, 1999). This means that in irrigated treed parks the cool island 

effect generally does not develop further, and may actually erode, during the night, 

whereas in open, dry parks the cool island develops quickly (Spronken-Smith and Oke, 

1999). However, the actual nocturnal coolness of the park depends on the temperature 

differential of the park to its surroundings at sunset. Despite the erosion of their park cool 

island effect throughout the night, wet parks still have the highest park cool island at the 

end of the night (Spronken-Smith and Oke, 1999). 

 

Landscape planners have long recognised the link between greenspace provision in the 

urban environment and environmental quality (Hough, 2004). There is a growing body of 

analytical work on the beneficial impacts of urban greenspace on micro-climate, air quality, 

hydrology, reduction of energy consumption in adjacent buildings, carbon storage and 

sequestration, as well as biodiversity (e.g. Tyrväinen et al., 2005; Nowak et al., 2002; 

Whitford et al., 2001; Pauleit and Duhme, 2000; McPherson et al., 1994; Gilbert, 1989). In 

addition, there is also recognition of the social and economic benefits that can be gained 

from urban greenspace, including its contribution to improving human health and well-

being (e.g. Grahn and Stigsdotter, 2003; de Vries et al., 2003; Parsons et al., 1998; Hartig 

et al., 1996; Ulrich et al., 1991).  

 

These ecosystem services (Daily, 1997) provided by urban greenspace are often 

overlooked and undervalued. For example, trees are felled for the perceived threat they 

pose near highways and buildings (Biddle, 1998), infill development takes place on former 

gardens, front gardens are paved over to provide parking spaces for cars, and biodiverse 

urban ‘wasteland’ is earmarked for redevelopment (e.g. Pauleit et al., 2005; GLA, 2005; 

Duckworth, 2005). Recently in the UK there has been an explicit call for the development 

of multi-functional greenspace networks (Barber, 2004; Barker, 1997), which has led to 

spatial planners beginning to recognise the importance of the green infrastructure, which is 

“an interconnected network of green space that conserves natural ecosystem values and 
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functions and provides associated benefits to human populations” (Benedict and McMahon, 

2002, p.12). This operates at all spatial scales from urban centres to the surrounding 

countryside (URBED, 2004). However, the green infrastructure is not restricted to green 

corridors and open spaces; it also permeates, although often very unevenly, the matrix of 

the built environment. In this thesis, urban greenspace is used to refer to any vegetated area 

within the boundaries of the urban area. Thus, it can cover large or small areas, from 

private gardens, to street trees, to public spaces.   

 

Models can be applied to quantify indicators of greenspace performance such as surface 

temperatures, surface runoff, carbon storage and sequestration (e.g. Nowak et al., 2002; 

Whitford et al., 2001; McPherson et al., 1994). In combination with geographical 

information systems, these models provide powerful tools to explore how the spatial 

pattern of greenspace and its attributes, such as the cover of trees, relate to environmental 

performance (Pauleit and Duhme, 2000). The results of these studies suggest that 

greenspace can be an effective means to adapt for the consequences of climate change in 

urban areas through the provision of cooler microclimates and reduction of surface water 

runoff. However, until now, this research area has not been explored. For instance, there is 

little understanding of the quantity and quality of greenspace required, as well as its spatial 

configurations, to most effectively improve urban climates.  

 

In addition, little is known about the impacts of climate change on urban greenspace itself 

and how this, in turn, may affect its functionality. Potential climate change impacts, which 

may be significant for urban greenspace, relate to extremes of temperatures and storms, 

changes to water supply and availability within soils, the seasonality of flora and fauna, 

fungal diseases, insect pests, and plant growth and function (Bisgrove and Hadley, 2002; 

Broadmeadow, 2002). There will also be an increased demand for greenspaces for 

recreational use (McEvoy et al., 2006). Knowledge of the impacts of climate change will 

be critical for the creation of adaptation strategies through urban greenspace planning, 

design and management. 
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1.4 Research Aims and Objectives 
 

The two principal aims of this research are: to assess the vulnerability of urban greenspace 

to climate change at the city and neighbourhood level; and to investigate the potential of 

greenspace to adapt cities to climate change.  

 

To achieve these aims the research is broken down into four objectives: to determine the 

extent, spatial patterning and attributes of greenspace in the case study area; to develop a 

GIS-based approach providing quantitative estimates of surface temperatures and surface 

runoff in relation to greenspace pattern and attributes; to clarify the vulnerability of urban 

greenspace to climate change; and to test options for soft engineering to utilise the 

moderating influence of greenspace to reduce climate change impacts on people and 

buildings. 

 

1.5 Methodological Framework 
 

The methodological framework for meeting these aims and objectives is shown in figure 

1.10. This thesis has no free standing literature review or methodology chapters. The 

ASCCUE literature review (Gill et al., 2004) informed the research and section 1.3 of this 

introduction has set the overall context. More specific literature will be considered within 

each chapter, where relevant. The methodological framework is introduced here and 

individual research methods are explained in detail within each chapter. This presentational 

approach is used to enable continuity and ease of reading, due to the diverse and detailed 

nature of the different sections of the work. 
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Figure 1.10. Methodological framework 

 
 

The initial phase of the methodology was the selection of a case study site. Greater 

Manchester was chosen as the case study, in common with the ASCCUE project. This is 

discussed in section 1.6 below.  

 

Following this the climate change context for Greater Manchester was then set and climate 

variables were modelled for the conurbation. Chapter 2 sets the climate change context for 

the thesis. Both observed and modelled climate change are discussed. The modelling 

includes the UKCIP02 50 km climate change scenarios, along with the finer resolution 

UKCIP02 5 km climate scenarios over Greater Manchester. In addition, the daily weather 
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generator output for Ringway (Manchester Airport) from the BETWIXT project (Section 

1.2) is discussed.  

 

The next stage in the methodology was to characterise the urban environment. This is 

presented in chapter 3. An urban morphology type (UMT) mapping approach was 

employed, and this is introduced and the results are presented for Greater Manchester. 

Following this, a surface cover analysis methodology and the results over Greater 

Manchester are shown. Possible changes to urban form are also considered. 

 

Once the climate change and urban characterisation contexts are understood, the 

vulnerability of urban greenspace to climate change impacts was assessed. This is 

undertaken in chapter 4. In particular, a drought mapping procedure is undertaken, based 

on part of a risk assessment methodology developed within the ASCCUE project. The 

drought mapping uses the UMT map produced in chapter 3 as its spatial basis and employs 

the climate change scenarios outlined in chapter 2. The results of the drought mapping for 

Greater Manchester are presented for baseline and climate change scenarios. 

 

Following this, environmental functionality modelling was undertaken, to explore the 

potential of urban greenspace in adapting cities for climate change. In particular, chapter 5 

focuses on energy exchange whilst chapter 6 is concerned with surface runoff. In these 

chapters the respective models are described and the input parameters are discussed. In 

addition, for the energy exchange model, a sensitivity test of the parameters is undertaken. 

The results of the surface cover analysis from chapter 3, using the UMT map as the spatial 

basis, form one of the key inputs into the models. Another input is the climate change 

scenarios discussed in chapter 2. A series of model runs are then presented. These first 

explore the environmental functionality of the conurbation with its current form under both 

baseline and future climate scenarios, then a range of different ‘development scenarios’, 

either increasing or decreasing green cover, are investigated. In addition, for the energy 

exchange model, model runs are undertaken for drought conditions suggested in chapter 4.  

 

This work was then drawn together in order to examine climate adaptation at the 

conurbation and neighbourhood levels. Each level is explored separately in chapter 7. The 

neighbourhood level discussion considers adaptation strategies in different urban 

neighbourhood types including a city centre, an urban renewal area, a densifying suburb, 
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and an area of new build. The policy context in which these adaptation strategies are to be 

delivered is then discussed. 

 

Finally the research was concluded and recommendations made. Chapter 8 provides a 

summary of the main research findings. It then goes on to evaluate the research process by 

first considering whether the research aims and objectives have been met, and then 

critiquing the methodology. Following this, the contribution of the research to knowledge 

is assessed and recommendations are made for further research and for urban 

environmental management. 

 

1.6 Greater Manchester Case Study 
 

Greater Manchester is used as a case study site for this thesis. It is one of two case studies 

within the ASCCUE project (Section 1.2). Greater Manchester is located in North West 

England (Figure 1.11). It covers an area of approximately 1300 km2 and has a population 

of 2.5 million. It has developed on a river basin flanked by the Pennine hills, with an 

altitudinal range from approximately 10 m to 540 m above sea level (Figure 1.12). 

 

Figure 1.11. Location of Greater Manchester in North West England and the ten local authorities it 
comprises (source: Digimap and 2001 Census data) 
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Figure 1.12.  Topography of Greater Manchester (metres above sea level) (source: Get Mapping) 

 
 

Greater Manchester is representative of a large conurbation in Britain and Northern Europe. 

It offers sufficient size for full expression of urban environmental character, with a range 

of neighbourhood and land use types (including restructuring and urban extension areas 

with substantial scope for climate change adaptation), as well as various built forms. It also 

encompasses contrasting soil types (Figures 1.13 and 1.14). Much of Greater Manchester is 

covered by Brickfield 3, which are seasonally wet deep loam soils. There are also sandier 

areas, for example Blackwood, which are seasonally wet deep sandy soils, and Newport 1, 

which are deep sandy soils. In addition, Salop, which are seasonally wet deep red loam to 

clay soils, are found particularly to the south and west. Peaty soils are located on the 

fringes of the conurbation, with Winter Hill, which is blanket peat found in the Pennines, 

and Longmoss and Turbary Moor, which are raised bog peat found on the mosslands of 

Salford.  
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Figure 1.13. Soil series over Greater Manchester (source: National Soil Resources Institute, Cranfield 
University) 

 
 

Figure 1.14. Simple description of soils over Greater Manchester (data: National Soil Resources 
Institute, Cranfield University) 
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The Metropolitan County of Greater Manchester is administered by ten local authorities: 

Bolton, Bury, Manchester, Oldham, Rochdale, Salford, Stockport, Tameside, Trafford, and 

Wigan (Figure 1.11). There is some coordination at the conurbation level through the 

Association of Greater Manchester Authorities, but planning powers at the larger scale are 

vested in the North West Regional Assembly (NWRA). The NWRA prepares a Regional 

Spatial Strategy (NWRA, 2006), which is the broad planning framework for the region, 

whilst the municipalities each prepare a Local Development Framework which provides a 

more detailed template for development. 

 

Manchester was one of the world’s first industrial cities and the end of that era was marked 

by extensive dereliction and abandoned transport infrastructure. During the past two 

decades there has been a change in the fortune of the conurbation with large scale urban 

regeneration projects transforming land, water and buildings to new uses. Urban expansion 

is restricted by Green Belt designation and new development is focused on previously 

developed, brownfield land. There is also pressure for infill development in lower density 

residential areas, especially in south Manchester. 

 

1.7 Conclusion 
 

This chapter has introduced the thesis. The thesis is concerned with the potential of urban 

greenspace to adapt cities for climate change, exploring the environmental functionality 

provided by greenspace in terms of energy exchange and surface runoff. It is also 

concerned with the vulnerability of urban greenspace itself to climate change, especially 

where this impacts on its potential for adaptation. The research forms a distinctive part of 

the ASCCUE project and uses Greater Manchester as a case study site, in common with 

ASCCUE. The following chapter goes on to discuss the climate change context.  
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Chapter 2. Climate Change 
 

2.1 Introduction 

 

Climate change is happening and is largely due to anthropogenic emissions of greenhouse 

gases (Hulme et al., 2002; IPCC, 2001). Whilst changes over the next 30-40 years are 

largely determined by historic emissions of greenhouse gases, present day emissions will 

impact on the severity of future climate changes (Hulme et al., 2002). In the UK, climate 

change will lead to hotter drier summers and warmer wetter winters, with more extreme 

events (Hulme et al., 2002). 

 

This chapter sets the climate change context for the thesis. It will help to meet the third and 

fourth research objectives (Section 1.4): to clarify the vulnerability of urban greenspace to 

climate change, and to test options for soft engineering to utilise the moderating influence 

of greenspace to reduce climate change impacts on people and buildings. It will also help 

to meet the two research aims.  

 

The chapter discusses observed as well as modelled climate change. In particular it 

introduces the UK Climate Impacts Programme 50 km climate change scenarios for the 

UK (referred to as UKCIP02). These set the broad climate change context for the UK. 

However, the resolution of 50 km grid squares is not sufficiently detailed to consider 

changes in the climate variables across the Greater Manchester conurbation. Therefore, the 

chapter then introduces the UKCIP02 5 km climate scenarios. Using data supplied by 

UKCIP and the Met Office, seasonal 5 km climate scenario maps are produced for Greater 

Manchester for a selection of climate variables. This information helps in understanding 

the climate change context for Greater Manchester. In addition, the monthly 5 km 

precipitation data will be used in the drought mapping presented in chapter 4, as it provides 

spatial variation over the conurbation. Whilst this data is very useful, it has a temporal 

resolution of one month. This does not allow an understanding to be gained of extreme 

events, which is most important for the modelling work presented in this thesis (Chapters 5 

and 6). Thus, the chapter then discusses the daily weather generator, produced as part of 

the BETWIXT project (Section 1.2), with output for Ringway (Manchester Airport). This 

produces time-series of daily data which can then be interrogated to find climate variable 
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extremes. This then forms a direct input into the surface temperature (Chapter 5) and 

surface runoff models (Chapter 6). 

 

2.2 Observed Climate Change 

 

Climate change occurs as a result of internal variability within the climate system and 

external factors, both natural and anthropogenic (IPCC, 2001). Internal variability can be 

caused by changes to the Earth’s tilt and its orbit around the sun, as well as interactions 

between the ocean and atmosphere. Two natural external factors are changes in the energy 

output of the sun and volcanic eruptions. However, these natural factors do not explain the 

warming observed in the last 40 to 50 years (Hulme et al., 2002). Human activities have 

affected climate over the last one to two hundred years. Increased concentrations of 

greenhouse gases such as carbon dioxide from fossil fuel burning and deforestation, 

methane from agriculture and natural gas leakage, and ozone in the lower atmosphere from 

the products of vehicle exhausts, trap more energy in the lower atmosphere and thus warm 

the climate. In contrast, different types of aerosols, such as sulphates derived from sulphur 

dioxide emitted from fossil fuel burning, mostly act to cool climate. Additionally large-

scale land cover changes may influence regional climate (Hulme et al., 2002). There is 

strong evidence that most of the warming observed over the last fifty years is attributable 

to human activities (IPCC, 2001). 

 

Since the beginning of the twentieth century global temperature has risen by about 0.6°C, 

with about 0.4°C of this occurring since the 1970s (Figure 2.1) (Hulme et al., 2002). Proxy 

data for the Northern Hemisphere indicates that the increase in temperature in the 20th 

century is likely to have been the largest of any century in the last 1000 years (IPCC, 2001). 

The ten years with the highest annual average temperatures in the instrument record (since 

1860) have all occurred since 1990, with 1998 being the warmest, followed by 2002, 2003, 

2004, and 2001 (Met Office, 2005)2. Whilst 2003 was the third warmest year, the European 

heatwave of 2003 was the hottest on record and proxy data suggests that it is likely to have 

been the warmest since 1500 (Luterbacher et al., 2004; Met Office, 2004). The summer 

temperature in Europe exceeded the 1961-1990 average by 2.3°C, and that of the 

                                                 
2 At the time of this analysis 2005 was not yet complete, but predictions suggested that it may become the 
second warmest year on record (Met Office, 2005). In addition, the recent research summary was not yet 
available for 2006. 
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previously warmest summer of 2001 by 0.7°C (Met Office, 2004). It is estimated that 

35,000 people died as a result of this heatwave (Larsen, 2003). 

 

Figure 2.1. Global-average surface temperature (1860-2001) relative to the 1961-1990 average 
(combined land and sea results), bars show annual deviations whilst the curve shows variations over at 

least 30 years (Hulme et al., 2002) 

 
 

In Central England the 20th century warming has resulted in a lengthening of the thermal 

growing season3 by about one month (Figure 2.2) (Hulme et al., 2002). This increase 

mainly took place between 1920 and 1960 (on average 0.7 days per year) and between 

1980 and 2000 (on average 1.7 days per year). The lengthening in this second period is due 

to the earlier onset of spring (on average 1.5 days per year). The longest thermal growing 

season in the 230-year record occurred in 2000, when it lasted for 328 days. The 1961-

1990 average is 242 days (Hulme et al., 2002). 

 

                                                 
3 The length of the growing season is defined as the longest period within a year that satisfies the 
requirements of: (i) beginning at the start of a period when daily-average temperature is greater than 5.5°C 
for five consecutive days; and (ii) ending on the day prior to the first subsequent period when daily-avergae 
temperature is less than 5.5°C for five consecutive days (Hulme et al., 2002). 
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Figure 2.2. The length of the thermal growing season in Central England. Bars emphasise deviations 
from the 1961-1990 average (242 days). The smooth curve emphasises variations on time-scales of at 

least 30 years (Hulme et al., 2002) 

 
 

There have also been noticeable changes in other aspects of the climate during the 20th 

century, including a decrease in snow and ice extent, a rise in global average sea level, an 

increase in ocean heat content, and changes in precipitation (IPCC, 2001).  

 

2.3 Modelled Climate Change 

 

There are two key factors determining how human activities change the climate: the rate of 

emissions of greenhouse gases and other pollutants, and the response of the climate to 

these emissions. The rate of emissions can be described using a range of scenarios with 

differing assumptions about the evolution of the world’s population, economy, energy-

technology and lifestyles. The climate system response can then be explored through the 

use of global and regional climate models (Hulme et al., 2002). 

 

2.3.1 The UKCIP02 Climate Change Scenarios 
 

The UKCIP02 climate change scenarios were developed by the Tyndall Centre and the 

Hadley Centre (Hulme et al., 2002). They build upon the earlier UKCIP98 climate change 

scenarios (Hulme and Jenkins, 1998), incorporating the latest scientific understanding of 
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climate change summarised in the Third Assessment Report of the Intergovernmental 

Panel on Climate Change (IPCC, 2001), advances in computer power allowing more 

simulations to be conducted at finer resolutions, and a new range of emissions scenarios 

(IPCC, 2000). Whilst these are the most recent, detailed and reliable climate change 

scenarios for the UK (Watts et al., 2004a), it should be noted that the next round of UKCIP 

climate change scenarios, referred to as UKCIPnext, are under development and scheduled 

to be released in 2008 (UKCIP, no date).  

 

The UKCIP02 climate change scenarios cover four different emissions scenarios: Low, 

Medium-Low, Medium-High, and High (Hulme et al., 2002). Probabilities are not assigned 

to these scenarios (Hulme et al., 2002). The climate change scenarios also refer to three 

future 30 year time-slices: the 2020s (2011-2040), 2050s (2041-2070), and 2080s (2071-

2100) (Hulme et al., 2002). Changes are relative to the 1961-1990 baseline climate (Hulme 

et al., 2002). 

 

The starting point for the UKCIP02 climate change scenarios are four ‘storylines’ and 

emissions scenarios developed by the IPCC (IPCC, 2000) each with differing assumptions 

about the key drivers of emissions (Table 2.1). The climate change scenarios are derived 

from these storylines so that future UK climates can be sensibly linked to non-climate 

descriptions of future worlds (Table 2.1) (Hulme et al., 2002).  

 
Table 2.1. A brief description of the IPCC storylines used for calculating future greenhouse gas and 
other pollutant emissions for the UKCIP02 climate change scenarios, also showing linkages to the 

UKCIP socio-economic scenarios for the UK (Hulme et al., 2002) 
 

IPCC Emission Scenario Storyline UKCIP02 Climate 
Change scenario 

UKCIP Socio-
Economic scenario 

B1: Clean and efficient technologies; reduction in material 
use; global solutions to economic, social and environmental 
sustainability; improved equity; population peaks mid-
century 

Low Global Sustainability 

B2: Local solutions to sustainability; continuously 
increasing population at a lower rate than in A2; less rapid 
technological change than in B1 and A1 

Medium-Low Local Stewardship 

A2: Self-reliance; preservation of local identities; 
continuously increasing population; economic growth on 
regional scales 

Medium-High National Enterprise 

A1FI: Very rapid economic growth; population peaks mid-
century; social, cultural and economic convergence among 
regions; market mechanisms dominate; reliance on fossil 
fuels 

High World Markets 
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It should be noted that UKCIP have also developed socio-economic scenarios for the UK 

with a close connection to the IPCC storylines and hence the UKCIP02 climate change 

scenarios (Table 2.1) (Hulme et al., 2002; UKCIP, 2001). In these, the future socio-

economic ‘possibility space’ is divided into quadrants defined by a ‘values’ and a 

‘governance’ axis (Figure 2.3), taken to be the fundamental and independent determinants 

of future change (UKCIP, 2001). The ‘values’ axis captures alternative developments in 

social and economic values. ‘Consumerism’ is at one end of the spectrum, where values 

are dominated by a drive to private consumption and personal freedom, whilst 

‘community’ is at the other end, where values are shaped for the common good. The 

‘governance’ axis shows alternative structures of political and economic power and 

decision-making. ‘Interdependence’ is at one end of the scale, where the power to govern 

is distributed upwards, downwards and outwards away from the national state level, whilst 

‘autonomy’ is at the other end, where power is retained at national and regional level 

(UKCIP, 2001). 

 

Figure 2.3. Four socio-economic scenarios for the UK (UKCIP, 2001) 

 
 

The four IPCC storylines used by the UKCIP02 climate change scenarios (A1FI, A2, B1 

and B2) span a wide range of future emissions (Figure 2.4) (Hulme et al., 2002). The IPCC 

has calculated the carbon dioxide concentrations for the four emissions scenarios (Figure 

2.5) (IPCC, 2000). Carbon dioxide is the main greenhouse gas that is influenced by human 

activities (Hulme et al., 2002).  By 2100, carbon dioxide concentrations range from about 

540 ppm (B1) to 920 ppm (A1FI) compared to present day levels of under 400 ppm and 

pre-industrial concentrations of about 280 ppm (Hulme et al., 2002). Emissions of other 

greenhouse gases such as methane and ozone, and other pollutants such as sulphur dioxide 
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are also considered (Hulme et al., 2002). Black soot emissions are not incorporated (Hulme 

et al., 2002). 

 

Figure 2.4. Global carbon emissions from 2000 to 2100 for the IPCC A1FI, A2, B2 and B1 emissions 
scenarios, observed data to 2000 (Hulme et al., 2002) 

 
 

Figure 2.5. Global carbon dioxide concentrations from 1960 to 2100 for the IPCC A1FI, A2, B2 and B1 
emissions scenarios. Uncertainties are not shown (Hulme et al., 2002). 

 

 

The response of the climate system to the emissions scenarios differs between global 

climate models (Hulme et al., 2002). The UKCIP02 climate change scenarios use the 

Hadley Centre global climate model (HadCM3) to simulate changes in the climate from 

1860 to 2100 resulting from the different emissions scenarios. Natural variability in the 
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climate system is simulated by running the model three times for the A2 emissions with 

different randomly selected initial conditions (Hulme et al., 2002).  

 

Changes in global-average surface air temperature from these runs are shown in figure 2.6. 

The changes are similar for all the emissions scenarios until the middle of the century as 

they are mainly determined by historic emissions, however by 2100 the change in 

temperature ranges from 2.1°C for B1 to 4.8°C for A1FI (Hulme et al., 2002).   

 

Figure 2.6. Annual global-average surface air temperature anomalies from 1961 to 2100 relative to the 
1961-1990 average (14°C) as observed (grey) and simulated by the HadCM3 model for the IPCC A1FI, 

A2, B2 and B1 emissions scenarios. The bold red curve is the average of three experiments (thin red 
lines) with the A2 scenario. Dotted curves show the full IPCC range of temperature change when 

emission and model uncertainties are considered (Hulme et al., 2002). 

 
 

HadCM3 produces patterns of climate change across the whole surface of the earth (Hulme 

et al., 2002). The scale over the UK is grid boxes of between 250 and 300 km. Thus, a 

hierarchy of climate models and pattern-scaling techniques were used to improve the 

resolution to 50 km for the regional climate change model over the UK (Figure 2.7) 

(Hulme et al., 2002). 
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Figure 2.7. A schematic representation of the model experiment hierarchy used to ‘downscale’ the 
global model to a regional model for the UKCIP02 scenarios (Hulme et al., 2002) 

 
 

Table 2.2 summarises the UKCIP02 climate change scenarios for climate variables for 

which it is possible to attach relative confidence levels. The confidence levels take into 

account knowledge of the physical reasons for the changes, the degree of consistency 

between different climate models, and an estimate of the statistical significance of the 

results (Hulme et al., 2002). Under climate change, the climate in the UK will continue to 

vary substantially from year-to-year and from decade-to-decade, due to natural reasons. 

However, by the 2080s it is likely that changes in the average climate will greatly exceed 

this natural variability (Hulme et al., 2002). 
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Table 2.2. Summary of the changes in average seasonal climate and daily weather extremes for the 
UKCIP02 climate change scenarios for which some confidence is attached. Relative confidence levels: 

H = high, M = medium, L = low (Hulme et al., 2002) 
 

Variable UKCIP02 Scenarios Relative 
Confidence 

Level 
 
Average seasonal 

Annual warming by the 2080s of 1-5°C depending on region & scenario H 
Greater summer warming in the southeast than in the northwest H 
Greater night-time than day-time warming in winter L 
Greater warming in summer and autumn than in winter and spring L 

Temperature 

Greater day-time than night-time warming in summer L 
Generally wetter winters for the whole UK H Precipitation 
Substantially drier summers for the whole UK M 
Precipitation: greater contrast between summer (drier) & winter (wetter) H Seasonality 
Temperature: summers warm more than winters L 
Years as warm as 1999 become very common H 
Summers as dry as 1995 become very common M 
Winter and spring precipitation becomes more variable L 

Variability 

Summer and autumn temperatures become more variable L 
Reduction in summer and autumn cloud, especially in the south, and an 
increase in radiation 

L Cloud cover 

Small increase in winter cloud cover L 
Specific humidity increases throughout the year H Humidity 
Relative humidity decreases in summer M 
Totals decrease significantly everywhere H Snowfall 
Large parts of the country experience long runs of snowless winters M 
Decreases in summer and autumn in the southeast H Soil moisture 
Increases in winter and spring in the northwest M 

Storm tracks Winter depressions become more frequent, including the deepest ones L 
North Atlantic 
Oscillation 

The NAO tends to become more positive in the future – more wet, 
windy, mild winters 

L 

 
Daily weather extremes 
Precipitation 
intensity 

Increases in winter H 

Number of very hot days increases, especially in summer and autumn H Temperature 
extremes Number of very cold days decreases, especially in winter H 
Thermal 
growing 
season length 

Increases everywhere, with largest increases in the southeast H 

Heating 
“degree-days” 

Decrease everywhere H 

Cooling 
“degree-days” 

Increase everywhere H 

 

Figures 2.8 to 2.12 show the UKCIP02 climate change scenarios for some of the climate 

variables (Hulme et al., 2002). Over the next century the UK can expect increasingly 

warmer temperatures, especially in summer and autumn. This warming is more 

pronounced in the south east than in the north west, with changes becoming more acute 

over time and depending on emissions scenario (Figures 2.8 and 2.9) (Hulme et al., 2002). 

Heatwaves, or extended periods of higher than normal temperatures, become more 

common. A very hot August, such as in 1995 when central England temperatures averaged 
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3.4ºC above normal, may occur once in every five years by the 2050s and three years in 

five by the 2080s under Medium-High emissions (Hulme et al., 2002). Indeed, regional 

climate model simulations for Europe suggest that, under the IPCC A2 emissions scenario 

(Table 2.1), by the end of the century one in every second summer could be as warm or 

warmer than the record breaking summer of 2003 (Schär et al., 2004). 

 

By the 2050s, typical spring temperatures may occur one to three weeks earlier than at 

present and winter temperatures may be delayed by one to three weeks (Hulme et al., 

2002). Water temperatures will also increase, but not as rapidly as over land (Hulme et al., 

2002). By the 2080s, the thermal growing season, which only takes account of temperature, 

extends in all parts of the country under all scenarios (Figure 2.10) (Hulme et al., 2002). 

For the baseline period it ranges from 150 days in the Scottish Highlands to more than 250 

days in the south west of England. By the 2080s it increases by between 40 and 100 days 

for much of England and Wales (Hulme et al., 2002). 
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Figure 2.8. UKCIP02 climate change scenarios. Change in average annual and seasonal temperature 
(relative to modelled 1961-1990 average) for thirty year periods centred on the 2020s, 2050s, and 2080s 

for the Low emissions scenario (Hulme et al., 2002) 
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Figure 2.9. UKCIP02 climate change scenarios. Change in average annual and seasonal temperature 
(relative to modelled 1961-1990 average) for thirty year periods centred on the 2020s, 2050s, and 2080s 

for the High emissions scenario (Hulme et al., 2002) 
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Figure 2.10. Change for the 2080s in the average thermal growing season length (days) with respect to 
the 1961-1990 baseline period (Hulme et al., 2002) 

 
 

The UK may also experience changing precipitation patterns. Whilst annual average 

precipitation across the UK may decrease slightly by the 2080s (by 0-15% depending on 

the scenario), it is likely that there will be large regional and seasonal differences (Figures 

2.11 and 2.12). Winters become wetter and summers drier throughout the UK, especially 

under the High emissions scenario (Hulme et al., 2002). The change in summer 

precipitation is more marked than that in winter. The south and east of the UK experience 

the largest relative changes (Figures 2.11 and 2.12) (Hulme et al., 2002). Extreme events 

are also likely to occur with increased frequency and intensity. By the 2080s, winter daily 

precipitation intensities experienced once in every two years on average may become 

between 5% (Low emissions) and 20% (High emissions) heavier (Hulme et al., 2002). 

Under Medium-High emissions, very wet winters (such as that in 1994/1995) may occur 

on average once a decade, whilst very dry summers (such as that experienced in 1995) may 

occur one in every two years by the 2080s (Hulme et al., 2002). Whilst average winter 

precipitation increases, by the 2080s average winter snowfall decreases by 30-70% under 

the Low emissions scenario, and by 50-100% under High emissions (Hulme et al., 2002). 
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Figure 2.11. UKCIP02 climate change scenarios. Change in average annual and seasonal precipitation 
(relative to modelled 1961-1990 average) for thirty year periods centred on the 2020s, 2050s, and 2080s 

for the Low emissions scenario (Hulme et al., 2002) 
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Figure 2.12. UKCIP02 climate change scenarios. Change in average annual and seasonal precipitation 
(relative to modelled 1961-1990 average) for thirty year periods centred on the 2020s, 2050s, and 2080s 

for the High emissions scenario (Hulme et al., 2002) 
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The combination of hot temperatures and dry conditions in summer will become more 

common. Under all UKCIP02 scenarios, by the 2080s, virtually every summer in England 

and Wales will be warmer and drier than the summer of 2001 (Hulme et al., 2002). 

 

As the climate warms, specific humidity increases, whilst relative humidity decreases, in 

all seasons and scenarios. These changes are most pronounced in summer and in the south 

east. By the 2080s, summer relative humidity may fall by 3-6% and 6-9% in the north west, 

under the Low and High emissions scenarios, respectively. In the south east decreases are 

of 6-9% and 12-20%, under the Low and High emissions scenarios, respectively (Hulme et 

al., 2002). 

 

Soil moisture changes are dependent upon changes in precipitation, temperature, 

evaporation, wind speed and radiation (Hulme et al., 2002). UKCIP define soil moisture as 

“the amount of moisture in the root zone, i.e., moisture available for evapo-transpiration” 

(Hulme et al., 2002, p. 51). Annual soil moisture content decreases by up to 10% with Low 

emissions and up to 20% with High emissions across most of the UK by the 2080s. The 

effects will be most acute in summer, when soil moisture may reduce by 30% (Low 

emissions) to 50% (High emissions) by the 2080s, with the largest change in the south east 

(Hulme et al., 2002). By the 2080s, winter soil moisture contents may increase very 

slightly over most of the UK, whilst in certain areas, especially the south east under the 

High emissions scenario, it may decrease by up to 10%. This is in spite of increased winter 

precipitation, as higher temperatures and a reduced relative humidity lead to increased 

evaporation and thereby lower soil moisture levels (Hulme et al., 2002). 

 

Similarly, by the 2080s, annual cloud cover decreases over the whole country by 0-6% 

with Low emissions and 0-8% with High emissions. Summer cloud cover also decreases, 

with the largest changes noticed in the south where cover may fall by 10% (Low emissions) 

to more than 20% (High emissions). Increases in winter cloud cover are slight, with 

changes not greater than 2 or 3% (Hulme et al., 2002). As a consequence, the climate 

becomes increasingly sunny, especially in summer, when solar radiation increases by 10-

30 W/m2 over southern parts of the country (Hulme et al., 2002). 

 

Climate models, including those used to generate the UKCIP02 scenarios, do not yield 

consistent or robust estimates of wind speed changes, so results are uncertain and caution 

must be taken when using them (Hulme et al., 2002). The most significant change in the 
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UKCIP02 scenarios is that in winter, when the most severe winds occur, more depressions 

will cross the UK which will lead to stronger winds in southern and central Britain, yet 

these will be no stronger than present winds in Scotland and Northern Ireland. Since the 

north west is currently windier than the south east in winter, this change implies a 

weakening in the differences in average wind speed across the country. Average winter 

wind speed along the south coast could increase by 4% (Low emissions) to 10% (High 

emissions) by the 2080s, with less of an increase in summer (Hulme et al., 2002). 

 

Climate change will also lead to rising average sea levels, as the climate warms, oceans 

expand in volume, and glaciers and ice sheets melt (Hulme et al., 2002). The rate of sea 

level rise around the UK (Table 2.3) depends upon the UKCIP02 emissions scenario as 

well as the natural vertical land movement in each region. Much of southern Britain is 

sinking at between 1 and 1.5 mm per year, and northern Britain rising at between 0.5 and 1 

mm per year relative to the sea. Actual sea-level is expected to rise more in the south east 

than in the north west (Hulme et al., 2002). In addition, extreme sea levels experienced 

during coastal storms will become more frequent (although this can be predicted with less 

confidence than changes to mean sea level), especially around south east England, where 

large changes in winds and storms are combined with the greatest fall in land height 

(Hulme et al., 2002). 

 
Table 2.3. Historic rates of vertical land movement and the estimated net change in sea level by the 

2080s using the low estimate of the UKCIP02 Low emissions scenario (9 cm global sea-level rise) and 
the high estimate of the High emissions scenario (69 cm rise) (after Hulme et al., 2002) 

 
2080s sea-level change (cm) relative to 1961-1990 Region Vertical land 

change (cm/yr) Low emissions High emissions 
SE England -0.09 19 79 
NW England +0.02 7 67 

 

It should be noted that the HadCM3 model used to create the UKCIP02 climate change 

scenarios simulates a 25% decline by 2100 in the North Atlantic thermohaline circulation, 

which includes the Gulf Stream. It does not anticipate a total shutdown over the next 100 

years. A reduced thermohaline circulation means that the Gulf Stream will bring less heat 

to the UK, but the increased greenhouse gas heating greatly exceeds the cooling effect. The 

UKCIP02 climate change scenarios include the effect of the weakening of the 

thermohaline circulation (Hulme et al., 2002). 
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2.3.2 UKCIP02 5 km Climate Scenarios  
 

Monthly 5 km climate scenarios have been created for some variables by interpolating the 

UKCIP02 50 km climate changes to match observed climate data sets at a resolution of 5 

km (Figure 2.7) (Hulme et al., 2002).  

 

This data set was obtained from UKCIP for the 2020s, 2050s and 2080s for the different 

emissions scenarios in order to produce climate scenario maps for Greater Manchester. In 

addition, baseline climate data for 1961-1990 came from the UK Meteorological Office 

(http://www.met-office.gov.uk/research/hadleycentre/obsdata/ukcip/data/index.html), and 

used the same 5 km grid. The data was imported into ArcView using a specially designed 

extension tool (G. Cavan4, personal communication, 2005). The ArcView shapefiles were 

then clipped to the boundary of Greater Manchester. The monthly data was averaged and 

summed to provide seasonal climate scenarios; December, January and February form 

winter, whilst June, July and August constitute summer. 

 

Figures 2.13 to 2.17 show the 5 km climate scenarios over Greater Manchester for the 

average minimum winter temperature, average maximum summer temperature, average 

daily mean summer temperature, total summer precipitation and total winter precipitation 

under Low and High emissions. The values are averaged over the 30-year time slices. The 

scenarios highlight the topography of Greater Manchester (Figure 1.12 in Section 1.6), 

with the Pennines to the north and east being generally cooler and wetter than the rest of 

the conurbation. The scenarios also show an increasing divergence between the Low and 

High emissions scenarios from the 2050s onwards. The general trend over Greater 

Manchester is for warmer wetter winters and hotter drier summers. The decrease in 

summer precipitation is greater than the increase in winter precipitation, meaning that there 

is a slight decrease in annual precipitation.  

 

 

                                                 
4 Gina Cavan, Centre for Urban and Regional Ecology, School of Environment and Development, University 
of Manchester. 

http://www.met-office.gov.uk/research/hadleycentre/obsdata/ukcip/data/index.html
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Figure 2.13. Greater Manchester 5 km climate scenarios for average minimum winter temperature 
(data: UK Met Office and UKCIP) 

 
 

Figure 2.14. Greater Manchester 5 km climate scenarios for average maximum summer temperature 
(data: UK Met Office and UKCIP) 
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Figure 2.15. Greater Manchester 5 km climate scenarios for average daily mean summer temperature 
(data: UK Met Office and UKCIP). N.B. Different methods have been used to calculate the mean, the 
Met Office (for the 1961-1990 baseline climate) average the minimum and maximum temperatures, 

whilst UKCIP (for the future climate scenarios) average hourly temperatures. 

 
 

Figure 2.16. Greater Manchester 5 km climate scenarios for total summer precipitation (data: UK Met 
Office and UKCIP) 
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Figure 2.17. Greater Manchester 5 km climate scenarios for total winter precipitation (data: UK Met 
Office and UKCIP) 

 
 

By the 2080s High average minimum winter temperatures over Greater Manchester are 2-

6°C, compared to -1 to 3°C in 1961-1990 (Figure 2.13); average maximum summer 

temperatures are 21-25°C, compared to 16-20°C in 1961-1990 (Figure 2.14). Average 

daily mean summer temperatures also increase by 4-5°C by the 2080s High compared to 

1961-1990 (Figure 2.15). Total summer precipitation in 1961-1990 is between 205 and 340 

mm over Greater Manchester, compared to between 105 and 195 mm by the 2080s High 

(Figure 2.16). Total winter precipitation in 1961-1990 is between 195 and 435 mm over 

Greater Manchester, increasing to between 240 and 530 mm by the 2080s High (Figure 

2.17). 

 

2.3.3 BETWIXT Daily Weather Generator 
 

A daily weather generator developed by the Climate Research Unit at the University of 

East Anglia was modified as part of the BETWIXT project (Section 1.2) (Watts et al., 

2004a). The weather generator uses past meteorological observations at a given site to 

estimate the parameters for a stochastic model which generates daily weather variables 

(Table 2.4). Precipitation is the primary variable in the weather generator. This is generated 

using a first-order (i.e. based on the previous day’s precipitation) Markov chain model. The 
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secondary variables, minimum and maximum temperature, vapour pressure, wind speed 

and sunshine duration, are then generated using regression relationships or subsequent 

direct calculation. Finally, relative humidity and reference potential evapotranspiration are 

calculated from the generated variables (Watts et al., 2004a). The latter uses the United 

Nations Food and Agricultural Organisation (FAO) Penman-Monteith method (Allen et al., 

1994).  

 
Table 2.4. Weather variables produced by the BETWIXT daily weather generator (Watts et al., 2004a) 

 
Primary generated variable: 
Precipitation (mm/day) 
Secondary generated variable: 
Minimum temperature (°C) 
Maximum temperature (°C) 
Vapour pressure (hPa) 
Wind speed (m/s) 
Sunshine duration (hours) 
Calculated variables: 
Relative humidity (%) 
Reference potential evapotranspiration (mm/day) 

 

The daily weather generator was run for eleven UK sites with sufficiently long (i.e. at least 

20 years) daily time series of observed meteorological data. These sites include Ringway 

Airport in Greater Manchester (Manchester Airport, 53.35 N 2.28 W, elevation 69 m). The 

weather generator was run 100 times for each simulation set, and a single time series was 

selected by BETWIXT from the middle of the distribution of each set. The output, 30 years 

of simulated daily data for the eight climate variables, is available for the 1961-1990 

control period, as well as for the 2020s, 2050s and 2080s Low, Medium-Low, Medium-

High and High emissions scenarios. The scenario runs are consistent with the UKCIP02 

scenarios (http://www.cru.uea.ac.uk/cru/projects/betwixt/cruwg_daily/).  

 

In addition to this, figures are made available showing the mean and variability of the 100 

30-year weather generator runs for selected variables and statistics including the proportion 

of dry days, mean wet day precipitation (mm/day), interannual variability of half monthly 

precipitation totals (mm/day), minimum temperature (°C), maximum temperature (°C), 

sunshine (hours), wind speed (m/s), vapour pressure (hPa), and reference potential 

evapotranspiration (mm/day). Figures are also available for certain extremes (Table 2.5) 

(http://www.cru.uea.ac.uk/cru/projects/betwixt/cruwg_daily/). 

 

http://www.cru.uea.ac.uk/cru/projects/betwixt/cruwg_daily/
http://www.cru.uea.ac.uk/cru/projects/betwixt/cruwg_daily/


Chapter 2. Climate Change 
 

 69

Table 2.5. Definition of extreme events (Watts et al., 2004b) 
 

BETWIXT description Definition 
Fraction of total precipitation 
from intense events 

Fraction of total precipitation above the annual 95th 
percentile value 

Maximum number of 
consecutive dry days 

Maximum number of consecutive dry days 

Number of “hot days” Number of days when maximum temperature is greater 
than the 90th percentile value 

Heatwave duration Cumulative count of number of consecutive days when 
maximum temperature exceeds the 90th percentile value 
for more than 5 days (N.B. the first 5 days are not 
counted in the index) 

Number of “warm nights” Number of days when minimum temperature is greater 
than the 90th percentile value 

Number of “cold nights” Number of days when minimum temperature is less than 
the 10th percentile value 

 

These figures are reproduced for Ringway for the 2080s Low and High emissions 

scenarios (Figures 2.18 to 2.23). The proportion of dry days is an indicator of precipitation 

occurrence (Watts et al., 2004b). The daily weather generator shows an increase in the 

proportion of dry days in summer and a slight decrease in winter, especially under the High 

emissions scenario (Figures 2.18 and 2.21). The mean wet day precipitation is an indicator 

of precipitation intensity (Watts et al., 2004b). Mean wet day precipitation increases in 

winter but decreases in summer (Figures 2.18 and 2.21).  

 

The fraction of total precipitation from intense events is an indicator of the intensity of the 

extreme precipitation events (i.e. the wettest 5% of events) (Watts et al., 2004b). Results 

suggest that there will be little change in the fraction of total precipitation from intense 

events by the 2080s, except perhaps in summer under the High emissions scenario (Figures 

2.20 and 2.23). The maximum number of consecutive dry days is an indicator of the 

persistence of dry (i.e. potential drought) conditions (Watts et al., 2004b). The weather 

generator consistently underestimates this compared to observed values (Figures 2.20 and 

2.23). The underestimation of the persistence of dry and wet days is an inherent problem of 

stochastic weather generators5 (Watts et al., 2004b). However, by the 2080s High there is a 

marked increase in the maximum number of consecutive dry days in summer, from about 

10 days (simulated 1961-1990) to 20 days. Whilst there is a slight decrease in the 

                                                 
5 Two main causes of this problem have been proposed. The first is that weather generators provide 
inadequate representations of high-frequency variability and hence variance and persistence are 
underestimated. The second is that variance and persistence (i.e. interannual variability and tempral 
persistence) are poorly simulated by weather generators because low-frequency forcing is not considered 
(Goodess, 2000). 
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maximum number of consecutive dry days in winter, overall there is an annual increase 

(Figures 2.20 and 2.23). 

 

Both minimum and maximum temperatures increase over all seasons, but this change is 

especially pronounced in summer (Figures 2.18 and 2.21). The number of “hot days” 

increases in all seasons, especially under the High emissions scenario. In summer the 

simulated number of “hot days” increases from about 4 days in 1961-1990 to 43 days by 

the 2080s High (Figures 2.20 and 2.23). Similarly heatwave duration increases in all 

seasons. In the summer the simulated heatwave duration increases from 2 days (1961-1990) 

to 13 days (2080s High) (Figures 2.20 and 2.23). The weather generator also simulates an 

increase in the number of “warm nights” in all seasons and a corresponding decrease in the 

number of “cold nights” (Figures 2.20 and 2.23). Reference potential evapotranspiration 

also increases over all seasons and in particular summer (Figures 2.19 and 2.22). 

 

Whilst the daily weather generator generally simulates observed mean values and standard 

deviations well its performance is less good in relation to extremes (Figures 2.18 to 2.23) 

(Watts et al., 2004b). In particular, the skewness and kurtosis of the simulated distributions 

does not match that of the observed distributions (J. Aylen6 and K. Albertson7, personal 

communication, May 2006). These measure the symmetry, or lack of symmetry, in a 

distribution and the size of the distributions tails. Thus, extremes, which occur towards the 

tails of a distribution, are not well represented by the weather generator. A further 

development to the weather generator uses a Neyman-Scott Rectangular Pulse rainfall 

model to generate the precipitation rather than a Markov chain (as used in the BETWIXT 

weather generator), which does not model the clustered occurrence of rainfall well. This 

model performs significantly better than the Markov model at reproducing daily rainfall 

statistics, including skewness (C. Kilsby8, personal communication). Unfortunately, this 

version of the weather generator was not available at the time the research for this thesis 

was undertaken. Thus, the thesis makes use of the BETWIXT weather generator, which 

was the best tool available at the time. 

 

 

                                                 
6 Jonathan Aylen, Senior Lecturer, Manchester Business School, University of Manchester. 
7 Dr. Kevin Albertson, Principal Lecturer, Department of Economics, Manchester Metropolitan University. 
8 Chris Kilsby, Lecturer in Hydrology, Water Resource Systems Research Laboratory, University of 
Newcastle. A paper by C. Kilsby et al. about this daily weather generator for use in climate change studies 
has been submitted to Environmental Modelling and Software and is currently under review. 
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Figure 2.18. BETWIXT daily weather generator precipitation and temperature statistics for Ringway. 
The graphs show 1961-1990 mean observed values (blue), simulated mean values (from 100 weather 

generator simulations of the 30-year time slices) plus or minus two standard deviations (red for 1961-
1990 and black for 2080s Low emissions scenario) (BETWIXT, 2005). 
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Figure 2.19. BETWIXT daily weather generator variables for Ringway. The graphs show 1961-1990 
mean observed values (blue), simulated mean values (from 100 weather generator simulations of the 

30-year time slices) plus or minus two standard deviations (red for 1961-1990 and black for 2080s Low 
emissions scenario) (BETWIXT, 2005). 
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Figure 2.20. BETWIXT daily weather generator extreme events for Ringway. The graphs show 1961-
1990 mean observed values (blue), simulated mean values (from 100 weather generator simulations of 
the 30-year time slices) plus or minus two standard deviations (red for 1961-1990 and black for 2080s 

Low emissions scenario) (BETWIXT, 2005). 
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Figure 2.21. BETWIXT daily weather generator precipitation and temperature statistics for Ringway. 
The graphs show 1961-1990 mean observed values (blue), simulated mean values (from 100 weather 

generator simulations of the 30-year time slices) plus or minus two standard deviations (red for 1961-
1990 and black for 2080s High emissions scenario) (BETWIXT, 2005). 
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Figure 2.22. BETWIXT daily weather generator variables for Ringway. The graphs show 1961-1990 
mean observed values (blue), simulated mean values (from 100 weather generator simulations of the 

30-year time slices) plus or minus two standard deviations (red for 1961-1990 and black for 2080s High 
emissions scenario) (BETWIXT, 2005). 
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Figure 2.23. BETWIXT daily weather generator extreme events for Ringway. The graphs show 1961-
1990 mean observed values (blue), simulated mean values (from 100 weather generator simulations of 
the 30-year time slices) plus or minus two standard deviations (red for 1961-1990 and black for 2080s 

High emissions scenario) (BETWIXT, 2005). 

 
 



Chapter 2. Climate Change 
 

 77

2.4 Discussion 

 

Some of the remaining chapters of this thesis make explicit use of the scenarios outlined in 

this chapter. Rather than using all four emissions scenarios, the thesis only refers to the 

Low and High emissions scenarios. This cuts down on the wealth of information but still 

ensures that the full range of emissions scenarios is covered.  

 

The drought mapping work (Chapter 4) uses the UKCIP02 5 km climate scenarios for 

monthly precipitation. This is particularly useful as it provides a monthly summary of 

precipitation totals but also incorporates some spatial variation in rainfall. Daily reference 

potential evapotranspiration values for Ringway, one of the outputs of the BETWIXT daily 

weather generator, are also used for the drought mapping. The daily values are summed to 

provide monthly totals. This is a useful climate variable for mapping drought which is not 

provided by the UKCIP02 5 km climate scenarios. 

 

The daily time-series output of the BETWIXT weather generator is also interrogated to 

find extreme daily precipitation and temperatures, which form a direct input into the 

surface temperature and surface runoff models (Chapters 5 and 6). Whilst the weather 

generator does not accurately simulate extremes (J. Aylen and K. Albertson, personal 

communication, May 2006), it tends to underestimate them, such that models using this 

data could be considered to provide conservative estimates of what might happen. 

 

2.5 Conclusion 

 

This chapter has discussed observed and modelled climate change. In particular it has 

focussed on the UKCIP02 climate change scenarios, the 5 km UKCIP02 climate scenarios, 

including the production of maps for Greater Manchester, and the BETWIXT daily 

weather generator. Climate change is happening and is largely due to anthropogenic 

emissions of greenhouse gases (Hulme et al., 2002; IPCC, 2001). Changes over the next 

30-40 years are largely determined by historic emissions of greenhouse gases, however, 

present day emissions will impact on the severity of future climate changes (Hulme et al., 

2002). The general climate changes suggested for the UK, as well as for Greater 

Manchester, are hotter drier summers and warmer wetter winters. It is likely that there will 
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be an increase in extreme events, such as intense precipitation in winter and heatwaves in 

summer. This chapter has set the climate change context for the thesis; the next chapter 

sets the urban characterisation context. 



Chapter 3. Urban Characterisation 
 

 79

Chapter 3. Urban Characterisation 
 

3.1 Introduction 

 

In order to achieve the first objective of the thesis (Section 1.4), namely to determine the 

extent, spatial patterning and attributes of greenspace in the case study area, the urban 

environment must first be characterised. This urban characterisation will then form the 

spatial basis for the thesis and will help to achieve the two aims, namely to assess the 

vulnerability of urban greenspace to climate change at the city and neighbourhood level, 

and to investigate the potential of greenspace to adapt cities to climate change.  

 

A spatial approach using GIS can help to establish the links between different human 

activities and natural processes. At a minimum, an up-to-date land use map or inventory in 

GIS format at an appropriate resolution is required. This highlights where the main 

greenspace patches and corridors (Forman and Godron, 1986) are within the conurbation. 

However, greenspace also permeates, although often unevenly, the more built-up land uses, 

or the built matrix (Forman and Godron, 1986). It has been shown that the relative 

proportions of different surface covers vary with land use (e.g. Akbari et al., 2003; Pauleit 

and Duhme, 2000). Therefore a characterisation of the land or surface cover within these 

mapping units is also required. 

 

In the UK, despite an excellent cartographic tradition, synoptic land use maps are rarely 

available. Land use surveys have traditionally not represented the complex uses of land 

within the urban area. The first Land Utilisation Survey of Britain, directed by L. Dudley 

Stamp in the 1930s, recorded only seven land uses, with urban and industrialised areas 

classed as ‘unproductive land’ (Stamp, 1962). A second, more complex, survey undertaken 

by Alice Coleman in the 1960s included sixty-four categories. The category ‘settlement’ 

was used to refer to all residential and commercial land uses, which included housing, 

shops, hospitals, churches, business and administrative offices, and places of entertainment 

(Coleman, 1961). These surveys were based on field surveying which is very time 

consuming and resource intensive and, consequently, despite its utility, this methodology 

was used very selectively by local authorities in England and Wales (e.g. Handley, 1982). 

A more effective approach involves the analysis of aerial photography or satellite imagery.  
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An approach using aerial photograph interpretation was developed by Land Use 

Consultants to provide a reference frame for quantifying the nature of the urban tree 

population in England (LUC, 1993). This survey was based on the identification and 

mapping of urban morphology types (UMTs), or units which effectively serve as 

integrating spatial units linking human activities and natural processes. The assumption is 

that UMTs have characteristic physical features and are distinctive according to the human 

activities that they accommodate (i.e. land uses). Physical properties and human activities 

are assumed to be key factors that largely determine the ecological properties of urban 

areas (e.g. Breuste, 1994; Sukopp et al., 1993; Gilbert, 1989). Therefore UMTs should be 

suitable for analysing environmental conditions in urban areas. There is much evidence 

from studies of climate, hydrology, soils, flora and fauna to support this assumption. 

 

A knowledge of land cover is critical because it determines the ecological and physical 

behaviour of individual land parcels, and ultimately the city as a whole (Whitford et al., 

2001). Areas of the urban environment with different proportions of vegetated surface 

behave differently in terms of their environmental functions. For example, an increase in 

vegetated surfaces results in lower surface temperatures, less surface runoff, increased 

carbon storage and sequestration, and increased biodiversity (Whitford et al., 2001). 

Conversely, urban densification, caused by infill development in gardens and high density 

residential development on previously developed land leads to the loss of vegetated areas. 

This results in negative environmental impacts within the urban area (Pauleit et al., 2005), 

and potentially reduces their capacity to respond to climate change. 

 

Surface, or land, cover mapping in the UK from satellite imagery has primarily focussed 

on rural areas. The Institute for Terrestrial Ecology (now the Centre for Ecology and 

Hydrology) produced digital land cover maps for the UK for 1990 and 2000 using satellite 

information (CEH, 2001). The maps classified 25 land cover types at a resolution of 25 m. 

Whilst these are very useful in the countryside, they are less effective at mapping the fine-

grained mosaic of different land covers within urban areas. Indeed, only two categories 

refer specifically to urban areas: suburban/rural development and continuous urban. These 

include all urban land, rural development, roads, railways, waste and derelict ground, 

including vegetated wasteland, gardens and urban trees. Larger vegetated areas (≥0.5 ha) 

should, however, be identified as the appropriate cover class. Thematic survey 

methodologies can be equally deficient in their characterisation of the urban environment, 
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for example, the Phase 1 Habitat Survey methodology which is widely used by UK local 

authorities and non-governmental organisations (Nature Conservancy Council, 1990). 

 

Many different approaches for determining urban surface cover are discussed in the 

literature. At the conurbation scale surface cover analyses are generally undertaken using 

remotely sensed imagery. A range of satellite and aerial imagery have been used, including 

Landsat, SPOT, AVHRR, LIDAR, ATLAS, high resolution black and white photography, 

high resolution colour infrared photography, and high-resolution custom colour digital 

orthophotos (Akbari et al., 2003; Myeong et al., 2001). Satellite imagery has increasing 

resolution and capabilities. However, automatic classifications of remotely sensed data are 

still a complex procedure in urban areas with misclassifications and confusion between 

surface covers (Myeong et al., 2001). Non-automatic approaches using high spatial 

resolution aerial photography may still be more appropriate to accurately characterise the 

urban environment (Akbari et al., 2003; Myeong et al., 2001).  

 

Aerial photograph interpretation is an established method for determining surface cover 

(Akbari et al., 2003) that has been shown to be both accurate and cost-effective (Butz and 

Fuchs, 2003). A common approach at the conurbation level is to disaggregate the urban 

area into distinctive strata, based on land use or morphology, and use this as a basis for a 

sampling strategy (Nowak et al., 2003; Pauleit and Duhme, 2000; Handley et al., 2000). 

This allows samples to be taken from more homogeneous categories and thus leads to more 

precise results (Nowak et al., 2003).  

 

The urban characterisation approach presented in this chapter provides the spatial basis for 

the thesis, as well as the wider ASCCUE project (Section 1.2). It consists of two main 

stages. The first stage is the mapping of the urban morphology types, which are used in the 

drought mapping (Chapter 4) as well as in the energy exchange (Chapter 5) and surface 

runoff modelling (Chapter 6). The next stage of the characterisation is an analysis of the 

surface cover within the urban morphology types. This is essential for modelling the 

environmental performance of the conurbation (Chapters 5 and 6). 
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3.2 Urban Morphology Type Mapping 

 

The first stage of the urban characterisation is the urban morphology type (UMT) mapping. 

This was undertaken in order to disaggregate the conurbation into distinctive categories. 

The UMT mapping work was undertaken in conjunction with work package 2 of the 

ASCCUE project (Section 1.2), which carried out the majority of the digitisation. The 

UMT map is essential for the thesis, as the categorisation is based upon urban form or 

morphology, and therefore provides more relevant information than a land use map. The 

UMT mapping draws upon previous work for the Red Rose Forest Urban Timber Initiative 

(Handley et al., 2000) for sampling the urban tree population. This work, in turn, was 

based upon a methodology developed by LUC (1993). LUC suggested that “the 

characteristics of trees found in different zones of urban land use bear a close relationship 

to that basic land use, and to the age of development and its patterns of tenure” (LUC, 

1993, p. 4). This thesis is interested in how greenspace extent and attributes vary within 

these different UMTs, and therefore in the differing environmental performances of the 

categories.  

 

3.2.1 Methodology 

 

The UMT categories were based upon the twenty three land use, or morphology, types 

identified by LUC (1993). These were adapted to be compatible with the National Land 

Use Database classification version 4.4 (NLUD, 2003) whilst still maintaining a level of 

detail and specialisation necessary for the ASCCUE project that was not present in the 

NLUD classification. NLUD is a project, still under development, of the Ordnance Survey 

and the Office of the Deputy Prime Minister (ODPM), now the Department for 

Communities and Local Government (DCLG), to “establish a complete, consistent and 

detailed geographical record of land use in Great Britain” (NLUD, 2005). It is intended 

that all bodies collecting and making use of land use information will adopt this approach 

or at least establish a direct link to the classification (NLUD, 2005).  

 

In this instance, the primary land use categories of the NLUD classification are broadly 

maintained (NLUD, 2003). Two primary land use categories not present in the LUC 

classification (LUC, 1993) have been incorporated. The detailed land use categories are a 
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mixture of the NLUD and LUC classifications, chosen within the context of the ASCCUE 

project. For example, in the residential category, the NLUD approach of classifying by 

building use was a less relevant distinction than the LUC approach of classifying by 

development density. In total, twenty nine UMT categories were used (Table 3.1).  

 
Table 3.1. UMT adapted to NLUD classification 

 
Primary land use Detailed UMT 

Improved farmland Farmland 
Unimproved farmland 

Woodland Woodland 
Minerals Mineral workings and quarries 

Formal recreation 
Formal open space 
Informal open space 

Recreation and leisure 

Allotments 
Major roads 
Airports 
Rail 

Transport 

River, canal 
Energy production and distribution 
Water storage and treatment 
Refuse disposal 

Utilities and infrastructure 

Cemeteries and crematoria 
High density residential 
Medium density residential 

Residential 

Low density residential 
Schools Community services 
Hospitals 
Retail Retail 
Town centre 
Manufacturing 
Offices 

Industry and business 

Storage and distribution 
Previously developed land Disused and derelict land 
Defence Defence 
Unused land Remnant countryside 

 

The UMTs were digitised in ArcView GIS for Greater Manchester from 1997 aerial 

photographs (resolution: 0.25 m, source: Cities Revealed). The process was mainly 

undertaken by one person so that judgements were consistent throughout. A lower limit of 

1 hectare was set on the size of the UMT units, since the classification is for use at the 

conurbation level. Each unit was classified according to the dominant UMT of the polygon.  

 

Generic descriptions of the UMT categories helped the digitisation process as certain 

characteristic patterns were visible from the aerial photographs (Appendix A). For example, 

the two farmland categories were distinguishable from each other in that improved 

farmland consisted of fields (which may contain animals) and managed agriculture, 
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whereas unimproved farmland was open land with grazing animals. Similarly for the 

residential categories: high density residential areas were distinguishable by patterns of 

terraced housing, town houses, or flatted accommodation, with small or no gardens and 

yards, and few or no trees; medium density residential areas had larger terraced houses, 

semi-detached houses, and bungalow estates, with large front and back gardens, and a 

significant number of trees; whilst low density residential areas have detached houses, 

large gardens with lawns and many trees, and driveways. Section 3.2.3 discusses the 

number of dwellings per hectare in the residential UMTs. 

 

In cases where the classification was not straightforward from aerial photographs alone, 

other data sources were referred to. For example, Ordnance Survey 1:50,000 digital maps 

provided key information about the locations of schools and hospitals; local knowledge 

aided distinctions between manufacturing and storage and distribution; and thematic data 

sets held by specialist organisations were also used. For example, the Greater Manchester 

Geological Unit, which provides specialist earth science advice to the Greater Manchester 

local authorities, supplied information on mineral workings and refuse disposal. The 

Derelict, Underused and Neglected Land Survey in the North-West (The Environment 

Partnership, 2002) was referred to for locations of disused and derelict land. The UMT 

map was checked by the Greater Manchester authorities, and corrected where necessary, to 

ensure that there were no obvious errors. 

 

3.2.2 Results 

 

The result of the UMT mapping is a 1997 map for Greater Manchester (Figure 3.1). It is 

possible to see the locations of the various town centres in Greater Manchester, including 

Manchester, Rochdale, Oldham, Stockport, Bolton, Bury and Wigan. The town centres are 

largely surrounded by residential areas, with higher density residential areas typically 

located closer to the town centres. Trafford Park, a major industrial and retail area, can be 

seen to the west of Manchester city centre. The main transport infrastructure, including 

Manchester airport in the south and Manchester ship canal to the west, are clearly visible. 

Improved farmland surrounds the urban core and in certain instances extends into the 

urban areas. Towards the south of the conurbation the open land of the Mersey valley 

forms a greenspace corridor intersecting the mainly residential areas. To the north east in 

particular there are outlying areas of unimproved farmland heading up into the Pennines.  
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Figure 3.1. UMT classification for Greater Manchester (based on 1997 aerial photography) 

 
 

Some 506 km2, or just under 40%, of Greater Manchester is farmland, with the remaining 

60% (793 km2) representing the ‘urbanised’ area9 (Figure 3.2a) (Appendix B, tables B.1 

and B.2). Residential areas account for just under half of the ‘urbanised’ area (Figure 3.2b) 

and can thus be viewed from a landscape ecology perspective as the ‘matrix’ – 

representing the dominant landscape category in the urban mosaic (Forman and Godron, 

1986). The average size for a residential UMT unit is 0.4 km2 with a standard deviation of 

0.6 km2. Recreation and leisure is the next major land use, covering 12% of the 

                                                 
9 In this instance the ‘urbanised’ area refers to all UMT categories except for farmland. The limitations of 
this are acknowledged in that some farmland units are situated within the urbanised parts of the conurbation, 
whilst other UMT categories (e.g. woodland) can also be found within the farmland areas. 
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‘urbanised’ area. Again, from a landscape ecology perspective these units may be viewed 

as the ‘patches’ within the urbanised area (Forman and Godron, 1986). The average size 

for such a UMT unit is 0.1 km2 with a standard deviation of 0.2 km2. Industry and business, 

and previously developed land each cover 9% of the ‘urbanised’ area. Woodland covers 

5% of the ‘urbanised’ area, or 3% of Greater Manchester. The average size for a woodland 

UMT unit is 0.2 km2 with a standard deviation of 0.3 km2. 

 

Figure 3.2. Primary UMT categories (from 1997 images) over: (a) Greater Manchester; (b) 'urbanised' 
Greater Manchester (i.e. not including farmland) 
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3.2.3 Discussion 
 

The different residential densities were determined from visual interpretation of 

characteristic patterns in the aerial photography (Section 3.2.1). However, it is useful to 

have some understanding of the density of dwellings per hectare in each residential type, 

as this is the language used by policy makers (Section 3.4.2) (e.g. ODPM, 2000). Ordnance 

Survey’s MasterMap Address Layer data provides precise coordinates for residential and 

commercial properties in Great Britain (Ordnance Survey, no date). The number of address 

points in each residential UMT unit was extracted from the MasterMap Address Layer 

data using the ‘FeatureDensity’ ArcView extension tool available from the ESRI Support 

Centre (http://arcscripts.esri.com/). The address points per hectare were then calculated for 

each residential UMT unit and statistics were compiled for each UMT category. It should 

be noted that the address points include commercial as well as residential properties, so 

there will be a slight error in the calculation of dwellings per hectare. This is not a major 

problem since only the residential UMTs were considered here. In undertaking this 

analysis, residential UMT categories which had anomalously low address points per 

hectare were excluded (a total of 17 units), as inspection revealed there to be 

misclassifications in the UMT dataset. 

 

The results of this analysis show that the mean number of address points per hectare, a 

proxy for dwellings per hectare, is 47.3, 26.8, and 14.8 in high, medium and low density 

residential, respectively (Table 3.2). The standard error of the mean is generally low and 

does not overlap between categories (Figure 3.3). On the other hand, the standard deviation 

is rather large, especially for the high density residential UMT (Table 3.2). High density 

residential has the largest standard deviation because it includes areas with tower blocks 

where there are many address points.  

 
Table 3.2. Address points per hectare for different residential densities 

 
Residential density Mean Min Max Std. Deviation Std. Error of Mean N 
High 47.3 5.7 132.9 15.8 1.0 245 
Medium 26.8 3.6 58.6 7.5 0.3 612 
Low 14.8 1.5 46.6 7.9 0.7 145 
Total 30.0 1.5 132.9 14.7 0.5 1002 

 
 

http://arcscripts.esri.com/
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Figure 3.3. Mean address points per hectare in the residential UMTs, with error bars showing the 95% 
confidence interval 
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3.3 Surface Cover Analysis 

 

The UMT categories provide an initial indication of areas of the conurbation that are likely 

to be more built or vegetated. For example, formal open spaces are likely to have more 

vegetated surfaces whereas town centres will be highly built. However, many different 

land covers can characterise a UMT. Thus a distinction is made between the land use or 

morphology and the land cover.  The second stage of the urban characterisation is the 

surface cover analysis. This was undertaken in order to quantify the surface cover within 

the UMTs and to allow comparisons to be made between them. This information is crucial 

for determining the environmental performance of the conurbation (e.g. Pauleit et al., 2005; 

Whitford et al., 2001; Nowak et al., 2001; Pauleit and Duhme, 2000). 
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3.3.1 Methodology 

 

3.3.1.1 Sampling Strategy 
 
 

Given the size of the conurbation, a complete census of the surface cover was unfeasible. 

Instead, a stratified random sampling technique was employed in conjunction with aerial 

photograph interpretation of surface cover types. The Cities Revealed 1997 digital aerial 

photographs, already employed for the UMT mapping, formed the basis for the aerial 

photograph interpretation. This imagery was readily available and should allow for an 

accurate characterisation. Akbari et al. (2003) tested several methods to automatically 

determine surface cover in urban areas from aerial photographs but found that there were 

still inaccuracies in distinguishing between certain cover types. Approaches included 

searching for characteristic signatures of various surfaces, as well as using a feature in 

ERDAS/Imagine software to automatically outline surface cover types. They found that a 

sampling method based on aerial photograph interpretation was the most accurate approach.  

 

It is preferable to divide the conurbation into distinctive homogenous strata in order to 

accurately characterise it. Stratified random sampling ensures that results can be 

extrapolated to the conurbation level and is suitable for a heterogeneous population where 

the event of interest varies for the different groups. Dividing a city into fairly 

homogeneous units reduces the variance of the estimates, thereby leading to more precise 

results (Nowak et al., 2003). Previous analyses have used between 5 and 41 strata (e.g. 

Nowak et al., 2003; Pauleit and Duhme, 2000; Handley et al., 2000; LUC, 1993). In this 

case, the twenty nine UMT categories formed the sampling strata.  

 

Sampling strategies are often based on the random selection of a series of quadrats within 

the strata. The surface cover is then determined within these quadrats, and the results are 

extrapolated to the stratum as a whole (e.g. Pauleit et al., 2005; Terziyski, 2003; Whitford 

et al., 2001; Handley et al., 2000). In this instance it was deemed more appropriate to 

sample random points rather than quadrats. The main advantage of this is that each point is 

independent of all the other points, therefore it should be possible to characterise the 

surface cover of a stratum more efficiently. In contrast, if a quadrat approach is used the 

method for characterising its surface cover must be decided. Delineating all surface covers 
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is one approach (e.g. Terziyski, 2003), yet it is time-consuming. Another approach is to lay 

a grid over the quadrat and determine the surface cover in each cell (e.g. Pauleit et al., 

2005; Whitford et al., 2001; Handley et al., 2000), however there will be some dependence 

between adjacent grid cells. By contrast, using a random point approach, there is no need 

to decide on the most suitable quadrat area and grid density to provide a representative 

picture of the surface cover. However, a decision must be made concerning the number of 

points to sample. 

 

The number of points to sample was determined from the required standard error. The 

larger the sample size the less the standard error. However, the nearer the proportional 

cover is to 0.5 the larger the variance will be, and hence the larger the standard error. 

Standard errors were calculated using the formula: 

 

n
pqSE = ,  

 

where p is the proportional cover, q = 1 - p, and n is the number of samples (Table 3.3). 

 
Table 3.3. Standard errors for different sample sizes with proportional covers of 10% and 50% (i.e. 

maximum variance) 
 

Proportional cover (p) Sample size (n) 
0.1 0.5 

100 0.03 0.05 
200 0.021 0.035 
400 0.015 0.025 

 

Sampling 400 points in each UMT category, totalling 11,600 samples over all 29 UMT 

categories, allows for acceptable standard errors. The maximum standard error, when there 

is a 50% cover, would be 2.5% (Table 3.3). This means that there is a 95% confidence that 

the true value is within ±5% of that sampled. It is possible to pick 400 points regardless of 

the area covered by the UMT category and still get a maximum standard error of 2.5% 

because the points are sampled randomly. For example, if 50% of an area is covered by 

trees, on average the method will place a random point on a tree 50% of the time. This is 

irrespective of the arrangement of the trees within the area, the overall size of the area, and 

the size of the area covered by trees. The same number of points were sampled from each 

stratum, rather than sampling in proportion with the size of each stratum, to allow 

comparisons to be easily made between the UMTs. Thus, 400 points were placed randomly 
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within each stratum (Figure 3.4) using the USDA Forest Service ‘photo interpretation’ tool 

(USDA Forest Service, no date), an extension to ArcView GIS which can be freely 

downloaded from the internet (http://www.fs.fed.us/ne/syracuse/Tools/tools.htm).  

 

Figure 3.4. 400 random points placed in the medium density residential UMT category 

 
 

3.3.1.2 Surface Cover Types 
 

The surface cover types to be identified depend upon the intended use of the data as well as 

the resolution of the image, and have varied widely between studies. Some studies have 

focused entirely on tree cover, and hence have categories to reflect this (e.g. Jim and Chen, 

2003; Jim and Liu, 2001; Nowak et al., 2001; Handley et al., 2000), others have 

distinguished between what is happening above and below the tree canopy and chosen 

surface covers accordingly (Akbari et al., 2003), whilst others choose surface cover types 

to reflect required input to specific models (Whitford et al., 2001). In this instance nine 

surface cover categories, broadly based on those used by Whitford et al. (2001), were 

chosen: building, other impervious, tree, shrub, mown grass, rough grass, cultivated, water, 

and bare soil/gravel (Figure 3.5). These categories were selected according to what was 

visible from the aerial photography as well as for their use within this thesis. One of the 

http://www.fs.fed.us/ne/syracuse/Tools/tools.htm
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main uses of the surface cover analysis is as input into the energy exchange and surface 

runoff models (Chapters 5 and 6) (Whitford et al., 2001). Thus, the input requirements of 

these models were paramount in selecting surface cover types. 

 
Figure 3.5. Generic examples of the surface cover types 

 
 

The energy exchange model distinguishes between built, evapotranspiring (i.e. all 

vegetated and water surfaces), and bare soil surfaces. Further, it incorporates a building 

mass per unit of land; distinguishing between buildings and other impervious surfaces 

(Chapter 5). Hence, the energy exchange model required four surface cover types: 

buildings, other impervious, evapotranspiring, and bare soil. The surface runoff model, on 

the other hand, uses the Soil Conservation Service curve number approach (Chapter 6). 

Thus surface cover types were selected according to whether they had distinctive curve 

numbers. Whilst buildings and other impervious surfaces have the same curve numbers, 

those of evapotranspiring surfaces differ greatly. Hence, the distinction was made between 
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Mown grass 
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tree, shrub, mown grass, rough grass, cultivated, and water surfaces. The difference in 

curve numbers between bare soil and gravel is only marginal (between 2 to 4 curve 

numbers depending on soil type, see Section 6.2), therefore they were considered here as 

one category since initial tests suggested that they are difficult to distinguish from aerial 

photography.  

 

The results of the surface cover analysis were also used to develop adaptation strategies for 

climate change (Chapters 5 and 6). Whilst initial tests suggested that it would be difficult 

to distinguish between trees and shrubs, this distinction is particularly important because of 

the important role trees play in providing shading beneath their canopy (Oke, 1989). The 

distinction between buildings and other impervious surfaces was also important in terms of 

adaptation strategies. Other considerations that may be of importance for climate 

adaptation include location (e.g. street, open space, garden) and ownership of greenery (e.g. 

public or private); however such distinctions cannot be easily made from aerial 

photographs. 

 

The categories were pre-determined in ArcView GIS, again using the ‘photo interpretation’ 

tool (USDA Forest Service, no date), thereby enabling fast visual interpretation of the 

surface cover under each random point. The aerial photographs were displayed as a layer 

behind the points. The ‘photo interpretation’ tool displayed each point in turn at the same 

magnification as the previous point (but still allowing zooming if required). It also showed 

a dialogue box with the pre-determined surface cover types (Figure 3.6). As each point was 

viewed, the surface cover was determined and the appropriate classification checked in the 

dialogue box, which was then automatically transferred to the attribute table. This method 

allowed for efficient surface cover classification. Initial tests suggested that using the 

dialogue box of the ‘photo interpretation’ tool was at least seven times as fast as doing the 

same manually. 
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Figure 3.6. Screenshot of the ‘photo interpretation’ tool showing the dialogue box with pre-determined 
surface cover types 

 
 

Clues such as texture, context, and amount of shading were used to aid the visual 

interpretation between similar classes, for example, between trees and shrubs, and mown 

grass and rough grass. Additionally, context was used to aid the classification where 

ground shading occurred and when tall buildings were not photographed from directly 

above. As with the UMT mapping, one person undertook the surface cover analysis in 

order to keep judgements consistent. 

 

3.3.1.3 Confidence 
 

In order to ascertain some level of confidence in the results, graphs were plotted for each 

UMT category showing the proportional surface cover as it varies with the increasing 

number of samples taken (Akbari et al., 2003). Figure 3.7 shows the graph produced for 

the high density residential category. As expected, the fluctuation in surface cover is 

greatest at first when fewer samples have been taken. For example, after 1 point there is 

100% building cover; after 2 points this changes to 50% buildings and 50% other 

impervious; after 10 points it is 40% buildings, 50% other impervious and 10% shrubs; 

whilst following 50 points the cover is 26% building, 52% other impervious, 6% tree, 4% 
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shrub and 12% mown grass. However, by 400 points the surface cover is 31% building, 

38% other impervious, 7% tree, 8% shrub, 15% mown grass, and 2% of rough grass, 

cultivated, water and bare soil/ gravel combined. It would seem that by this stage the 

proportions have converged to an asymptote with the proportional cover variation having 

smoothed out considerably. This indicates that the results gained through this method are 

truly representative and can be used with confidence. 

 

Figure 3.7. Proportional surface cover of high density residential with increasing sample size 
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Whilst this approach allows inter-UMT category comparisons, it does not highlight the 

intra-UMT variations. Research has demonstrated that there can be much variability 

between UMT units within a given UMT category (Pauleit and Duhme, 2000). If satellite 

imagery and automatic classifications were to become more accurate they could be used 

within the UMT categories to determine the average surface cover of the category, as well 

as the variance. 

 

3.3.2 Results 

 

The proportional surface cover over the UMT categories is presented on a histogram 

(Figure 3.8) (Appendix B, tables B.3 and B.4, figure B.1). This reveals a complex picture. 



Chapter 3. Urban Characterisation 
 

 96

Buildings cover up to 31% of the surfaces within the UMT categories. High proportions 

are found in high density residential (31%), manufacturing (30%), distribution and storage 

(28%), hospitals (27%), town centre (26%), retail (23%), and medium density residential 

(22%). Other impervious surfaces typically cover up to 48% of the UMT’s surfaces; 

however in major roads they cover 63%. They also have a high proportional cover in retail 

(48%) and town centre (48%). Trees typically cover less than 28% of the UMT areas, yet 

woodland has 70% tree cover. Town centres have only 5% tree cover, slightly less than 

high density residential (7%), less than half that of medium density residential (13%), and 

under a fifth of low density residential (26%). Shrub cover is generally less than 12%, 

except in unimproved farmland (52%). Mown grass cover is less than 65% but is highest in 

formal recreation (62%), improved farmland (57%), schools (53%), and cemeteries and 

crematoria (52%). Rough grassland covers less than 35%, whereas cultivated land 

typically covers less than 15% but allotments have 65% cover. Water surfaces generally 

cover less than 7% except for in rivers and canals (58%) and water storage and treatment 

(55%). Bare soil is also typically less than 15% except for in refuse disposal (58%), rail 

(48%), and mineral workings and quarries (45%). 

 

Figure 3.8. Proportional surface cover in the UMTs 
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The residential areas have different surface covers from each other (Figure 3.9). In high 

density residential areas impervious surfaces (building and other impervious surfaces) 
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cover about two thirds of the area, compared to about half in medium density areas and one 

third in low density areas. 

 

Figure 3.9. Comparison of proportional cover in high, medium and low density residential UMTs 

 
 

The data is also combined to show the relative proportions of built surfaces (buildings and 

other impervious surfaces), evapotranspiring surfaces (tree, shrub, mown grass, rough 

grass, cultivated and water), and bare ground (bare soil/ gravel) (Figure 3.10) (Appendix B, 

tables B.5 and B.6, figure B.2). These are the groupings required for the energy exchange 

model (Chapter 5) (Whitford et al., 2001). It is clear that there is considerable variation 

over the UMTs, however, it is possible to distinguish four broad groups of UMTs.  

 

Figure 3.10. Proportional built, evapotranspiring, and bare soil surface cover in the UMTs 
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Firstly, there are areas of bare soil associated with vegetation where the built proportion is 

less than 10% and bare soil covers 45-60%. These include refuse disposal, rail, mineral 

workings and quarries. Secondly, there are relatively undeveloped areas which are mainly 

evapotranspiring with built proportions under 15% and bare soil under 20%. These include 

farmland categories, recreation and leisure categories, woodland, rivers and canals, water 

storage and treatment, cemeteries and crematoria, disused and derelict land, and remnant 

countryside. Thirdly, there are highly developed areas where built surfaces cover over 49% 

of the surface. These include town centres, retail, high density residential, major roads, 

distribution and storage, manufacturing, energy production and distribution, hospitals, 

offices, and medium density residential. Finally, there are moderately developed areas 

where the built surfaces cover 25-45%. These include airports, low density residential, and 

schools. There is more of a continuum apparent between the two developed groups; 

however, there does appear to be a significant difference between the extremes, namely 

schools which are 27% built and town centre at 73% built. 

 

Figure 3.11 shows the proportion of built surfaces over the conurbation. On average, 23% 

of Greater Manchester consists of built surfaces. Farmland areas around the periphery of 

the conurbation have a very low proportion of built surfaces. When farmland is discounted 

37% of the ‘urbanised’ area of Greater Manchester consists of built surfaces. The most 

striking feature of the map is the highly built up town centres surrounded by areas of 

decreasing residential density with corresponding decreasing built cover. It is possible to 

see the distinctive town centres of the ten local authorities. This map shows the traditional 

view of the conurbation, focussing on the built surfaces. However, when the converse 

information is presented on a map the ecological meaning of the data is revealed (Figure 

3.12).  
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Figure 3.11. Proportion of built surfaces in Greater Manchester as estimated from UMT sampling 

 
 

Figure 3.12 shows the proportion of evapotranspiring surfaces over Greater Manchester. 

On average, 72% of Greater Manchester is evapotranspiring. Farmland areas have a very 

high proportion of evapotranspiring surfaces. However, even when farmland is discounted, 

59% of the ‘urbanised’ area of Greater Manchester is evapotranspiring. The map shows 

that, on average, all UMT categories have more than 20% evapotranspiring surfaces. The 

inner city areas tend to have the lowest proportion of evapotranspiring surfaces and it is 

possible to see an increase in the proportion of such surfaces moving away from the town 

centres through the residential categories of decreasing density. Corridors of areas with 

higher proportions of evapotranspiring surfaces can be seen penetrating the ‘urbanised’ 

area. On the other hand, road corridors can be seen where there are lower proportions of 

evapotranspiring surfaces. Patches of evapotranspiring surfaces can be seen within areas 

where there are few. 
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Figure 3.12. Proportion of evapotranspiring surfaces in Greater Manchester as estimated from UMT 
sampling 

 
 

Figure 3.13 shows the proportion of tree cover over the conurbation. In general, the 

proportion of tree cover is fairly low. Interestingly, the ‘urbanised’ area has a 16% tree 

cover, whilst the whole of Greater Manchester has a 12% tree cover. This reflects the low 

proportion of trees on farmland surrounding the ‘urbanised’ area. The woodland UMT 

category has 70% trees, whilst all other UMTs have below 30% tree cover. In the 

residential categories, which cover a lot of the ‘urbanised’ area, tree cover is 26% in low 

density areas, 13% in medium density areas, and 7% in high density areas. 
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Figure 3.13. Proportion of tree cover in Greater Manchester as estimated from UMT sampling 

 
 

The surface cover in residential areas is important because it accounts for 48% of 

‘urbanised’ Greater Manchester (Section 3.2.2). In particular, medium density residential 

covers 37% of the ‘urbanised’ area (Appendix B, table B.1). Figure 3.14 shows that 32% 

of the evapotranspiring surfaces in ‘urbanised’ Greater Manchester are found within the 

medium density residential UMT. Disused and derelict land has the next highest 

percentage of evapotranspiring surfaces with 12%, followed by formal recreation with 

10%. Whilst woodland had the highest evapotranspiring cover of all the UMTs, this 

represents only 9% of evapotranspiring surfaces in ‘urbanised’ Greater Manchester. 
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Figure 3.14. Percentage of all evapotranspiring surfaces across ‘urbanised’ Greater Manchester 
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3.4 Discussion 

 

3.4.1 Urban Characterisation 
 

The combination of UMT mapping with surface cover analysis provides an effective 

means to characterise the urban environment. It not only identifies land uses which are 

known to contain significant amounts of urban greenspace but also highlights where 

greenspace is more likely to occur within the urban matrix itself. This allows striking maps 

to be produced at a scale relevant for conurbation level work. Vegetation on private and 

institutional land is not normally shown on city maps, but still fulfils important 

environmental functions (Pauleit et al., 2005; Whitford et al., 2001). The importance of 

medium density residential areas is highlighted by the fact that it accounts for 32% of 

evapotranspiring surfaces within ‘urbanised’ Greater Manchester.  

 

The approach does, however, have its limitations. Firstly, it assumes that there is no 

variation within the UMT units since the surface cover is only estimated for each UMT 



Chapter 3. Urban Characterisation 
 

 103

category. This masks the intra-UMT variation in surface cover which may be large. Pauleit 

and Duhme (2000) found that the variability of surface sealing was large within most land 

use types in Munich. They estimated that in detached house areas surface sealing ranged 

from 10% to more than 50%, whilst in multi-storey buildings it ranged from 20% to over 

90%. Interestingly, they found that this variability did not decrease when the land use types 

were subdivided into 41 rather than 24 categories. Despite these mapping uncertainties, the 

method used here does allow for an accurate estimation of the proportional cover of 

Greater Manchester. 

 

This work advances local knowledge of the conurbation of Greater Manchester. 40% of 

Greater Manchester is farmland, with the remaining 60% representing the ‘urbanised’ area. 

Residential areas account for almost half of this ‘urbanised’ area. This result corresponds 

well with previous research into urban land uses in England. In the ‘average’ settlement, 

from a survey of towns and villages in England, residential areas account for 55% of the 

urban area (LUC, 1993). It was found that there was a fair degree of consistency between 

the percentages of different land uses amongst settlements of different sizes (LUC, 1993). 

For example, when the settlement had a population of over 400,000, as in the case of 

Greater Manchester, residential areas accounted for approximately 56% of the urban area 

(LUC, 1993). Similarly, in both this case and in Greater Manchester open space accounted 

for 32% of the urban area and transport for 5% (LUC, 1993). In addition, commercial areas 

amounted to 1% of land in these settlements (LUC, 1993) compared to 5% in Greater 

Manchester, and industry for 6% (LUC, 1993) compared to 8% in Greater Manchester. 

 

What is particularly surprising is the high proportion of evapotranspiring surfaces in an 

urban environment which is often thought of as consisting primarily of built surfaces. The 

evapotranspiring surfaces map shows the green infrastructure of the conurbation: corridors 

of green entering into the ‘urbanised’ core, patches of evapotranspiring surfaces offering 

green oases amongst the built environment, as well as the green cover within the matrix. 

Vegetated surfaces in Greater Manchester compare favourably with other cities. Munich 

has 60% vegetation when farmland is included (LÖK, 1990), compared to 71% for Greater 

Manchester including farmland and 57% discounting farmland. Low density residential 

areas in Greater Manchester would appear to have very similar vegetation cover to the 

equivalent in Munich, both with about 66% cover (Pauleit and Duhme, 2000; Pauleit, 

1998). However, industrial areas in Greater Manchester have between 27 and 30% 

vegetation compared to only 13% in Munich (Pauleit and Duhme, 2000; Pauleit, 1998). 
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Similarly for trees, the maps show low proportions of tree cover and suggest the potential 

for increasing it in key areas. There are many problems concerning comparisons of surface 

cover data which have been found using different approaches. However, it would appear 

that tree cover in Greater Manchester, at an average of 16% cover when farmland areas are 

discounted, is low in comparison with the average cover of 27% for US cities (Nowak et 

al., 2001). The range in US cities, however, is very wide, from approximately 4% tree 

cover in Wyoming to 55% cover in Georgia (Nowak et al., 2001). Whilst commercial core 

and industrial areas in Greater Manchester compare favourably with those in North 

American cities which have less than 10% tree cover (Oke, 1989), residential areas in 

North American cities have between 15-40% tree cover (Oke, 1989) compared with 7-26% 

in Greater Manchester, and parks have 20-60% cover in North America (Oke, 1989), in 

comparison with 14-28% in Greater Manchester. Greater Manchester tree cover in 

residential areas compares favourably with other towns and villages in England, where it 

covers on average 4-18% of the surface depending on residential density (LUC, 1993). 

 

The surface cover analysis also indicates the manicured nature of much of our open spaces, 

with little rough grassland in the ‘urbanised’ area when compared with mown grass. Such 

areas may offer the potential for less intensive management where compatible with 

recreational uses and may be very important for biodiversity (Hough, 2004; Wheater, 1999; 

Handley, 1983).  

 

This work contributes a method and tools for analysing, understanding, planning, and 

managing urban environments. The UMTs are more or less derived from categories used 

for and familiar to urban spatial planning. Additionally, the UMTs describe particular 

neighbourhoods and thus can be readily understood by citizens which may help enhance 

their participation in urban governance. The evapotranspiring map is a very useful tool for 

urban planners, highlighting both where there is a deficit of ‘green’ cover, as well as oases 

of ‘green’ cover which may need higher levels of protection from development. It could 

also help identify areas which could be converted into green corridors.  

 

The urban characterisation also provides an ideal base for further investigations into the 

urban environment, for example studies into temporal land use and land cover changes (e.g. 
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Pauleit et al., 2005),  studies of urban wildlife populations10, or into building mass within 

the UMT categories (e.g. Tanikawa et al., 2002). 

 

3.4.2 Changes to Urban Form through Growth and Densification 
 

The urban characterisation provides an understanding of the UMTs and surface cover of 

the Greater Manchester conurbation in 1997, at the time of the aerial photographs. 

However, the urban environment is constantly changing both in terms of the land uses or 

morphology types and the surface cover. This thesis uses climate scenarios up to the end of 

the century (Chapter 2). Whilst the built environment has a long life, from 20 to over 100 

years (Graves and Phillipson, 2000), it can be assumed that the conurbation will undergo 

significant changes in this time. Therefore, recognition of the type of changes that might be 

expected is important. Changes to urban form, along with climate change, will alter surface 

temperatures and surface runoff over the conurbation (Chapters 5 and 6).  

 

Urban areas have grown, and continue to grow, strongly throughout Europe. A report 

published by the European Environment Agency compared the development of 25 urban 

areas between 1950 and 1990 (EEA, 2002). It interpreted aerial photography and satellite 

imagery and used a methodology that allowed comparisons to be made between urban 

areas. The proportionate cover of urban areas increased by between 26% (Sunderland, UK) 

and 270% (Algarve, Portugal), whilst agricultural land and areas defined as ‘natural’ 

declined by between 7% (Dresden, Germany) and 41% (Iraklion, Greece). The total 

amount of urban greenspace generally increased in the study areas, but the rate of increase 

did not keep up with the pace of urban expansion. Therefore, the proportional cover of 

urban greenspace declined over the 40-year period.  

 

The main processes driving this urban growth are the sprawl of low density residential 

areas at the urban fringe and development along transport corridors and around airports. 

The latter has been shown to have a strong impact on the countryside surrounding towns 

(e.g. Antrop, 2000) and it is feared that this will have negative consequences for wildlife 

and environmental quality (e.g. Alberti, 2001; Kaufman and Marsh, 1997).  

 
                                                 
10 A paper by Tomohiro Ichinose (Associate Professor at the Institute of Natural and Environmental Sciences, 
University of Hyogo, Japan) is in preparation looking at the spatial distribution of breeding birds in areas of 
differing residential density in Greater Manchester. Co-authors are S. Pauleit, J. Handley and S. Gill. 
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In order to counter the trends of urban sprawl, which increases travel demand and 

encroaches on neighbouring countryside, national planning policy guidance (PPG3) has set 

a target within the UK to build 60% of all new homes on previously developed land, which 

includes derelict land or brownfield sites (Section 3.4.2.1) (ODPM, 2000). Planning policy 

also requires that approval should only be given where new residential developments 

achieve a minimum density of 30 dwellings per hectare (ODPM, 2000). Section 3.2.3 

showed that the mean dwellings per hectare in high, medium and low density residential 

areas in Greater Manchester are 47.3, 26.8, and 14.8, respectively. 

 

Similarly, the draft of the North West Regional Spatial Strategy sets out the total maximum 

housing provision (net of clearance replacement) from 2003 to 2021 for the region 

(NWRA, 2006). The figures for Greater Manchester are 63,000 homes in Manchester, 

28,800 in Salford, 7,200 in both Oldham and Rochdale, 13,500 in Tameside, 8,100 in 

Stockport, 7,740 in Trafford, 9,200 in Bolton, 10,800 in Bury, and 16,200 in Wigan. In 

Manchester and Salford the indicative target of the proportion of housing provision on 

brownfield land and buildings is at least 90% compared to at least 80% in the rest of the 

conurbation (NWRA, 2006). In Manchester, the 2003 average density was 66 dwellings 

per hectare. Thus, to build 63,000 new homes in Manchester at this density, 955 hectares 

of land are required.  

 

While such policies may have beneficial environmental effects at the city regional level, 

they will reduce the built environment to greenspace ratio in the urban area. This places 

pressure on the urban ecosystem, impacting on surface temperatures, stormwater runoff, 

carbon storage, and biodiversity (Whitford et al., 2001; Pauleit and Duhme, 2000). 

Similarly, new developments on flood plains increase pressures on the urban system, with 

less potential water storage space in the event of a flood. In the past 20 years, 350,000 

residential properties have been built on flood plains, with 20,000 of these built between 

1997 and 2000 (Austin et al., 2000).   

 

Although not used in this thesis, the ASCCUE project updated the 1997 UMT map to 2004 

with assistance from the Greater Manchester local authorities. Over the whole of Greater 

Manchester there is not a huge change in the area covered by the different UMT categories 

between 1997 and 2004. The largest changes are a decrease in the coverage of disused and 

derelict land (-9.1 km2), followed by increases in retail (+2.8 km2), formal recreation 

(+2.6 km2), medium density residential (+2.5 km2), a decrease in manufacturing (-1.9 km2), 
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and an increase in major roads (+1.5 km2). When considering the primary land uses, there 

are decreases in previously developed land, industry and business, and unused land, 

alongside increases in retail, recreation and leisure, transport, and residential. 

 

In a study of land cover change in Merseyside, Pauleit et al. (2005) found that between 

1975 and 2000 there was a 5% decrease in vegetated surfaces in eleven residential areas of 

differing socio-economic status. The decrease in vegetated surfaces was greatest in areas 

with higher socio-economic status compared to those with lower socio-economic status, 

with 7% and 3% change, respectively (Pauleit et al., 2005).  

 

Similarly, research undertaken as part of the AUDACIOUS project (Section 1.2) looked at 

surface cover change within house curtilages in Keighley (Duckworth, 2005). Pervious 

surface cover was found to decrease by 15-21%, depending on residential density, between 

1971 and 2002. However, analysis suggested that the rate of change is decreasing in low 

and medium density residential areas. No data was available for high density residential 

areas. This was linked to changes in car ownership and travel, which increased at a greater 

rate in the earlier part of this time period, and the resulting increase in hard surfacing to 

accommodate the cars (ONS, 2004; Cairns, 2002). Duckworth (2005) suggests that there is 

still a large capacity for surface sealing in low and medium density residential areas. 

 

It is recognised that changes to the urban environment will be dependent, amongst other 

things, on socio-economic choices. UKCIP have developed socio-economic scenarios for 

the UK (UKCIP, 2001) which have been further developed by the BESEECH project 

(Section 1.2). Whilst this thesis does not specifically make use of the socio-economic 

scenarios developed, when considering potential adaptation strategies at the neighbourhood 

level (Chapter 7), four different urban neighbourhoods will be explored with, amongst 

other factors, differing developmental pressures. These include a restructuring area, a 

densifying suburb, a city centre, and a new build site. In addition, the modelling work 

(Chapters 5 and 6) uses different ‘development scenarios’ which are chosen to be 

indicative of current trends and possible adaptation options. Current trends that are 

included in the model runs include removing 10% green and tree cover from residential 

areas and town centres, turning previously developed land into high density residential 

areas, and improved farmland becoming residential. Adaptation options explored include 

adding 10% green and tree cover to residential areas and town centres, greening roofs in 

selected UMTs, adding tree cover to previously developed land, and creating permeable 
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paving. Further contextual information on previously developed land and green roofs is 

provided in the next two subsections. 

 

3.4.2.1 Previously Developed Land 
 

Previously developed land is defined as land which is or was occupied by a permanent 

structure, excluding agricultural and forestry buildings, and associated surface 

infrastructure (ODPM, 2000). Excluded from the definition is previously developed land 

which has blended into the landscape over time, so that it is reasonably considered part of 

the natural surroundings, and where there is a clear reason, such as value for nature 

conservation, which outweighs the re-use of the site, or it has subsequently been put to an 

amenity use and cannot be regarded as needing redevelopment (ODPM, 2000). 

 

Previously developed land includes derelict land which is defined as “land so damaged by 

industrial or other development that it is incapable of beneficial use without treatment” 

(DoE, 1991). In Greater Manchester there are approximately 3,240 hectares of derelict land 

mainly as a result of industrial dereliction as well as from former railway land, spoil heaps, 

quarrying, mining and other sources (AGMA, 2002). The land mapped as disused and 

derelict land by the ASCCUE UMTs for Greater Manchester (Section 3.2) broadly equates 

to derelict land. Much derelict land may also be contaminated (Craul, 1999). Contaminated 

land is defined in section 78A of the Environment Act 1995 as land that is “in such a 

condition by reason of substances in, on or under the land, that: a) significant harm is being 

caused or there is a significant possibility of such harm being caused; or b) pollution of 

controlled waters is being or is likely to be caused” (AGMA, 2002). 

 

Whilst the government has set a target for 60% of all new homes in the UK to be built on 

previously developed land (ODPM, 2000), other urban regeneration to both ‘hard’ (e.g. 

industry and commercial development) and ‘soft’ (e.g. agriculture, forestry, nature 

conservation and recreation) end uses is also targeted on such brownfield sites (Handley, 

2001). However, some previously developed land may be unsuitable for hard end uses as a 

result of contamination and damage to the soils. 
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3.4.2.2 Green Roofs 
 

There are three categories of green roofs according to their use, construction method and 

maintenance requirements: intensive, simple intensive, and extensive (English Nature, 

2003). Intensive green roofs are often referred to as roof gardens. They are equivalent to 

gardens and parks at ground level and may include lawns, beds, shrubs, trees, and water 

features. They are normally accessible to people, but this may be as private rather than 

public greenspace. Such green roofs require regular maintenance including irrigation. They 

also have deep soil layers, of at least 15 cm, and therefore place the highest demands on 

the building structure (Dunnett and Kingsbury, 2004; English Nature, 2003). Such roofs 

are typically installed where the slope is less than 10º (Mentens et al., 2006). Simple 

intensive green roofs consist of lawns or ground covering plants. They also require regular 

maintenance including irrigation but make fewer demands on the building structure than 

intensive green roofs (English Nature, 2003). Extensive green roofs are normally vegetated 

with mosses, succulents, herbs or grasses and are intended to be self-sustaining with 

minimal maintenance and no irrigation. They are normally not designed to be accessible 

(English Nature, 2003). This type of roof may be flat or sloping, and angles can be as much 

as 45º (Mentens et al., 2006). The substrate is typically thin, however extensive green roofs 

could include woodlands if sufficient depths of soil were provided (English Nature, 2003). 

Where the growing medium is deeper, and hence a more diverse range of plants can be 

grown, the green roofs are sometimes referred to as semi-extensive (Dunnett and 

Kingsbury, 2004). 

 

Green roofs provide a number of benefits in urban areas relating to the environment, 

ecology and biodiversity, amenity and aesthetics, health, building fabric, economy and 

education (Dunnett and Kingsbury, 2004; English Nature, 2003). Of particular interest for 

this thesis is the role they play in improving urban microclimates and reducing the rate and 

volume of surface water runoff. In Germany, where 10% of flat-roofed buildings had a 

green roof by 2002 (Stender, 2002), the attenuation of runoff is considered to be one of 

their most important benefits (English Nature, 2003). The extent to which green roofs 

reduce surface runoff depends upon the structure of the roof, the climatic conditions and 

the amount of precipitation (Mentens et al., 2006). A literature review, of primarily 

German research, found that annual rainfall retention capacity ranged from 75% for 

intensive green roofs with a median substrate depth of 15 cm, to 45% for extensive green 
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roofs with a median substrate depth of 10 cm (Mentens et al., 2006). Retention is 

significantly lower in winter than in summer (Mentens et al., 2006). 

 

The ‘development scenario’ presented here should be considered as an indicative 

‘experiment’ in which it is assumed that all the roofs can be greened and that, to a uniform 

standard. There would in practice be physical and socio-economic constraints that would 

severely limit the extent to which a green roof strategy could be applied. Interestingly, 

however, Manchester City Council is currently beginning a feasibility study to explore the 

potential for roof greening of the city centre but with biodiversity conservation rather than 

climate change adaptation as the principal driver (J. Sadler11, personal communication). 

 

3.5 Conclusion 

 

This chapter has presented an urban characterisation for Greater Manchester using UMT 

mapping in combination with a surface cover analysis. The results show that just under 

40% of Greater Manchester is farmland, with the remaining 60% representing the 

‘urbanised’ area. Residential areas account for just under half of the ‘urbanised’ area, and 

can be viewed from a landscape ecology perspective as the ‘matrix’. The UMT categories 

provide an initial indication of where greenspace may be expected, yet they do not reveal 

the extent of green cover within the built matrix of the conurbation. The surface cover 

analysis revealed that on average 72% of Greater Manchester, or 59% of the ‘urbanised’ 

area, consists of evapotranspiring surfaces. However, there is considerable variation across 

the UMTs. Town centres have the lowest evapotranspiring cover of 20% compared to 

woodlands with the highest cover of 98%. In general, the proportion of tree cover is fairly 

low, covering on average 16% of ‘urbanised’ Greater Manchester. 32% of 

evapotranspiring surfaces in ‘urbanised’ Greater Manchester are found within medium 

density residential areas. 

 

The urban characterisation presented in this chapter provides the basis for the rest of the 

thesis. It is the spatial basis for the drought mapping (Chapter 4), the energy exchange 

model (Chapter 5), and the surface temperature model (Chapter 6). In addition, an 

understanding of the types of changes that are possible in the urban environment informs 

                                                 
11 Jonathan Sadler, Green City Project Officer, Manchester City Council. 



Chapter 3. Urban Characterisation 
 

 111

the ‘development scenarios’ for the environmental function models (Chapters 5 and 6). 

The next chapter discusses the drought mapping. 
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Chapter 4. Climate Change Impacts on Urban Greenspace 
 

4.1 Introduction 
 

The previous chapter characterised the urban environment, so that it is now possible to 

identify areas of the conurbation where there is more or less greenspace. The potential of 

this greenspace to help adapt cities for climate change will be explored further through the 

environmental modelling in chapters 5 and 6. However, climate change will also impact on 

the greenspace itself which may, in turn, affect its potential for adapting cities for climate 

change. This chapter will explore these impacts and should help achieve the third research 

objective (Section 1.4), to clarify the vulnerability of urban greenspace to climate change. 

This will contribute to the first aim, to assess the vulnerability of urban greenspace to 

climate change at the city and neighbourhood level. 

 

There are few studies on the impacts of climate change on urban greenspace (Wilby and 

Perry, 2006). However, a number of climate change impacts identified here have been 

discussed in relation to non-urban environments and are considered relevant to urban 

greenspace. Indeed, despite the heavy management of much urban greenspace, including 

gardens and parks, climate still drives the potential ranges of species, phenology, 

physiology and behaviour (Bisgrove and Hadley, 2002). Potential climate change impacts 

on forests, which may also be significant for urban greenspace, relate to extremes of 

temperatures, storms, soil and water, seasonality of flora and fauna, fungal diseases, insect 

pests, and tree growth and function (Broadmeadow, 2002). In addition, climate change 

may increase the demand for urban greenspace as people take advantage of their cooler 

microclimate during periods of warmer temperatures (McEvoy et al., 2006). The increased 

use of greenspace may put pressure on vegetation growing there (London Climate Change 

Partnership, 2002).  

 

Temperature changes and longer frost-free seasons are extending the UK growing season 

(Chapter 2) (Bisgrove & Hadley, 2002). Each degree of annual warming lengthens the 

growing season by about three weeks in the south and one and a half weeks in northern 

areas. Thus, by the 2050s, typical spring temperatures may occur one to three weeks earlier 

than at present and winter temperatures may be delayed by one to three weeks (Hulme et 
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al., 2002). A longer growing season will affect plant phenology (e.g. Sparks and Gill, 2002; 

Sparks, 1999), encouraging earlier flowering, leaf appearance, and plant maturity, as well 

as delayed leaf fall, prolonged flowering into winter time, ‘unseasonal’ spring bulb 

flowering, and the near continuous growth of lawns, thereby increasing maintenance costs 

for grass cutting (Bisgrove and Hadley, 2002). It should be noted that the urban heat island 

already affects plant phenology (White et al., 2002; Roetzer et al., 2000). In addition, 

higher temperatures combined with higher carbon dioxide levels stimulate more rapid 

growth and development, which may mean that the plant is unable to use the full length of 

the growing season before it dies (Bisgrove & Hadley, 2002).  

 

Climate change could determine the types of plants that can grow, favouring those that are 

better adapted. Beech trees are failing to thrive in south east England as they once did 

(Bisgrove and Hadley, 2002), whilst the London plane is better adapted to climate change, 

being a hybrid of the oriental and western plane that grows in hotter climates such as the 

Mediterranean (White, 1994). Sweet chestnuts also grow well in hot and dry climates, and 

support more species than the plane (London Climate Change Partnership, 2002). 

 

Climate change is likely to alter the balance between insect pests, their natural enemies, 

and their hosts; which makes predictions of damage difficult (Broadmeadow, 2002). Insect 

distributions and the timing of their activities are highly weather dependent (Burt, 2002). 

The rise in temperatures will generally favour insect development, although there are some 

exceptions (Broadmeadow, 2002). The range of native insects will move northwards in 

response to key physiological controls such as warmer temperature, moisture and length of 

growing season (Bisgrove and Hadley, 2002; Parmesan et al., 1999), and there will be an 

increased risk of pests from continental Europe (Bisgrove and Hadley, 2002).  

 

One of the main impacts on urban greenspace, identified from the ASCCUE literature 

review (Gill et al., 2004) and through stakeholder consultation, is likely to be increased 

drought, which will limit the water supply to vegetation and impact on its health and 

vitality as well as its functionality (Plate 4.1) (Bisgrove and Hadley, 2002; Broadmeadow, 

2002). Windthrow was also considered to be of interest but is more difficult to quantify, 

due to difficulties with mapping wind in urban areas and uncertainties in the modelling of 

wind under the climate change scenarios (Hulme et al., 2002). For this reason it is not 

further explored here.  
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Plate 4.1. Piccadilly Gardens in Manchester city centre on the hottest recorded July day in 2006 
(Manchester Evening News, 2006) 

 
 

In times of drought, grass may be the first type of vegetation to suffer the impact of little 

water due to its shallow rooting depth. When unrestricted by water supply, nearly 99% of 

water taken into the roots of a plant is lost to the air through transpiration (Raven et al., 

1998). Together with evaporation from other surfaces this helps to cool the surrounding air 

(Chapter 5). When the water supply is restricted, such as during a drought, the plants close 

their stomata to limit water loss through transpiration. Thus, the cooling effect provided by 

evapotranspiration is curtailed during hot dry periods. Ironically, this is when it is most 

desired for human comfort. In addition, drought occurs when water supplies are low and 

therefore the irrigation of greenspace competes with other demands for water such as for 

health, hygiene and industrial purposes (Graves and Phillipson, 2000). Emergency 

measures to conserve resources such as implementing hosepipe bans may impact 

negatively on greenspace. Drought conditions may also increase the likelihood of grass 

fires, as experienced in Greater Manchester during a heatwave in July 2006 (Greater 

Manchester Fire and Rescue Service, 2006). It is therefore important to explore the spatial 

occurrence of drought conditions for grass under baseline and climate change scenarios.  

 

The occurrence of drought conditions for trees was not considered here. Trees have a 

greater rooting depth than grass and are therefore capable of exploiting more water. Tree 

roots can also extend beyond the canopy. Water supply to trees is also complicated because 

it depends on how much of the ground surrounding the tree is permeable or sealed. Grasses 

are simpler to model as they generally occur in larger areas. However, this is not to say that 

trees are not susceptible to drought. Increasing heat and drought may increase tree losses, 

with young and old trees in urban environments being vulnerable (Broadmeadow, 2002). 
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Vulnerable species include beech, larch, western red cedar, western hemlock, birch, ash 

and sycamore (Broadmeadow, 2002). The crown density of beech reduces with droughts in 

southern Britain (Cannell and Sparks, 1999). In addition, trees stressed by drought are 

vulnerable to attack by a number of weak pathogens. The ability of some trees to withstand 

summer droughts may also be compromised by increased winter rainfall, which could 

result in the waterlogging of roots, killing the roots and thereby reducing the effective 

rooting depth (Broadmeadow, 2002). This also increases the susceptibility of the tree to 

windthrow (Bisgrove and Hadley, 2002; Broadmeadow, 2002). 

 

In this chapter a risk assessment methodology is applied to explore the spatial and temporal 

occurrence of drought conditions for grasslands under climate change. Drought is mapped 

using a water balance methodology requiring input of the available water in the soil profile, 

precipitation and evapotranspiration.  

 

4.2 Risk Assessment Method 
 

The risk assessment methodology was developed within work package 2 of the ASCCUE 

project (Section 1.2) with the aim of providing a conurbation-level screening tool to assist 

with planning for climate change related risks in urban areas (Lindley et al., 2006). It uses 

a definition of risk as a function of hazard, exposure and vulnerability (Figure 4.1) 

(Crichton, 2001). For a risk to be realised there must be a spatial coincidence of both the 

hazard and the vulnerable elements within an area exposed to the hazard (Lindley et al., 

2006). 

 

Figure 4.1. Risk triangle (Crichton, 2001) 
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The risk assessment method, adapted from Granger (2001), has a GIS-based mapping 

approach at its core (Lindley et al., 2006). In this, discrete layers are created representing 

the hazard, elements at risk, and the urban system (Figure 4.2). In this case the urban 

system layer is comprised of the UMT map for Greater Manchester (Chapter 3) and forms 

the spatial basis for the risk assessment. These layers are combined, using tables with 

threshold criteria, to form exposure and vulnerability layers, which are in turn combined to 

produce the risk layer (Lindley et al., 2006). 

 

Figure 4.2. The combination of GIS-based layers to produce a risk layer (adapted from Lindley et al., 
2006) 

 
 

For the purposes of this thesis drought maps will be created which are, in effect, equivalent 

to the exposure layer, combining the hazard and urban system layers. The rest of the risk 

assessment methodology will not be applied, but suggestions are made as to how it could 

be used in further research. 
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4.3 Drought Mapping 
 

There are many different ways of defining drought depending on the purpose of the study, 

location and consequences (Shaw, 1994). A drought may be characterised in terms of three 

characteristics: intensity, duration, and spatial extent (Ward and Robinson, 2000). In 

general use, the term drought is essentially climatic, referring to a lack of an expected 

amount of precipitation. Assessing soil droughtiness widens this term to include the 

climate or weather, soil water properties, and plant requirements (Thomasson, 1979). This 

is essentially an agricultural definition of drought (e.g. National Weather Service Forecast 

Office, no date; National Drought Mitigation Center, 2006). Drought is used here in an 

agricultural sense, since it is the risk to the vegetation, and in particular to grass, which is 

of interest.  

 

Maps showing the occurrence of drought conditions for grass were developed for Greater 

Manchester under current and future climate scenarios. In order to create these maps a 

simplified water balance was undertaken, combining available water in the soils, incoming 

precipitation and outgoing evapotranspiration. Similar approaches are recommended by 

Thomasson (1979) for assessing drought conditions, in which the excess of average 

potential transpiration over average rainfall during the crop growing season is compared 

with available soil water within the depth likely to be exploited by the crop. Soils are thus 

assigned to one of four droughtiness classes. This methodology was further developed to 

assess soil drought susceptibility in Scotland, using a GIS, under present day climate and a 

climate change scenario for 2030 (Matthews et al., 1994; MacDonald et al., 1994). Other 

approaches have developed GIS-based indices for soil moisture deficit and 

evapotranspiration deficit in order to monitor agricultural drought (Narasimhan and 

Srinivasan, 2005). Wilhelmi and Wilhite (2002) assessed agricultural drought vulnerability 

in Nebraska by combining climate, soils, land use, and irrigation data in a GIS. 

 

The approach presented here is also GIS-based. It incorporates the latest UKCIP02 climate 

change scenarios along with output from the BETWIXT weather generator (Chapter 2). A 

method is developed to include actual evapotranspiration alongside potential 

evapotranspiration. Rather than assigning soils to a droughtiness class, or developing an 

index of drought severity, the work here includes a temporal dimension to assess the 

duration of drought conditions. This may prove useful for communicating the findings. 
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4.3.1 Methodology 
 

The available water in the soil for grass underpinned the water balance. It was assumed 

that at the end of the winter recharge the soils were at field capacity, such that the full 

amount of water possible in the profile was available for grass. The soil water deficit (i.e. 

the amount of water required to restore the profile to field capacity) was therefore non-

existent following winter recharge. The soil water deficit was then calculated for each 

quarter month by subtracting incoming precipitation and adding outgoing 

evapotranspiration.  

 

It was recognised that plant evapotranspiration is not independent of soil moisture and that, 

as the soils dry, plants evapotranspire less. The water balance performed here is based on 

the idea that there is a critical soil water deficit, known as the limiting deficit, beyond 

which crop growth is restricted by water shortage and plants suffer water stress (Rowell, 

1994). The water held between field capacity and the limiting deficit is considered to be 

readily available. Whilst there are no limits on water supply, actual evapotranspiration is 

equal to potential evapotranspiration. However, once the readily available water has been 

used, and the limiting deficit reached, actual evapotranspiration becomes less than 

potential evapotranspiration and growth is restricted. In order to incorporate the 

relationship of actual to potential evapotranspiration into the water balance the Bucket 

model (Figure 4.3), described by Rowell (1994, pp. 252-253) and used in the UN Food and 

Agriculture Organisation (FAO) guidelines for computing crop water requirements (Allen 

et al., 1998) and the CropWat model (D. Clarke12, personal communication, October 2005), 

was employed.  

 

                                                 
12 Dr Derek Clarke, Co-Developer of CropWat model, Institute for Irrigation and Development Studies, 
University of Southampton. 
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Figure 4.3. The Bucket soil water budget model (Rowell, 1994, p. 253) 

 
 

The Bucket model calculates the ratio of actual to potential evapotranspiration (ERATIO). 

This is assumed to be 1.0 between field capacity and the limiting soil water deficit 

(LIMDEF). In drier soils this value decreases linearly to be zero at the permanent wilting 

point. To use this model values are needed for the available water capacity of the root zone 

(RZAWC) and the limiting deficit (LIMDEF). Then, if the soil water deficit (SWD) at the 

beginning of the time period is known, the value for ERATIO can be calculated: 

 

LIMDEFRZAWC
SWDRZAWC

1ERATIO

−
−

=

=
 

; when SWD < LIMDEF 

; when SWD > LIMDEF (4.1)

 

The actual evapotranspiration is then given by PET × ERATIO, where PET is the potential 

evapotranspiration. If the crop factor (CROPFACT) is known then the actual 

evapotranspiration is CROPFACT × PET × ERATIO (Rowell, 1994).  

 

The drought maps created here combine data relating to the availability of water in the soil 

profile from the National Soil Resources Institute at Cranfield University, UKCIP02 5km 

monthly precipitation data, and BETWIXT potential evapotranspiration data for Ringway. 

The UMT units over Greater Manchester (Chapter 3) are used as the spatial basis for 

combining this data. These datasets are explained briefly below along with descriptions of 

how they were used. 
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4.3.1.1 Available Water for Grass 
 

The available water is defined as the water held in a soil profile between field capacity, at a 

suction of 5 kPa, and wilting point, at a suction of 1500 kPa (Hall et al., 1977). The suction 

values are not influenced very much by the soil type, but the water content at this suction is 

very dependent on soil texture and organic matter content (Rowell, 1994). In addition, the 

readily available water is held between suctions of 5 and 200 kPa (J. Hollis13, personal 

communication, October 2005), such that when all water held between these suctions has 

been used the limiting deficit is reached. The exact suction to define the readily available 

water is a matter of debate and in practice there is no sudden jump but it is continuous (J. 

Hollis, personal communication, October 2005). The amount of readily available water 

varies with crop and soil (Thomasson, 1979; Hall et al., 1977).  

 

The Cranfield horizon dataset (HORIZONhydraulics) provides the percentage volumetric 

water content at 5, 200, and 1500 kPa for different land uses including arable, ley grass, 

permanent grass and other. The ‘other’ category includes all semi-natural land cover 

including woodland, semi-natural grassland and recreational grassland (J. Hollis, personal 

communication, May 2006). The main difference in the data relates to the thickness of the 

topsoil layer and the amount of organic carbon present, which affects water retention. 

Semi-natural soils tend to have thinner topsoil layers with slightly more organic carbon 

than managed permanent grassland soils. The latter are also likely to be more heavily 

managed and thus the ‘other’ category was considered to be the most relevant to the urban 

situation (J. Hollis, personal communication, May 2006) and was therefore used for this 

research. In practice, the differences in thickness and organic carbon content are unlikely 

to make a significant difference to the calculations performed here (J. Hollis, personal 

communication, May 2006). However, the ‘other’ category does not take into account the 

compaction of urban soils, so the available water is likely to be overestimated (J. Hollis, 

personal communication, May 2006). This would mean that drought calculated using this 

data is likely to be underestimated. 

 

In addition, the Cranfield horizons dataset includes multiple records for each soil series 

relating to horizons or layers in the soil profile. The depth of the horizons varies with each 

                                                 
13 John Hollis, Principal Research Scientist, Soil Systems Group, National Soil Resources Institute, Cranfield 
University. 
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soil series. The following formula (Hall et al., 1977, p. 61) was applied in order to 

calculate the available water in the profile at each suction: 

 

10
etc 

(mm) water available Profile 332211 HAHAHA ++
=  (4.2)

 

where A is percentage of available water in each horizon and H is the thickness of the 

horizon in centimetres. In this instance the depth to which this formula was applied 

depended on the grass rooting depth. 

 

Different plants are capable of exploiting water to different depths. The maximum rooting 

depth of cool season turf grass under excellent agronomic and water management 

conditions is 0.5 to 1 m according to UN FAO guidelines (Allen et al., 1998). However, in 

urban soils grass may not be able to root so deeply due to soil compaction (J. Hollis, 

personal communication, May 2006). In addition, the rooting depth of grass also varies 

with factors such as cutting height, shade, and irrigation (S. Baker 14 , personal 

communication, June 2006). For example, irrigated crops have less need for deep root 

penetration. Even on non-irrigated but regularly mown amenity sites most grass would 

have a rooting depth of less than 20 cm and more than 30 cm would be unusual (S. Baker, 

personal communication, June 2006). For the purposes of this research the grass rooting 

depth was set at 50 cm, the shallowest depth in the UN FAO guidelines (Allen et al., 1998). 

However, it was noted that this may be an overestimate of rooting depth and therefore that 

drought conditions may be underestimated. 

 

Thus, it was assumed that grass could exploit the available water within the top 50 cm of 

the soil profile. This water is referred to as the RZAWC, using the terminology of the 

Bucket model in equation 4.1. The water content in millimetres to a depth of 50 cm was 

therefore calculated, using equation 4.2, for suctions of 5, 200 and 1500 kPa from the 

Cranfield dataset. Table 4.1 shows these calculations for the Alun series using the ‘other’ 

land use. Thus, for Alun with a grass rooting depth of 50 cm, field capacity is at 165.8 mm, 

water content at 200 kPa is 98.3 mm, and the wilting point is at 69.1 mm. The RZAWC is 

therefore 96.7 mm (i.e. 165.8-69.1), whilst the limiting deficit is at 67.5 mm (i.e. 165.8-

98.3). 

                                                 
14 Dr Stephen Baker, Head of Soils and Sports Surface Science, Soil Turf Research Institute. 
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Table 4.1. Water content calculations for Alun using data from Cranfield NSRI 

Volumetric water content (%) at different suctions Horizon 
depth (cm) 

Horizon thickness (cm) to 
a total depth of 50 cm 5 kPa 200 kPa 1500 kPa 

0-15 15 40.1 23.4 16.3 
15-45 15 30.8 18.5 13.1 

45-150 5 26.5 15.3 10.7 
Water content (mm) to 50 cm 165.8 98.3 69.1 

 

This approach assumes that plants use all the readily available water in the profile first 

before utilising that held at higher suctions. Whilst this is a reasonable assumption for a 

simplified model, in practice the plant may use the readily available water in the first layer, 

and then extract some of the water held at higher suctions in that layer before using the 

readily available water in lower layers (J. Hollis, personal communication, October 2005). 

 

These calculations were made for each of the soil series present in Greater Manchester and 

values were attributed to the soil series dataset in ArcView. The values were then assigned 

to the UMT units using the ‘Arc4You’ extension (available from http://www.spatial-

online.com). In each case the dominant value for each UMT unit was used. Figure 4.4 

shows the root zone available water content (i.e. to a depth of 50 cm) for the Greater 

Manchester soil series; figure 4.5 shows this data mapped onto the UMT units. 

 

http://www.spatial-online.com/
http://www.spatial-online.com/
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Figure 4.4. Available water content (mm) to a depth of 50 cm over Greater Manchester. Unclassified 
areas are water bodies or restored opencast coal workings for which no data was available (source: 

Cranfield NSRI) 

 
 

Figure 4.5. Available water content (mm) to a depth of 50 cm, mapped onto the UMT units using the 
dominant value. Unclassified areas are water bodies or restored opencast coal workings for which no 

data was available. 
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4.3.1.2 Precipitation 
 

Five kilometre gridded average monthly precipitation totals for 1961-1990 were obtained 

from the UK Meteorological Office (http://www.met-

office.gov.uk/research/hadleycentre/obsdata/ukcip/data/index.html) (Figure 4.6). In 

addition, data for the future time periods and emissions scenarios came from the UKCIP02 

5 km climate scenario monthly precipitation data. The grid cells are the same for both data 

sources. The data was imported into ArcView as shapefiles using a specially designed 

extension tool (G. Cavan15, personal communication, February 2005).  

 

Figure 4.6. UK Meteorological Office 5 km 1961-1990 average total monthly precipitation over Greater 
Manchester 

 
                                                 
15 Gina Cavan, Centre for Urban and Regional Ecology, University of Manchester. 

http://www.met-office.gov.uk/research/hadleycentre/obsdata/ukcip/data/index.html
http://www.met-office.gov.uk/research/hadleycentre/obsdata/ukcip/data/index.html
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The data was mapped onto the UMT units using the ‘Arc4You’ tool (http://www.spatial-

online.com), by calculating the average total monthly precipitation for each unit, under 

each time period and emissions scenario (see Figure 4.7 for the January 1961-1990 

example).  

 

Figure 4.7. 1961-1990 average total January precipitation mapped onto the UMT units 

 
 

4.3.1.3 Evapotranspiration 
 

The BETWIXT daily weather generator provided grass reference potential 

evapotranspiration (PET) (in mm/day) for Ringway for 30 year simulations corresponding 

with each time period and scenario. Daily PET was summed on a monthly basis for each 

year and the resulting 30 total monthly PET values were then averaged to provide the 

average total PET for each month within the time period. This was repeated for each time 

period and emissions scenario of interest. The resulting PET values are for a reference 

grass crop taken to be 12 cm high. In practice, PET differs for different crops. Thus, the 

PET totals calculated were multiplied by a crop factor, which is based, amongst other 

factors, on the extent to which the crop covers the ground (Mansell, 2003; Rowell, 1994). 

http://www.spatial-online.com/
http://www.spatial-online.com/
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In this case a crop factor of 0.95 was applied which is the value for cool season turf grass 

(Allen et al., 1998). Table 4.2 and Figure 4.8 show the resulting values for Ringway. 

  
Table 4.2. Average total monthly potential evapotranspiration (mm) for Ringway (calculated from 

BETWIXT weather generator) multiplied by a crop factor of 0.95 
 

2020s 2050s 2080s Month 1961-1990 
Low High Low High Low High 

January 17.27 19.11 22.04 23.00 27.38 25.69 35.70 
February 20.71 23.33 25.16 26.70 28.88 29.07 35.61 
March 36.70 41.35 42.26 45.66 50.01 48.39 58.25 
April 55.25 62.59 62.57 65.16 70.51 68.57 81.69 
May 84.18 88.46 91.90 95.10 100.46 99.57 112.16 
June 90.91 98.14 103.71 100.28 114.00 109.87 130.22 
July 91.43 98.47 102.78 106.09 114.24 114.97 134.83 
August 77.65 87.58 92.65 95.65 104.73 105.05 128.37 
September 53.80 63.74 64.07 69.70 79.60 75.66 95.54 
October 33.25 40.16 40.34 44.79 51.15 49.06 64.90 
November 19.05 23.58 23.10 27.01 32.16 30.78 43.54 
December 15.88 19.18 19.23 23.18 28.24 26.20 35.67 

 

Figure 4.8. Average total monthly potential evapotranspiration (PET) for Ringway multiplied by a 
crop factor of 0.95 
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PET was calculated by BETWIXT using the UN FAO Penman-Monteith method (Watts et 

al., 2004; Allen et al., 1994) with input requirements of radiation, temperature, humidity 

and wind speed. Unfortunately, PET was only calculated for Ringway and hence it has no 

spatial representation over Greater Manchester. It was therefore assumed to be constant 

over Greater Manchester, however, in reality, this is unlikely to be the case. Parts of the 

conurbation, in particular to the north and east, have cooler temperatures than those found 
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at Ringway, to the south of the conurbation (Chapter 2). Therefore, in such areas it is likely 

that PET, and hence drought conditions, are overestimated. In contrast, PET in urban areas 

may be higher due to increased air temperatures, and in this case drought conditions are 

likely to be underestimated. In addition, PET in urban areas may be very different, since 

the Penman equation calculates PET for a large reference area and towns have variable 

surface cover patterns. There is therefore some concern regarding using PET in an urban 

environment under climate change scenarios. Consideration was given to using a drought 

index that relied on precipitation only (e.g. Phillips and McGregor, 1998), however, PET 

and available water were considered to be important variables for understanding vegetation 

vulnerability, especially given the importance of soil water in buffering a crop during a 

drought (Wilhelmi and Wilhite, 2002).  

 

4.3.1.4 The Water Balance 
 

The relationship between PET and precipitation is indicative of the impact of climate 

change on drought conditions (Figure 4.9). With climate change, the difference between 

PET and precipitation in summer months becomes more pronounced and PET is greater 

than precipitation for more months of the year. In addition, during the winter recharge, 

when precipitation is greater than PET, the difference between the two is also more 

pronounced but this period lasts for fewer months of the year. Overall, there is a slight 

decrease in the effective rainfall (i.e. the rainfall minus any losses including from 

evapotranspiration) during this period.  
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Figure 4.9. Average monthly totals of precipitation and potential evapotranspiration × 0.95 for 
Ringway (using output from the BETWIXT weather generator) 

 
 

Combining PET and precipitation data with the available water in the soils further 

demonstrates the impact of climate change on drought. In order to create a drought map a 

simple water balance was performed on a monthly basis, by taking the soil water deficit for 

each UMT unit, subtracting incoming precipitation for each UMT unit and adding 

outgoing evapotranspiration for Ringway for each month. It was assumed that at the end of 
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the winter recharge the soils would be at field capacity and hence all the available water in 

the profile to a depth of 50 cm could be utilised by the grass. Thus, at the end of the winter 

recharge the soil water deficit is 0 mm. April was chosen to be the first month in the 

sequence of calculations, as it was the month when the winter recharge of the soil water 

ends. In March the precipitation is greater than the PET×0.95 in all the UMT units, whilst 

in April the precipitation is less than the PET×0.95 in most of the UMT units. Soil water 

deficits were calculated for the end of each month: 
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Several checks were performed after the soil water deficit had been calculated for each 

month. The first was to ensure that the soil water deficit of a UMT unit never became 

negative (i.e. that the amount of water was not higher than field capacity). If it was found 

to be negative the soil water deficit was reset at 0 mm. The second check was to ensure 

that the soil water deficit was never greater than the root zone available water content and 

if it was to reset it equal to this value. The third check was to find when the soil water 

deficit was greater than the limiting deficit. At this point actual evapotranspiration 

becomes less than potential evapotranspiration and the formula for ERATIO in the Bucket 

model (Equation 4.1) must be utilised when calculating the evapotranspiration for the 

month.  

 

In practice, it was deemed more suitable to carry out the above calculations on a quarter 

monthly basis. This involved dividing both the monthly precipitation and monthly 

evapotranspiration by four and using these values for the calculations. This decision was 

made in order to have a greater accuracy on the timing of when the soil water deficit 

became greater than the limiting deficit, and therefore when evapotranspiration was 

limited16. It was also, as winter recharge began, to understand the timing of when the SWD 

became less than the LIMDEF and evapotranspiration was again at its potential rate. Thus, 
                                                 
16 In a given month when the SWD becomes greater than the LIMDEF, it may be that at the end of the 
previous month the SWD was very close to the LIMDEF or there may have been a great difference between 
the two. For example, two UMT units have LIMDEFS of 52.9 mm and 80.8 mm, respectively. At the end of 
May both of these units have SWDs of 42.4 mm. Whilst the SWD in the latter unit is further from its 
LIMDEF, in both cases by the end of June the SWD is greater than the LIMDEF. However, when June is 
divided into quarter months it is apparent that in the former unit the SWD > LIMDEF by the end of the first 
week of June, whereas in the latter unit the SWD > LIMDEF after the last week of June. 
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it more accurately determines the evapotranspiration, as this depends on a constantly 

altering soil water deficit. 

 

4.3.2 Results 
 

Figure 4.10 shows the SWD calculated on a quarter monthly basis for six different soil 

series present in Greater Manchester (Figure 1.13), using both precipitation and PET data 

from the BETWIXT weather generator for Ringway. These six soil series cover the 

different responses of the soils in Greater Manchester. The figure does not show the spatial 

representation over the conurbation, including variations in precipitation, but demonstrates 

how the soils behave with the same climatic input. Soil water deficit increases with climate 

change and is apparent even in the 2020s Low emissions scenario. In addition, the length 

of time for which the SWD is greater than the limiting deficit also increases and full soil 

water recharge occurs later in the hydrological year. The curves are irregular between the 

limiting deficit and wilting point (marked as RZAWC) because of the dependence of 

evapotranspiration on the water deficit, resulting from the Bucket model, and because 

precipitation and PET are held constant during each month; high water loss over one week 

will result in a greater water deficit and hence lower loss over the next week and vice versa. 
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Figure 4.10. Soil water deficits (SWD), root zone available water content for grass to a depth of 50 cm 
(RZAWC), and the limiting deficit (LIMDEF) for six soil series present in Greater Manchester, 

calculated on a quarter monthly basis using precipitation and PET data for Ringway (BETWIXT 
output). Tick marks on the horizontal axis refer to the end of the first quarter of each month.  

 
 

The number of months where the SWD was greater than the LIMDEF, and hence when 

grass becomes water stressed and evapotranspires less, was calculated for each UMT unit 

for all the time periods and emissions scenarios (Figure 4.11). This indicates areas of the 

conurbation where the soil-climate system is such that grass may suffer from drought. In 

addition, the number of months when the actual evapotranspiration was less than half of 

the potential evapotranspiration was also calculated for each UMT unit (Figure 4.12).  
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Figure 4.11. Average number of months per year when the soil water deficit is greater than or equal to 
the limiting deficit. Unclassified areas are water bodies or restored opencast coal workings for which 

no data was available. 
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Figure 4.12. Average number of months per year when the actual evapotranspiration is less than or 
equal to half of the potential evapotranspiration. Unclassified areas are water bodies or restored 

opencast coal workings for which no data was available. 
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There is a marked change over the time periods and emissions scenarios in the number of 

months when the soil water deficit is greater than or equal to the limiting deficit, and hence 

when actual evapotranspiration is less than potential evapotranspiration and grass 

experiences water stress (Figure 4.11). In 1961-1990, most of the conurbation experiences 

no or little water stress. All the UMT units experience less than 2 months of stress with the 

most water stressed units tending to be in the south where precipitation is lower. Even by 

the 2020s Low parts of the conurbation experience up to 3 months of water stress in the 

average year. This effect increases with time period and emissions scenario. By the 2080s 

Low only a few UMT units on the northern and eastern fringes of the conurbation where 

rainfall is highest experience no months of water stress. In other parts of the conurbation 

the UMT units experience up to 4¼ months of stress. By the 2080s High all the UMT units 

experience some water stress, with the number of months varying from 2½ to 5¼ in the 

average year.  

 

The number of months when the actual evaporation is less than or equal to half of the 

potential evapotranspiration increases over the time periods and emissions scenarios 

(Figure 4.12). This measure indicates where the evaporative cooling function of grass is 

most compromised by the occurrence of a drought. In the average year in 1961-1990 this 

does not occur in any part of the conurbation. The change occurring with the time periods 

and emissions scenarios is not significant until the 2050s High, when evapotranspiration is 

more than halved for up to 2 months of the year in certain UMT units. The effect is, again, 

most noticeable in the southern parts of the conurbation. By the 2080s High the effect 

occurs in all of the UMT units, with the number of months varying from ½ to 3¾.    

 

It should be noted that for all the UMT units across Greater Manchester, the soil water 

deficit in the average year recharges completely in all the time periods and emissions 

scenarios, so that by the end of the hydrological year soil water is again at field capacity. 

However, field capacity is reached later in the year with the climate change scenarios 

(Figures 4.13 and 4.14). In 1961-1990, the UMT units either develop no soil water deficit 

throughout the year, accounting for just under 10% of all classified soils in Greater 

Manchester, or they are fully recharged between June and November, with the majority of 

soils being recharged by the end of September. By the 2080s, field capacity is reached 

between October and January, and it is November before the majority of Greater 

Manchester has been recharged. 



Chapter 4. Climate Change Impacts on Urban Greenspace 
 

 135

Figure 4.13. Month when soil water returns to field capacity in the average year. Unclassified areas are 
water bodies or restored opencast coal workings for which no data was available. 
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Figure 4.14. Month of year when field capacity is reached as a cumulative percentage of the total area 
covered by classified soils in Greater Manchester (i.e. excluding unclassified soils) 
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4.4 Discussion 
 

The drought mapping is important because not only will greenspace itself suffer the 

impacts of drought, but there will be a knock-on effect as the evaporative cooling function 

it provides is reduced due to the limited water supply. This will have implications for 

human comfort. The impact of this will be explored using the energy exchange model in 

chapter 5. In addition, a GIS-based approach such as that used here helps to visualise the 

potential impacts of climate change and could help with the decision-making of 

appropriate adaptive responses including where to target irrigation. The simple water 

balance approach could be used to indicate the amount of irrigation required so that the soil 

water deficit is kept below the limiting deficit (for example see section 7.3.1), and 

therefore decisions can be made such as to where to source this water. 

 

The drought mapping has shown that significant changes occur in the soil-climate system 

with climate change. These changes are noticeable even by the 2020s Low emissions 

scenario. It is unusual to see such marked changes by this time period. Modelled climate 

variables tend to display a noticeable difference in relation to the baseline climate by the 

2050s (Chapter 2). In this case, two climate variables, namely precipitation and PET, have 

been combined. PET, in turn, incorporates temperature, radiation, humidity, and wind 
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speed. With climate change, precipitation in summer reduces and PET increases so the 

combined effect is apparent much earlier. There is a marked change in the number of 

months when grass is water stressed. In 1961-1990 all UMT units experienced less than 

two months of water stress; by the 2080s High they experience between 2½ and 5¼ 

months of stress. In addition, a severe reduction (>50%) in the cooling power of grass 

occurs for up to two months by the 2050s High in certain UMTs units, and between ½ and 

3¾ months in all UMT units by the 2080s High, in the absence of irrigation. 

 

It is possible that, due to using a constant value for PET calculated for Ringway, drought 

conditions are overestimated in the cooler parts of the conurbation, such as on the Pennine 

fringes and underestimated in the warmer, more urbanised areas. Drought conditions may 

be further underestimated due to soil compaction in urban areas that may lead to both less 

available water in the soil profile as well as to a shallower rooting depth. 

 

It should also be stressed that the modelling work presented here was undertaken for an 

average year with baseline and future climate scenarios. It does not show the drought 

conditions in an extreme year when conditions may, for example, be hotter and drier. In 

such a year, the soil water in some areas may not be fully recharged at the end of the winter 

season, and a soil water deficit may be carried over into the next year. The effect of 

consecutive dry years, when drought conditions may become even more acute, is not 

considered. 

 

Although the water balance model used for the drought mapping is simplistic it is 

indicative of the behaviour of the soil-climate system. A temporal resolution of quarter 

months provided a sufficient understanding of the system but obviously missed out on the 

finer daily detail. However, the model assumes that the slice of soil profile behaves as an 

isolated system.  All water entering the system is either evapotranspired or recharges the 

soil water deficit. The water balance does not include a term for runoff, and therefore it is 

likely that the recharging of the soil is overestimated and hence drought conditions are 

underestimated. The overestimate of the soil water recharge may only be slight as in 

summer there will be less precipitation with climate change, and antecedent soil conditions 

will be dry most of the time, which both reduce runoff (Chapter 6). In addition, grass has 

relatively little runoff compared to other surface covers (Chapter 6). In contrast, however, 

winter runoff may increase with climate change due to wetter antecedent moisture 
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conditions and increased precipitation. In addition, the model assumes that there is no 

movement of water up the soil profile, which may occur when soils near the surface dry, 

and hence have a larger suction, but where there are deeper wetter soils, with a lower 

suction, perhaps where a water table is present (Rowell, 1994). However, as a soil dries the 

water conductivity, or the ease at which water moves through the soil, decreases (Rowell, 

1994). 

 

The model also sets an artificial limit on the bottom of the soil profile. The effect of this is 

not great when the soil profile is used to a depth of 50 cm. However, this modelling work 

was also undertaken assuming a soil depth of 20 cm. In this case, rather than drought 

conditions for grass becoming more long lasting as would be intuitively expected because 

of the shallower rooting depth, they actually became shorter. The artificial lower limit to 

the soil profile means that, when rain occurs, the soil water is more quickly recharged, 

since there is less soil to moisten, whereas in reality water might penetrate deeper. For this 

reason, it was decided not to use a profile of only 20 cm. 

 

The approach used to map drought over Greater Manchester essentially created the 

exposure layer in the risk assessment methodology of the ASCCUE project (Section 4.2). 

The vulnerability of the grass was not mapped as it could be very variable over the 

conurbation. Irrigated grass would be less vulnerable to drought than non-irrigated grass, 

however, it is difficult at the conurbation level, to make meaningful decisions about where 

irrigation occurs. In addition, irrigation is considered to be an adaptive response that can be 

taken to reduce drought risk (Chapter 7). A vulnerability layer could, however, be created 

by assuming that parts of the conurbation with a high proportion of grass cover, or where 

grass forms a high proportion of the evaporating fraction, have a higher vulnerability than 

areas where this is not the case, and this could then be combined with the drought map to 

produce a risk map. This would require further work, beyond the scope of this research. 

The implications of drought could also be considered for different types of greenspace, 

such as parks and gardens on the English Heritage register of special historic interest 

(Figure 4.15) (Jordan and Hinze, 1998). Each park and garden could be assessed according 

to its specific vulnerability to drought and adaptation responses could be developed. 
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Figure 4.15. Location of English Heritage registered parks and gardens of special historic interest in 
relation to drought occurrence in Greater Manchester 

 
 

In warmer, drier summers there could be an increase in the demand for water to irrigate 

lawns and greenspace (Burroughs, 2002; Sparks and Potts, 1999; Herrington, 1996). 

Domestic water use is expected to increase under climate change, with most of the increase 

attributed to garden irrigation (Graves and Phillipson, 2000; Herrington, 1996). The energy 

exchange modelling in chapter 5 will explore the implications of drought in the absence of 

irrigation on surface temperatures, under present day and future climate scenarios. In 

addition adaptation strategies to provide a means of irrigating greenspace during times of 

drought will be explored in chapter 7. 

 

4.5 Conclusion 
 

The drought mapping presented in this chapter indicates one of the vulnerabilities of urban 

greenspace to climate change. With climate change, drought conditions for grass become 

more acute, both lasting longer and affecting more of the conurbation. In 1961-1990 all 

UMT units in Greater Manchester experienced less than two months of water stress; by the 
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2080s High they experience between 2½ and 5¼ months of stress. The cooling power of 

the grass is also reduced by more than 50% for up to two months of the year by the 2050s 

High in certain UMT units, and between ½ and 3¾ months in all units by the 2080s High. 

Full soil water recharge occurs across the conurbation but this takes place later in the year. 

In 1961-1990, the majority of soils over Greater Manchester were recharged by the end of 

September; by the 2080s this is achieved by the end of November. Such conditions will 

impact on the functionality of urban greenspace, in particular, in terms of reducing its 

evaporative cooling which could then impact on human comfort. This will be explored 

further in the energy exchange modelling presented in the next chapter. 
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Chapter 5. Energy Exchange Model 
 

5.1 Introduction 

 

The previous chapter discussed the impacts of climate change on urban greenspace, and 

focussed specifically on the mapping of drought across Greater Manchester. This chapter 

focuses on the local climate of the city using a surface temperature modelling approach. 

The aim is to explore the impacts of both climate change and differing development 

scenarios on surface temperatures. The main focus is on the use of greenspace to moderate 

surface temperatures. Thus, this chapter addresses the second research objective, namely, 

to develop a geographical information systems based approach that provides quantitative 

estimates of surface temperature and surface runoff in relation to greenspace pattern and 

attributes. It also contributes to the final research objective, namely, to test options of soft 

engineering to see if the use of greenspace can reduce the impacts of climate change on 

people and buildings.  

 

In the introduction to this thesis, the altered energy exchanges in an urban area was seen to 

result in the urban heat island (UHI) effect (Section 1.3), where air temperatures in built-up 

areas can be several degrees warmer than the surrounding countryside (Wilby, 2003; 

Graves et al., 2001; Oke, 1987). This effect will be further compounded by increased 

summer warming with climate change (Chapter 2). Using a statistical model, Wilby (2003) 

found that under the UKCIP02 Medium-High emissions scenario by the 2080s, London’s 

average nocturnal UHI increases by 0.26ºC on top of an established UHI of 1.8ºC from 

1961-1990. He notes that this is the average nocturnal UHI and that summer UHIs are 

more intense. The number of intense urban-rural temperature differences, when the 

nocturnal UHI exceeds 4ºC, increases by 15 days per year by the 2080s Medium-High 

emissions scenario, an increase of 40% relative to 1961-1990. Wilby (2003) concludes that 

this is likely to be an underestimate of urban warming since the model is linked to regional 

atmospheric variables excluding temperature, and also does not incorporate changes in 

population, building density, energy consumption, etc. The warming of the urban 

environment in summer is an important issue because of its implications for human 

comfort and well being (e.g. Svensson and Eliasson, 2002; Eliasson, 2000). 

 



Chapter 5. Energy Exchange Model 
 

 142

A variety of different approaches have been taken to modelling urban temperatures. These 

have been conducted within the urban boundary layer and urban canyon layers identified 

by Oke (1987). The concept of scale is fundamental to understanding the ways in which 

the urban environment interacts with adjacent atmospheric layers (Arnfield, 2003). This 

ranges from individual buildings and horizontal ground level surfaces which can then be 

aggregated hierarchically (Arnfield, 2003). An individual urban canyon, for example, is 

composed of building walls and the elements between buildings, the urban canyons and the 

roofs of surrounding buildings then define city blocks, which scale up to neighbourhoods, 

land use zones, and the entire city (Arnfield, 2003). Urban canopy energy budget 

modelling has received much attention (e.g. Shashua-Bar and Hoffman, 2003; Shashua-Bar 

and Hoffman, 2002; Arnfield and Grimmond, 1998; Sakakibara, 1996; Terjung and 

O'Rourke, 1980; Terjung and Louie, 1974). Whilst some studies have considered air 

temperatures, many focus on surface temperatures which are less dependent on the 

unpredictability of wind speed and direction (Whitford et al., 2001).  

 

Though surface and air temperatures show some similar spatial and temporal patterns, this 

correspondence is not exact (Arnfield, 2003). Surface temperatures warm the air above 

them through convection, but the effect decreases quickly with distance from the surface 

(Brown and Gillespie, 1995). Air temperature across an immediate landscape will be 

nearly identical due to the efficient mixing of the air (Brown and Gillespie, 1995), whereas 

surface temperatures vary more (Lowry, 1988). In general, they are more strongly related 

than air temperatures to microscale site characteristics such as sky view factors (Bourbia 

and Awbi, 2004; Eliasson, 1996, 1990/91).  

 

Whilst air temperature provides a simple estimator of human thermal comfort, it is less 

reliable outdoors owing to the variability of other factors such as humidity, radiation, wind, 

and precipitation (Brown and Gillespie, 1995). In practice, the mean radiant temperature, 

which in essence is a measure of the combined effect of surface temperatures within a 

space, is a significant factor in determining human comfort, especially on hot days with 

little wind (Matzarakis et al., 1999).  

 

In this chapter surface temperatures are quantified using a previously developed energy 

exchange model that has few input requirements and is straightforward to use (Whitford et 

al., 2001). This model incorporates the effect of greenspace and surface cover on the urban 

climate. The urban morphology types (Chapter 3) form the spatial basis for the modelling.  
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The chapter begins by introducing the energy exchange model (Section 5.2). It then 

discusses the input parameters for the model, and in particular how these have been 

customised for Greater Manchester (Section 5.3). The input requirements for the model 

include the proportional surface cover which was quantified in chapter 3. Section 5.4 

consists of results from a sensitivity test of the model. This is followed by section 5.5 

where various sets of model runs are presented. The model was run for the different UMT 

categories under present day and climate change scenarios. The results were entered into 

ArcView GIS and viewed spatially over the conurbation. Other model runs were also 

performed, looking at the effects of adding and taking away green cover in key areas in the 

conurbation, again under present day and climate change scenarios. The different 

‘development scenarios’ include residential areas plus or minus 10% green cover, town 

centres plus or minus 10% green cover, selected UMTs with green roofs, previously 

developed land becoming high density residential, and improved farmland becoming 

residential. An additional set of model runs considered the impact of a drought (as 

discussed in Chapter 4) in reducing the evaporative cooling effect of grass. 

 

5.2 The Energy Exchange Model 

 

The model was developed and customised by Whitford et al. (2001) from the urban climate 

model of Tso et al. (1991; 1990). The model (Figure 5.1) expresses the surface energy 

balance of an area in terms of its surface temperature, T0, using recognised equations for 

the different terms in the balance. Any nonlinear equations are linearised to enable a set of 

simultaneous linear differential equations to be produced. Whitford et al. (2001) produced 

an iterative computer model by entering these simultaneous equations into Mathematica, 

thereby allowing analytical solutions to be found. The model output shows the surface and 

soil temperatures (T0 and Ts) as a function of time. 
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Figure 5.1. Framework of the energy balance model (Whitford et al., 2001; Tso et al., 1991, 1990) 

 
 

The model is based on six main assumptions. Firstly, it is assumed that all the 

meteorological and soil parameters remain constant horizontally. Secondly, the turbulent 

diffusivities for heat and water vapour are given by the near-neutral value for momentum. 

Thirdly, the turbulent fluxes of heat and water vapour are assumed to be constant over the 

surface boundary layer (SBL). Fourthly, the temperature, wind speed, and specific 

humidity are assumed to be constant at the height of the SBL. Fifthly, the urban canopy is 

assumed to have a unique roughness length. Finally, anthropogenic heat sources have been 

neglected (Tso et al., 1991). 

 

The model is based on the simple instantaneous energy balance equation (Figure 5.1): 

 

R = H + LE + G + M (5.1)

 

where R is the net radiation flux to the earth’s surface, H is the sensible heat flux due to 

convection, LE is the latent heat flux due to evaporation, G is the conductive heat flux into 

the soil, and M is the heat flux to storage in the built environment. Each of the terms of 

equation 5.1, as described by Tso et al. (1991; 1990) and Whitford et al. (2001), are 

considered in turn below. 
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5.2.1 Net Radiation Flux 

 

The net radiation is equal to the solar flux minus the long wave radiation from the earth’s 

surface to the atmosphere. This is at its maximum in the middle of the day and is negative 

at night. Thus, the net radiation flux, R, varies according to the solar generation equation: 

 

( ) I0 coscoscossinsin1 RRR −+−= γδφδφτα  (5.2)

 

where α is the surface albedo, τ is the transmission coefficient, R0 the solar constant, φ is 

the latitude, δ is the solar declination, γ is the solar hour angle, and RI is the net infrared 

flux at the surface of the earth. A simple approximation for RI, neglecting emissivity and 

absorptivity, is: 

 

( )4
sky

4
0I TTR −=σ  (5.3)

 

where T0 and Tsky are the surface and sky temperatures respectively, and σ is the Stefan-

Boltzman constant, 5.67×10-8 W/m2/K4. 

 

Since an analytical solution to the model is desired and T0, the unknown to be sought by 

the model, appears in equations 5.2 and 5.3 in the fourth power, the net solar radiation is 

linearised by replacing R in equation 5.2 with an empirically fitted sine wave for the 

particular geographical location under consideration: 

 

( )taR ωsin3=  (5.4)

 

where a3 is the peak insolation, and t is the time in seconds measured from the onset of 

daylight (i.e. taken to be zero at sunrise). 

 

However, during the night it is assumed that there is a uniform loss of radiative energy, say 

a´3, from the earth’s surface to the sky (as in equation 5.3), so equation 5.4 is replaced with: 

 

3aR ′=  (5.5)
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5.2.2 Sensible and Latent Heat Fluxes 

 

Both the sensible and latent heat fluxes remove energy through the boundary layer to its 

upper surface where a constant temperature, wind speed and specific humidity are assumed. 

Both heat fluxes increase with surface temperature and the latent heat flux increases with 

the amount of greenspace (more evapotranspiring surface) and hence the surface relative 

humidity. The turbulent sensible and latent heat fluxes, H and LE, are given in a bulk 

adiabatic transfer form by: 

 

( )02ah TTCKH −−=  (5.6)

( )02v qqLKLE −−=  (5.7)

 

where Ca is the specific heat of air at a constant pressure, L is the latent heat of evaporation, 

T2 is the temperature at level 2 (Figure 5.1), and q0 and q2 are the specific humidities at 

levels 0 and 2 respectively. The coefficients of eddy diffusivity of heat, Kh, and of water 

vapour, Kv, for neutral or near-neutral atmospheric conditions, are expressed as: 

 

( )[ ]202

2
2

a
vh /ln ZZ

UkKK ρ
==  (5.8)

 

where ρa is the air density, k is the von Karman constant 0.41, U2 is the wind velocity at 

level 2, Z2 is the height of the SBL, and Z0 is the surface roughness. Substituting equation 

5.8 into equations 5.6 and 5.7 yields the finite difference equations: 

 

( )[ ]
( )022

02

2
2

aa

/ln
TT

ZZ
UkCH −

−
=

ρ  (5.9)

( )[ ]
( )022

02

2
2

a

/ln
qq

ZZ
ULkLE −

−
=

ρ  (5.10)

 

The specific humidity of the atmosphere, q0, is represented by a quadratic approximation: 

 

( )[ ] 32
0f0 1010/64.274.3 −×+= TEq  (5.11)
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where Ef is the evaporating fraction, an interpretation of the humidity as the fraction of the 

total area occupied by freely evapotranspiring surfaces. Since an analytical solution to the 

model is desired and T0, the unknown to be sought by the model, appears in equations 5.10 

and 5.11 in the second power, it is necessary to linearise the specific humidity q0(T0) by 

Taylor expansion around a reference temperature (Tf), neglecting higher powers of (T0-Tf). 

Thus: 

 

( ) ( )f0

0

0
f000

f0

)( TT
T

q
TqTq

TT

−×
∂

∂
+=

=

 (5.12)

 

Yielding: 

 

( ) ( )021f00 TaaETq +=  (5.13)

 

where a1 and a2 are determinable constants. 

 

5.2.3 Conductive Heat Flux 

 

The conductive heat flux into the soil passes through the intermediate layer (level s) to the 

lower layer (level b) which is assumed to have a constant temperature (Tb) (Figure 5.1). 

This heat flux increases with surface temperature. The conductive heat flux into the soil, G, 

is expressed by the Fourier law: 

 

( )( )0ss / TTdkG −−=  (5.14)

 

where ks is the soil thermal conductivity, Ts is the soil temperature at level s, and d is the 

soil depth at level s. The finite difference form of the heat conduction equation, linking 

together soil temperatures at levels 0, s, and b, is: 

 

( )0sb2
ss

ss 2 TTT
dC

k
dt
dT

+−=
ρ

 (5.15)
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where ρs is the soil density, Cs is the soil specific heat capacity, and Tb is the soil 

temperature at level b, which is taken as constant. 

 

5.2.4 Heat Flux to Storage in the Built Environment  

 

The heat flux to storage in the built environment increases with the rate of temperature 

change and with the area of the built environment, and mass of concrete. In this model the 

building mass is reduced to a homogeneous plane with no volume, but with the ability to 

store thermal energy. The heat flux to storage in the built environment, M, is given by: 

 

dt
dTCmM 0

cc=  (5.16)

 

where mc is the equivalent homogeneous building mass (taken as concrete by Tso et al. 

(1991; 1990) and Whitford et al. (2001)) per unit of surface area, Cc is the specific heat of 

concrete, and dT0/dt is the rate of change of the surface temperature T0, which is taken to 

be in thermal equilibrium with the uniform concrete temperature. If the energy balance is 

performed only over the plane surface on top of the urban mass this term vanishes from the 

energy balance equation 5.1. 

 

5.2.5 The Simultaneous Equations 

 

Thus, there are equations for all the terms of the energy balance (Equation 5.1). A set of 

simultaneous, time-dependent, linear, first-order differential equations with analytical 

solutions for T0 and Ts are then produced. Two separate sets are created, for daytime and 

night time, respectively. 

 

For the daytime period, equations 5.4, 5.9, 5.10, 5.13, 5.14, and 5.16, are substituted into 

equation 5.1 to give: 

 

( ) 4s3021
0 sin bTbTbtb

dt
dT

+++= ω  (5.17)
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and equation 5.15 is reformulated as: 

 

7s605
s bTbTb

dt
dT

++=  (5.18)

 

For the night time period, the same substitutions are made into equation 5.1, but equation 

5.5 is used rather than 5.4, such that equation 5.17 is now: 

 

3s201
0 bTbTb

dt
dT ′+′+′=  (5.19)

 

and for convenience in notation equation 5.18 is rewritten as: 

 

6s504
s bTbTb

dt
dT ′+′+′=  (5.20)

 

Thus, the coefficients b1-b7 and b'1 to b'6 for equations 5.17 to 5.20 are: 

 

( ) 1
cc31

−= Cmab  

( ) ( )[ ]{ }( ) 1
ccs

2
022fa2

2
a12 //ln −− ++−=′= CmdkZZaLECUkbb ρ  

( ) 1
ccs23

−=′= dCmkbb  

( )[ ] ( )[ ] ( ) 1
cc

2
021f22a2

2
a4 /ln −−−+= CmZZaEqLTCUkb ρ  

( ) 12
sss45

−
=′= dCkbb ρ  

( ) 12
sss56 2 −

−=′= dCkbb ρ  

( ) 12
ssbs67

−
=′= dCTkbb ρ  

( )[ ] ( )[ ]{ }( ) 1
cc3

2
021f22a2

2
a3 /ln −− ′+−+=′ CmaZZaEqLTCUkb ρ  

 

5.2.6 The Model in Mathematica 

 

Whitford et al. (2001) wrote a computer program of the model in Mathematica in order to 

solve the differential equations 5.17 to 5.20 (Appendix C). This starts by showing the 

relation between the parameters in symbolic form. The parameters are then given their 
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numeric values, starting with those which are much the same for each site followed by 

those that vary from site to site. Following this, the model linearises the specific humidity 

around the reference temperature to remove higher powers of T0 (Equations 5.11 and 5.13).  

 

The next stage is to solve the ordinary differential equations (ODE). The values of the 

coefficients b1-b7 and a1-a3 are calculated. The model divides the day into three periods: 

sunny (Equations 5.17 and 5.18), night (from sunset time to midnight; Equations 5.19 and 

5.20), and pre-dawn (from midnight to sunrise; Equations 5.19 and 5.20). An iterative 

process is then followed: 

 

1. An initial estimate is made for the dawn air and soil temperatures; 

2. The dawn temperatures are used as the initial conditions for the ODE over the 

sunny period and the simultaneous equations (Equations 5.17 and 5.18) are solved. 

The numerical solutions are then taken as the sunset air and soil temperatures; 

3. These sunset temperatures become the initial conditions for the ODE over the night 

period and the simultaneous equations (Equations 5.19 and 5.20) are solved. The 

numerical solutions are then taken as the midnight air and soil temperatures; 

4. These midnight temperatures become the initial conditions for the ODE over the 

pre-dawn period and the simultaneous equations (Equations 5.19 and 5.20) are 

solved. This time the numerical solutions are taken as the next dawn soil and air 

temperatures; 

5. A convergence test is now undertaken. Dawn temperatures from the previous day 

(stage 1) are compared with the new dawn temperatures (stage 4). If the results, at 

equilibrium temperatures, are unchanged to 3 decimal places then no further 

iterations need be carried out. If, however, they fail to meet this criteria, i.e. 

[|(previous dawn T0)–(new dawn T0)| + |(previous dawn Ts)–(new dawn Ts)|] >0.001, 

then the new dawn temperatures (stage 4) become the initial conditions for stage 2 

and another iteration is undertaken. 

 

The model plots the surface and soil temperature results over time, as well as providing the 

maximum and minimum surface temperatures and their time. 
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5.3 Input Parameters 

 
Table 5.1. Input parameters for the energy exchange model (Whitford et al., 2001; Tso et al., 1991) 

 
Value Parameter & notation Unit 

Tso Whitford 
Comment 

Specific heat of air, Ca J/kg/°C 1006* 1006 
Density of air, ρa kg/m3 1.177* 1.177 

* At 27°C (Holman, 1986) 

Thermal conductivity of 
soil, ks 

W/m/°C 1.225* 1.225 

Specific heat of soil, Cs J/kg/°C 1185* 1185 
Density of soil, ρs kg/m3 1800* 1800 

* Average for dry and 
saturated clay soil (Oke, 1978) 

Specific heat of concrete, Cc J/kg/°C 880* 880 * (Holman, 1986) 
Latent heat of evaporation, 
L 

J/kg 2.437×106* 2.437×106 * At 27°C (Oke, 1978) 

Average mass of concrete, 
(mc) 

kg/m2 (700)* 700 *Average over a defined city 
area (Tso et al., 1990) 

Building mass/unit built 
land, mc 

kg/m2 - vary by site† †According to built fraction 

Roughness length, Z0 m 5* 2† * Assumption 
† City centres with some tall 
buildings, UK Met Office, 
Engineering Science Data Unit 
item 72026 

Height of SBL, Z2 M 300* 800† * Assumption 
† ‘Average’ on a clear hot day, 
UK Met Office website 

Wind velocity at SBL, U2 m/s 5* 5† * Average, Malaysian 
Meteorological Service 
† Average, UK Met Office 
website 

Air temperature at SBL, T2 °C 25* 15† * Average, Malaysian 
Meteorological Service 
** Assumption 

Specific humidity at SBL, q2 - 0.003* 0.002† * Assumption 
† Average, UK Met Office 
website 

Evaporating fraction at 
surface, Ef 

- 0.1* vary by site * Assumption 

Soil depth, 2d cm 20* 20 * Assumption 
Soil temperature at depth 
2d, Tb 

°C 25 15 Assumptions 

Reference temperature, Tf °C 27 17 Assumptions for linearisation 
of specific humidity 

Hrs of daylight, hoD Hours 12 14† † Assumption 
Sunrise time Hours 6 5  
Sunset time Hours 18 19  
Parameter in eqn (5), ω 1/sec 7.27×10-5* π/(hoD×3600) 
Peak insolation, a3 W/m2 750* 750 

* Curve fitting to a measured 
diurnal solar intensity in 
Malaysia 

Night radiation, a´3 W/m2 -148.7* -148.7 * Estimated using equation 5.3 
with night sky temp -5°C and 
ground temp 24°C, Malaysian 
Meteorological Service 
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The model has been used to calculate surface temperatures in Kuala Lumpur, Malaysia 

(Tso et al., 1991) and Merseyside, UK (Whitford et al., 2001). Table 5.1 lists the values 

given to the input parameters in each of these studies. The process of customising the 

parameters for this research is discussed in the following sections. 

 

5.3.1 Temperature Parameters 

 

This thesis is interested in understanding the effect of a hot, cloud-free summer day on the 

surface temperature of the city. Thus, meteorological parameters that need changing from 

the values used by Whitford et al. (2001) (Table 5.1) are: the reference temperature for the 

linearisation of specific humidity (Tf), the air temperature at the surface boundary layer 

(T2), and the soil temperature at depth 2d (Tb). These temperatures must be set with values 

that are relevant to Greater Manchester. In addition, these temperatures will vary with the 

climate scenarios. 

 

5.3.1.1 Reference Temperature 
 

Daily extreme summer temperatures calculated from the BETWIXT weather generator 

time-series output for Ringway (Chapter 2) were used as the basis for the temperature 

parameters17. The BETWIXT output included minimum and maximum daily temperatures, 

but not mean daily temperatures. These were calculated by averaging the daily minimum 

and maximum temperatures. Summer daily means (i.e. for June, July, and August), as well 

as the 90th and 98th percentiles, were then calculated for the 1961-1990 baseline climate, as 

well as for the 2020s, 2050s and 2080s Low and High emissions scenarios (Table 5.2).  

 

                                                 
17 These extreme values are produced from one 30-year simulation selected by BETWIXT from 100 30-year 
simulations (Chapter 2). It is recognised that averages and extremes based on 100 simulations would be more 
representative, however, this is unnecessary given the illustrative purposes of this research. 
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Table 5.2. Ringway daily summer temperature mean and extremes, calculated from BETWIXT daily 
weather generator output 

 
Modelled daily summer temp (°C) 

Time period Emissions Scenario Mean 90th percentile 98th percentile 
1961-1990  14.9 18.3 20.6 

Low 15.8 19.3 21.6 2020s 
High 16.4 19.9 22.2 
Low 16.3 20.2 22.7 2050s 
High 17.6 21.6 24.1 
Low 17.6 21.5 23.9 2080s 
High 19.8 24.6 27.7 

 

UKCIP use the 90th percentile daily-average temperature to define ‘extremely’ warm days, 

annually and by season (Hulme et al., 2002, p. 61). 1 in 10 days will be as hot as or hotter 

than the 90th percentile value, averaging about 9 days per summer. However, in this case 

the 98th percentile (1 in 50 days is as hot as or hotter than this value, or about 2 days per 

summer) was used as the basis of the temperature parameters, since more extreme 

conditions are of interest. Therefore, the 98th percentile summer daily temperatures for 

Ringway (Table 5.2) were used for the reference temperature.  

 

5.3.1.2 Air Temperature at the Surface Boundary Layer 

 

The BETWIXT output (Table 5.2) are for air temperatures at a height of 2 m. The model, 

however, requires the temperature at the surface boundary layer (SBL), set at 800 m 

(Whitford et al., 2001). Thus, an environmental lapse rate was applied to the temperature 

values in table 5.2. The environmental lapse rate is the decrease in temperature with an 

increase in altitude. The long-term global average environmental lapse rate is 0.65°C per 

100 m throughout the troposphere (Ritter, 2006). Thus, the temperature at the SBL at 800 

m will be 5.2°C less than the temperature at the ground18. Hence, the air temperature at the 

SBL will be the 98th percentile daily summer temperatures for Ringway minus 5.2°C 

(Table 5.3). This approach produces an air temperature of 15.4°C at the SBL in 1961-1990, 

which is similar to the air temperature of 15°C used by Whitford et al. (2001). 

 

                                                 
18 This approach assumes that the environmental lapse rate is constant and that temperatures change at the 
same rate during a heatwave regardless of height. 
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Table 5.3. Temperature at SBL (800 m), calculated from Ringway daily summer temperatures 
(BETWIXT daily weather generator output) minus the environmental lapse rate of 5.2°C 

 

Time Period Emissions Scenario 
Air temp at SBL (°C) for the 98th percentile 

summer day 
1961-1990  15.4 

Low 16.4 2020s 
High 17.0 
Low 17.5 2050s 
High 18.9 
Low 18.7 2080s 
High 22.5 

 

5.3.1.3 Soil Temperature at Depth 2d 

 

Unfortunately, the BETWIXT output does not include soil temperature and this is also not 

measured by the Met Office at Ringway. The Met Office, however, have produced maps 

for the UK showing the 1961-1990 average (but not extreme) summer soil temperatures at 

30 cm (Figure 5.2) and air temperatures (Figure 5.3). Interpreting from these figures, the 

range of temperatures over Greater Manchester is 5.4°C-17.3°C for mean air temperature 

and 5°C-16.5°C for mean soil temperature. The median values are therefore 11.35°C and 

10.75°C for air and soil temperature, respectively. Thus, the difference between the air and 

soil temperature is 0.6°C. This value was then subtracted from the 98th percentile daily 

summer temperatures for Ringway (Table 5.2) to provide an estimate of soil temperatures. 

Since extreme soil temperature maps are not available, it is assumed that the same 

temperature difference exists between mean air and soil temperatures as between extreme 

air and soil temperatures.  

 

It is recognised that the relationship between air and soil temperature will vary with soil 

type, for example, sand warms faster whilst clay and peat warms at a slower rate. However, 

soil types are not differentiated between. Section 5.3.5 discusses the choice of soil 

parameters. Also, it is assumed here that the soil temperature will change at the same rate 

as air temperature during a heatwave. In fact, soil temperature will change at a different 

rate to air temperature. Thus, during a heatwave, the air would be expected to heat faster 

than the soil, yet after several warm days the soil temperature would also increase. The 

sensitivity test (Section 5.4 and Appendix D) reveals that changing the soil temperature has 

little impact on the maximum surface temperature. The soil depth (2d) remained set at 20 

cm. 
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Figure 5.2. 30 cm soil temperature summer average 1961-1990, showing location of Greater 
Manchester 
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Figure 5.3. Mean air temperature summer average 1961-1990, showing location of Greater Manchester 
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5.3.2 Evaporating Fraction 

 

The proportion of the surface that is evapotranspiring in each UMT category is available as 

a result of the surface cover analysis (Chapter 3), with all vegetated surfaces and water 

taken to be evapotranspiring. Model runs will be completed using these values for each of 

the UMT categories under the baseline 1961-1990 climate, as well as for the 2020s, 2050s 

and 2080s Low and High emissions scenarios. Following this, model runs will be 

undertaken where the proportion of evapotranspiring surfaces in the UMTs is changed 

according to different ‘development scenarios’. 

 

5.3.3 Building Parameters 

 

Another input to the model is the building mass per unit of built environment. This value 

was originally estimated from a building survey of an area of Kuala Lumpur divided into 

24 sub-regions (Tso et al., 1990). Building mass was assumed to consist of only concrete. 

A concrete volume factor (CVF) was defined as the ratio of the concrete volume in a 

building to the total external volume of the building. Detailed calculations of typical 

buildings produced CVFs of 0.132 for multi-storey buildings, and 0.160 for shop-houses 

and residential units. Next, the concrete volume of each building in each subregion was 

estimated. Thus, the total concrete volume of 2746623 m3 on a total ground area of 

9333076 m2, gave a final building mass per unit of land of about 700 kg/m2. Tso et al. 

(1991) assumed that 90% of Kuala Lumpur is built. Whitford et al. (2001) then calculated 

that the building mass per unit of the built area was 777 kg/m2. This value was then 

multiplied by the built fraction for each site in Merseyside to give a new building mass per 

unit of built environment for each site. 

 

For this research it is preferential to use a building mass more suited to Greater Manchester, 

rather than one estimated from Kuala Lumpur. The built fraction of each UMT category in 

Greater Manchester is known from the surface cover analysis (Chapter 3). More 

specifically, the proportion of each UMT category covered by buildings and other 

impervious surfaces is known. Tanikawa et al. (no date; 2002) have assigned different 

masses to buildings and other impervious surfaces in their work estimating material stock 
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in Japan. Similar analyses were also undertaken in Greater Manchester (H. Tanikawa19, 

personal communication, 2005). Thus, a weighted building mass (mc) in kg/m2 can be 

calculated for each UMT category: 

 

mc(UMT) = (mc(other impervious) × proportion(other impervious)) + (mc(building) × proportion(building)) 

 

An assumption is made that all the other impervious surfaces are roads. Using data 

obtained from the Highways Agency (Figure 5.4) (H. Tanikawa, personal communication, 

2005), the mass of motorways was estimated as 784 kg/m2 (asphalt plus concrete layers), 

and residential roads as 255.5 kg/m2 (average of asphalt layers for new residential roads, 

and asphalt and stone block layers for old residential roads). The mass for motorways will 

be used for all the other impervious surfaces in the major road UMT category whereas the 

mass for residential roads will be used in all the other UMT categories.  

 

Figure 5.4. Mass of roads in England using data from the Highways Agency (2004), Manual of 
Contract Documents for Highway Works: Volume 1 Specification for Highway Works (H. Tanikawa, 

personal communication, 2005)  

 
 

The mass of a typical two floor brick house in Trafford, Greater Manchester was also 

calculated, using data from the Building Research Establishment, to be 842 kg/m2 (H. 

Tanikawa, personal communication, 2005). This value is used for the building mass in all 

the UMT categories. This approach assumes that all the buildings in Greater Manchester 

are typical two floor brick houses. This is a reasonable assumption to simplify the 

calculation of the building mass since this type of building is common in Greater 

Manchester; however some UMT categories are likely to have more high-rise buildings 
                                                 
19 Hiroki Tanikawa, Associate Professor, Department of Environmental Systems, Wakayama Univesity, 
Japan. Visiting Academic in 2004-2005 to the School of Environment and Development, University of 
Manchester. 
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than others. For example, town centres are more likely to have high-rise buildings than low 

density residential areas.  

 

In order to gain some understanding of the distribution of different building types over 

Greater Manchester, the building points from the surface cover analysis (Chapter 3) were 

further categorised as: normal (1-2 storeys), low (3-4 storeys) or high-rise (>5 storeys). In 

the absence of a standard for classifying buildings according to the number of storeys this 

seemed a reasonable approach. In general, the proportions of low and high-rise buildings in 

the UMT categories were small (Table 5.4 and Figure 5.5). Whilst buildings cover up to 

31% in the high density residential UMT category, only ten of the 28 UMTs present in 

Greater Manchester have a building cover greater than 10%. Of these ten categories, 

normal-rise buildings cover between 8-28% of the UMT, low-rise between 3-13%, and 

high-rise between 0-3%. Whilst this provides an indication of the differentiation over the 

UMT categories, the sampling strategy is not highly robust since the sample size (i.e. the 

number of building points) is low and varies between the UMT categories (from 0 and 122 

points) (Table 5.4). 
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Table 5.4. Further categorisation of building points into normal (1-2 storeys), low (3-4 storeys) and 
high-rise (>5 storeys) 
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Figure 5.5. Proportional cover of normal, low and high-rise buildings in the UMT categories 
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Ideally a building mass would be obtained for each building type, allowing for a further 

differentiation between the built nature of the UMT categories. However, it is noted that 

the mass of a typical two floor brick house is easier to estimate than that of buildings with 

more floors where construction methods vary considerably (H. Tanikawa, personal 

communication, 2005). Tests also suggested that, given the low proportion of low and 

high-rise buildings in Greater Manchester, assigning different building masses generally 

had little impact on the weighted mc (Table 5.5). In the extreme case, where a low-rise 

building was assigned double the mass of normal-rise (i.e. 1684 kg/m2) and high-rise 

assigned seven times the mass (i.e. 5894 kg/m2) the weighted mc values differed by 0-194 

kg/m2 from the case where all buildings were treated as normal-rise. The building masses 

assigned to the low and high-rise buildings are considered to be overestimates since, for 

example, although low-rise is double the number of storeys of normal-rise it will not be 

double the mass as it does not have double the roof mass, etc. Thus, since it is unlikely that 

differences will be as large as this, the same building mass will be assigned to all buildings. 

Furthermore, the sensitivity tests (Section 5.4 and Appendix D) suggested that changes to 

the building mass do not have a large impact on maximum surface temperatures. 
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Table 5.5. Building mass tests (all values are in kg/m2) 
 
Weighted mc 

UMT category 
All buildings:  

842 kg/m2 

Normal: 842 kg/m2 
Low: 1684 kg/m2 
High: 5894 kg/m2 

Difference in 
weighted mc 

(kg/m2) 
Improved farmland 14.81 14.81 0.00 
Unimproved farmland 1.28 1.28 0.00 
Woodland 6.58 8.68 2.11 
Mineral workings and quarries 11.61 13.72 2.11 
Formal recreation 17.81 17.81 0.00 
Formal open space 34.91 39.12 4.21 
Informal open space 13.98 13.98 0.00 
Allotments 38.04 38.04 0.00 
Major roads 492.11 492.11 0.00 
Airports 143.21 162.16 18.95 
Rail 26.49 30.70 4.21 
River, canal 3.83 3.83 0.00 
Energy production and distribution 207.26 308.30 101.04 
Water storage and treatment 57.43 57.43 0.00 
Refuse disposal 5.94 8.04 2.11 
Cemeteries and crematoria 32.32 32.32 0.00 
High density residential 352.62 371.57 18.95 
Med density residential 253.40 259.71 6.31 
Low density residential 166.61 170.82 4.21 
Schools 118.46 156.35 37.89 
Hospitals 292.68 444.24 151.56 
Retail 314.83 426.40 111.57 
Town centre 342.20 510.60 168.40 
Manufacturing 319.67 433.34 113.67 
Offices 230.84 424.50 193.66 
Distribution and storage 313.24 445.85 132.62 
Disused and derelict land 28.98 31.08 2.11 
Remnant countryside 10.34 10.34 0.00 

 

The storage in the built environment term of the model (Section 5.2.1) uses the specific 

heat of concrete (Cc) which will remain set at 880 J/kg/°C (Holman, 1997, p. 640; Oke, 

1987, p. 259) since it is relatively constant with temperature. It seemed sensible to use the 

specific heat of concrete rather than of another material, since its value falls between those 

for other materials likely to be present in abundance in Greater Manchester such as asphalt 

and brick (Table 5.6).  

 



Chapter 5. Energy Exchange Model 
 

 163

Table 5.6. Thermal properties of materials used in urban construction (after Oke, 1987, p. 256) 
 

Material (dry state) Remarks Specific heat (J/kg/K×103) 
Asphalt  0.92 
Concrete Aerated and dense 0.88 
Stone Average 0.84 
Brick Average 0.75 
Clay tiles  0.92 

Light 1.42 Wood 
Dense 1.88 

Steel  0.50 
Glass  0.67 
Plaster Gypsum 1.09 
Gypsum board Average 1.05 

Polystyrene 0.88 Insulation 
Cork 1.80 

 

It should be noted that although the proportion of bare soil in this model is not an explicit 

input, it is taken by default to not be evapotranspiring, and thereby behaves in a similar 

way to the built environment except that it stores no heat because there is no concrete 

(Whitford et al., 2001). It is recognised that bare soil can store heat, however, bare soil/ 

gravel surfaces are generally present in two contexts in the urban environment. Firstly, 

along railway lines as gravel, which has a poor heat transfer capacity (Holman, 1997). Its 

second context is usually transient and results from a disturbance, such as during 

construction. Thus, results will not be affected much by this assumption unless there are 

large areas of bare soil for long periods of time. 

 

5.3.4 Radiation 

 

Tso et al. (1990) use equation 5.4 to calculate daytime net radiation. In their case, the peak 

radiation (a3) equals 750 W/m2, ω is specified as 7.27 × 10-5 s-1, and t is the time in 

seconds (which is taken to be zero at sunrise, 06:00 hours in this case). These values are 

based upon curve-fitting to a typical measured diurnal solar intensity on a warm day in 

Malaysia (Figure 5.6). Thus, for Kuala Lumpar, R is calculated over the day as: 

 

( ) ( )( )[ ]636001027.7sin750 5 −×××= −
hourstR  
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Figure 5.6. Diurnal solar intensity variation. Measured curve is for a typical warm day in Malaysia 
(using January averages of hourly and daily sums of direct solar radiation on a surface normal to the 
sun’s beams in 1981-82). The idealised curve is fitted to this using the equation given (Tso et al., 1990) 

 
 

For the Merseyside case, Whitford et al. (2001) considered building a more complicated 

albedo dependence into the model to be too difficult and time-consuming for their research, 

so retained the albedo value and solar radiation generation equation used by Tso et al. 

(1991; 1990). Thus, Whitford et al. (2001) set a3 at 750 W/m2, ω is specified as π/(hoD × 

3600) s-1 in order to fit any given number of daylight hours, hoD is the hours of daylight 

(14 in this case), and the sunrise time is 05:00 hours (Figure 5.7). So, for Merseyside, R is 

calculated over the day as: 

 

( )( )⎥⎦
⎤

⎢⎣
⎡ −×⎟

⎠
⎞

⎜
⎝
⎛

×
×= 53600

360014
sin750 hourstR π  

 

Figure 5.7. Idealised solar intensity used by Whitford et al. (2001) 
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Thus, the typical hours of sunrise, sunset, and daylight must be known in order to calculate 

the daily radiation for a summer day in Greater Manchester using this method. Average 

summertime values were calculated (Table 5.7) (AccuWeather, no date). Thus sunrise was 

rounded to 05:00 (BST) or 04:00 (GMT) and sunset to 21:00 (BST) or 20:00 (GMT), 

giving 16 hours of daylight.  

 
Table 5.7. Average monthly and seasonal sunrise, sunset, and daylight hours for Manchester 2000-2009. 
Figures work for most applications between 2000 and 2009 due to only small annual variations in times. 

Times are local, so take account of clock changes in spring and autumn (AccuWeather, no date) 
 

Average 
Monthly Seasonal 

 Sunrise Sunset Daylight hours Sunrise Sunset Daylight hours 
Dec 08:17:54 15:52:15 07:34:21 08:00:49 16:30:15 08:29:25 
Jan 08:14:37 16:22:46 08:08:10    
Feb 07:27:50 17:18:50 09:51:00    
Mar 06:21:41 18:18:04 11:56:23 05:51:53 19:51:23 13:59:30 
Apr 06:07:10 20:11:54 14:04:44    
May 05:07:19 21:04:52 15:57:33    
Jun 04:41:16 21:38:10 16:56:54 05:11:57 21:12:24 16:00:27 
Jul 05:02:19 21:26:37 16:24:17    
Aug 05:51:17 20:33:15 14:41:58    
Sep 06:44:24 19:22:04 12:37:40 07:16:49 17:51:18 10:34:30 
Oct 07:29:27 17:59:46 10:30:19    
Nov 07:36:10 16:11:48 08:35:38    

 

In addition, a typical peak radiation value for a cloud-free summer day in Greater 

Manchester is required. The CIBSE Environmental Design Guide (CIBSE, 1999) is one 

source. This includes tables of the design 97.5th percentile20 of global, beam and diffuse 

irradiance on horizontal surfaces, as well as normal to beam, for Manchester Aughton, 

from 1981-1992 (Figure 5.8). Since Tso et al. (1990) used the direct solar radiation on a 

surface normal to the sun’s beams, the maximum normal to beam irradiance will be 

extracted and a sine curve will be fitted to this. The CIBSE values are for June 21st, July 4th, 

and August 4th. The maximum values for June and July were averaged to give a maximum 

normal to beam irradiance of 802.5 W/m2. This value is higher than that for Kuala Lumpur, 

which could be because the values used there were typical of a warm day which may also 

be cloudy (G. Levermore21, personal communication, 2005). August values were not used 

since they are fairly different to the other two months.  

 

                                                 
20 The 97.5th percentile is, by definition, virtually clear sky data. 
21 Geoff Levermore, Professor of Built Environment, School of Mechanical, Aerospace and Civil 
Engineering, University of Manchester. 
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Figure 5.8. Design 97.5th percentile of global, beam, and diffuse irradiance on horizontal surfaces, as 
well as normal to beam, Manchester (Aughton, 1981-1992) (CIBSE, 1999) 
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Thus, an idealised solar intensity curve for summer in Greater Manchester was created 

(Figure 5.9) with a3 set at 802.5 W/m2, ω specified as π/(hoD × 3600) s-1, hoD as 16, the 

sunrise time of 04:00 hours (GMT), and sunset at 20:00 hours (GMT). GMT is used rather 

than BST so that the peak solar intensity is at 12:00 rather than 13:00 hours.  

 

Figure 5.9. Idealised solar intensity for Greater Manchester in summer 
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Tso et al. (1990) estimated the night radiation (a´3) from radiative losses between a night 

sky temperature of -5°C and a ground temperature of 24°C to be -148.7 W/m2 using 

equation 5.3. It is very difficult, however, to obtain measurements of sky temperature since 

the measurement height is not clearly defined. In this instance night radiation (a´3) is 

calculated from the CIBSE guide A2, which offers the following equation for net long-

wave radiation loss, I1 (W/m2) from a black body at air temperature to the external 

environment (i.e. sky, ground and nearby buildings) for horizontal surfaces: I1 = 93 – 79C, 

where C = cloudiness (CIBSE, 1982, p. 69). Assuming that the sky is cloudless (C = 0), 

this gives a net long-wave radiation loss of 93 W/m2. 

 

5.3.5 Other Parameters 

 

The remaining parameters that are temperature dependent are: specific heat of air (Ca), 

density of air (ρa), and latent heat of evaporation (L) (Holman, 1997; Oke, 1987). Tso et al. 

(1991) use values for these at their selected reference temperature of 27°C. Thus, in this 
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case, values will be used according to the reference temperature for each time period and 

emissions scenario (Table 5.2). Holman (1997) and Oke (1987) give the values for these 

parameters at different temperatures. These values were plotted and a linear interpolation 

was made between points. Thus, for any temperature of interest the value of the parameter 

can be determined (Figures 5.10 and 5.11). The specific heat of air (Ca) does not change 

much at the temperatures of interest, from 1005.6 J/kg/°C at 20°C to 1005.9 J/kg/°C at 

30°C (Holman, 1997, p. 646), thus the value of 1006 J/kg/°C will be used for all the model 

runs presented here. 

 

Figure 5.10. Density of air at atmospheric pressure (kg/m3). Red cross shows value taken from Holman 
(1997, p. 646), red lines show linear interpolation of this point with the other values given by Holman 

(1997, p. 646) at -23°C and 77°C (not shown on this graph), and blue lines show the reference 
temperatures (Table 5.2) to be used in this thesis 
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Figure 5.11. Temperature dependence of latent heat of evaporation at 100 kPa. Red crosses show 
values taken from Oke (1987, p.392), red lines show linear interpolation of these points, and blue lines 

show the reference temperatures (Table 5.2) to be used in this thesis 

 
 

For the soil parameters, thermal conductivity (ks), specific heat (Cs), and density (ρs), Tso 

et al. (1991) and Whitford et al. (2001) used average values for dry and saturated clay soils 

(Oke, 1978). However, for Greater Manchester the average for dry and saturated sandy and 

clay soils (Oke, 1987, p. 44) was used, since the dominant soil over the conurbation is 

‘seasonally wet deep loam’ (Figure 1.14) which is between sandy and clay. Peat soils were 

omitted from this average as there are not many peaty soils in Greater Manchester and the 

values are quite different to those for sand and clay. 

 

The roughness length (Z0), height of surface boundary layer (Z2), wind velocity at height of 

SBL (U2), and specific humidity at height of SBL (q2) were kept at the same value as those 

used by Whitford et al. (2001), for present day as well as climate change scenarios. The 

sensitivity tests (Section 5.4) revealed that the maximum surface temperature is sensitive to 

the wind velocity at the SBL. 
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5.4 Sensitivity Tests 

 

Sensitivity tests were undertaken in order to gain an increased understanding of how the 

model worked, as well as to test the relative sensitivity of the maximum surface 

temperature output to the different parameters. The sensitivity tests were undertaken using 

the parameters as determined for the 1961-1990 baseline climate model runs (Section 5.3). 

All sensitivity analyses were undertaken with the town centre and woodland UMTs, as 

these are the categories with the highest and lowest maximum surface temperatures 

(Section 5.5.1.1). Each input parameter was taken in turn and altered by ±10%, or another 

suitable value, whilst all the other parameters were held constant. A detailed analysis of the 

sensitivity tests can be found in Appendix D. In this section, the sensitivities of the various 

parameters are compared to each other.  

 

The ranking of the parameters according to the magnitude of change in maximum surface 

temperature varies slightly depending on whether it is a plus or minus 10% change and 

whether it is the town centre or woodland UMT (Tables 5.8 to 5.11). The tests reveal that 

sensitive parameters include the peak insolation, wind velocity at the SBL, density of the 

air, and temperature at the SBL. The evaporative fraction is also very important, especially 

in woodlands, where it is the most sensitive parameter when decreased by 10% (Table 

5.11). Unfortunately, it was not possible to increase the evapotranspiring cover in 

woodland by 10% (or to increase the fraction by 0.098) as this took the evaporating 

fraction above 1.0. However, even just increasing the evaporating fraction by 0.02, from 

0.98 to 1.0, decreased the maximum surface temperature by 0.16°C. Such a change would 

rank the evaporating fraction at number 9 in table 5.9, below the reference temperature and 

above the specific humidity at the SBL.  

 

The five least important parameters for town centres are night radiation, bulk density of the 

soil, specific heat capacity of the soil, soil depth at level s, and soil thermal conductivity. 

The five least important parameters for woodlands are night radiation, building mass per 

unit of land, specific heat of concrete, bulk density of the soil, and specific heat capacity of 

the soil. 
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Table 5.8. Absolute change in maximum surface temperature resulting from a 10% increase in the 
respective input parameters in town centres. Parameters listed according to magnitude of change. 

 
Rank Input Parameter Notation Absolute change in max surface temp 

1 Peak insolation a3 1.51 
2 Wind velocity at SBL U2 1.13 
3 Density of air ρa 1.13 
4 Temp at SBL T2 0.89 
5 Specific heat of air at const temp Ca 0.77 
6 Evaporative fraction Ef 0.67 
7 Latent heat of evaporation L 0.40 
8 Height of SBL Z2 0.39 
9 Surface roughness length Z0 0.39 

10 Specific humidity at SBL q2 0.28 
11 Reference temperature Tf 0.23 
12 Temp of soil at depth 2d Tb 0.22 
13 Hours of daylight hoD 0.18 
14 Specific heat of concrete Cc 0.15 
15 Bldg mass/unit land  mc 0.15 
16 Soil thermal conductivity ks 0.10 
17 Soil depth at level s d 0.06 
18 Specific heat capacity of soil Cs 0.04 
19 Bulk density of soil ρs 0.04 
20 Night radiation a´3 0.00 

 

 
Table 5.9. Absolute change in maximum surface temperature resulting from a 10% increase in the 

respective input parameters in woodlands. Parameters listed according to magnitude of change. 
 

Rank Input Parameter Notation Absolute change in max surface temp 
1 Peak insolation a3 0.74 
2 Wind velocity at SBL U2 0.67 
3 Density of air ρa 0.67 
4 Latent heat of evaporation L 0.62 
5 Temp at SBL T2 0.41 
6 Height of SBL Z2 0.24 
7 Surface roughness length Z0 0.23 
8 Reference temperature Tf 0.21 
9 Specific humidity at SBL q2 0.13 

10 Temp of soil at depth 2d Tb 0.10 
11 Specific heat of air at const temp Ca 0.08 
12 Soil depth at level s d 0.02 
13 Soil thermal conductivity ks 0.01 
14 Hours of daylight hoD 0.01 
15 Specific heat capacity of soil Cs 0.01 
16 Bulk density of soil ρs 0.01 
17 Specific heat of concrete Cc 0.00 
18 Bldg mass/unit land  mc 0.00 
19 Night radiation a´3 0.00 
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Table 5.10. Absolute change in maximum surface temperature resulting from a 10% decrease in the 
respective input parameters in town centres. Parameters listed according to magnitude of change. 

 
Rank Input Parameter Notation Absolute change in max surface temp 

1 Peak insolation a3 1.51 
2 Wind velocity at SBL U2 1.32 
3 Density of air ρa 1.32 
4 Temp at SBL T2 0.90 
5 Specific heat of air at const temp Ca 0.85 
6 Evaporative fraction Ef 0.71 
7 Surface roughness length Z0 0.43 
8 Height of SBL Z2 0.43 
9 Latent heat of evaporation L 0.42 

10 Reference temperature Tf 0.31 
11 Specific humidity at SBL q2 0.28 
12 Temp of soil at depth 2d Tb 0.22 
13 Hours of daylight hoD 0.22 
14 Specific heat of concrete Cc 0.14 
15 Bldg mass/unit land  mc 0.14 
16 Soil thermal conductivity ks 0.11 
17 Soil depth at level s d 0.07 
18 Specific heat capacity of soil Cs 0.04 
19 Bulk density of soil ρs 0.04 
20 Night radiation a´3 0.00 

 

 
Table 5.11. Absolute change in maximum surface temperature resulting from a 10% decrease in the 

respective input parameters in woodlands. Parameters listed according to magnitude of change. 
 

Rank Input Parameter Notation Absolute change in max surface temp 
1 Evaporative fraction Ef 0.85 
2 Wind velocity at SBL U2 0.81 
3 Density of air ρa 0.81 
4 Peak insolation a3 0.74 
5 Latent heat of evaporation L 0.71 
6 Temp at SBL T2 0.41 
7 Surface roughness length Z0 0.26 
8 Height of SBL Z2 0.26 
9 Specific humidity at SBL q2 0.13 

10 Temp of soil at depth 2d Tb 0.10 
11 Reference temperature Tf 0.09 
12 Specific heat of air at const temp Ca 0.08 
13 Soil depth at level s d 0.02 
14 Hours of daylight hoD 0.01 
15 Soil thermal conductivity ks 0.01 
16 Specific heat capacity of soil Cs 0.01 
17 Bulk density of soil ρs 0.01 
18 Night radiation a´3 0.00 
19 Specific heat of concrete Cc 0.00 
20 Bldg mass/unit land  mc 0.00 
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5.5 The Model Runs 
 

The model was run for the different UMT categories for the 98th percentile summer day for 

the baseline 1961-1990 climate, as well as for the 2020s, 2050s, and 2080s Low and High 

emissions scenarios. The first set of model runs considered the UMT categories with their 

current proportional surface covers (Section 5.5.1). Following this a series of ‘development 

scenario’ model runs were completed (Sections 5.5.2 to 5.5.6). These explored the impact 

on surface temperatures of adding and taking away green cover in key areas of the 

conurbation. These were intended both to help understand the effect of current 

development trends (Section 3.4.2) on maximum surface temperatures, as well as to 

explore the potential of greening to help adapt urban areas to climate change. The different 

‘development scenarios’ considered are: residential areas plus or minus 10% green cover 

(Section 5.5.2); town centres plus or minus 10% green cover (Section 5.5.3); green roofs in 

high and medium density residential, hospitals, retail, town centre, manufacturing, and 

distribution and storage (Section 5.5.4); previously developed land becoming high density 

residential (Section 5.5.5); and improved farmland becoming residential (Section 5.5.6). A 

final set of model runs considered the impact of a drought (Chapter 4) reducing the 

evaporative cooling effect of grass (Section 5.5.7). 

 

Table 5.12 summarises the input parameters to be used for the model runs. The parameters 

with numerical values remain constant throughout the model runs performed for this 

research. The remaining parameters vary according to either the time period and emissions 

scenario or the specific UMT and ‘development scenario’. 
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Table 5.12. Input parameters for the energy exchange model runs 
 

Parameter & notation Unit Value Comment 
Specific heat of air, Ca J/kg/°C 1006 (Holman, 1997, p. 646) 
Density of air, ρa kg/m3 Vary Vary with ref temp (Holman, 1997, p. 646) 
Thermal conductivity of soil, 
ks 

W/m/°C 1.083 

Specific heat of soil, Cs J/kg/°C 1180 
Density of soil, ρs kg/m3 1800 

Average for sandy and clay dry and 
saturated soil (Oke, 1987, p. 44)  

Specific heat of concrete, Cc J/kg/°C 880 (Holman, 1997, p. 640) 
Latent heat of evaporation, L J/kg Vary Vary with ref temp (Oke, 1987, p. 392)  
Other impervious surfaces 
mass 

kg/m2 784 (major 
road) / 255.5 
(other UMTs) 

(H. Tanikawa, personal communication, 
2005) 

Building mass kg/m2 842 (H. Tanikawa, personal communication, 
2005) 

Weighted UMT building 
mass/unit land, mc 

kg/m2 Vary Vary with UMT 

Roughness length, Z0 m 2 City centre with some tall buildings, UK 
Met Office, Engineering Science Data Unit 
item 72026 (Whitford et al., 2001) 

Height of SBL, Z2 m 800 ‘Average’ on a clear hot day, UK Met office 
website (Whitford et al., 2001) 

Wind velocity at SBL, U2 m/s 5 Average, UK Met Office website (Whitford 
et al., 2001) 

Air temperature at SBL, T2 °C Vary BETWIXT 98th %ile summer daily temp for 
Ringway – 5.2°C environmental lapse rate 
at 800 m, varies with emissions scenario 
and time period 

Specific humidity at SBL, q2  0.002 Average, UK Met Office website (Whitford 
et al., 2001) 

Evaporating fraction at 
surface, Ef 

 Vary Vary with UMT 

Soil depth, 2d cm 20 Assumption (Whitford et al., 2001; Tso et 
al., 1991) 

Soil temperature at depth 2d, 
Tb 

°C Vary BETWIXT 98th %ile summer daily temp for 
Ringway – 0.6°C, varies with emissions 
scenario and time period 

Reference temperature, Tf °C Vary BETWIXT 98th %ile summer daily temp for 
Ringway, varies with emissions scenario 
and time period 

Hrs of daylight, hoD hours 16 
Sunrise time hours 

(GMT) 
4 

Sunset time hours 
(GMT) 

20 

Average for Manchester summer 
(AccuWeather, no date) 

Parameter in eqn (5), ω 1/sec π/(hoD×3600) (Whitford et al., 2001) 
Peak insolation, a3 W/m2 802.5 Average of hourly max (Jun 21 and Jul 4) 

97.5th %ile normal to beam for Manchester 
Aughton 1981-1992 (CIBSE, 1999) 

Night radiation, a´3 W/m2 -93 CIBSE Guide A2 (CIBSE, 1982, p. 69) 
 

The air, soil, and reference temperatures (T2, Tb, and Tf, respectively) vary with the time 

period and emissions scenario (Section 5.3.1), as does the density of air (ρa) and the latent 

heat of evaporation (L) (Section 5.3.5), which are dependent on the reference temperature. 

The values used for these parameters throughout the model runs are summarised in table 

5.13. On the other hand, the weighted building mass per unit of land (mc) and the 
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evaporating fraction at the surface (Ef) vary according to the UMT and its proportional 

surface cover (Chapter 3). These also vary according to the ‘development scenario’. The 

values used for these parameters will be presented with the discussion of the model runs in 

the following sections. 

 
Table 5.13. Energy exchange model input parameters that vary with time period and emissions 

scenario 
 

2020s 2050s 2080s Parameter 
(units) 

1961-
1990 Low High Low High Low High 

T2 (°C) 15.4 16.4 17 17.5 18.9 18.7 22.5 
Tb (°C) 20 21 21.6 22.1 23.5 23.3 27.1 
Tf (°C) 20.6 21.6 22.2 22.7 24.1 23.9 27.7 
ρa (kg/m3) 1.208 1.203 1.2 1.198 1.191 1.192 1.175 
L (J/kg) 2452000 2449000 2448000 2447000 2444000 2444000 2431000 

 

5.5.1 Current Form 

 

These runs used the UMTs with their present day proportional surface cover, as estimated 

from the surface cover analysis (Chapter 3). This was used to calculate the evaporating 

fraction (Ef) and building mass per unit of land (mc) for each UMT (Table 5.10). The runs 

were completed for the baseline 1961-1990 climate as well as for the 2020s, 2050s, and 

2080s Low and High emissions scenarios, using the relevant values from table 5.13. 
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Table 5.14. Energy exchange model input parameters that vary with UMT category 
 

UMT Evaporating fraction (Ef) Building mass per unit of land (mc) 
Improved farmland 0.95 14.81 
Unimproved farmland 0.91 1.28 
Woodland 0.98 6.58 
Mineral workings and quarries 0.53 11.61 
Formal recreation 0.93 17.81 
Formal open space 0.90 34.91 
Informal open space 0.94 13.98 
Allotments 0.87 38.04 
Major roads 0.37 492.11 
Airports 0.51 143.21 
Rail 0.46 26.49 
River, canal 0.97 3.83 
Energy production and distribution 0.35 207.26 
Water storage and treatment 0.84 57.43 
Refuse disposal 0.40 5.94 
Cemeteries and crematoria 0.87 32.32 
High density residential 0.31 352.62 
Medium density residential 0.50 253.40 
Low density residential 0.66 166.61 
Schools 0.71 118.46 
Hospitals 0.46 292.68 
Retail 0.24 314.83 
Town centre 0.20 342.20 
Manufacturing 0.29 319.67 
Offices 0.45 230.84 
Distribution and storage 0.30 313.24 
Disused and derelict land 0.78 28.98 
Remnant countryside 0.95 10.34 

 

5.5.1.1 Current Form Results  

 

The highest maximum surface temperatures are always found in the town centres 

regardless of the time period and emissions scenario (Table 5.15). Town centres also have 

the lowest evaporating fraction of 0.2 (Table 5.14). In the 1961-1990 baseline case the 

maximum surface temperature for the 98th percentile summer day in town centres is 31.2°C. 

This increases by 2°C to 33.3°C by the 2080s Low, and by 4.3°C to 35.5°C by the 2080s 

High (Table 5.15). Woodlands, with the highest evaporating fraction of 0.98 (Table 5.14), 

always have the lowest maximum surface temperatures (Table 5.15). Their maximum 

surface temperature in the 1961-1990 baseline case is 18.4°C, which increases by 1.5°C to 

19.9°C by the 2080s Low, and by 3.2°C to 21.6°C by the 2080s High. The relative 

difference in maximum surface temperature between the UMTs increases with both time 

period and emissions scenario. In 1961-1990 there is a 12.8°C difference between the 

maximum surface temperature of town centres and woodland, compared to a 13.3°C 
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difference by the 2080s Low and a 13.9°C difference by the 2080s High. Thus, the 

difference between the two UMTs increases by 0.5°C to 1.1°C by the 2080s.  

 
Table 5.15. Output from the energy exchange model using current proportional surface cover, showing 

maximum surface temperature for the 98th percentile summer day 
 

Maximum surface temperature (°C) 
2020s 2050s 2080s 

UMT 
1961-
1990 Low High Low High Low High 

Improved farmland 18.7 19.1 19.4 19.6 20.2 20.1 21.8 
Unimproved farmland 19.0 19.4 19.7 19.9 20.5 20.4 22.1 
Woodland 18.4 18.9 19.1 19.3 19.9 19.9 21.6 
Mineral workings and quarries 23.7 24.1 24.4 24.6 25.2 25.1 26.9 
Formal recreation 18.8 19.3 19.5 19.7 20.4 20.3 22.0 
Formal open space 19.1 19.5 19.8 20.0 20.6 20.5 22.2 
Informal open space 18.8 19.2 19.4 19.7 20.3 20.2 21.9 
Allotments 19.4 19.8 20.1 20.3 20.9 20.8 22.5 
Major roads 26.1 26.6 26.9 27.1 27.8 27.7 29.7 
Airports 24.0 24.4 24.7 24.9 25.5 25.4 27.2 
Rail 25.0 25.4 25.7 25.9 26.5 26.5 28.2 
River, canal 18.5 18.9 19.2 19.4 20.0 19.9 21.6 
Energy production and distribution 27.2 27.7 28.0 28.2 28.9 28.8 30.7 
Water storage and treatment 19.7 20.1 20.4 20.6 21.1 21.1 22.8 
Refuse disposal 26.2 26.7 27.0 27.2 27.9 27.8 29.6 
Cemeteries and crematoria 19.4 19.8 20.1 20.3 20.9 20.8 22.5 
High density residential 27.9 28.4 28.7 29.0 29.7 29.6 31.6 
Medium density residential 24.0 24.5 24.7 25.0 25.6 25.5 27.3 
Low density residential 21.7 22.1 22.4 22.6 23.2 23.1 24.8 
Schools 21.1 21.5 21.8 22.0 22.6 22.5 24.2 
Hospitals 24.7 25.2 25.4 25.7 26.3 26.2 28.0 
Retail 30.0 30.6 30.9 31.2 32.0 31.9 34.0 
Town centre 31.2 31.8 32.2 32.5 33.3 33.2 35.5 
Manufacturing 28.5 29.0 29.4 29.6 30.4 30.3 32.3 
Offices 25.0 25.4 25.7 25.9 26.6 26.5 28.3 
Distribution and storage 28.3 28.8 29.1 29.4 30.1 30.0 32.0 
Disused and derelict land 20.3 20.7 21.0 21.2 21.8 21.7 23.4 
Remnant countryside 18.7 19.1 19.4 19.6 20.2 20.1 21.8 

 

The maximum surface temperature is very dependent on the evaporating fraction. In 

general, as the evaporating fraction increases the maximum surface temperature decreases 

(Figure 5.12). There are, however, a couple of exceptions to this rule, where UMTs have 

very similar evaporating fractions but different building masses. For example, refuse 

disposal has a slightly higher evaporating fraction than major roads but also has a higher 

maximum surface temperature. The same is true for rail, cemeteries and crematoria, and 

remnant countryside with hospitals, allotments and improved farmland, respectively. In all 

these cases, the building mass of the former UMT is always lower than the latter (e.g. 

refuse disposal has a lower building mass than major roads, etc). In general, a higher 

building mass will result in a slightly lower maximum surface temperature as more of the 

energy is stored within the building and released gradually. Hence, in these cases where the 
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evaporating fraction of two UMTs is very similar, the higher building mass has sufficient 

influence to reduce the temperature, providing a result contrary to what would be expected 

if considering evaporating fraction in isolation. 

 

Figure 5.12. UMTs plotted in order of maximum surface temperature for 1961-1990 along with 
evaporating fraction 
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The building mass has a greater impact on the timing of the maximum surface temperature 

(Table 5.16), although the evaporating fraction is still of importance. The more built-up 

UMTs tend to reach their maximum surface temperature later in the day than those that are 

more open. For example, major roads has the highest building mass per unit of land, with 

an average of 492.11 kg/m2 (Table 5.14), and also reaches its maximum surface 

temperature at the latest time of 13:54 (Table 5.16). On the other hand, unimproved 

farmland has the lowest building mass per unit of land, with an average of 1.28 kg/m2 

(Table 5.14), and reaches its maximum surface temperature at the earliest time of 12:06 

(Table 5.16), 1 hour and 48 minutes prior to that of the major roads. 
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Table 5.16. Output from the energy exchange model using current proportional surface cover, showing 
time of maximum surface temperature for the 98th percentile summer day 

 
Time of maximum surface temperature (GMT) 

2020s 2050s 2080s 
UMT 

1961-
1990 Low High Low High Low High 

Improved farmland 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Unimproved farmland 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Woodland 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Mineral workings and quarries 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Formal recreation 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Formal open space 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Informal open space 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Allotments 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Major roads 13:54 13:54 13:54 13:54 13:48 13:48 13:42 
Airports 12:36 12:36 12:36 12:36 12:36 12:36 12:30 
Rail 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
River, canal 12:06 12:06 12:06 12:06 12:06 12:06 12:06 
Energy production and distribution 13:00 13:00 12:54 12:54 12:54 12:54 12:54 
Water storage and treatment 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Refuse disposal 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Cemeteries and crematoria 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
High density residential 13:36 13:30 13:30 13:30 13:30 13:30 13:24 
Medium density residential 13:00 13:00 12:54 12:54 12:54 12:54 12:54 
Low density residential 12:36 12:36 12:36 12:36 12:36 12:36 12:30 
Schools 12:24 12:24 12:24 12:24 12:24 12:24 12:24 
Hospitals 13:06 13:06 13:06 13:06 13:06 13:06 13:00 
Retail 13:36 13:30 13:30 13:30 13:30 13:30 13:24 
Town centre 13:48 13:42 13:42 13:42 13:42 13:42 13:36 
Manufacturing 13:30 13:30 13:30 13:24 13:24 13:24 13:24 
Offices 12:54 12:54 12:54 12:54 12:54 12:54 12:48 
Distribution and storage 13:24 13:24 13:24 13:24 13:24 13:24 13:18 
Disused and derelict land 12:12 12:12 12:12 12:12 12:12 12:12 12:12 
Remnant countryside 12:06 12:06 12:06 12:06 12:06 12:06 12:06 

 

Figures 5.13 and 5.14 show the maximum surface temperature mapped onto the UMT units 

over Greater Manchester. This highlights areas of the conurbation where higher surface 

temperatures are likely. The general warming pattern over the time periods and emissions 

scenarios can be seen. Figure 5.13 displays a similar warming pattern for the Low and 

High emissions scenarios by the 2020s, but by the 2050s they begin to differ and by the 

2080s they are significantly different. Figure 5.14 shows greater detail of the two extreme 

cases, the 1961-1990 baseline and the 2080s High. 
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Figure 5.13. Energy exchange model output, based on urban morphology types, showing maximum 
surface temperature for the 98th percentile summer day 
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Figure 5.14. Energy exchange model output, based on urban morphology types, showing maximum 
surface temperature for the 98th percentile summer day for the 1961-1990 baseline climate and 2080s 

High emissions scenario 
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5.5.2 Residential Plus or Minus 10% Green Cover 
 

‘Development scenario’ runs were undertaken where the green cover in the three 

residential UMTs was increased or decreased by 10%. This resulted in changes to the 

evaporating fraction (Ef) and the weighted building mass (mc). Changes to the evaporating 

fraction were straightforward and consisted of either adding or subtracting 10% 

evaporating cover to the respective values in table 5.14. Changes to the weighted building 

mass were more complex.  

 

The weighted building mass is a combination of the mass of building cover and other 

impervious surface cover (Section 5.3.3). It was assumed that if green cover is added then 

the same proportion of built cover must be subtracted and vice versa. However, the type of 

the built cover needed to be determined (i.e. whether the additional green cover replaces a 

building and/or a road). It was assumed that both the building and other impervious 

proportions of the built cover would stay the same. So, if for example 60% of built cover is 

other impervious surfaces, when 10% green is added to the UMT, 10% built would be 

subtracted which would consist of 6% other impervious surfaces and 4% buildings. Hence, 

when the change in surface cover is 10%: 

 

new buildings proportion = old buildings proportion ± (buildings proportion of built × 0.1); 

new other impervious proportion = old other impervious proportion ± (other impervious 

proportion of built × 0.1). 

 

The weighted building mass was recalculated using the new proportions of buildings and 

other impervious surfaces in the UMTs. The input values for this ‘development scenario’ 

are shown in table 5.17. 

 
Table 5.17. Input values for evaporating fraction (Ef) and the weighted building mass (mc) in kg/m2 for 

the residential UMT categories plus or minus 10% green cover 
 

Current form +10% green -10% green Residential 
density Ef mc Ef mc Ef mc 

High 0.31 352.62 0.41 303.61 0.21 401.63 
Medium 0.50 253.40 0.60 204.39 0.40 302.41 

Low 0.66 166.61 0.76 117.60 0.56 215.62 
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5.5.2.1 Residential Plus or Minus 10% Green Cover Results 
 

Adding green cover reduces, whereas decreasing green cover increases, the maximum 

surface temperature (Figure 5.15). There is a greater change in maximum surface 

temperature from decreasing green cover (with temperature increases of up to 3.3°C) than 

from increasing green cover (with decreases of up to 2.5°C). This effect is most noticeable 

in the higher density areas. The change in maximum surface temperature as a result of 

increasing or decreasing green cover also becomes larger with time period and emissions 

scenario.  

 

In the 1961-1990 baseline case under current form the maximum surface temperature is 

27.9°C in high density residential areas. Adding 10% green decreases this temperature by 

2.2°C to 25.7°C whilst decreasing green cover by 10% increases the temperature by 2.7°C 

to 30.6°C (Appendix E, table E.1). By the 2080s Low with current form the maximum 

surface temperature is 29.6°C. Adding 10% green reduces this temperature by 2.4°C to 

27.2°C, which is less than for the 1961-1990 current form case. On the other hand, 

decreasing the green cover by 10% increases the maximum surface temperature by 3°C to 

32.6°C. By the 2080s High with current form the maximum surface temperature is 31.6°C 

in high density residential areas. Increasing green cover by 10% can reduce this 

temperature by 2.5°C to 29.1°C, whereas decreasing the green cover by the same amount 

increases the temperature by 3.3°C to 34.9°C. Such a surface temperature is 7°C warmer 

than the 1961-1990 current form case (Appendix E, table E.2).  

 

In low density residential areas the impact of increasing or decreasing green cover is less 

dramatic and does not alter much over the time periods and emissions scenarios. By the 

2080s High, removing 10% green results in temperatures 4.6°C warmer in low density 

residential areas compared to the 1961-1990 current form case.  

 

It is worth noting that a further set of model runs were completed where the evaporating 

fraction in residential areas was again altered by plus or minus 10%. In this instance it was 

assumed that only the proportion of trees would change and that the tree canopy only 

covered other impervious surfaces. Thus, the other impervious cover was altered by plus or 

minus 10% whilst the building cover remained constant. The results are very similar to 
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those for the residential plus or minus 10% green cover scenario (Figure 5.15), with 

differences between the two never being greater than 0.1°C.  

 

Figure 5.15. Maximum surface temperature in high, medium and low density residential areas with 
current form and plus or minus 10% green cover (red dashed line shows 1961-1990 current form 

temperature) 
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5.5.3 Town Centre Plus or Minus 10% Green Cover 

 

This ‘development’ scenario is exactly the same as for residential UMTs plus or minus 

10% green cover, except it considers the town centre UMT. Changes to the evaporating 

fraction (Ef) consist of either adding or subtracting 10% evaporating cover to the respective 

values in table 5.14. It was assumed that if green cover is added then the same proportion 

of built cover, with both the building and other impervious proportions of the built cover 

staying the same, must be subtracted and vice versa. This produced changes to the 

weighted building mass (mc). The input values for this ‘development scenario’ are shown 

in table 5.18. 

 
Table 5.18. Input values for evaporating fraction (Ef) and the weighted building mass (mc) in kg/m2 for 

the town centre UMT category plus or minus 10% green cover 
 

Current form +10% green -10% green UMT 
Ef mc Ef mc Ef mc 

Town centre 0.20 342.20 0.30 409.03 0.10 536.36 
 

5.5.3.1 Town Centre Plus or Minus 10% Green Cover Results 
 

In 1961-1990 under current form the maximum surface temperature in town centres is 

31.2°C. Increasing green cover by 10% decreases this temperature by 3.2°C to 28°C, 

whereas decreasing green cover by 10% increases it by 2.8°C to 34°C (Figure 5.16 and 

Appendix E, table E.3). By the 2080s Low with current form the maximum surface 

temperature is 33.2°C. Increasing green by 10% decreases this by 3.5°C to 29.7°C, which 

is 1.5°C less than the 1961-1990 current form case, whereas decreasing green by the same 

amount increases the temperature by 3.4°C to 36.6°C, 5.4°C more than the 1961-1990 

current form case. By the 2080s High with current form the maximum surface temperature 

is 35.5°C. This decreases by 3.7°C to 31.8°C when 10% green cover is added and increases 

by 3.9°C to 39.4°C when 10% green cover is removed. The maximum surface temperature 

by the 2080s High with 10% less green cover is 8.2°C warmer than the 1961-1990 current 

form case (Appendix E, table E.4). 
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Figure 5.16. Maximum surface temperature in the town centre UMT with current form and plus or 
minus 10% green cover (red dashed line shows 1961-1990 current form temperature) 
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Adding 10% green to town centres keeps the maximum surface temperature at or below 

that for the 1961-1990 current form case up until the 2080s Low emissions scenario 

(Figure 5.16). It is only by the 2080s High that the maximum surface temperature for town 

centres with 10% more green cover is greater than that for this baseline case. 

 

It is worth noting that a further set of model runs were completed where the evaporating 

fraction in town centres was again altered by plus or minus 10%. In this instance it was 

assumed that only the proportion of trees would change and that the tree canopy only 

covered other impervious surfaces. Thus, the other impervious cover was altered by plus or 

minus 10% whilst the building cover remained constant. The results are very similar to 

those for the town centre plus or minus 10% green cover scenario (Figure 5.16), with 

differences between the two never being greater than 0.2°C.  

 

5.5.4 Green Roofs 
 

In this ‘development scenario’ the roofs of all the buildings in a given UMT were greened. 

A new evaporating fraction was calculated by summing the existing evaporating 

proportion (Table 5.14) and the building proportion (Chapter 3). In this case, the building 

mass used was the same as in table 5.14. This was because the new green surfaces are 
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covering, but not replacing, the existing buildings. This ‘development scenario’ was 

undertaken for the UMTs with the highest proportion of buildings (Chapter 3): high density 

residential, manufacturing, distribution and storage, hospitals, town centres, retail, and 

medium density residential. All of these UMTs have a building proportion greater than 

20% (Chapter 3). The input values for this ‘development scenario’ are shown in table 5.19. 

 
Table 5.19. Input values for evaporating fraction (Ef) and the weighted building mass (mc) in kg/m2 for 

the green roofs ‘development scenario’ 
 

Current form Green roofs UMT 
Ef mc Ef mc 

High density residential 0.31 352.62 0.62 352.62 
Manufacturing 0.29 319.67 0.59 319.67 
Distribution and storage 0.30 313.24 0.59 313.24 
Hospitals 0.46 292.68 0.73 292.68 
Town centre 0.20 342.20 0.46 342.20 
Retail 0.24 314.83 0.47 314.83 
Medium density residential 0.50 253.40 0.72 253.40 

 

5.5.4.1 Green Roofs Results 
 

Greening all the roofs results in lower surface temperatures in all the UMTs tested, for all 

time periods and emissions scenarios (Figure 5.17). Roof greening makes the biggest 

difference in the UMTs where the building proportion is high and the evaporating fraction 

is low. Thus, the largest difference was made in the town centres followed by 

manufacturing, high density residential, distribution and storage, and retail. On the other 

hand, the least difference was made in medium density residential, followed by hospitals, 

where the evaporating fractions are already quite high.  

 

The difference made by the roof greening becomes greater with the time period and 

emissions scenario. For example, in 1961-1990, greening roofs results in maximum surface 

temperatures of 24.6°C in town centres, a decrease of 6.6°C compared to the current form 

case. By the 2080s Low, greening roofs in town centres results in maximum surface 

temperatures of 26.2°C, 7.1°C less than when roofs are not greened. By the 2080s High, 

greening roofs in town centres results in temperatures of 28°C, 7.6°C less than if roofs are 

not greened (Appendix E, table E.5). Greening the roofs of these selected UMTs decreases 

surface temperatures for all time periods and emissions scenarios, compared to the 1961-

1990 current form case. 
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Figure 5.17. Maximum surface temperature in selected UMTs with green roofs, compared to the 1961-
1990 (1970s) baseline climate under current form 
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5.5.5 Previously Developed Land Becomes High Density Residential 
 

In this scenario disused and derelict land becomes high density residential. The values for 

the evaporating fraction (Ef) and the weighted building mass (mc) used are those for the 

disused and derelict land and high density residential UMTs in table 5.14. These are 

shown again in table 5.20. Thus, the evaporating fraction changes from 0.78, for disused 

and derelict land, to 0.31, for high density residential. The weighted building mass 

changes from 28.98 kg/m2, for disused and derelict land, to 352.62 kg/m2, for high density 

residential. 

 
Table 5.20. Input values for evaporating fraction (Ef) and the weighted building mass (mc) in kg/m2 

when previously developed land becomes high density residential 
 

UMT Evaporating fraction (Ef) Building mass per unit of land (mc) 
High density residential 0.31 352.62 
Disused and derelict land 0.78 28.98 
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5.5.5.1 Previously Developed Land Becomes High Density Residential 
Results 
 

High density residential developments on disused and derelict land lead to increased 

maximum surface temperatures (Figure 5.18). In 1961-1990 the maximum surface 

temperature of disused and derelict land is 20.3°C compared to 27.9°C for high density 

residential, 7.6°C warmer. The maximum surface temperature of disused and derelict land 

increases less with the time periods and emissions scenarios than it does for high density 

residential areas. By the 2080s Low the maximum surface temperature of disused and 

derelict land is 21.7°C compared to 29.6°C for high density residential, which is 7.9°C 

warmer. By the 2080s High the maximum surface temperature of disused and derelict land 

is 23.4°C compared to 31.6°C for high density residential, 8.2°C warmer. Thus, by the 

2080s, if disused and derelict land becomes high density residential, maximum surface 

temperatures are 9.3°C to 11.3°C warmer than with the 1961-1990 current form case 

(Appendix E, table E.6). 

 

Figure 5.18. Maximum surface temperature in disused and derelict land and high density residential 
(red dashed line shows 1961-1990 disused and derelict land temperature) 
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5.5.6 Improved Farmland Becomes Residential 
 

In this scenario high, medium, or low density residential development takes place on 

improved farmland. The values for the evaporating fraction (Ef) and the weighted building 
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mass (mc) used are those for the improved farmland and high, medium and low density 

residential UMTs in table 5.14. These are shown again in table 5.21. Thus, the evaporating 

fraction changes from 0.95, for improved farmland, to 0.31, 0.50, or 0.66, for high, medium, 

or low density residential, respectively. The weighted building mass changes from 14.81 

kg/m2, for improved farmland, to 352.62, 253.40, or 166.61 kg/m2, for high, medium, or 

low density residential, respectively. 

 
Table 5.21. Input values for evaporating fraction (Ef) and the weighted building mass (mc) in kg/m2 

when improved farmland becomes residential 
 

UMT Evaporating fraction (Ef) Building mass per unit of land (mc) 
Improved farmland 0.95 14.81 
High density residential 0.31 352.62 
Medium density residential 0.50 253.40 
Low density residential 0.66 166.61 

 

5.5.6.1 Improved Farmland Becomes Residential Results 
 

Residential development on improved farmland increases the maximum surface 

temperature, with high density development having the biggest increase (Figure 5.19). In 

1961-1990 the maximum surface temperature of improved farmland is 18.7°C, compared 

to 27.9°C, 24°C, and 21.7°C in high, medium, and low density residential areas, 

respectively. These temperatures are 9.2°C, 5.3°C and 3°C warmer than the improved 

farmland temperatures. By the 2080s Low, the maximum surface temperature of improved 

farmland is 20.1°C compared to 29.6°C, 25.5°C, and 23.1°C in high, medium, and low 

density residential areas, respectively; differences of between 3.0°C and 9.5°C. By the 

2080s High the maximum surface temperature of improved farmland is 21.8°C compared 

to 31.6°C, 27.3°C, and 24.8°C in high, medium, and low density residential areas, 

respectively. Again, these temperatures are 9.8°C, 5.5°C and 3°C warmer than that of 

improved farmland. By the 2080s, maximum surface temperatures of improved farmland 

increase by up to 12.9°C, 8.6°C and 6.1°C, when compared to the 1961-1990 current form 

case if it becomes high, medium and low density residential areas, respectively (Appendix 

E, table E.7). 
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Figure 5.19. Maximum surface temperature in improved farmland and high, medium, and low density 
residential (red dashed line shows 1961-1990 improved farmland temperature) 

14
16
18
20
22
24
26
28
30
32
34

1970s 2020s Low 2020s High 2050s Low 2050s High 2080s Low 2080s High

Time period and scenario

M
ax

 s
ur

fa
ce

 te
m

p 
(°

C)

improved farmland high density residential

medium density residential low density residential

 
 

5.5.7 Water Supply to Grass Limited 

 

The final set of model runs explored the impact of a drought (Chapter 4) on maximum 

surface temperatures. Under such conditions grass may have a limited water supply and 

will therefore evapotranspire less, thus providing less cooling benefit. For these runs it was 

assumed that both mown and rough grass surfaces become bare soil, since it does not 

evapotranspire in this model. Hence a new evaporating fraction (Ef) was calculated for 

each UMT (Table 5.22). The building mass per unit of land (mc) stayed the same as in table 

5.14. The runs were completed for the baseline 1961-1990 climate as well as for the 2020s, 

2050s, and 2080s Low and High emission scenarios, using the relevant values from table 

5.13. 
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Table 5.22. Evaporating fraction by UMT category when grass surfaces are converted to bare soil 
 

UMT Evaporating fraction Water supply to grass limited 
evaporating fraction 

Improved farmland 0.95 0.26 
Unimproved farmland 0.91 0.55 
Woodland 0.98 0.81 
Mineral workings and quarries 0.53 0.18 
Formal recreation 0.93 0.20 
Formal open space 0.90 0.41 
Informal open space 0.94 0.28 
Allotments 0.87 0.69 
Major roads 0.37 0.14 
Airports 0.51 0.05 
Rail 0.46 0.28 
River, canal 0.97 0.83 
Energy production and distribution 0.35 0.12 
Water storage and treatment 0.84 0.66 
Refuse disposal 0.40 0.26 
Cemeteries and crematoria 0.87 0.31 
High density residential 0.31 0.16 
Medium density residential 0.50 0.23 
Low density residential 0.66 0.38 
Schools 0.71 0.13 
Hospitals 0.46 0.24 
Retail 0.24 0.14 
Town centre 0.20 0.12 
Manufacturing 0.29 0.17 
Offices 0.45 0.19 
Distribution and storage 0.30 0.11 
Disused and derelict land 0.78 0.31 
Remnant countryside 0.95 0.40 

 

5.5.7.1 Water Supply to Grass Limited Results 

 

In this case, where grass is excluded from the evaporating fraction, rivers and canals are 

the coolest UMT, with maximum surface temperatures of 19.8°C in 1961-1990 and 21.2°C 

to 22.9°C by the 2080s (Table 5.23). The next coolest UMTs are woodland, allotments, 

and water storage and treatment. The warmest UMT is airports, with temperatures of 

39.1°C in 1961-1990 and 42.0°C to 45.3°C by the 2080s. Other warm UMTs are 

distribution and storage, energy production and distribution, and schools. Town centres 

are the fifth hottest UMT with temperatures of 34.3°C in 1961-1990 and 36.7°C to 39.4°C 

by the 2080s. The temperature difference between rivers and canals, the coolest UMT, and 

airports, the warmest UMT, is 19.3°C in 1961-1990 compared to 20.8°C by the 2080s 

Low and 22.4°C by the 2080s High. This is a much larger range than for the case where 

grass is included in the evaporating fraction, where the difference between the then hottest 
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and coldest UMTs was 12.8°C in 1961-1990, 13.3°C by the 2080s Low and 13.9°C by the 

2080s High. 

 
Table 5.23. Output from the energy exchange model when water supply to grass is limited (so grass 
behaves like bare soil), showing maximum surface temperature for the 98th percentile summer day 

 
Maximum surface temperature (°C) 
2020s 2050s 2080s 

UMT 
1961-
1990 Low High Low High Low High 

Improved farmland 30.0 30.1 30.9 31.1 31.9 31.8 33.8 
Unimproved farmland 23.4 23.8 24.1 24.3 24.9 24.8 26.5 
Woodland 20.0 20.4 20.7 20.9 21.5 21.4 23.1 
Mineral workings and quarries 32.9 33.5 33.9 34.2 35.0 34.9 37.2 
Formal recreation 32.1 32.7 33.1 33.3 34.2 34.1 36.3 
Formal open space 26.0 26.5 26.7 27.0 27.6 27.5 29.3 
Informal open space 29.4 29.9 30.2 30.5 31.2 31.1 33.1 
Allotments 21.3 21.8 22.0 22.2 22.8 22.8 24.4 
Major roads 32.7 33.4 33.8 34.1 35.1 35.0 37.6 
Airports 39.1 40.0 40.5 41.0 42.2 42.0 45.3 
Rail 29.4 29.9 30.2 30.5 31.2 31.1 33.1 
River, canal 19.8 20.2 20.5 20.7 21.3 21.2 22.9 
Energy production and distribution 35.0 35.8 36.2 36.5 37.5 37.4 40.0 
Water storage and treatment 21.7 22.2 22.4 22.6 23.1 23.1 24.8 
Refuse disposal 30.0 30.6 30.9 31.1 31.9 31.8 33.8 
Cemeteries and crematoria 28.5 29.0 29.3 29.5 30.2 30.1 32.1 
High density residential 32.6 33.3 33.7 34.0 34.9 34.8 37.3 
Medium density residential 30.5 31.1 31.4 31.7 32.5 32.4 34.6 
Low density residential 26.6 27.0 27.3 27.6 28.2 28.1 30.0 
Schools 34.9 35.6 36.0 36.4 37.3 37.2 39.7 
Hospitals 30.1 30.6 31.0 31.3 32.1 31.9 34.1 
Retail 33.6 34.3 34.7 35.1 36.0 35.9 38.5 
Town centre 34.3 35.1 35.5 35.9 36.9 36.7 39.4 
Manufacturing 32.4 33.1 33.4 33.8 34.7 34.5 36.9 
Offices 32.0 32.6 33.0 33.3 34.1 34.0 36.3 
Distribution and storage 35.0 35.7 36.1 36.5 37.5 37.4 40.1 
Disused and derelict land 28.5 29.0 29.3 29.5 30.3 30.2 32.1 
Remnant countryside 26.2 26.7 27.0 27.2 27.9 27.8 29.6 

 

The change in maximum surface temperature between the case where grass is included in 

the evaporating fraction and where it is excluded is different from one UMT to the next 

(Figure 5.20). The UMTs experiencing the biggest change in temperature are those where 

grass forms a large proportion of the evaporating fraction. For example, airports, which 

displays the largest temperature changes of between 15.1°C (1961-1990) and 18.1°C 

(2080s High), has an evaporating fraction of 0.51 and grass cover of 0.46, thereby 

accounting for 90% of the overall evaporating fraction. This is the UMT where grass forms 

the largest proportion of the evaporating fraction. In rivers and canals grass forms 14% of 

the evaporating fraction, the lowest proportion out of all the UMTs. This UMT also 

experiences the smallest changes in temperature of between 1.3°C (1961-1990) and 1.2°C 

(2080s High). The actual proportion of grass is also important. For example, in both 
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mineral workings and quarries and energy production and distribution grass forms 66% of 

the evaporating fraction, yet there is a greater temperature change in the former UMT, 

where the grass proportion is 0.35, compared to the latter, where its proportion is 0.23 

(Appendix E, table E.8).  

 

Figure 5.20. Change in maximum surface temperature, for the 98th percentile summer day, when grass 
dries out and stops evapotranspiring  
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There is also considerable variation in the temperature change between the time periods 

and emissions scenarios. For example, in schools, which often have large playing fields, in 

times of drought maximum surface temperatures increase by 13.8°C in 1961-1990 and by 

14.7°C to 15.6°C by the 2080s. Thus, the effect of grass drying out becomes more acute 

with time period and emissions scenario. In woodland, on the other hand, there is very little 

difference in temperature change over the time periods and emissions scenarios.  
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5.6 Discussion 

 

The model proved efficient and easy to use. Once the main parameters were set there were 

only a few that needed changing between model runs. Inputting the results into ArcView 

GIS produced striking images of the maximum surface temperatures over the conurbation. 

Similarly, graphs highlighted the temperature changes in the UMTs resulting from 

different ‘development scenarios’. However, since the model provides the maximum 

surface temperature for each UMT category, the intra-UMT differences in surface 

temperature, resulting from variations in surface cover, are not shown. The model shows 

surface rather than air temperatures. However, mean radiant temperature, which in essence 

is a measure of the combined effect of surface temperatures within a space, is a significant 

factor in determining human comfort, especially on hot days with little wind (Matzarakis et 

al., 1999). One of the main disadvantages of the model is that it has not been validated for 

Greater Manchester. However, it is established from recognised equations representing 

energy fluxes (Tso et al., 1991, 1990). Additionally, the model does not take into account 

the three-dimensional structure of the greenspace. For example, a tree over a shrub over 

grass may be expected to provide more evaporative cooling than grass on its own.  

 

The model also does not account for the important role of trees in providing shade. This 

issue was addressed through a pilot study which took surface temperature measurements, 

using a hand held infrared thermometer, in three open spaces in Manchester between 1 pm 

and 3:10 pm on 2nd September 2005. This was a sunny day with very low wind speeds, and 

air temperatures at Woodford weather station22, which is to the south of the conurbation, 

reached 20°C. The main aim of this study was to compare temperatures of the same surface 

cover types when exposed to the sun and when shaded by tree canopies. The measurements 

were taken in Grosvenor Square, St Anns Square, and Piccadilly Gardens. Two visits were 

made to Grosvenor Square as a control to see how surface temperatures had varied in the 

time taken for the measurements. The second visit was made between 3:35 pm and 3:45 

pm. The surface cover types considered were mown grass and hard impervious surfaces, 

with no shading and with shading by tree canopies and built surfaces where present. 

Fifteen measurements were taken for each surface type, except for on the second visit to 

Grosvenor Square when ten measurements were taken for each. 

                                                 
22 Woodford replaced Ringway as the main weather station in Greater Manchester from 1st November 2004 
(Mayes, 2004). 



Chapter 5. Energy Exchange Model 
 

 196

 

The results show that tree shade significantly reduces surface temperatures (Figure 5.21). 

Over hard impervious surfaces in Grosvenor Square, where there is a well established tree 

canopy, tree shade reduces surface temperatures by as much as 15.6°C. In Piccadilly 

Gardens, on the other hand, where the tree canopy is not very mature, tree shade reduces 

surface temperatures of mown grass by 7.5°C. The surface temperature reductions 

provided by shade cast by built structures appears to be less significant. This could be 

because the survey was undertaken during the middle of the day when buildings were 

casting little shade, or had not been providing shade for very long. These results suggest 

that the role of trees, and in particular mature trees, in providing shade, especially in the 

middle of the day, is very important. 

 

Figure 5.21. Mean surface temperature with 95% confidence interval for mown grass and impervious 
surfaces with tree and built shade in Grosvenor Square (two visits), St Anns Square, and Piccadilly 

Gardens, taken between 1:00 pm and 3:45 pm on a sunny day (2nd September 2005) 
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The modelling work highlights the importance of greenspace in cooling the conurbation. 

Not only do the patches of green provide cooler oases, but the importance of green surfaces 

within the more built-up matrix is apparent. Indeed, town centres have both the highest 

maximum surface temperatures, 31.2°C for the 98th percentile summer day in 1961-1990, 

and the lowest proportion of evapotranspiring surfaces at 20%. On the other hand, 
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woodlands have the lowest maximum surface temperatures of 18.4°C in 1961-1990, and 

the highest evapotranspiring surface cover of 98%. In the absence of any developmental 

change, climate change will increase maximum surface temperatures by between 1.5°C 

and 3.2°C in woodlands, and 2.0°C and 4.3°C in town centres by the 2080s Low and High 

emissions scenarios, respectively. In the three residential areas of differing densities the 

evaporating cover ranges from 31-66% and the surface temperatures vary by 6.2°C to 

6.8°C depending on the time period and emissions scenario. The modelling work also 

suggests there will be an intensification of the maximum surface temperature difference 

over the conurbation with climate change, with the difference between the warmest and 

coolest UMTs increasing from 12.8°C in 1961-1990 to 13.9°C by the 2080s High. An 

intensification of London’s nocturnal urban heat island with UKCIP02 climate change 

scenarios was also suggested through statistical modelling (Wilby, 2003).  

 

The energy exchange modelling also shows that adding green cover can moderate changes 

in maximum surface temperatures caused by climate change. In town centres and high 

density residential areas, adding 10% green cover keeps temperatures for the 98th 

percentile summer day at or below those for the 1961-1990 baseline case up until the 

2080s High. Similarly, greening roofs in areas with a high proportion of buildings, such as 

town centres, high density residential, manufacturing, distribution and storage, and retail 

can keep temperatures below those of the 1961-1990 baseline case for all time periods and 

emissions scenarios. Chapter 7 will discuss climate adaptation at the conurbation and 

neighbourhood level, including the feasibility of adding 10% green cover and roof 

greening.  

 

However, the potential of green cover in moderating surface temperatures may be 

compromised by the occurrence of a drought, when grass dries out and loses its 

evaporative cooling function. For example, in schools, where playing fields often provide 

large grass surfaces, maximum surface temperatures for the 98th percentile summer day are 

between 21.1°C in 1961-1990 and 24.2°C by the 2080s High. This increases by 13.8°C-

15.6°C when grass is no longer evapotranspiring, resulting in maximum surface 

temperatures of 34.9°C in 1961-1990 and 39.8°C by the 2080s High. The BETWIXT daily 

weather generator suggests that with climate change there will be more consecutive dry 

days and heatwaves of longer duration in summer (Chapter 2). The drought mapping 

(Chapter 4) also suggests a significant increase with climate change in the number of 

months when grass becomes water stressed and hence evapotranspiration is reduced. Thus, 
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it is likely that there will be more situations where grass loses its evaporative cooling 

function unless counter measures are taken. In such situations the roles of water surfaces in 

providing cooling and trees in providing shade become increasingly important. In addition, 

irrigation measures may need to be considered. This will be discussed further in chapter 7.  

 

On the other hand, the modelling work highlights the dangers of removing green from the 

conurbation. If green cover in high density residential areas and town centres is reduced by 

10%, surface temperatures for the 98th percentile summer day are 7°C or 8.2°C warmer by 

the 2080s High in each, when compared to the 1961-1990 baseline case. The discussion of 

changes to urban form through growth and densification (Section 3.4.2) suggests that this 

kind of change in surface cover is not unlikely (e.g. Pauleit et al., 2005; Duckworth, 2005). 

Residential developments on disused and derelict land also increase maximum surface 

temperatures. If such developments take place the cooling effect of these oases is 

diminished. National planning policy guidance (PPG3) (ODPM, 2002) as well as the draft 

North West Regional Spatial Strategy (NWRA, 2006) favour development on brownfield 

sites. Similarly residential development on farmland increases the maximum surface 

temperature.  

 

5.7 Conclusion 

 

This chapter has focussed on the energy exchange, or surface temperature modelling. It has 

explored the impacts of both climate change and differing ‘development scenarios’ on 

maximum surface temperatures. The modelling work highlights the major role that urban 

greenspace plays in moderating surface temperatures. The coolest parts of the conurbation 

are those with the highest greenspace cover, for example woodlands, whilst the warmest 

have the least evaporating cover, for example town centres.  

 

The modelling work suggests that greenspace can be used to reduce or even remove the 

effects of climate change on increasing surface temperatures. For example, adding 10% 

green cover keeps maximum surface temperatures for the 98th percentile summer day in 

high density residential areas and town centres at or below the 1961-1990 current form 

case up until the 2080s High. The addition of green roofs in town centres and high density 

residential areas is also shown to be an effective way to moderate surface temperature 

increases with climate change. On the other hand, removing 10% green from these areas 
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results in increased maximum surface temperatures by up to 8.2°C by the 2080s High, 

compared to the 1961-1990 current form case.  

 

A caveat to the use of greenspace to moderate surface temperatures is the case of a drought 

(Chapter 4) when plants may experience water stress and reduce their evapotranspiration. 

In such a case the role of water bodies, for their evaporative cooling, and trees, for the 

shade they provide, become increasingly important. Their use in adapting for climate 

change will be explored further in chapter 7. The next chapter focuses on the surface runoff 

modelling, and the role of urban greenspace in decreasing surface runoff. 
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Chapter 6. Surface Runoff Model 
 

6.1 Introduction 

 

The previous chapter discussed the energy exchange modelling. This chapter considers the 

hydrology of the city using a surface runoff modelling approach. The aim is to explore the 

impacts of both climate change and differing ‘development scenarios’ on surface runoff. 

The main focus is on the use of greenspace to moderate surface runoff. Thus, this chapter 

addresses the second research objective, namely, to develop a geographical information 

systems based approach that provides quantitative estimates of surface temperature and 

surface runoff in relation to greenspace pattern and attributes. It also contributes to the 

final research objective, namely, to test options for soft engineering to determine if 

greenspace can reduce the impacts of climate change on people and buildings.  

 

In the introduction to this thesis, the impact of urbanisation on hydrology was discussed 

(Section 1.3). Due to a greater surface sealing both the volume and rate of surface runoff 

increase in urban areas following a rainfall event (Bridgman et al., 1995). Climate change, 

with higher intensity precipitation events especially in winter, could further exacerbate this 

impact (e.g. Pilling and Jones, 1999). An increase in surface runoff is an important issue 

because it can result in both riverine flooding, as well as in combined sewer overflows, 

where the capacity of drains is overwhelmed by the runoff (Bridgman et al., 1995). 

Flooding impacts on both people (Reacher et al., 2004; Baxter et al., 2002; Shackley et al., 

2001) and buildings (Graves and Phillipson, 2000). 

 

There are many different models available for considering runoff from urbanised 

catchments which are increasingly linked to GIS (e.g. Watershed Science Centre, 2000). 

Lumped models assume that a whole catchment can be represented by a single set of 

parameters, whereas distributed models allow for spatial variations between parameters 

(Mansell, 2003). Initial perceptual models representing hydrological processes can be 

translated into mathematical models by representing the processes with equations. These 

can be empirically based, using observed relationships between rainfall and runoff, without 

attempting to represent the actual processes in detail. Physically based models use 

mathematical relationships based on the physical processes, often derived in laboratories. 



Chapter 6. Surface Runoff Model 
 

 201

Conceptual models represent the processes using a simplified schematisation (Mansell, 

2003). The models vary greatly in their complexity and data requirements (Mansell, 2003; 

Watershed Science Centre, 2000). Whilst there is a temptation to use the most complex 

model available, there can often be much uncertainty in the values given to parameters 

(Mansell, 2003). 

 

In the UK the Flood Estimation Handbook provides a method for estimating the effective 

rain (Mansell, 2003). This approach estimates the gross rainfall depth for a given duration 

and return period and distributes this according to a standard profile to produce a gross 

rainfall hyetograph. The effective rainfall is then determined by multiplying the gross 

rainfall by a percentage of runoff. The percentage of runoff is a function of antecedent 

catchment conditions, the rainfall depth, the extent of urban development, and the soil type 

or geology. The extent of urban development (URBEXT) is measured by the proportion of 

developed land in the catchment and is defined as: URBEXT = URBEXT + 0.5 

SUBURBEXT, where URBEXT refers to urban areas which are mostly covered by concrete 

and other impervious surfaces, whilst SUBURBEXT refers to suburban areas which have a 

mixture of paved areas and vegetation (Mansell, 2003). Whilst this method is simple, it 

does not sufficiently consider the role of greenspace in urban areas.  

 

In this chapter, surface runoff is quantified using a previously developed model that has 

few input requirements and is straightforward to use (Whitford et al., 2001). Importantly, 

the model demonstrates the effect of greenspace on the hydrology of urban areas, 

distinguishing between different types of greenspace. The urban morphology types 

(Chapter 3) formed the spatial basis of the surface runoff modelling.  

 

The chapter begins by discussing this model (Section 6.2). It then discusses the input 

parameters for the model, and in particular how these have been customised for Greater 

Manchester (Section 6.3). The input requirements for the model include the proportional 

surface cover which was determined in chapter 3. Section 6.4 then presents various sets of 

model runs. The model was run for the different UMT categories under present day and 

climate change scenarios. The results were entered into ArcView GIS and viewed spatially 

over the conurbation. Other model runs were also performed, looking at the effects of 

adding and taking away green cover in key areas in the conurbation on surface runoff, 

again under present day and climate change scenarios. The different ‘development 

scenarios’ were similar to those explored with the energy exchange model (Chapter 5). 
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They include residential areas plus or minus 10% green or tree cover, town centres plus or 

minus 10% green or tree cover, selected UMTs with green roofs, previously developed 

land becoming high density residential, increased tree cover on previously developed land 

by 10-60%, improved farmland becoming residential, and selected UMTs with permeable 

paving. 

 

6.2 The Surface Runoff Model 

 

The surface runoff model is based upon the Soil Conservation Service (SCS, 1972) 

approach, which computes abstractions from storm rainfall (Figure 6.1). The term 

abstraction refers to rainfall that is retained in the basin following a storm and therefore 

does not contribute to surface runoff. It includes water that is intercepted, infiltrated, and 

stored on the surface. This method is described in hydrology textbooks (e.g. Viessman et 

al., 1989; Chow et al., 1988) and is outlined by the US Department of Agriculture Natural 

Resources Conservation Service (NRCS, 1986). The approach also forms the basis of the 

CITYgreen surface runoff model (American Forests, 2002). The method is based both on 

theory as well as on the results of empirical studies into precipitation runoff from many 

small watersheds. 

 
Figure 6.1. Variables in the SCS method of rainfall abstractions: Ia = initial abstraction, Pe = rainfall 

excess (direct runoff), Fa = continuing abstraction, P = total rainfall (Chow et al., 1988) 

 
 

Surface runoff occurs either when precipitation exceeds the infiltration capacity of the soil 

or when the water table reaches the surface (Mansell, 2003). This approach applies to 

direct surface runoff and does not consider the case when high ground water levels 

contribute to runoff (NRCS, 1986). In the approach, runoff depth (Pe) is always less than 
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or equal to precipitation depth (P). There is some amount of rainfall (Ia), the initial 

abstraction, for which no runoff occurs, so the potential runoff is P-Ia. This initial 

abstraction consists mainly of interception, infiltration, and surface storage, which occur 

before runoff begins. Also, once runoff begins, the additional depth of water retained in the 

catchment (Fa) is less than or equal to the potential maximum retention (S). It is assumed 

that the ratios of the two actual and potential quantities are equal, such that: 
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From the continuity principle: 

 

aae FIPP ++=  (6.2)

 

Combining equations 6.1 and 6.2 gives the basic equation for computing the depth of 

runoff from a storm: 
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However, the following empirical relationship was developed by studying results from 

many small experimental watersheds: 

 

SI a 2.0=  (6.4)

 

Thus: 
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The Soil Conservation Service plotted data for P and Pe from many watersheds. They 

standardised these curves by developing a dimensionless curve number (CN) between 0 

and 100. For impervious surfaces CN = 100, whilst CN < 100 for pervious surfaces. This 
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curve number, which can be determined for a particular watershed, is related to S by the 

following equation (where S is in mm): 

 

4.252540
−=

CN
S  (6.6)

 

The curve numbers are calculated for normal antecedent moisture conditions (AMCII). 

These can be converted to curve numbers for dry (AMCI) and wet (AMCIII) antecedent 

moisture conditions (Chow et al., 1988): 

 

)(058.010
)(2.4)(

IICN
IICNICN

−
=  (6.7)

  

)(13.010
)(23)(

IICN
IICNIIICN

+
=  (6.8)

 

The antecedent moisture condition is based on the rainfall over the previous five days and 

is dependent on season (Table 6.1).  

 
Table 6.1. Antecedent moisture condition classification (SCS, 1972) 

 
Total 5-day antecedent rainfall (mm) AMC 

Dormant season Growing season 
I <12.7 <35.56 
II 12.7-27.94 35.56-53.34 
III >27.94 >53.34 

 

Soils are classified into hydrologic soil groups to indicate the minimum rate of infiltration 

obtained for bare soil after prolonged wetting (Table 6.2). The infiltration rate is the rate at 

which water enters the soil at the soil surface and is controlled by surface conditions. The 

hydrologic soil type also indicates the transmission rate of water through the soil, 

controlled by the soil profile (NRCS, 1986). It is noted that soil profiles may be 

considerably altered as a result of urbanisation such that the group classifications no longer 

apply (NRCS, 1986). In such cases the classification should be made according to the 

texture of the new surface soil, providing that significant compaction has not occurred (see 

disturbed soil profile in Table 6.2). It is also noted that some soils will be classed as group 

D because of a high water table that creates a drainage problem. Once these soils are 

effectively drained they are classified differently (NRCS, 1986). 
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Table 6.2. Soil Conservation Service hydrologic soil classification, including recommendations for 
disturbed soil profiles (after NRCS, 1986) 

 
Soil 

Type 
Description Disturbed soil 

profile texture 
A Soils having low runoff potential and high infiltration rates even when 

thoroughly wetted. They consist chiefly of deep, well to excessively 
drained sands or gravels and have a high rate of water transmission (greater 
than 7.62 mm/hr). 

Sand, loamy sand, 
or sandy loam 

B Soils having moderate infiltration rates when thoroughly wetted and 
consisting chiefly of moderately deep to deep, moderately well to well 
drained soils with moderately fine to moderately coarse textures. These 
soils have a moderate rate of water transmission (3.81-7.62 mm/hr) 

Silt loam or loam 

C Soils having low infiltration rates when thoroughly wetted and consisting 
chiefly of soils with a layer that impedes the downward movement of water 
and soils with moderately fine to fine texture. These soils have a low rate of 
water transmission (1.27-3.81 mm/hr). 

Sandy clay loam 

D Soils having a high runoff potential. They have very low infiltration rates 
when thoroughly wetted and consist chiefly of clay soils with a high 
swelling potential, soils with a permanent high water table, soils with a 
claypan or clay layer at or near the surface, and shallow soils over nearly 
impervious material. These soils have a very low rate of water transmission 
(0-1.27 mm/hr). 

Clay loam, silty clay 
loam, sandy clay, 
silty clay, or clay 

 

The Soil Conservation Service has tabulated curve numbers on the basis of hydrologic soil 

type and land use (Table 6.3). Composite curve numbers can be calculated for watersheds 

with different land uses and soil types by weighting each curve number according to its 

area (Viessman et al., 1989; Chow et al., 1988). 

 
Table 6.3. Curve numbers for various land uses for AMCII (Chow et al., 1988) 

 
Hydrologic soil group Land use description 
A B C D 

Without conservation treatment 72 81 88 91 Cultivated 
With conservation treatment 62 71 78 81 
Poor condition 68 79 86 89 Pasture or range land 
Good condition 39 61 74 80 

Meadow Good condition 30 58 71 78 
No mulch, poor cover 45 66 77 83 Wood or forest 
Good cover 25 55 70 77 
Good condition (≥75% grass cover) 39 61 74 80 Open spaces (golf courses, cemeteries, 

etc) Bad condition (50-75% grass cover) 49 69 79 84 
Commercial and business areas (85% impervious) 89 92 94 95 
Industrial districts (72% impervious) 81 88 91 93 

(average 65% impervious) 77 85 90 92 
(average 38% impervious) 61 75 83 87 
(average 30% impervious) 57 72 81 86 
(average 25% impervious) 54 70 80 85 

Residential areas 

(average 20% impervious) 51 68 79 84 
Paved parking lots, roofs, driveways, etc 98 98 98 98 

Paved with curbs and storm sewers 98 98 98 98 
Gravel 76 85 89 91 

Streets and roads 

Dirt 72 82 87 89 
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The model equations were entered into Excel in order to calculate runoff. A Windows 

version of the model is available (NRCS, 2002). However, for the purposes of this research 

it was simple enough to set up an Excel spreadsheet. A storm runoff coefficient, Pe/P, 

which is the proportion of runoff from a given rainfall event was calculated following the 

approach used by Pandit and Gopalakrishnan (1996) and Whitford et al (2001).  

 

6.3 The Input Parameters 

 

For this study, runoff coefficients were calculated for each UMT category. The input 

parameters were surface cover, precipitation, and antecedent moisture conditions. In 

addition, each UMT unit was categorised according to its hydrological soil type. These 

parameters are considered in turn below.  

 

6.3.1 Surface Cover 

 

The proportional surface cover of each UMT category is known as a result of the 

characterisation of the urban area (Chapter 3). Each surface cover type was classified as 

one of the land uses listed by Chow et al. (1988) (Table 6.3) following the approach used 

by Whitford et al. (2001) (Table 6.4).  
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Table 6.4. Curve numbers for the different surface cover types used in this study based on hydrologic 
soil type and antecedent moisture conditions (AMC) 

 
Hydrologic soil type AMC Surface cover 

type 
Land use classification (Chow et al., 
1988) A B C D 

building paved parking lots, roofs, driveways, etc 98 98 98 98 
other impervious paved parking lots, roofs, driveways, etc 98 98 98 98 
tree wood or forest: good cover 25 55 70 77 
shrub wood or forest: poor cover 45 66 77 83 
mown grass pasture or range land: good condition 39 61 74 80 
rough grass meadow 30 58 71 78 
cultivated cultivated land: average 67 76 83 86 
water - - - - - 

AMCII 
(Normal) 

bare soil average of streets and roads: dirt & gravel 74 83.5 88 90 
building paved parking lots, roofs, driveways, etc 95.4 95.4 95.4 95.4 
other impervious paved parking lots, roofs, driveways, etc 95.4 95.4 95.4 95.4 
tree wood or forest: good cover 12.3 33.9 49.5 58.4 
shrub wood or forest: poor cover 25.6 44.9 58.4 67.2 
mown grass pasture or range land: good condition 21.2 39.6 54.4 62.7 
rough grass meadow 15.3 36.7 50.7 59.8 
cultivated cultivated land: average 46.0 57.1 67.2 72.1 
water - - - - - 

AMCI 
(Dry)  

bare soil average of streets and roads: dirt & gravel 54.4 68.0 75.5 79.1 
building paved parking lots, roofs, driveways, etc 99.1 99.1 99.1 99.1 
other impervious paved parking lots, roofs, driveways, etc 99.1 99.1 99.1 99.1 
tree wood or forest: good cover 43.4 73.8 84.3 88.5 
shrub wood or forest: poor cover 65.3 81.7 88.5 91.8 
mown grass pasture or range land: good condition 59.5 78.2 86.7 90.2 
rough grass meadow 49.6 76.1 84.9 89.1 
cultivated cultivated land: average 82.4 87.9 91.8 93.4 
water - - - - - 

AMCIII 
(Wet) 

bare soil average of streets and roads: dirt & gravel 86.7 92.1 94.4 95.4 
 

 

The curve numbers were then weighted for each UMT category: 

 

i
i

iUMT pcCNCN ×= ∑
=

9

1

 (6.9)

 

where CNUMT is the weighted curve number, and pc is the proportional cover for surface 

cover types i = 1 to 9, listed in table 6.4. The weighted curve numbers vary according to 

both the UMT category and the ‘development scenario’, and will be presented along with 

each set of model runs (Section 6.4).  

 

6.3.2 Soil Type 

 

The hydrological soil type classification makes use of digital soil information from the 

National Soil Resources Institute at Cranfield University (NSRI, 2004). This comprises 
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vector and gridded vector versions of the 1:250,000 National Soil Map which can be used 

in conjunction with tabular datasets on the soil series. Whilst the dataset includes urban 

areas, soil profiles in such areas may be significantly altered as a result of development 

(Craul, 1999), particularly where previously developed land occurs. The Cranfield soils 

vector shapefile was clipped to the boundary of Greater Manchester in ArcView. The soil 

series datasets and, in particular, the hydrology dataset, were then joined to the Greater 

Manchester shapefile. Twenty four soil series are present in Greater Manchester (Figure 

1.13). Unfortunately, the Cranfield data set did not include an SCS hydrological soil type 

classification (Table 6.2), therefore a methodology was developed using the available data. 

 

The Cranfield dataset included a HOST (Hydrology of Soil Types) classification for each 

soil series. This was used to help determine the SCS hydrologic soil type. The HOST 

classification is based on conceptual models describing the dominant pathways of water 

movement through the soil and, where appropriate, substrate (Boorman et al., 1995). The 

models fall into three physical settings (Figure 6.2): (i) the soil overlies a permeable 

substrate, in which a ground water table usually exists and is at a depth of greater than 2 

metres; (ii) the soil overlies a permeable substrate but there is a shallow water table 

generally within 2 metres, either in the soil or substrate; (iii) there is no significant 

groundwater or aquifer but usually a (shallow) impermeable substrate impedes vertical 

movement of water. 

 

Figure 6.2. Physical settings underlying the HOST response models (Boorman et al., 1995) 

 
 

Within these three basic physical settings there are variations caused by the nature of the 

parent material, the organic content of the soil, and the influence of climate. These factors 

are indexed by the presence of a slowly permeable or gleyed layer within 1 metre of the 

surface, the presence of a gleyed layer within 0.4 metres of the surface, and the presence of 

a peaty surface layer. Thus, there are a total of 11 different response models in the HOST 

classification (Figure 6.3). These response models identify groups of soils that are expected 
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to respond in the same way to rainfall. However, the rate of the responses differs according 

to the specific nature of the soil and substrate (Boorman et al., 1995). Thus, within some of 

the response models there are further subdivisions according to flow rate and water storage, 

creating a total of 29 HOST classes (Boorman et al., 1995) (Appendix F). 

 

Figure 6.3. The eleven response models of the HOST classification (Boorman et al., 1995) 

 
 

The HOST response models formed the basis for the classification of the soils in Greater 

Manchester into SCS hydrologic soil types. In Greater Manchester, soils are present within 

HOST response models A, D, E, F, G, I, J, and K (Table 6.5). In most cases the soils 

within a HOST model were all assigned to one SCS class. The exception to this rule is 

response model G, where the two soil series present in Greater Manchester, Longmoss and 

Turbary Moor, were grouped into different SCS classes (Table 6.5) as a result of 

subdivisions to this model. Descriptions of the hydrology within each model assisted with 

the classification (Boorman et al., 1995), as did other relevant information from the 

Cranfield dataset such as the simple description, the dominant and associated soils, and the 
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standard percentage runoff (SPR)23. Table 6.5 summarises and provides a brief justification 

for the classifications. A fuller discussion of each response model is considered below. 

 
Table 6.5. SCS hydrological soil type classification of soils present in Greater Manchester (colour 

coded according to SCS class) 
 

HOST 
model 

Soil series SCS 
class 

Justification using information from the Cranfield data set and 
descriptions of the HOST response models (Boorman et al., 1995) 

Bridgnorth A Sandy over sandstone, well drained, SPR 12 
Crannymoor A Deep sandy, well drained, SPR 12 
Newport 1 A Deep sandy, well drained, SPR 12 
Rivington 1 A Loam over sandstone, well drained, although Whitford et al. (2001) 

classified it as SCS class B it has a very low SPR of 2 
Rivington 2 A Loam over sandstone, well drained, although Whitford et al. (2001) 

classified it as SCS class B it has a very low SPR of 2 

A 

Wick 1 A Deep loam, well drained coarse loamy & sandy soils over gravel, SPR 12 
D Belmont C Peat to loam over sandstone, peaty topsoils dominate hydrology, SPR 48 
E Alun B Deep permeable coarse loamy soils, SPR 30 

Blackwood B Deep permeable sandy & coarse loamy soils, SPR 35 
Conway B Deep fine silty & clayey soils variably affected by groundwater, SPR 25 
Enborne B Deep loam, fine loamy & clayey soils variably affected by groundwater, 

SPR 35 

F 

Sollom 1 B Deep humose sandy soils, SPR is 35 
Longmoss D Thick peat soils, undrained and perennially wet, SPR 60 G 
Turbary 
Moor 

A Deep earthy peat soils, groundwater usually controlled by ditches where 
cultivated, mainly occurs on improved farmland areas in Greater 
Manchester, SPR 2 

I Flint C Deep loam, fine loamy over clayey soils with slowly permeable subsoils 
and slight seasonal waterlogging, SPR 47 

J Brickfield 3 C Slowly permeable seasonally waterlogged fine loamy, fine loamy over 
clayey & clayey soils, SPR 40 

J Crewe C Slowly permeable seasonally waterlogged clayey & fine loamy over clayey
soils, SPR 40 

J Neutral 
restored 
opencast 

C Slowly permeable seasonally waterlogged compacted fine loamy and 
clayey soils, SPR 40 

J Rufford C Slowly permeable seasonally waterlogged coarse loamy over clayey soils, 
SPR 40 

J Salop C Slowly permeable seasonally waterlogged fine loamy over clayey, fine 
loamy & clayey soils, SPR 40 (same classification as Whitford et al., 2001)

K Wilcocks 1 D Seasonally wet deep peat to loam, slowly permeable, surface runoff is a 
feature of soils in model K, SPR 59 

K Winter Hill D Blanket peat, perennially wet, surface runoff is a feature of soils in model 
K, SPR 60 

 

All of the soils in HOST model A were assigned to SCS hydrologic soil class A (Table 6.5). 

Model A describes “the dominant water movement in permeable, well drained soils with 

permeable substrates. The dominant water movement is downwards through the vadose 
                                                 
23 SPR is the percentage of rainfall that causes the short-term increase in flow seen at the catchment outlet. 
The calculation of SPR is based on the analysis of flood event data i.e. collated flow and rainfall data for 
storm events. Whilst the base flow index was the main hydrological variable used in the development of the 
HOST classification, a limited use was made of SPR. The HOST project uses catchment average SPR, based 
on a number of events and catchments (Boorman et al., 1995). Thus, SPR does not discriminate between 
either catchment wetness or rain events. It also does not take account of urban areas, as rural catchments were 
studied. However, the SPR already incorporates surface cover, all be it natural. 
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zone to the aquifer or groundwater table at least two metres below the surface” (Boorman 

et al., 1995, p. 28). The classification of Rivington 1 and 2 as class A differs from that 

made by Whitford et al. (2001), who assigned them to class B. Class A was deemed more 

suitable since the Rivington series is described as “very porous and well drained” and 

excess winter rainfall “passes downwards easily through the permeable substrate” (Ragg et 

al., 1987, pp. 274-275). 

 

Belmont, the only soil in Greater Manchester classified as HOST model D, was assigned to 

SCS hydrologic soil class C (Table 6.5). The Cranfield dataset describes it as “peat to loam 

over sandstone”, yet within model D “the raw peaty topsoils dominate the hydrology, 

although a limited amount of throughflow penetrates the groundwater (where present)” 

(Boorman et al., 1995, p. 28). In addition the “preponderance of steep slopes, wet peaty 

surface horizons and thin ironpan causes rapid run-off leading to erosion after storms or 

prolonged heavy rain” (Ragg et al., 1987, p. 99). 

 

Alun, classified as HOST model E, was assigned to SCS class B (Table 6.5). Alun is 

described in the Cranfield dataset as “deep stoneless permeable coarse loamy soils” whilst 

in model E the “dominant flow pathways are… vertical” (Boorman et al., 1995, p. 28).  

 

In HOST model F the response of the soil is “governed by saturated lateral or sublateral 

flow” (Boorman et al., 1995, p. 28). An air capacity of around 12.5% equates with a 

saturated lateral conductivity of 1 m/day (Boorman et al., 1995). Thus, the soils described 

in this model are subdivided into those with a low integrated air capacity (IAC) of ≤12.5% 

(generally soils with medium loamy, silty or clayey textures) and those where the 

integrated air capacity is >12.5% (generally with coarser, light loamy, sandy or gravely 

textures) (Boorman et al., 1995). In Greater Manchester, Conway has IAC≤12.5%, whilst 

Blackwood, Enborne and Sollom 1 have IAC>12.5% (Boorman et al., 1995). This suggests 

that, with a slower water conductance, runoff would be more likely from Conway. 

However, Conway has a lower SPR than the other soils (Table 6.5). Thus, the soils present 

in Greater Manchester in HOST model F were all assigned to SCS class B (Table 6.5). The 

soils also all behave similarly in terms of seasonal waterlogging (Ragg et al., 1987, pp. 104, 

141, 183, 297), and for Blackwood and Sollom soils “surplus winter rainwater passes 

easily downwards through the upper layers of all the soils” (Ragg et al., 1987, p. 297). 
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In Greater Manchester, Longmoss and Turbary Moor are classified as Model G. Model G 

describes the flow regime in peat soils with a permanently high groundwater table where 

the flow response is dominated by surface runoff (Boorman et al., 1995). However, the 

model is subdivided according to whether the peat is drained or undrained (Boorman et al., 

1995). When soils are drained the flow regime is more like that in models E and F 

(Boorman et al., 1995). Although both Longmoss and Turbary Moor are peats, they were 

assigned to SCS classes D and A, respectively. This is because Turbary Moor primarily 

occurs on improved farmland areas in Greater Manchester where the high groundwater 

levels are likely to be controlled by ditches. It also has a very low SPR value (Table 6.5). 

 

Flint is classified as Model I. Despite the presence of clayey soils, it was assigned to SCS 

soil class C due to soils being loamy (Table 6.5). Model I describes conditions “where 

there is some inhibition to water movement down through the soil profile” (Boorman et al., 

1995, p. 29) and applies to “soils with impermeable or slowly permeable substrates in 

which there is no significant groundwater or aquifer” (Boorman et al., 1995, p. 32). 

 

Model J soils present in Greater Manchester are Brickfield 3, Crewe, Neutral Restored 

Opencast, Rufford and Salop. Despite the presence of clayey soils, these soils were all 

assigned to SCS hydrologic soil class C due to the mix with loamy soils (Table 6.5). Model 

J, like Model I, applies to “soils with impermeable or slowly permeable substrates in which 

there is no significant groundwater or aquifer” (Boorman et al., 1995, p. 32). 

 

Model K soils, Wilcocks 1 and Winter Hill, were both placed into SCS hydrologic soil 

class D, since they are peaty with high SPR values (Table 6.5). In model K the flow regime 

is “strongly influenced by the raw peaty topsoil as well as the underlying substrate. Surface 

runoff is a feature of these soils and the upper soils remain saturated for much of the 

year… The rock is often close to the surface further restricting downward percolation. 

Where there is deep peat, the flow is dominated by surface and immediate subsurface flow, 

with the underlying substrate having little influence on the hydrological response except 

where the peat is eroded” (Boorman et al., 1995, pp. 29-30).  

 

Table 6.5 shows the resulting SCS classification for the soil series present over Greater 

Manchester. In terms of the SPR values, SCS class A includes values from 2-12%, class B 

from 25-35%, class C from 40-48%, and class D from 59-60%. Figure 6.4 shows the 

spatial distribution over Greater Manchester of the SCS classification. Following this, the 
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predominant SCS soil type was attributed to each UMT unit using the ‘Arc4You’ tool, an 

extension to ArcView (available from http://www.spatial-online.com) (Figure 6.5). This 

map will then be used as the spatial basis for the runoff modelling. 

 

Figure 6.4. SCS hydrologic soil types over Greater Manchester 

 
 

Figure 6.5. Predominant SCS hydrologic soil types in each UMT unit over Greater Manchester 

 

http://www.spatial-online.com/
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6.3.3 Precipitation 

 

Runoff coefficients can be calculated for different rainfall events. For the purposes of this 

research differing precipitation events must be considered in order to compare runoff for 

the 1961-1990 baseline as well as the future climate scenarios. Firstly, what constitutes a 

rainfall event must be defined. 

 

Whitford et al. (2001) modelled storms of 12 mm, which they stated to be a ‘typical’ heavy 

rainfall event for North West England. They do not, however, define what they mean by 

‘event’ or state the duration of this rainfall event. Whilst the Flood Estimation Handbook 

recommends that rainfall depth-duration-frequency relationships are estimated using a 

generalised procedure (Faulkner, 1999), the SCS approach used for this research does not 

contain an expression for time and therefore does not account for rainfall duration or 

intensity (NRCS, 1986).  

 

It was therefore decided that for this research the duration of an event should be fixed. The 

technical release with guidance on the use of the SCS method for estimating runoff 

provides rainfall time distributions for four regions of the US (NRCS, 1986). These 

distributions are all for a 24-hour period, chosen because of the general availability of daily 

rainfall data, as well as because the 24-hour duration spans most of the applications of the 

SCS approach (NRCS, 1986). It was considered that a 24-hour period would be suitable for 

this research, as daily rainfall is an output of the BETWIXT weather generator (Watts et al., 

2004) (Chapter 2). 

 

The weather generator daily time series output for Ringway was downloaded from the 

BETWIXT website (BETWIXT, 2005). Data for the baseline 1961-1990 time period, as 

well as for the 2020s, 2050s, and 2080s, Low and High emissions scenarios, was 

interrogated to produce statistics for daily rainfall (Tables 6.6 to 6.9). For comparative 

purposes, the BETWIXT modelled daily rainfall for 1961-1990 was used rather than Met 

Office observed daily rainfall for the period. 
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Table 6.6. Winter daily precipitation (mm) for Ringway, calculated from time series output from the 
BETWIXT daily weather generator  

 
2020s 2050s 2080s  1961-

1990 Low High Low High Low High 
Mean 1.8 2.2 2.3 2.4 2.7 2.7 3.1 
90th percentile 5.6 6.6 6.8 7.4 8.2 8.2 9.5 
95th percentile 9.0 10.3 11.1 11.3 12.4 12.2 14.1 
99th percentile 17.7 22.6 23.4 23.3 24.6 25.1 28.4 

 
Table 6.7. Summer daily precipitation (mm) for Ringway, calculated from time series output from the 

BETWIXT daily weather generator 
 

2020s 2050s 2080s  1961-
1990 Low High Low High Low High 

Mean 2.4 2.1 1.8 1.9 1.4 1.6 0.9 
90th percentile 7.5 6.3 5.9 5.9 4.5 5.2 2.4 
95th percentile 11.8 10.2 9.2 9.7 7.8 8.5 5.5 
99th percentile 23.9 24.1 20.4 21.8 16.4 20.0 12.8 

 
Table 6.8. Annual daily precipitation (mm) for Ringway, calculated from time series output from the 

BETWIXT daily weather generator 
 

2020s 2050s 2080s  1961-
1990 Low High Low High Low High 

Mean 2.1 2.1 2.1 2.0 2.0 2.0 1.9 
90th percentile 6.5 6.6 6.5 6.3 6.3 6.5 6.2 
95th percentile 10.1 10.3 10.2 10.0 10.3 10.1 10.3 
99th percentile 20.2 22.6 21.4 20.9 20.4 20.9 21.3 

 
Table 6.9. Winter daily precipitation (mm) for Ringway for days with ≥ 1 mm rain (defined as rain 

days by the UK Met Office) and days with ≥ 10 mm rain (defined as wet days by the UK Met Office), 
calculated from time series output from the BETWIXT daily weather generator 

 
Precipitation ≥ 1 mm (rain day) Precipitation ≥ 10 mm (wet day)  
1961-1990 2080s High 1961-1990 2080s High 

Percentage of days 32.1 45.0 4.1 9.3 
Mean 5.3 6.8 15.5 17.6 
90th percentile 11.3 14.6 22.4 29.8 
95th percentile 14.6 20.2 28.9 34.6 
99th percentile 26.7 34.6 35.5 56.4 

 

A graph showing the cumulative probability of differing daily precipitations was also 

produced (Figure 6.6). This demonstrates the high probability of low precipitation events 

in comparison with higher precipitations. It shows the likelihood of higher precipitation 

events increasing in winter and decreasing in summer. 
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Figure 6.6. Cumulative probability of differing daily precipitations for Ringway in summer and winter 
under the baseline 1961-1990 (1970s) climate and the 2080s High emissions scenario, calculated from 

time series output from the BETWIXT daily weather generator 
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The 99th percentile daily winter precipitation was chosen to compare runoff between the 

different time periods and emissions scenarios. This was selected because the winter 

months show increasing rainfall intensity (Table 6.6 and Figure 6.7), as suggested by the 

UKCIP02 scenarios (Chapter 2) (Hulme et al., 2002), and there are significant changes 

between the time periods and emissions scenarios. It is at the extreme end of the rainfall 

distribution, and therefore is of interest for this research. It is also an easy statistic to 

understand as it is the amount of rainfall expected about one day per winter, on average. 

The percentiles of winter ‘rain’ and ‘wet’ day precipitation (Table 6.9) were not used as it 

is more difficult to explain what they mean in terms of what can be expected in the average 

year, and to compare between different time periods.  
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Figure 6.7. Ringway 99th percentile daily precipitation, using output from the BETWIXT daily weather 
generator 
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The 99th percentile daily winter precipitation is a useful statistic to gain some 

understanding of the typicality of each rainfall event under the baseline and future climate 

scenarios. This will assist with the discussion of how runoff may change in the future. 

However, it was recognised that differing amounts of rainfall were also of interest. Thus, 

runoff was modelled for daily rainfalls of between 0 and 34 mm, allowing graphs to be 

produced showing the changing runoff. This range was chosen to include the 99th 

percentile winter daily precipitation for the 1961-1990 baseline climate (18 mm), as well as 

for the future climate scenarios (23 mm for the 2020s Low, 2020s High and 2050s Low; 25 

mm for the 2050s High and 2080s Low; and 28 mm for the 2080s High). 

 

6.3.4 Antecedent Moisture Conditions 
 

Runoff coefficients were calculated for all three antecedent soil moisture conditions. The 

antecedent moisture condition was calculated from the BETWIXT data using rainfall 

amounts for the dormant season (Table 6.1), since the modelling was undertaken for the 

99th percentile winter day. Analysis of the BETWIXT data suggested that, in winter, the 

dry antecedent moisture condition is the most likely under all the time periods and 

emissions scenarios (Table 6.10). However, there is a general shift towards more normal 

and wet conditions. 
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Table 6.10. Percentage of winter days at Ringway, calculated from time series output from the 
BETWIXT daily weather generator, that have dry, normal, and wet antecedent moisture conditions 

 
2020s 2050s 2080s Antecedent 

moisture conditions  
1961-
1990 Low High Low High Low High 

AMCI (dry) 75.0 70.7 66.8 66.8 60.1 62.1 55.4 
AMCII (normal) 19.1 20.3 23.7 21.6 26.5 24.3 26.2 
AMCIII (wet) 5.9 9.0 9.5 11.7 13.5 13.6 18.4 

 

6.4 The Model Runs 

 

The first set of model runs considered the UMT categories with their current proportional 

surface covers (Section 6.4.1). Following this a series of ‘development scenario’ model 

runs were completed (Sections 6.4.2 to 6.4.8). These explored the impact on surface runoff 

of adding and taking away green cover in key areas in the conurbation. These were 

intended both to help understand the effect of current development trends (Section 3.4.2) 

on surface runoff, as well as to explore the potential of greening to help adapt urban areas 

to climate change. The different ‘development scenarios’ considered are: residential areas 

plus or minus 10% green or tree cover (Section 6.4.2); town centres plus or minus 10% 

green or tree cover (Section 6.4.3); green roofs in town centres, retail, and high density 

residential (Section 6.4.4); previously developed land becoming high density residential 

(Section 6.4.5); increasing tree cover on previously developed land by 10-60% (Section 

6.4.6); improved farmland becoming residential (Section 6.4.7); and permeable paving in 

town centres, retail, and high density residential (Section 6.4.8).   

 

The model was run for the different UMT categories for precipitation events from 0 to 34 

mm, under normal, dry, and wet antecedent moisture conditions. All runs were completed 

for hydrologic soil types A to D. Weighted curve numbers were calculated using equation 

6.9, with the curve numbers in table 6.4 weighted according to the proportional surface 

cover of each UMT (Chapter 3). In each ‘development scenario’ the proportional surface 

cover of the UMTs was altered and hence the weighted curve number also changed. The 

new weighted curve numbers are presented with each ‘development scenario’, as are the 

results from each set of model runs. 

 

The results refer specifically to the 99th percentile winter day for the baseline 1961-1990 

climate, as well as for the 2020s, 2050s, and 2080s Low and High emissions scenarios. 

Many of the graphs shown in the results sections display grey dotted lines which 
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correspond with these specific precipitation events (e.g. Figure 6.8). The results of the 

modelling are presented in several different ways: as runoff coefficients for each soil type 

for each UMT; as runoff from each soil type for each UMT (both in depth in mm and 

volume in m3, where the latter is dependent on the area covered by each soil type); and as 

total runoff in m3 for each UMT or ‘development scenario’ (dependent on the area covered 

by each soil type). The total runoff for each UMT is also summed to give the total runoff 

for Greater Manchester as well as for ‘urbanised’ Greater Manchester (i.e. excluding 

farmland) with current form and the ‘development scenarios’ in turn. Results for the 

climate scenarios are compared with those for the baseline climate and results for the 

‘development scenarios’ are compared with those for the current form. In addition, results 

for the different ‘development scenarios’ under the climate scenarios are compared with 

the current form under the baseline climate. 

 

6.4.1 Current Form 

 

The first set of model runs were undertaken using the current proportional surface cover of 

the UMTs, as estimated from the surface cover analysis (Chapter 3). The weighted curve 

numbers for each UMT category are presented in table 6.11. 
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Table 6.11. UMT weighted curve numbers for the different hydrologic soil types and antecedent 
moisture conditions 

 
Normal (AMCII) Dry (AMCI) Wet (AMCIII) UMT 

A B C D A B C D A B C D 
Improved farmland 43.7 64.0 75.5 80.9 26.7 43.9 57.2 64.7 62.3 79.8 87.3 90.4 
Unimproved farmland 41.9 64.2 75.3 81.2 24.4 43.7 56.8 65.1 61.1 79.9 87.1 90.5 
Woodland 29.8 57.0 70.7 77.2 16.2 36.5 51.2 59.7 48.0 74.6 84.0 87.9 
Min. workings & quarries 52.9 70.2 78.7 82.9 35.9 52.4 63.0 69.0 68.6 82.9 88.3 90.7 
Formal recreation 40.4 62.4 74.7 80.5 24.2 42.3 56.1 64.0 59.3 78.8 86.9 90.3 
Formal open space 37.8 58.8 70.0 75.3 24.1 40.7 53.1 60.3 54.4 73.6 81.2 84.3 
Informal open space 37.7 61.1 73.3 79.3 22.2 40.9 54.6 62.6 56.3 77.6 85.8 89.3 
Allotments 56.3 71.4 80.3 84.4 39.0 53.1 64.1 70.0 72.1 84.6 90.1 92.5 
Major roads 73.8 83.6 88.5 90.9 66.4 74.1 79.4 82.7 81.8 90.8 94.1 95.6 
Airports 66.4 78.4 85.2 88.4 55.3 65.6 73.4 77.9 77.8 88.1 92.5 94.4 
Rail 55.9 72.9 81.3 85.3 39.5 55.6 65.9 71.7 71.0 85.3 90.6 92.9 
River, canal 15.1 25.6 30.8 33.4 8.9 17.1 22.9 26.4 22.8 32.6 36.1 37.6 
Energy production & dist. 72.4 82.6 87.7 90.2 63.2 72.0 77.9 81.4 81.4 90.4 93.7 95.1 
Water storage & treatment 24.3 32.5 36.6 38.6 18.5 25.2 29.8 32.5 30.8 38.2 40.9 42.1 
Refuse disposal 58.0 74.1 82.0 85.8 40.5 56.6 66.7 72.3 73.1 86.2 91.0 93.2 
Cemeteries & crematoria 42.7 64.2 76.0 81.5 27.9 45.2 58.3 65.7 60.3 79.8 87.7 90.9 
High density residential 78.8 86.1 90.0 92.0 71.6 77.6 82.2 84.8 85.7 92.1 94.8 95.9 
Medium density residential 67.1 79.1 85.7 88.9 57.2 67.1 74.5 78.8 77.6 88.4 92.7 94.6 
Low density residential 56.0 72.6 81.4 85.6 44.2 57.5 67.4 73.1 69.4 84.6 90.5 93.0 
Schools 54.7 71.3 80.6 85.0 41.6 55.3 65.8 71.8 69.5 84.0 90.1 92.7 
Hospitals 68.2 80.0 86.2 89.2 59.1 68.6 75.5 79.5 78.0 88.8 93.0 94.7 
Retail 81.9 88.2 91.6 93.2 75.1 80.5 84.4 86.6 88.0 93.6 95.8 96.8 
Town centre 84.4 89.6 92.3 93.6 78.0 82.6 85.8 87.7 89.8 94.2 95.9 96.7 
Manufacturing 76.1 84.2 88.4 90.4 67.2 74.7 79.7 82.6 83.9 90.8 93.5 94.6 
Offices 68.9 80.3 86.4 89.4 59.3 68.8 75.7 79.7 78.9 89.1 93.1 94.8 
Distribution & storage 76.1 84.8 89.3 91.4 67.3 75.0 80.3 83.3 84.3 91.8 94.6 95.9 
Disused & derelict land 44.9 65.9 76.4 81.6 29.5 47.0 59.1 66.3 61.9 80.6 87.6 90.6 
Remnant countryside 34.5 59.5 72.2 78.5 19.4 39.1 53.0 61.3 53.2 76.5 85.0 88.7 

 

6.4.1.1 Current Form Results 
 

In general, the higher the rainfall the greater the runoff coefficient becomes (Figure 6.8 and 

Appendix G, tables G.1 to G.3). The faster infiltrating soils (i.e. soil A) have lower runoff 

coefficients than the slower infiltrating soils (i.e. soil D). Town centres have the highest 

runoff coefficients of all the UMTs. Under normal antecedent moisture conditions, the 

runoff coefficient in town centres following an 18 mm rainfall event, typical of the 99th 

percentile daily winter precipitation in 1961-1990,  ranges from 0.74 to 0.89, depending on 

soil type. Following a 28 mm rainfall event, typical of the 99th percentile daily winter 

precipitation by the 2080s High, it ranges from 0.82 to 0.93. Rivers and canals have the 

lowest runoff coefficients of all the UMTs (Appendix G, tables G.1 to G.3), followed by 

water storage and treatment, woodland, remnant countryside and formal open space, 

which has the lowest runoff coefficient of the selected UMTs in figure 6.8. Under normal 

antecedent moisture conditions, the runoff coefficient for formal open space ranges from 
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0.10 to 0.60 for an 18 mm event, compared to 0.22 to 0.71 for a 28 mm rainfall event. The 

residential UMTs have very different runoff coefficients to each other. For an 18 mm 

rainfall event with normal antecedent moisture conditions the runoff coefficients for high 

and low density residential on soil A are 0.65 and 0.32, respectively. This covers a range of 

0.33. Even for a 28 mm event the range is 0.29. 

 

Figure 6.8. Selected UMT runoff coefficients, with differing rainfall events and hydrologic soil types 
under normal antecedent moisture conditions (AMCII). Grey dotted lines correspond with the 99th 

percentile daily winter precipitation events for the different time periods and scenarios. 
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The runoff coefficients display the largest range on soils with the highest infiltration rate 

(i.e. on soil A) and the smallest range on soils with the slowest infiltration rate (i.e. on soil 

D) (Figure 6.8 and Appendix G, tables G.1 to G.3). For example, for an 18 mm rainfall 

event with normal antecedent moisture conditions, the difference between the runoff 

coefficients of town centres and formal open space is 0.64 on soil A compared to 0.29 on 
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soil D. For a 28 mm rainfall event, the difference is 0.60 on soil A compared to 0.22 on 

soil D. This suggests that the surface cover type has the greatest impact on surface runoff 

on soils with higher infiltration rates, regardless of the amount of rain. 

 

Figures 6.9 to 6.11 show the runoff coefficients for the different antecedent moisture 

conditions, mapped onto the UMTs of Greater Manchester. Thus they take into account 

both the spatial location of the UMTs and the different hydrologic soil types. Lower runoff 

coefficients, indicated by lighter shades of blue, correspond with areas where UMTs with 

little surface sealing are co-located with higher infiltrating soils. On the other hand, higher 

runoff coefficients, indicated by darker shades of blue, correspond with areas of the 

conurbation that are more built up and where there are slower infiltrating soils (Figure 6.9). 

When the antecedent moisture condition is wet the whole conurbation displays high runoff 

coefficients (Figure 6.10), whilst when the antecedent moisture condition is dry the runoff 

coefficients remain low over much of the conurbation (Figure 6.11). This suggests that 

drier soils can infiltrate more water. However, this does not represent the case when soils 

become so dry that a crust is formed on the surface, thereby reducing rainwater infiltration 

and increasing runoff (Bronstert et al., 2002).  

 

It is possible to see the general trend of increasing runoff coefficients over the time periods 

and scenarios. This is especially true when antecedent moisture conditions are normal 

(Figure 6.9) and dry (Figure 6.11). When antecedent moisture conditions are wet (Figure 

6.10) the difference is not as pronounced as runoff coefficients are already high due to 

saturated soils.  

 

Similarly, the results can be presented to show runoff, in millimetres, over the conurbation 

(Figures 6.12 to 6.14). The runoff depth can also be multiplied by the area producing the 

runoff to calculate the total runoff for Greater Manchester (Figure 6.15 and Appendix G, 

table G.4). Under normal antecedent moisture conditions, the total runoff over Greater 

Manchester is 13.8 million m3 for an 18 mm rainfall event. Yet for a 28 mm rainfall event, 

which has 55.6% more rain than in the 18 mm event, the total Greater Manchester runoff 

increases by 11.4 million m3, or 82.2%, to 25.2 million m3. When farmland areas are 

excluded the total runoff from ‘urbanised’ Greater Manchester is 8.9 million m3 for an 18 

mm rainfall event, increasing by 7.0 million m3, or 78.8%, to 16.0 million m3 for a 28 mm 

rainfall event. The contribution of ‘urbanised’ Greater Manchester to the total runoff of 

Greater Manchester decreases very slightly with the increase in rainfall, from 64.6% of the 
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total runoff for an 18 mm event, compared to 63.4% for a 28 mm event. This is counter-

intuitive, as a greater contribution of urbanised areas to total runoff would be expected 

with increasing precipitation events. This anomaly could be due to the large proportion of 

peat soils, with high runoff rates, in areas with unimproved farmland. Indeed, when only 

unimproved farmland is excluded from the total Greater Manchester case, the contribution 

of the runoff from the remaining area to the total Greater Manchester runoff increases very 

slightly with increasing rainfall. In addition, runoff from Greater Manchester excluding 

unimproved farmland resulting from the 28 mm precipitation event increases by 82.8% 

when compared to the 18 mm event (Appendix G, table G.5). 
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Figure 6.9. Runoff coefficients from 99th percentile daily winter precipitation with normal antecedent 
moisture conditions (AMCII) 
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Figure 6.10. Runoff coefficients from 99th percentile daily winter precipitation with wet antecedent 
moisture conditions (AMCIII) 
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Figure 6.11. Runoff coefficients from 99th percentile daily winter precipitation with dry antecedent 
moisture conditions (AMCI) 
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Figure 6.12. Runoff (mm) from 99th percentile daily winter precipitation with normal antecedent 
moisture conditions (AMCII) 
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Figure 6.13. Runoff (mm) from 99th percentile daily winter precipitation with wet antecedent moisture 
conditions (AMCIII) 
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Figure 6.14. Runoff (mm) from 99th percentile daily winter precipitation with dry antecedent moisture 
conditions (AMCI) 
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Figure 6.15. Total runoff (million m3) for Greater Manchester and ‘urbanised’ Greater Manchester 
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6.4.2 Residential Plus or Minus 10% Green or Tree Cover 

 

In this ‘development scenario’ residential areas have a 10% increase or decrease in green 

or tree cover. When increasing or decreasing green or tree cover it was assumed that the 

proportion of built cover decreases or increases by the same amount. The proportion of this 

built cover that is buildings or other impervious surfaces does not matter since the curve 

numbers for these two surface types are the same (Table 6.4). However, it has been 

assumed that both the building and other impervious proportions of the overall built cover 

would stay the same. This does not affect the model output.  

 

The change in green cover is more complicated because the different types of vegetated 

surfaces have very different curve numbers ranging from trees, with the lowest curve 

number, to cultivated, with the highest curve number (Table 6.4). Thus, there is less runoff 

from tree surfaces than from cultivated areas. Hence, it was decided to complete model 

runs for two cases: where changes were made to ‘green’ cover and where changes were 

made to ‘tree’ cover.  
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In the first instance, where ‘green’ cover was changed, it was assumed that it would still be 

constituted of the same proportions of the various vegetation types. Thus, for a 10% 

change in green cover:  

 

( )1.0 vegetatedof proportion  treeold treeold  treenew ×±=  

( )1.0 vegetatedof proportion shrub oldshrub old shrub new ×±= , 

 

and so on for the remaining vegetated surfaces of mown grass, rough grass, and cultivated. 

This ‘development scenario’ is referred to as residential plus or minus 10% green. 

 

In the second ‘development scenario’, the tree cover in the residential UMTs is increased 

or decreased by 10%, whilst the other vegetated surface covers remain constant. The only 

exception to this rule is when tree cover is reduced by 10% in the high density residential 

UMT. This is because it only has a tree cover of 7% in the first place. Thus, in the 

‘development scenario’, this tree cover falls to 0%, and the remaining 3% that needed 

deducting is taken from the other vegetation surfaces (such that the proportion of the 

overall vegetation that is comprised of each surface cover type remains the same). This 

‘development scenario’ is referred to as residential plus or minus 10% trees.  

 

The new proportional covers for each ‘development scenario’ are shown in table 6.12. 

These new proportional surface covers were used to weight the curve numbers (Table 6.4) 

for each ‘development scenario’ (Table 6.13). 
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Table 6.12. Proportional surface cover in the residential UMTs under current form and with plus or 
minus 10% green or trees 

 
Proportional surface cover Development 

scenario 
Residential UMT 
density 
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High 0.31 0.38 0.07 0.08 0.15 0.00 0.00 0.01 0.01 
Medium 0.22 0.28 0.13 0.11 0.24 0.02 0.00 0.00 0.01 

Current form 

Low 0.14 0.18 0.26 0.12 0.26 0.01 0.00 0.00 0.02 
High 0.26 0.32 0.10 0.10 0.20 0.00 0.00 0.01 0.01 
Medium 0.17 0.22 0.15 0.13 0.29 0.03 0.00 0.00 0.01 

+10% green 

Low 0.10 0.13 0.30 0.14 0.30 0.01 0.00 0.00 0.02 
High 0.35 0.43 0.05 0.05 0.10 0.00 0.00 0.01 0.01 
Medium 0.26 0.33 0.10 0.08 0.19 0.02 0.00 0.00 0.01 

-10% green 

Low 0.19 0.24 0.22 0.10 0.22 0.01 0.00 0.00 0.02 
High 0.26 0.32 0.17 0.08 0.15 0.00 0.00 0.01 0.01 
Medium 0.17 0.22 0.23 0.11 0.24 0.02 0.00 0.00 0.01 

+10% tree 

Low 0.10 0.13 0.36 0.12 0.26 0.01 0.00 0.00 0.02 
High 0.35 0.43 0.00 0.07 0.14 0.00 0.00 0.01 0.01 
Medium 0.26 0.33 0.03 0.11 0.24 0.02 0.00 0.00 0.01 

-10% tree 

Low 0.19 0.24 0.16 0.12 0.26 0.01 0.00 0.00 0.02 
 

Table 6.13. Residential UMT weighted curve numbers by ‘development scenario’ for the different 
hydrologic soil types and antecedent moisture conditions 

 
Normal (AMCII) Dry (AMCI) Wet (AMCIII) Development 

scenario 
Residential 
density A B C D A B C D A B C D 
High 78.8 86.1 90.0 92.0 71.6 77.6 82.2 84.8 85.7 92.1 94.8 95.9 
Medium 67.1 79.1 85.7 88.9 57.2 67.1 74.5 78.8 77.6 88.4 92.7 94.6 

Current form 

Low 56.0 72.6 81.4 85.6 44.2 57.5 67.4 73.1 69.4 84.6 90.5 93.0 
High 72.7 82.3 87.6 90.2 64.1 72.1 78.1 81.6 81.5 90.0 93.5 95.0 
Medium 60.9 75.4 83.2 87.0 49.7 61.5 70.4 75.5 73.3 86.3 91.5 93.7 

+10% green 

Low 49.6 68.7 78.9 83.8 36.5 51.8 63.2 69.7 65.0 82.4 89.2 92.0 
High 84.8 89.8 92.5 93.8 79.1 83.2 86.3 88.1 89.9 94.2 96.0 96.8 
Medium 73.2 82.9 88.2 90.7 64.8 72.7 78.7 82.1 81.9 90.5 94.0 95.5 

-10% green 

Low 62.3 76.4 83.9 87.5 51.9 63.2 71.6 76.4 73.9 86.8 91.8 93.9 
High 71.5 81.8 87.2 89.9 63.3 71.5 77.6 81.1 80.1 89.6 93.3 94.8 
Medium 59.8 74.8 82.9 86.8 48.9 61.0 69.9 75.1 72.1 85.9 91.3 93.5 

+10% trees 

Low 48.7 68.3 78.6 83.5 35.9 51.4 62.8 69.4 63.9 82.0 89.0 91.9 
High 86.0 90.7 93.4 94.7 79.8 83.9 87.1 88.9 91.3 95.2 96.9 97.7 
Medium 74.4 83.4 88.5 91.0 65.5 73.3 79.1 82.5 83.2 90.9 94.2 95.6 

-10% trees 

Low 63.3 76.9 84.2 87.7 52.5 63.7 72.0 76.8 75.0 87.1 92.0 94.0 
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6.4.2.1 Residential Plus or Minus 10% Green or Tree Cover Results 
 

As expected, increasing green cover in residential areas leads to lower runoff coefficients 

and hence lower volumes of runoff, and vice versa (Figures 6.16 to 6.18). Altering tree 

cover has a slightly greater effect than changing green cover. This is regardless of the soil 

type and residential density, although such changes are most effective on soil A and least 

effective on soil D. 

 

With current form, taking into account the area covered by each soil type, there is 0.7 

million m3, 3.8 million m3 and 0.4 million m3 runoff from high, medium, and low density 

residential areas, respectively, for an 18 mm precipitation event with normal antecedent 

moisture conditions (Figure 6.19 and Table 6.14). This totals 4.8 million m3 from all 

residential areas. Altering green cover by 10% leads to changes of about ±0.3 million m3 

to total residential runoff, or approximately a 7% change. Similarly, altering tree cover by 

10% leads to changes of ±0.4 million m3, or about 8%, in total residential runoff (Table 

6.14, and Appendix G, tables G.6 to G.8).  

 

For a 28 mm precipitation event with current form there is 1.2 million m3, 6.6 million m3 

and 0.7 million m3 runoff from high, medium, and low density residential areas, 

respectively, totalling 8.4 million m3 from all residential areas. This is a 74.5% increase in 

total residential runoff from the 18 mm case (Appendix G, tables G.9 and G.10). Altering 

green cover by 10% leads to changes of about ±0.4 million m3, or approximately 5%, in 

total residential runoff, whilst changing tree cover by 10% leads to changes of ±0.5 million 

m3, or approximately 6%, in total residential runoff (Table 6.14, and Appendix G, tables 

G.6 to G.8). 

 

Increasing green or tree cover by 10% cannot keep the future runoff at or below the runoff 

levels for the baseline 1961-1990 current form case. Whilst increasing such cover helps to 

deal with increased precipitation, other hard or soft engineering options will need to be 

employed, such as the creation of storage basins. 

 

 



Chapter 6. Surface Runoff Model 
 

 234

Figure 6.16. High density residential runoff coefficients with current form and plus or minus 10% 
green or trees, for normal antecedent moisture conditions (AMCII) 
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Figure 6.17. Medium density residential runoff coefficients with current form and and plus or minus 
10% green or trees,  for normal antecedent moisture conditions (AMCII) 
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Figure 6.18. Low density residential runoff coefficients with current form and and plus or minus 10% 
green or trees, for normal antecedent moisture conditions (AMCII) 
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Figure 6.19. Total runoff (m3) from high, medium, and low density residential UMTs with current 
form and plus or minus 10% green or trees, for normal antecedent moisture conditions (AMCII) 
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Table 6.14. Total residential runoff (million m3) for 99th percentile daily winter precipitation with 
normal antecedent moisture conditions (AMCII) 

 
Time period and scenario Development 

scenario 
Residential UMT density 

1961-1990 2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
High 0.7 0.9 1.0 1.2 
Medium 3.8 5.2 5.7 6.6 
Low 0.4 0.5 0.6 0.7 

Current 

Total 4.8 6.6 7.3 8.4 
High 0.6 0.9 1.0 1.1 
Medium 3.5 4.9 5.4 6.2 
Low 0.4 0.5 0.6 0.7 

+10% green 

Total 4.5 6.2 7.0 8.0 
High 0.7 1.0 1.1 1.2 
Medium 4.0 5.5 6.0 6.9 
Low 0.4 0.6 0.6 0.7 

-10% green 

Total 5.2 7.0 7.7 8.8 
High 0.6 0.9 1.0 1.1 
Medium 3.4 4.8 5.4 6.2 
Low 0.3 0.5 0.6 0.7 

+10% trees 

Total 4.4 6.2 6.9 8.0 
High 0.7 1.0 1.1 1.2 
Medium 4.1 5.5 6.1 6.9 
Low 0.4 0.6 0.7 0.8 

-10% trees 

Total 5.2 7.1 7.8 8.9 
 

The residential ‘development scenarios’ do not have a very large impact on the total runoff 

over Greater Manchester or over the ‘urbanised’ area of Greater Manchester (Figure 6.20). 

However, it must be remembered that residential areas cover 29.2% of Greater Manchester 

(Chapter 3). Thus, changing 10% of the surface cover in residential areas in fact only alters 

2.9% of the surface of Greater Manchester.  

 



Chapter 6. Surface Runoff Model 
 

 239

Figure 6.20.  Greater Manchester runoff (m3) over both its total and ‘urbanised’ (i.e. excluding 
farmland) area with current residential form and plus or minus 10% green or trees, for normal 

antecedent moisture conditions (AMCII) 
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For an 18 mm rainfall event, with normal antecedent moisture conditions, under current 

form there is 13.8 million m3 of runoff over Greater Manchester (Appendix G, tables G.11 

and G.12). Decreasing green by 10% in residential areas increases runoff over Greater 

Manchester by 2.5% to 14.2 million m3. Increasing green by 10% in residential areas 

decreases runoff over Greater Manchester by 2.4%, to 13.5 million m3. Changing the tree 

cover of residential areas leads to very similar runoff figures over Greater Manchester, 

with a 10% increase in tree cover resulting in a 2.8% decrease in total runoff, and a 10% 

decrease in tree cover increasing runoff by 2.9%.  

 

For a 28 mm rainfall event with current form there is 25.2 million m3 of runoff over 

Greater Manchester (Appendix G, tables G.11 and G.12). Decreasing green by 10% in 

residential areas increases runoff over Greater Manchester by 1.6% to 25.6 million m3, 

whereas increasing green decreases runoff by 1.6% to 24.8 million m3. Altering the tree 

cover of residential areas by 10% leads to changes of 1.9% in total runoff over Greater 

Manchester. 
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6.4.3 Town Centres Plus or Minus 10% Green or Tree Cover 

 

In this ‘development scenario’ town centres have a 10% increase or decrease in green or 

tree cover, as in the previous ‘development scenario’. The exception to this rule is for town 

centres minus 10% trees. In town centres there are only 5% trees to start with (Chapter 3), 

thus, in the ‘development scenario’, this tree cover falls to 0%, and the remaining 5% that 

needed deducting is taken from the other vegetation surfaces (such that the proportion of 

the overall vegetation that is comprised of each surface cover type remains the same). Built 

cover also changes in the same way as in the previous ‘development scenario’. The new 

proportional covers calculated for each of these ‘development scenarios’ are shown in the 

table 6.15. These new proportional surface covers were used to weight the curve numbers 

(Table 6.4) for this ‘development scenario’ (Table 6.16). 

 
Table 6.15. Proportional surface cover in town centres with current form and with plus or minus 10% 

green or trees 
 

Proportional surface cover Development 
scenario 
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Current form 0.26 0.48 0.05 0.07 0.05 0.03 0.00 0.01 0.06 
+10% green 0.22 0.42 0.07 0.10 0.07 0.04 0.00 0.01 0.06 
-10% green 0.30 0.55 0.02 0.03 0.03 0.02 0.00 0.01 0.06 
+10% trees 0.22 0.42 0.15 0.07 0.05 0.03 0.00 0.01 0.06 
-10% trees 0.30 0.55 0.00 0.05 0.03 0.02 0.00 0.01 0.06 

 
Table 6.16. Town centre UMT weighted curve numbers by ‘development scenario’ for the different 

hydrologic soil types and antecedent moisture conditions 
 

Normal (AMCII) Dry (AMCI) Wet (AMCIII) Development 
scenario A B C D A B C D A B C D 
Current form 84.4 89.6 92.3 93.6 78.0 82.6 85.8 87.7 89.8 94.2 95.9 96.7 
+ 10% green 78.3 85.9 89.9 91.8 70.5 77.1 81.7 84.5 85.5 92.1 94.7 95.8 
- 10% green 90.5 93.3 94.7 95.4 85.6 88.2 90.0 91.0 94.0 96.3 97.2 97.6 
+10% trees 77.1 85.3 89.5 91.5 69.7 76.5 81.3 84.0 84.2 91.7 94.5 95.6 
-10% trees 91.4 94.3 95.8 96.6 86.1 88.9 90.8 91.9 95.2 97.5 98.4 98.8 

 

6.4.3.1 Town Centres Plus or Minus 10% Green or Tree Cover Results 
 

As in the previous ‘development scenario’, changing tree cover in town centres has a 

slightly greater effect than altering green cover (Figure 6.21). In an 18 mm rainfall event 
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with normal antecedent moisture conditions, there is 0.4 million m3 runoff from town 

centres with current form. Adding 10% green decreases this by 6.6% whilst taking away 

10% green increases the runoff by 6.7%. Adding 10% tree cover reduces runoff by 7.7% 

whilst decreasing trees by 10% leads to 8.8% more runoff (Figure 6.22). 

 

Figure 6.21. Town centre runoff coefficients with current form and plus or minus 10% green or trees, 
for normal antecedent moisture conditions (AMCII) 

 



Chapter 6. Surface Runoff Model 
 

 242

 Figure 6.22. Total town centre runoff (m3) from all soils with current form and plus or minus 10% 
green or trees,  for normal antecedent moisture conditions (AMCII) 
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The town centre ‘development scenarios’ have little effect on the total runoff from Greater 

Manchester (Appendix G, tables G.13 and G.14). However, it must be remembered that 

town centres cover only 2.1% of Greater Manchester (Chapter 3). Thus, a 10% change of 

surface cover in town centres amounts to a 0.2% change in the surface cover of Greater 

Manchester. For an 18 mm rainfall event under normal antecedent moisture conditions 

there is 13.8 million m3 of runoff with current form. Adding 10% green or tree cover to the 

town centres reduces this total by 0.2%. Decreasing green or tree cover by 10% increases 

runoff by 0.2-0.3%. For a 28 mm rainfall event the effect of such changes is slightly less in 

terms of the percentage change in runoff but slightly more in terms of the volume change 

in runoff. 

 

6.4.4 Green Roofs 

 

The UMTs selected for the green roofs ‘development scenario’ were those which display 

the highest runoff coefficients: town centres, retail, and high density residential. This 

‘development scenario’ involved replacing all buildings within the selected UMTs with 

rough grass. Thus the new proportional surface cover of rough grass is equal to the old 

proportional surface cover of rough grass plus the old proportional cover of buildings. The 
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new proportional cover of buildings is zero (Table 6.17). These new proportional surface 

covers were used to weight the curve numbers (Table 6.4) for this ‘development scenario’ 

(Table 6.18). 

 
Table 6.17. Proportional surface cover in selected UMTs with green roofs 

 
Proportional surface cover Development scenario 
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Town centre with green roofs 0.00 0.48 0.05 0.07 0.05 0.29 0.00 0.01 0.06 
Retail with green roofs 0.00 0.48 0.07 0.07 0.07 0.26 0.00 0.00 0.05 
High density residential with green roofs 0.00 0.38 0.07 0.08 0.15 0.31 0.00 0.01 0.01 

 
Table 6.18. Selected UMT weighted curve numbers with green roofs for the different hydrologic soil 

types and antecedent moisture conditions 
 

Normal (AMCII) Dry (AMCI) Wet (AMCIII) Development scenario 
A B C D A B C D A B C D 

Town centre with green 
roofs 66.7 79.2 85.3 88.4 57.2 67.4 74.2 78.5 76.9 88.2 92.3 94.1

Retail with green roofs 66.4 79.1 85.4 88.7 56.8 67.2 74.2 78.6 76.7 88.4 92.6 94.5
High density residential 
with green roofs 58.0 73.9 81.8 85.9 47.1 59.7 68.5 74.0 70.6 85.1 90.4 92.8

 

6.4.4.1 Green Roofs Results 
 

Adding green roofs to all the buildings in town centres, retail, and high density residential 

UMTs significantly reduces runoff coefficients (Figure 6.23). The effect is greater in high 

density residential, which has the highest building cover of 31% (Chapter 3), and least in 

retail, which has the lowest building cover of 23% (Chapter 3). The effect is also greatest 

on soil A where, under normal antecedent moisture conditions, the range between the 

runoff coefficients for the high density residential green roofs scenario compared with the 

current form case is 0.30 for an 18 mm event and 0.26 for a 28 mm event (Figure 6.23). 
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Figure 6.23. Runoff coefficients for selected UMTs with green roofs, for normal antecedent moisture 
conditions (AMCII) 
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For an 18 mm event with normal antecedent moisture conditions there is 0.41 million m3, 

0.09 million m3, and 0.69 million m3 runoff from town centres, retail, and high density 

residential, respectively. When green roofs are added, the runoff is 0.34 million m3, 0.07 

million m3, and 0.56 million m3 from town centres, retail, and high density residential, 

respectively. This represents reductions of 17.0-19.9%, or 0.01 to 0.14 million m3, in 

runoff from the UMTs. Even for the 28 mm event runoff can be reduced by 11.8-14.1%, or 

0.02 to 0.16 million m3, by adding green roofs. By the 2080s High, when compared to the 

1961-1990 current form cases, adding green roofs to town centres, retail, and high density 

residential UMTs increases runoff by 43.6%, 47.2% and 44%, respectively; this is 

compared to 65.5%, 67% and 67.6% for town centres, retail, and high density residential 

when no green roofs are added. 

 

With current form, for an 18 mm rainfall event with normal antecedent moisture conditions 

there is 13.8 million m3 runoff over Greater Manchester. This decreases by 0.78 million m3 

or 0.6% when green roofs are added to town centres, by 0.01 million m3 or 0.1% when 

added to retail, and 0.14 million m3 or 1.0% when added to high density residential (Figure 

6.24). For a 28 mm event with current form there is 25.2 million m3 runoff over Greater 

Manchester. This decreases by 0.91 million m3 or 0.4% when green roofs are added to 

town centres, by 0.02 million m3 or 0.1% when added to retail, and 0.16 million m3 or 

0.7% when added to high density residential. It must be remembered that town centres, 

retail, and high density residential cover 2.1%, 0.5% and 3.7% of Greater Manchester, 

respectively. 
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Figure 6.24. Total runoff (m3) from all soils for selected UMTs with current form and green roofs, for 
normal antecedent moisture conditions (AMCII) 
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6.4.5 Previously Developed Land Becomes High Density Residential 

 

In this ‘development scenario’ disused and derelict land is developed as high density 

residential areas. The proportional surface cover for each of these UMTs can be seen in 

Chapter 3. The weighted curve numbers are the same as those shown in table 6.11. 

 

6.4.5.1 Previously Developed Land Becomes High Density Residential 
Results 
 

Building high density residential developments on disused and derelict land leads to large 

increases in runoff coefficients regardless of soil type (Figure 6.25). The effect is greatest 

on soil A where, under normal antecedent moisture conditions, the range between the 

UMTs is 0.47 for an 18 mm event and 0.44 for a 28 mm event. 
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Figure 6.25. Runoff coefficients for disused and derelict land and with a high density residential 
development for normal antecedent moisture conditions 
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For an 18 mm event with normal antecedent moisture conditions there is 0.7 million m3 

runoff from disused and derelict land, which increases by 53.7% to 1 million m3 when it 

becomes high density residential (Figure 6.26, and Appendix G, tables G.6 to G.8). For a 

28 mm rainfall event there is 1.2 million m3 runoff from disused and derelict land, 

increasing by 35.2% to 1.7 million m3 when it is high density residential (Figure 6.26, and 

Appendix G, tables G.6 to G.8). The difference in the volume of runoff between disused 

and derelict land and high density residential becomes greater with the higher precipitation 

events. For example, in an 18 mm event there is 0.3 million m3 difference between the two, 

compared to 0.4 million m3 for the 28 mm event (Figure 6.26). Compared to the 1961-1990 

current form case, runoff increases by 159% by the 2080s High if disused and derelict land 

becomes high density residential. 

 

Figure 6.26. Total runoff (m3) from all soil types for disused and derelict land and with a high density 
residential development for normal antecedent moisture conditions 
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With current form, for an 18 mm rainfall event with normal antecedent moisture conditions 

there is 13.8 million m3 runoff over Greater Manchester. This increases by 0.3 million m3, 

or 2.5%, to 14.2 million m3 when disused and derelict land becomes high density 

residential. For a 28 mm event with current form there is 25.2 million m3 runoff over 

Greater Manchester, increasing by 1.7% to 25.6 million m3 when disused and derelict land 

becomes high density residential (Appendix G, tables G.11 to G.14). It must be 

remembered, however, that disused and derelict land only covers 5.4% of Greater 

Manchester. 
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6.4.6 Increase Tree Cover on Previously Developed Land by 10-60% 

 

In this ‘development scenario’ 10-60% tree cover is added to disused and derelict land. As 

this cover is increased, the other surface cover types decrease proportionately. The new 

proportional covers calculated are shown in table 6.19. 60% was chosen as the greatest 

increase in tree cover to be considered since this brought the overall tree cover in disused 

and derelict land to 74%. It was noted that the woodland UMT has a tree cover of 70% 

(Chapter 3). These new proportional surface covers were used to weight the curve numbers 

(Table 6.4) for the ‘development scenarios’ (Table 6.20). 

 
Table 6.19. Proportional surface cover in disused and derelict land with current form and with tree 

cover increased by 10-60% 
 

Proportional surface cover Development 
scenario 

bu
ild

in
g 

ot
he

r 
im

pe
rv

io
us

 

tr
ee

 

sh
ru

b 

m
ow

n 
gr

as
s 

ro
ug

h 
gr

as
s 

cu
lti

va
te

d 

w
at

er
 

ba
re

 so
il/

 
gr

av
el

 

Current form 0.02 0.05 0.14 0.11 0.13 0.35 0.05 0.01 0.15 
+10% trees 0.02 0.04 0.24 0.10 0.11 0.31 0.04 0.01 0.13 
+20% trees 0.02 0.04 0.34 0.08 0.10 0.27 0.04 0.01 0.12 
+30% trees 0.01 0.03 0.44 0.07 0.08 0.23 0.03 0.00 0.10 
+40% trees 0.01 0.03 0.54 0.06 0.07 0.19 0.03 0.00 0.08 
+50% trees 0.01 0.02 0.64 0.05 0.05 0.15 0.02 0.00 0.06 
+60% trees 0.01 0.01 0.74 0.03 0.04 0.11 0.01 0.00 0.05 

 
Table 6.20. UMT weighted curve numbers for disused and derelict land with current form and tree 

cover increased by 10-60%, for the different hydrologic soil types and antecedent moisture conditions 
 

Normal (AMCII) Dry (AMCI) Wet (AMCIII) Development 
scenario A B C D A B C D A B C D 
Current 44.9 65.9 76.4 81.6 29.5 47.0 59.1 66.3 61.9 80.6 87.6 90.6 
+10% trees 42.6 64.6 75.6 81.1 27.5 45.5 57.9 65.4 59.8 79.8 87.2 90.4 
+20% trees 40.3 63.3 74.9 80.6 25.5 44.0 56.8 64.5 57.6 79.0 86.8 90.1 
+30% trees 38.0 62.1 74.1 80.0 23.5 42.5 55.7 63.5 55.5 78.2 86.4 89.9 
+40% trees 35.7 60.8 73.4 79.5 21.5 40.9 54.6 62.6 53.3 77.4 86.0 89.6 
+50% trees 33.3 59.5 72.7 78.9 19.5 39.4 53.5 61.7 51.2 76.6 85.7 89.4 
+60% trees 31.0 58.3 71.9 78.4 17.5 37.9 52.4 60.8 49.0 75.8 85.3 89.1 

 

6.4.6.1 Increase Tree Cover on Previously Developed Land by 10-60% 
Results 
 

The effect of adding tree cover to disused and derelict land is greatest on soil A (Figure 

6.27) where the range in runoff coefficients for normal antecedent moisture conditions is 

0.14 and 0.18 for an 18 mm and a 28 mm rainfall event, respectively. On soil D, the range 
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is always less than 0.07 (Figure 6.27). On soil A, adding 40% trees halves the runoff 

coefficient for an 18 mm event. For a 28 mm event this same effect is achieved by adding 

50-60% trees (Figure 6.28).  

 

Adding 60% trees to disused and derelict land reduces runoff by 16.7% for an 18 mm 

rainfall event or 13.3% for a 28 mm event (Figure 6.28 and Appendix G, tables G.7 and 

G.8). If no trees are added to disused and derelict land runoff increases by 91.5% by the 

2080s High in comparison with 1961-1990. However, if 60% trees are added, runoff 

increases by 66.1% by the 2080s High in comparison with the 1961-1990 current form 

case. 

 

Over all of Greater Manchester, for an 18 mm event adding 10-60% trees to disused and 

derelict land reduces runoff by 0.1-0.8%, or about 19,000 m3, to 108,000 m3. For a 28 mm 

event it is reduced by 0.1-0.7%, or about 27,000 m3, to 164,000 m3. It must be remembered 

that disused and derelict land only covers 5.4% of Greater Manchester. 
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Figure 6.27. Runoff coefficients for disused and derelict land with current form and with trees 
increased by 10-60%, for normal antecedent moisture conditions 
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Figure 6.28. Runoff (m3) for disused and derelict land with current form and with trees increased by 
10-60%, for normal antecedent moisture conditions (AMCII) 
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6.4.7 Improved Farmland Becomes Residential 

 

In this ‘development scenario’ improved farmland is developed as high, medium, or low 

density residential areas. The proportional surface cover for each of these UMTs can be 

seen in Chapter 3. The weighted curve numbers are the same as those shown in table 6.11. 

 

6.4.7.1 Improved Farmland Becomes Residential Results 
 

Changing improved farmland to residential has a large effect on runoff coefficients (Figure 

6.29). Low density residential development increases the runoff coefficient by less than 

high density residential development does. On soil A with normal antecedent moisture 

conditions, for an 18 mm rainfall event there is 17% runoff from improved farmland, 32% 

from low density residential, and 65% from high density residential, covering a range of 

47% (Figure 6.29). This effectively doubles the volume of runoff from this soil type with 

low density development and more than triples it with high density development. For a 28 

mm rainfall event there is 30% runoff from improved farmland, 47% from low density 
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residential, and 76% from high density residential, covering a range of 46% (Figure 6.29). 

On soil D the range is 18% and 13% for 18 mm and 28 mm events, respectively (Figure 

6.29). 

 

For an 18 mm rainfall event there is 3.6 million m3 runoff from improved farmland, 

compared to 4.4 million m3 from low density residential, an increase of 21%, and 5.8 

million m3 from high density residential, an increase of 58% (Figure 6.30, and Appendix G, 

tables G.6 to G.8). For a 28 mm rainfall event there is 7 million m3 runoff from improved 

farmland, compared to 8.1 million m3 from low density residential, an increase of 15%, 

and 9.7 million m3 from high density residential, an increase of 39% (Figure 6.30, and 

Appendix G, tables G.6 to G.8). In comparison with the 1961-1990 current form case, by 

the 2080s High there will be 122% more runoff from these areas with low density 

residential development, and 167% more runoff with high density residential development 

(Appendix G, tables G.9 and G.10). 

 

Over Greater Manchester as a whole residential development on improved farmland has a 

huge impact on runoff, increasing it by 5.6-15.4%, depending on the density, for an 18 mm 

event and by 4.2-10.8% for a 28 mm event (Appendix G, tables G.13 and G.14). Such big 

changes are due to the large area taken up by improved farmland, which covers 31.2% of 

Greater Manchester (Chapter 3).  
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Figure 6.29. Runoff coefficients for improved farmland with current form and residential 
developments for normal antecedent moisture conditions 
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Figure 6.30. Total improved farmland runoff (m3) from all soil types with current form and residential 
developments for normal antecedent moisture conditions 
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6.4.8 Permeable Paving 

 

The UMTs selected for the permeable paving ‘development scenario’ were those which 

display the highest runoff coefficients: town centres, retail, and high density residential. 

For this ‘development scenario’ it was assumed that half of all other impervious surfaces 

could be converted to permeable paving. This is because it may be possible to convert car 

parks, driveways, pavements, and roads with low utilisation to permeable paving, yet it 

may be undesirable to convert all roads (Blick et al., 2004). The permeable paving will 

consist of impervious surfaces and pervious void spaces. New curve numbers should take 

into account the relative proportions of each (Blick et al., 2004). It was assumed that 85% 

of permeable paving is impervious and 15% is void spaces (WSDOT, 2004). In this case, it 

is assumed that the voids consist of mown grass. Thus, the new other impervious 

proportional surface cover was calculated: 

 

⎟
⎠
⎞

⎜
⎝
⎛ ×+= 85.0

2
imperviousother  old

2
imperviousother  oldimperviousother  new  

 

Whilst the new mown grass proportional surface cover was calculated using: 
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⎜
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The other proportional surface covers remained as in the current form case (Chapter 3). 

The new proportional surface covers are shown in table 6.21. These new proportional 

surface covers were used to weight the curve numbers (Table 6.4) for this ‘development 

scenario’ (Table 6.23). 

 
Table 6.21. Proportional surface cover in selected UMTs with permeable paving 

 
Proportional surface cover Development scenario 

bu
ild

in
g 

ot
he

r 
im

pe
rv

io
us

 

tr
ee

 

sh
ru

b 

m
ow

n 
gr

as
s 

ro
ug

h 
gr

as
s 

cu
lti

va
te

d 

w
at

er
 

ba
re

 so
il/

 
gr

av
el

 

Town centre with permeable paving 0.26 0.45 0.05 0.07 0.08 0.03 0.00 0.01 0.06 
Retail with permeable paving 0.23 0.45 0.07 0.07 0.11 0.03 0.00 0.00 0.05 
High density residential with permeable 
paving 0.31 0.35 0.07 0.08 0.18 0.00 0.00 0.01 0.01 

 
Table 6.23. Selected UMT weighted curve numbers with permeable paving for the different hydrologic 

soil types and antecedent moisture conditions 
 

Normal (AMCII) Dry (AMCI) Wet (AMCIII) Development scenario 
A B C D A B C D A B C D 

Town centre with 
permeable paving 82.2 88.2 91.4 93.0 75.3 80.6 84.4 86.5 88.3 93.5 95.5 96.4 

Retail with permeable 
paving 79.7 86.9 90.7 92.6 72.4 78.5 82.9 85.5 86.6 92.9 95.4 96.4 

High density residential 
with permeable paving 77.1 85.0 89.4 91.5 69.5 76.1 81.0 83.9 84.6 91.6 94.4 95.6 

 

6.4.8.1 Permeable Paving Results 
 

Adding permeable paving in town centres, retail, and high density residential UMTs 

makes little difference to the runoff coefficients (Figure 6.31). The effect is slightly greater 

in town centres and retail, which have other impervious surface covers of 48% (Chapter 3), 

than in high density residential, which has an other impervious surface cover of 38% 

(Chapter 3).  

 

Compared to the current form case, runoff from the UMTs is reduced by between 1.1% 

and 2.5%, or up to 0.1 million m3, depending on the UMT, time period and emissions 

scenario (Figure 6.32 and Appendix G, tables G.7 and G.8). Over Greater Manchester the 

reduction in runoff is negligible (Appendix G, tables G.13 and G.14). 



Chapter 6. Surface Runoff Model 
 

 257

Figure 6.31. Runoff coefficients for selected UMTs with current form and permeable paving, for 
normal antecedent moisture conditions 
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Figure 6.32. Total selected UMTs runoff (m3) from all soil types with current form and permeable 
paving, with normal antecedent moisture conditions 
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6.5 Discussion 

 

The runoff model proved to be efficient and easy to use. A formula had to be set up in 

Excel and then runoff coefficients and volumes could be calculated for the different UMTs, 

represented by curve numbers, and rainfall events. The data could then be attributed to 

each UMT unit in Greater Manchester using ArcView GIS, allowing the spatial 

distribution of runoff to be seen. Graphs were also produced showing the changes in runoff 

coefficients and volumes for the different ‘development scenarios’. Whilst the maps and 

graphs allow for intra-UMT differences in runoff as a result of soil type, they do not show 

intra-UMT differences resulting from variations in surface cover type, since this is 

averaged for the UMT category (Chapter 3). Unfortunately, it was not possible to validate 

the model for Greater Manchester. However, the model was developed from experimental 

studies of small watersheds and is widely used in the United States (NRCS, 1986). 
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The most difficult parameter to set was the hydrologic soil type. This was because the soil 

series for England and Wales have not already been grouped according to this 

classification. Soils in the United States have been classified into hydrologic soil types 

(NRCS, 1986). In addition, soils in urban areas may be very different from what would 

occur naturally. They may, for example, be more compacted or significantly changed 

(Craul, 1999). This may be especially true in areas of previously developed land. 

 

The model does not incorporate slope (NRCS, 1986). This is because runoff volume is not 

highly dependent on slope whereas runoff velocity is. Runoff volume is determined mainly 

by “the amount of precipitation and by infiltration characteristics related to soil type, soil 

moisture, antecedent rainfall, cover type, impervious surfaces, and surface retention” 

(NRCS, 1986, p.1-1). However, the infiltration capacity is altered by slope, as larger slopes 

provide less opportunity for infiltration (Mansell, 2003). Slope is also not included in the 

Flood Estimation Handbook method for estimating effective rainfall, but is used to 

estimate the time taken to reach peak flow (Mansell, 2003). 

 

The modelling work highlights the contribution of urban greenspace to reducing surface 

runoff. With current form, town centres have the highest runoff coefficients of all the 

UMTs. Rivers and canals, followed by water storage and treatment, woodland, remnant 

countryside, and formal open space, have the lowest runoff coefficients. Town centres 

have the highest built proportion and the lowest evaporating proportion of all the UMTs 

(Chapter 3). However, the relationship between surface cover and runoff is more subtle, as 

rivers and canals do not have the lowest built cover and the highest evaporating cover 

(Chapter 3). Runoff coefficients are related to the curve numbers of the different surface 

cover types and the relative proportions of these in each UMT. Thus, for example, UMTs 

with high proportions of water, tree, and rough grass surfaces, which have low curve 

numbers, are more likely to have less runoff. Over Greater Manchester, the lowest runoff 

coefficients occur in areas where there are high infiltrating soils combined with little 

surface sealing, and vice versa. The modelling work shows the great effect of climate 

change on the likely runoff from winter storms. The effect of climate change on rainfall 

will be to increase the 99th percentile daily winter precipitation by 56%, from 18 mm in 

1961-1990 to 28 mm by the 2080s High. This will result in an increased runoff of 82%. 

 

Soil type is very important for the reduction of surface runoff. It is well known that 

urbanisation on soils with high infiltration rates, such as sands, has a greater effect on 
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runoff than on soils with low infiltration rates, such as clays (Ward and Robinson, 2000; 

NRCS, 1986). This suggests that the use of pervious surfaces to reduce runoff volumes has 

the greatest potential on soils with higher infiltration rates. There is a case to be made for 

preserving and enhancing greenspace in such areas of the conurbation. This will be 

discussed further in chapter 7. In addition, if green roofs are created the substrate used 

should be capable of infiltrating water, thereby producing less runoff. In the green roof 

‘development scenario’ presented in this chapter, the existing UMT unit soil type was used 

when roofs were greened. This could mean that the use of green roofs could be even more 

effective if a high infiltration soil was always selected. However, the depth of the substrate 

layer will also strongly determine how much rainwater is converted to runoff (Mentens et 

al., 2006). Also, in the ‘development scenario’ presented here all roofs were greened 

within selected UMT categories. This is an unrealistic figure. Mentens et al. (2006) argue 

that, in Brussels, a target of 10% of buildings having extensive green roofs is quite realistic, 

since this is less than the current percentage of green roofs out of all new roofs in Germany. 

Extensive green roofs, with a substrate layer of up to 150 mm and vegetation mainly 

comprised of Sedum species, can be installed on almost all roof slopes, up to an angle of 

45º (Mentens et al., 2006). 

 

Compared to current form, the ‘development scenarios’ that were effective in reducing 

runoff were: residential plus 10% green or trees; disused and derelict land plus 10 to 60% 

trees; town centres plus 10% green or trees; town centres, retail, and high density 

residential with green roofs and with permeable paving. The ‘development scenarios’ that 

increased runoff were: residential minus 10% green or trees; high density residential 

development on disused and derelict land; high, medium, and low density residential 

development on improved farmland; and town centres minus 10% green or trees. However, 

these ‘development scenarios’ proved to be more or less effective at increasing or 

decreasing runoff in relation to each other. 

 

Over Greater Manchester, the ‘development scenario’ that proved the most effective at 

reducing runoff was residential plus 10% trees, which reduced runoff by 2.8% in 1961-

1990, and by 1.9% by the 2080s High. However, when compared to the 1961-1990 current 

form case, this still amounts to a runoff increase of 78.7% due to the increased 

precipitation with climate change. This ‘development scenario’ was followed by 

residential plus 10% green, high density residential with green roofs, and disused and 
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derelict land plus 60% and 50% trees24. A study in Brussels found that annual runoff could 

be reduced by 2.7% when 10% of buildings had green roofs, or by 54% at the individual 

building level (Mentens et al., 2006). The ‘development scenarios’ that were least effective 

at reducing runoff were: retail, town centre, and high density residential with permeable 

paving, retail with green roofs, and disused and derelict land with 10% trees added. The 

impact of permeable paving can be improved by including storage within its design (e.g. 

Blick et al., 2004).  

 

Over Greater Manchester, the ‘development scenario’ that increased runoff the most was 

high density residential development on improved farmland, which increased runoff by 

15.4% in 1961-1990 and by 10.8% by the 2080s High. When compared to the 1961-1990 

current form case runoff increases by 101.9% by the 2080s High. This ‘development 

scenario’ was followed by medium and low density residential development on improved 

farmland, residential -10% trees, and high density residential development on disused and 

derelict land. These rankings are dependent on the area of the conurbation affected by each 

‘development scenario’, for example, residential areas account for 29.2% of Greater 

Manchester, whilst improved farmland covers 31.2% (Chapter 3). It is also unlikely that all 

improved farmland will be developed as high density residential areas. 

 

Considering percentage changes in runoff at the UMT level helps to overcome this 

difficulty. Compared to the current form cases, the ‘development scenario’ that proved the 

most effective at reducing runoff in terms of percentage change was high density 

residential with green roofs, which decreased runoff by 19.9% in 1961-1990 and 14.1% by 

the 2080s High. However, compared to the 1961-1990 current form case, runoff still 

increases by 44% by the 2080s High. This was followed by town centres and retail with 

green roofs, and disused and derelict land with 60% and 50% trees added (Appendix G, 

tables G.7 to G.10)25. The ‘development scenarios’ that were least effective at reducing 

runoff were: high density residential, town centre, and retail with permeable paving; and 

disused and derelict land with 10% and 20% trees added. The ‘development scenario’ that 

increased runoff the most was high density residential development on improved farmland, 

                                                 
24 These rankings are for changes for an 18 mm precipitation event. It is worth noting that for a 28 mm event 
disused and derelict land with 60% trees added becomes slightly more effective than high density residential 
with green roofs. 
25 These rankings are for percentage changes for an 18 mm precipitation event. It is worth noting that for a 28 
mm event the ranking changes slightly, disused and derelict land with 60% trees added becomes the second 
most effective development scenario, followed by town centres and retail with green roofs.  
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which increased runoff by 58% in 1961-1990 and 39% by the 2080s High. When 

compared to the 1961-1990 current form case runoff increases by 166.9% by the 2080s 

High. This was followed by high density residential development on disused and derelict 

land, medium and low density residential development on improved farmland, and town 

centres minus 10% trees. 

 

Thus, urban greenspace makes an important contribution to reducing surface runoff. 

However, it seems unlikely that greenspace on its own can be used to mitigate the increase 

in runoff resulting from the increase in rainfall with climate change suggested by the 

BETWIXT output (Section 6.3.3). The effect of climate change on rainfall will be to 

increase the 99th percentile daily winter precipitation by 56%, from 18 mm in 1961-1990 to 

28 mm by the 2080s High. This will result in an increased runoff of 82%. In contrast, by 

the 2080s High, even the most effective ‘development scenario’, residential plus 10% trees, 

reduces overall runoff from Greater Manchester by 1.9% in comparison with current form 

runoff by the 2080s High. The most effective ‘development scenario’ at the UMT level, 

high density residential with green roofs, reduces runoff by 14.1% by the 2080s High, 

compared to the current form 2080s High case. 

 

Further, the BETWIXT output suggests a shift towards wetter antecedent moisture 

conditions in winter (Section 6.3.4). Therefore it is more likely that soils will be saturated 

such that runoff will occur from all surface types. Ward and Robinson (2000) note that 

urban and saturated non-urban surfaces have very similar infiltration characteristics, and 

thus urbanisation has a greater impact on surface runoff in summer than in winter, and in 

drier rather than wetter climates. Similarly, the impact of green roofs in reducing runoff 

has also been found to be most effective for smaller storm events (Carter and Jackson, 

2006) and retention of rainwater is lower in winter than summer (Mentens et al., 2006). In 

addition, whilst dry antecedent moisture conditions in summer allow for more infiltration 

of water, this does not account for the situation when a crust is formed on the surface of the 

soil, preventing rainwater infiltration and thereby increasing surface runoff (Bronstert et al., 

2002).  
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6.6 Conclusion 
 

This chapter has focussed on the surface runoff modelling. It has explored the impacts of 

both climate change and differing ‘development scenarios’ on surface runoff. In particular, 

it has considered the use of greenspace to moderate surface runoff. Greenspace can reduce 

runoff significantly locally, for example, by up to 20% when green roofs are added to high 

density residential areas in 1961-1990 and 14% by the 2080s High. However, this effect is 

not sufficient to counter the extra precipitation resulting from climate change, which would 

increase runoff from the same area by 68%, compared to the 1961-1990 case with current 

form. Additionally, at the conurbation level, the most effective ‘development scenario’, 

adding 10% trees to residential areas, reduces runoff by 2% by the 2080s High compared 

to an increase of over 80% in runoff from the conurbation. There is thus a need to explore 

the use of storage, in combination with green surfaces, in order to counter the increased 

runoff resulting from climate change. This will be explored further in the next chapter, 

which considers climate change adaptation strategies at the conurbation and 

neighbourhood level.  
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Chapter 7. Climate Adaptation at the Conurbation and 
Neighbourhood Levels 

 

7.1. Introduction 
 

The previous two chapters have explored the potential of urban greenspace to help adapt 

cities for climate change, through modifying their energy exchange (Chapter 5) and 

hydrological balances (Chapter 6). In addition, chapter 4 explored the vulnerability of 

urban greenspace to climate change, and in particular to drought, when, as a result of water 

shortages, the evaporative cooling effect of greenspace could be reduced. In this chapter, 

this work will be drawn together and explored within the context of what this means for 

climate adaptation at both the conurbation and neighbourhood levels.  

 

Adaptation can be defined as “any action, either intentional or accidental, taken to 

minimise the adverse effects of climate change or to take advantage of any beneficial 

effects” (HM Government, 2006, p. 130). Whilst autonomous adaptation happens as 

society reacts to experienced or perceived change, planned adaptation seeks to anticipate 

and pre-empt effects and manage any residual impacts (Figure 1.1) (Lindley et al., in press). 

This chapter will be concerned with adaptation strategies which can be achieved through 

planning, design and management. This stage of the study should help achieve the final 

research objective, namely, to test options for soft engineering to utilise the moderating 

influence of greenspace to reduce climate change impacts on people and buildings.  

 

The modelling work presented in chapter 5 suggests that the use of urban greenspace offers 

significant potential in moderating the increase in summer temperatures expected with 

climate change, and therefore has important implications for human comfort and well 

being (e.g. Svensson and Eliasson, 2002; Eliasson, 2000).  For example, adding 10% green 

cover in high density residential areas and town centres kept maximum surface 

temperatures at or below 1961-1990 baseline levels up to, but not including, the 2080s 

High. Greening roofs in areas with a high proportion of buildings, for example in town 

centres, manufacturing, high density residential, distribution and storage, and retail, also 

appeared to be an effective strategy to keep surface temperatures below the baseline level 

for all time periods and emissions scenarios. On the other hand, the modelling work 
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highlights the dangers of removing greenspace from the conurbation. For example, if green 

cover in high density residential areas and town centres is reduced by 10%, surface 

temperatures will be 7°C or 8.2°C warmer by the 2080s High in each, when compared to 

the 1961-1990 baseline case; or 3.3°C and 3.9°C higher when compared to the 2080s High 

case where green cover stays the same.  

 

One caveat to the potential of greenspace in moderating surface temperatures is the case of 

a drought, when grass dries out and loses its evaporative cooling function. Output from the 

BETWIXT daily weather generator (Section 2.3.3) suggests that with climate change there 

will be more consecutive dry days and heatwaves of longer duration in summer 

(BETWIXT, 2005; Watts et al., 2004a, 2004b). Similarly, the drought mapping undertaken 

in chapter 4 suggests a significant increase in the duration of droughts with climate change. 

Thus, it is likely that there will be more cases when the grass loses its evaporative cooling 

function unless counter measures are taken. In such situations the role of water surfaces in 

providing cooling and trees in providing shade become increasingly important. The 

modelling work presented in chapter 5 does not include the effect of shading on surface 

temperatures; however, pilot research suggested that the shade provided by mature trees 

can keep surfaces cooler by as much as 15.6°C (Section 5.6).  

 

The modelling work in chapter 6 suggests that greenspace on its own is less effective at 

moderating the volume of surface runoff under climate change. Whilst greenspace helps to 

reduce surface runoff, especially at a local level, the increase in winter precipitation 

brought by climate change is such that runoff increases regardless of changes to surface 

cover. Thus, in order to adapt to the increased winter precipitation expected with climate 

change, increased storage will need to be considered alongside greenspace provision. 

There is significant potential to utilise sustainable urban drainage (SUDS) techniques, such 

as creating swales, infiltration, detention and retention ponds in parks (Mansell, 2003; 

CIRIA, 2000). There is also an opportunity to store this excess water and make use of it for 

irrigating greenspace in times of drought. 

 

The model outputs cannot be directly translated in practice, for example it would be quite 

unrealistic to green all roofs in city centres and high density residential areas. However, the 

model runs indicate which type of actions are likely to be most beneficial and in which 

locations. The implications of this research, in terms of potential adaptation strategies, will 

be explored in the following sections. The initial focus will be on conurbation level 
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adaptation strategies. Following this, neighbourhood level adaptation strategies will be 

considered through an exploration of specific cases. The potential delivery mechanisms to 

transfer the knowledge gained through this research into practice will then be discussed. 

 

7.2 Conurbation Level 
 

At the conurbation level, adaptation strategies should be grounded in an understanding of 

the functioning of the urban system, with particular attention paid to the green 

infrastructure. The green infrastructure is “an interconnected network of green space that 

conserves natural ecosystem values and functions and provides associated benefits to 

human populations” (Benedict and McMahon, 2002, p. 12). The green infrastructure 

should operate at all spatial scales from urban centres to the surrounding countryside 

(URBED, 2004). Whilst the built infrastructure, such as roads and electricity supply 

systems, are carefully planned and coordinated between different components and 

jurisdictions, this is often not the case for the green infrastructure (The Conservation Trust 

and USDA Forest Service, 2006). However, the concept of green infrastructure planning is 

now receiving increasing attention in the UK (e.g. North West Green Infrastructure Think-

Tank, 2006). It is important that green infrastructure planning takes place at the 

conurbation level, so that delivery does not stop at administrative boundaries. 

 

The green infrastructure of the conurbation should be assessed, perhaps using methods 

such as those presented in chapter 3. This approach is useful because it includes all 

greenspace, both public and private. Private gardens are generally not included in maps of 

greenspace, which tend to focus on public green spaces. However, the research presented 

here has highlighted their importance in terms of environmental functionality (Chapters 5 

and 6), not least because residential areas represent a major land use of the conurbation 

(Chapter 3). It is therefore vital, from the perspective of climate adaptation, that all 

greenspace over the conurbation is considered. 

 

This approach indicates areas of the conurbation where there is plentiful greenspace, or 

tree cover, which should be preserved, as well as places where it is lacking and could be 

enhanced, whether in private gardens, public spaces or streets. The quality of the 

greenspace is also important, for example, whether there are many mature trees or just 

mown grass surfaces. Priority should be given to areas where the vulnerability of the 
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population is highest. A study in Merseyside found that vegetation, and in particular tree 

cover, is lower in residential areas with higher levels of socio-economic deprivation 

(Pauleit et al., 2005). The socio-economic deprivation index used included variables 

relating to health deprivation. Such populations will therefore be more vulnerable to the 

impacts of climate change. In terms of climate adaptation, access to greenspace will be a 

crucial issue, as people escape the warmer built environments to cooler vegetated areas. As 

well as knowing the proportional greenspace cover, it is therefore also important to know 

the location of public spaces so that the creation of new spaces can be targeted to areas 

where there are few. With climate change, there will be an increased demand for green 

spaces due to warmer summer temperatures (McEvoy et al., 2006). The increased 

recreational demand may place increased pressure on vegetated surfaces and could lead to 

the replacement of grass with hard functional surfaces. This would have a negative impact 

on the environmental functionality of these areas. 

 

One way of exploring possible climatic adaptations via the green infrastructure is from the 

perspective of landscape ecology. The modelling work in this thesis (Chapters 5 and 6) has 

concentrated on the environmental performance of the UMTs regardless of their spatial 

context. However, the functionality of the green infrastructure will also be dependent on its 

location. Thus, the green infrastructure can be viewed as consisting of corridors, patches, 

and the overall matrix (Figure 7.1) (Forman and Godron, 1986). These components of the 

green infrastructure play different roles in terms of climatic adaptation (Table 7.1). A well 

functioning green infrastructure should consist of a good mixture of patches, corridors and 

green within the matrix. 

 

Figure 7.1. Elements of the green infrastructure from a landscape ecological perspective 
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Table 7.1. Climate adaptation via the green infrastructure – an indicative typology 
 

 Corridor Patch Matrix 
Flood storage ••• •• • 
Infiltration capacity • •• ••• 
Evaporative cooling • ••• •• 
Shading • •• ••• 

 

Flood storage is especially important in corridors (Table 7.1). In Greater Manchester, green 

spaces such as golf courses and nature reserves alongside the River Mersey are used 

effectively as flood storage basins at times of high river flow (Sale Community Web, no 

date). Greenspace creation could be targeted alongside rivers and canals. The use of 

floodplains for greenspace rather than building developments would also mean that fewer 

buildings were at risk from flooding. The local advisory group for the ASCCUE project 

(Section 1.2) has also noted the importance of the Manchester Ship Canal in providing 

floodwater storage. In addition, one suggestion in the Making Space for Water consultation 

on a new government strategy for flood risk, was to make use of selected roads for storing 

floodwater (DEFRA, 2005c, p. 31). The green patches also offer some potential for flood 

storage (Table 7.1) through sustainable urban drainage systems such as swales, infiltration, 

detention and retention ponds in parks (Mansell, 2003; CIRIA, 2000).  

 

In terms of rainwater infiltration, the permeability of the surface is very important. The 

matrix is especially important (Table 7.1) because much of the greenspace occurs within 

residential areas. Therefore the cumulative effect of decisions made by individual 

households in relation to the permeability of their gardens is important (GLA, 2005). 

Greenspace is most effective at reducing surface runoff on sandy, faster infiltrating soils 

(Chapter 6). The co-location of high infiltration soils with greenspace over the conurbation 

is therefore of interest (Figure 7.2). There may be a case for adapting to climate change 

through preserving and enhancing vegetated surfaces on such soils. This could be achieved 

through restrictions on developments, as well as on hard standings which are currently 

outside of the planning system, and could focus on infill development in lower density 

residential areas where soils have a high infiltration capacity (Section 7.3.3). The patches 

are also important for infiltration (Table 7.1) in terms of SUDS. Individual greenspaces can 

be designed and managed to make the most of high infiltrating soils where they occur. 

However, there may be issues relating to where the water is infiltrated to and whether this 

contributes to rising groundwater levels. 
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Figure 7.2. Evapotranspiring surface cover on high infiltration soils (hydrological soil types A and B) 

 
 

Evaporative cooling is very important in the patches (Table 7.1) which provide green oases 

with cooler microclimates. Greenspaces develop a distinctive microclimate when they are 

greater than 1 hectare (von Stülpnagel et al., 1990). A study at Primrose Hill park in 

London (approximately 1 km by 0.5 km, or 50 ha) found that mean air temperatures were 

0.6ºC less in the park than in surrounding residential and shopping streets, whereas peak 

temperatures were 1.1°C less (Watkins et al., 2002). In addition, the park’s influence on air 

temperatures extended downstream by 200 to 400 m (Watkins et al., 2002). A similar 

effect of urban parks has been found in studies around the world (e.g. Dimoudi and 

Nikolopoulou, 2003; Shashua-Bar and Hoffman, 2000; Givoni, 1998; Ca et al., 1998; 

Honjo and Takakura, 1990/91; Jauregui, 1990/91), with the largest temperature differences 

found in larger parks and the spatial extent of cooling increasing with park size (Upmanis 

et al., 1998). Honjo and Takakura (1990/91) suggested that, in addition to the scale of the 

park, the interval between green areas was also important in the influence of the park on 

surrounding air temperatures. Their analysis suggested that smaller green areas with 

sufficient intervals are preferable for effective cooling of the surrounding area. In addition, 

the modelling work presented here (Chapter 5) has shown that evaporative cooling is also 
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very important in the matrix (Table 7.1) where people live. This can be provided by street 

trees, green roofs and vegetation on building facades. 

 

Shading has an important role to play in the matrix (Table 7.1) in terms of human comfort 

and in reducing building energy use. A study of residential areas in New Jersey found 

urban vegetation to be an effective and economically efficient way to reduce energy 

consumption associated with cooling buildings (Solecki et al., 2005). Energy savings 

associated with air conditioning can be maximised by strategically placing trees in front of 

windows and to the east, west and south sides of the building (Solecki et al., 2005). Large 

trees with greater canopy cover and hence shade area tend to be the most effective (Solecki 

et al., 2005). The use of deciduous trees is also important so that sunshine to the buildings 

during winter time is not blocked (Brown and Gillespie, 1995). In North America the role 

of trees in providing shade is more recognised, with strategies specifically referring to 

‘shade trees’ (e.g. Boston Parks and Recreation Department, 2002). The greening of roofs 

and walls also has an important role to play in reducing the solar heat gain to buildings and 

thereby increasing their indoor thermal comfort (e.g. Onmura et al., 2001; Niachou et al., 

2001; Papadakis et al., 2001). In addition, the provision of shade within the patches (Table 

7.1), or urban parks, provides a microclimate which benefits people. Pilot work undertaken 

as part of this thesis suggested that surface temperatures under a mature tree canopy can be 

reduced by up to 15.6ºC (Chapter 5). 

 

In addition to targeting areas of the conurbation where greenspace could be preserved or 

enhanced, adaptation strategies must be developed at this level for dealing with drought. 

This could be through ensuring a water supply for irrigation purposes when it is most 

needed or by redesigning spaces so that they require less water. One possible adaptation 

strategy would be drought-resistant plantings. In Greater Manchester this would involve 

planting vegetation, such as trees, that are less sensitive than grasslands to drought. It may 

be possible to learn lessons from other countries currently experiencing warmer and drier 

conditions, for example trees are common in open spaces in the Mediterranean, whilst 

grass surfaces are used less. Tree species which are less sensitive to drought can be chosen 

from temperate zones, such that they will still evapotranspire and provide shade. Site 

conditions for trees in streets may also need improving so that there is sufficient rooting 

space for the trees (e.g. Harris et al., 2004).  
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In addition, irrigation measures must be considered to ensure that greenspace has an 

adequate water supply. Investment must be made in the water infrastructure to allow for 

abundant winter rainwater to be collected, stored and distributed for use during droughts. 

Other options include reusing greywater and extracting water from rising or low quality 

aquifers under cities, where present. For example, in Piccadilly Gardens, a borehole is 

being drilled down to a natural water source to supply water throughout summer months 

(Ottewell, 2006). Irrigation could be delivered automatically during the night in order to 

limit losses due to evapotranspiration. Ironically, measures which are currently in hand to 

reduce leakage in the water supply system may reduce available water for street trees 

which are critically important for human comfort in the public realm. Unless adequate 

provision is made there will be conflict as greenspace will require irrigating at the same 

time as water supplies are low and restrictions may be placed on its use. In such a case the 

use of water for irrigating parks is perceived as frivolous and anti-social. This could result 

in maladaption, as highlighted through the increasing use of artificial domestic lawns 

(Bessaoud and Baird, 2006). Whilst such lawns are porous, they do not evapotranspire and 

will also not be beneficial to wildlife. 

 

Other potential conflicts should also be considered at this level, such as planting trees in 

proximity to buildings. On clay soils in particular, changes in soil moisture content result 

in dimensional changes in the soil (Percival, 2004). If such changes in the soil occur below 

the foundation level of the buildings, this can result in damage. However, the persistence 

of a moisture deficit beyond seasonal fluctuations only occurs in extreme cases (Biddle, 

1998). Tree roots are involved in at least 80% of subsidence claims on shrinkable clay soils, 

yet even on clay soils the risk of a tree causing damage is less than 1% (Biddle, 1998). 

Both the intensity and frequency of shrink-swell soil hazards may increase with climate 

change, whereas the spatial extent is unlikely to change (Forster and Culshaw, 2004). In 

addition, different tree species have varying water demands and therefore have different 

potentials for causing damage (Table 7.2). The maturity of the tree will also be a 

consideration. 
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Table 7.2. A tentative classification of the ‘water demand’ of different genera (Biddle, 1998, p. 147) 
 

 Highest water demand  
(deepest and furthest extent) 

Lowest water demand 
(shallowest and least extent) 

B
ro

ad
-le

af
ed

 Eucalyptus 
Populus 
Quercus 

Crataegus 
Salix 

Sorbus aria 
Ulmus 

Aesculus 
Fraxinus 
Platanus 

Tilia 

Acer 
Castanea 

Fagus 
Malus 
Prunus 
Pyrus 

Robinia 
Sorbus aucuparia 

Ailanthus 
Alnus 
Betula 

Carpinus 
Gleditsia 

Ilex 
Juglans 

Laburnum 

Catalpa 
Corylus 
Ficus 

Liquidambar 
Liriodendron 

Magnolia 
Morus 

Sambucas 

C
on

ife
ro

us
 Cupressus Chamaecyparis 

x Cupressocyparis 
Sequoiadendron Cedrus 

Thuja 
Juniperus 

Taxus 
Tsuga 

Abies 
Araucaria 

Ginkgo 
Larix 
Picea 
Pinus 

 

Biddle (1998) argues that, due to the importance of trees in urban environments, a proper 

understanding is required of the mechanism of damage, how this can be prevented, and of 

appropriate remedies if damage occurs. At present, trees are often felled for a perceived 

risk (Shamash, 2005). An approach which accepts that minor damage may sometimes 

occur, and then remedies the situation if it does, is the most appropriate (Biddle, 1998). At 

the conurbation level it is useful to know the location of shrink-swell soils so that 

adaptation measures can be considered.  

 

Figure 7.3 shows the location of shrink-swell soils within the top 1.2 m of the soil profile 

over Greater Manchester. Generally in Greater Manchester, the soils have a low shrink-

swell rating. The highest shrink-swell class is found on peaty soils, whilst some areas, 

particularly to the south of the conurbation also receive a high rating. On the other hand, 

figure 7.4 shows the shrink-swell soils from 1 m downwards. The soils with a high shrink-

swell rating are again generally peaty, and high ratings also tend to be found along river 

corridors. These figures highlight areas of Greater Manchester where there is a potential 

for subsidence damage to buildings, depending on the depth of their foundations. Perhaps 

development should be restricted in certain locations where there is a higher potential for 

damage, or at least new buildings should include precautions in the design and construction 

of foundations to allow for tree growth near buildings (Biddle, 1998). However, given both 

the uncertainty of trees damaging buildings as well as the altered nature of urban soils 

(Craul, 1999), it may be better to deal with this issue at a neighbourhood or even site level. 
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Figure 7.3. Shrink-swell class for 1.2 m soil profile, where 0 is water bodies, 1 is the lowest shrink-swell 
class and 6 is the highest (source: Cranfield NSRI) 

 
 

Figure 7.4. Shrink-swell class at depths of 1 m downwards, where A has ground conditions that are 
predominantly non-plastic, B is low plasticity, C is medium plasticity, D is high plasticity, and E is very 

high plasticity (source: British Geological Survey) 
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The ecological importance of urban vegetation is often placed below other issues such as 

safety, security, and the control of the more ‘unwanted’ users of parks. Risk and fear of 

litigation may result in the removal of shrubs and ponds and the felling of trees (CABE 

Space, 2005b). For example, about fifteen years ago Manchester City Council felled trees 

on Princess Parkway, a major dual carriageway out of the city, for risk-related reasons. 

Practices of this kind are still common in some local authorities. 

 

In addition to providing climate adaptation, the green infrastructure offers a range of other 

benefits in urban areas (e.g. URBED, 2004; Givoni, 1991). The combination of these 

functions makes the use of green infrastructure an attractive climate adaptation strategy. 

Indeed, adaptation strategies for climate change using the green infrastructure are often 

good practice even without climate change. This is important given the scientific 

uncertainties relating to climate change (Willows and Connell, 2003; Hulme et al., 2002). 

However, given the multi-functionality of the green infrastructure the implications of 

climate adaptation strategies on the other functions must be understood. Moreover, the use 

of green infrastructure may help in reducing greenhouse gas emissions, or in mitigating 

climate change. For example, vegetation can reduce solar heat gain in buildings and can 

thus reduce the demand for mechanical cooling through air conditioning, which contributes 

both the greenhouse gas emissions as well as the intensification of the urban heat island 

through waste heat (e.g. Solecki et al., 2005; Onmura et al., 2001; Niachou et al., 2001; 

Papadakis et al., 2001). During the heat wave in the UK in the summer of 2006, there was 

a massive demand for electricity as a result of fan and air conditioning use (Macalister, 

2006).  

 

7.3 Neighbourhood Level 

 

So far, much of the focus has been at the conurbation level. However, the research aims 

were to assess the vulnerability of urban greenspace to climate change at the city and 

neighbourhood level, and to investigate the potential of greenspace to adapt cities to 

climate change (Section 1.4). At the neighbourhood scale, there is a potential for 

demonstration projects to be undertaken showing best practice climate adaptation strategies. 

This could help in raising the profile of adaptive measures. The neighbourhood level is 

important because different urban neighbourhoods have different adaptive capacities 
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depending on socio-economic factors, as well as their built form; not least in the potential 

to create significant new greenspaces.  

 

In many existing urban areas, where the built form is already established, it may not be 

feasible to create large new greenspaces. Thus, greenspace will have to be added creatively 

by making the most of all opportunities, for example through the greening of roofs, 

building facades, street tree planting, and converting selected streets into greenways. In 

contrast, where new development is occurring, or where existing urban neighbourhoods are 

undergoing major restructuring, the creation of significant new greenspaces could be 

incorporated into plans. This is the case in both Housing Market Renewal Areas and the 

Growth Areas. These initiatives are part of the UK Government’s Sustainable 

Communities Plan (ODPM, 2003b). Nine Housing Market Renewal Areas have been 

identified across the North of England and the Midlands, including Manchester/Salford and 

Oldham/Rochdale, with the objective of renewing failing housing markets through 

refurbishment, replacement and new build of houses. The Growth Areas are in South East 

England and will provide as many as 200,000 new homes to relieve housing pressures in 

the region. Given the long life time of buildings, from 20 to over 100 years (Graves and 

Phillipson, 2000), it is crucial to take opportunities for creating greenspaces as they arise. 

 

A variety of urban neighbourhood types were selected as case studies, including a city 

centre, a densifying suburb, an urban restructuring area, and a new development. It was 

considered that these had different adaptive capacities, ranging from areas where urban 

form is essentially established to areas with opportunities for change. The sites were 

selected in conjunction with the wider ASCCUE project (Section 1.2). The risk assessment 

process undertaken within ASCCUE (Lindley et al., in press; Lindley et al., 2006), together 

with local knowledge, allowed sites to be chosen that may be subjected to some climate 

related risk. In addition, sites were selected so that key linkages between the three 

ASCCUE exposure units (Section 1.2), building integrity, human comfort, and urban 

greenspace, could be explored. Each neighbourhood site is discussed in turn below. Much 

of the discussion is based upon the outcomes of adaptation workshops held with 

stakeholders (McEvoy and Lindley, 2006) on 18th January and 20th March 2006. 

 

In responding to climate change it is important to be sensitive to the specific context of the 

different neighbourhoods. This includes both the historical and contemporary function and 

character of an area. The present day and future socio-economic composition and 
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demographics of an area will be important in considering adaptation requirements. For 

example, with an aging population there may be an increased demand for certain types of 

development. In addition, it is essential to know the greenspace composition of a 

neighbourhood, both in terms of proportional cover and public spaces. This is determined 

for each of the case studies through a surface cover analysis using 400 random points (as in 

Chapter 3) within selected site boundaries. Significant greenspaces were also digitised for 

each site and the UMTs within 500 m of the site boundaries were found in order to set the 

sites within their spatial context. In addition, the surface temperature and runoff models 

were run for each of the sites using existing surface cover.  

 

7.3.1 City Centre 

 

Manchester city centre was used as the case study area for the city centre neighbourhood 

type. A boundary for the city centre was determined from the Manchester City Centre 

Strategic Plan (Figure 7.5) (Manchester City Council and Manchester City Centre 

Management Company, 2003b). Using this boundary, the city centre covers 3.3 km2 or 

334.2 ha. The altitude varies from 30 to 50 metres above sea level. Manchester city centre 

is a typical highly concentrated urban centre with high buildings and a dense road network. 

Castlefield, which is part of Manchester city centre, is also discussed here. This sub-

neighbourhood was selected for discussion as it has plentiful water surfaces and outdoor 

spaces and was considered to be an area which may be well adapted for climate change. It 

is located around canal basins in the west of the city centre and has recently undergone 

significant urban renewal. 
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Figure 7.5. 1997 aerial photograph of Manchester city centre and Castlefield (source: Cities Revealed) 

 
 

The surface cover analysis, using 1997 aerial photography, revealed that 77% of 

Manchester city centre is covered by built surfaces (Figure 7.6). This compares to 74% in 

the town centres UMT (Chapter 3), which is the average over Greater Manchester, and 

63% in the Castlefield area of the city centre. Greenspace cover is poor, with vegetated 

surfaces covering 10% of Manchester city centre compared to 19% in the town centres 

UMT and 23% in Castlefield. Tree cover is 5% in both Manchester city centre and the 

town centres UMT, compared to 10% in Castlefield. Manchester city centre and the town 

centres UMT also have very low water cover, at about 1%, compared to Castlefield with 

5% water.  
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Figure 7.6. Surface cover in Manchester city centre, Castlefield, and average values for the town centre 
UMT 
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In addition, there are few urban parks in Manchester city centre. This was observed as far 

back as 1840 by Dr Robertson, a surgeon, who noted that Manchester had “no public park 

or other ground where the population can walk and breathe fresh air” (Manchester Metro 

News, 2004). Green spaces are estimated from the aerial photography to cover 4.7 ha, 

representing only 1.4% of the city centre. Piccadilly Gardens is the largest of these spaces 

and covers only 1.1 ha (Plate 7.1). Much of this space consists of hard surfaces and the 

trees are young and often fastigiate, which means that they will cast little shade. Other 

open spaces in Manchester city centre include: St Ann’s Square which is mainly hard 

surfaces with a fountain and a few trees, Exchange Square which again has hard surfacing 

with a water feature and a few trees, and Cathedral Gardens with amenity grass and a few 

trees. Manchester city centre is currently subject to an ongoing process of densification, 

which has resulted in the loss of valuable areas of greenspace in both the centre and on the 

centre fringes. It is telling that whilst the  Manchester City Centre Strategic Plan 

(Manchester City Council and Manchester City Centre Management Company, 2003a) 

refers to the public realm it makes no explicit mention of greenspace. As a result, many 

people see the city centre as ‘hard edged’ and ‘claustrophobic’. Without compensatory 

measures this is likely to continue as a large increase in dwellings is being planned for the 

centre (Manchester City Council and Manchester City Centre Management Company, 

2003a). 
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Plate 7.1. Piccadilly Gardens on a warm summer day 

 
 

The UMT units surrounding Manchester city centre are generally built up categories 

(Chapter 3). Within 500 m from the boundary of Manchester city centre the following 

UMTs are present: manufacturing, offices, storage and distribution, disused and derelict 

land, much of which has now been developed, formal open space, informal open space, 

major roads, rail, river and canals, high density residential, medium density residential, 

schools, retail, and town centre (Figure 7.7). The open space sites within this 500 m buffer 

are generally small, with the most significant being the informal open space alongside the 

River Medlock in Ancoats to the east of the city centre, which is 14.5 ha and could 

potentially form a green corridor connecting to Clayton Vale and beyond. 
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Figure 7.7. UMT units within 500 m and 1000 m buffers of Manchester city centre 

 
 

Although the residential population in Manchester city centre is generally relatively 

affluent, the area is still associated with a number of heat stress and human comfort related 

issues in view of its role as a centre for working, commuting and recreational activities. 

Risk assessment work undertaken within the ASCCUE project shows that levels of 

discomfort and risks to health, especially amongst more vulnerable members of the 

population, will increase with climate change. 

 

Energy exchange modelling reveals that Manchester city centre has higher maximum 

surface temperatures than Castlefield, because of its lower evapotranspiring surface area: 

11% versus 28% (Figure 7.8). In 1961-1990, the maximum surface temperature for the 98th 

percentile summer day was 34.3°C in Manchester city centre compared to 28.8°C in 

Castlefield, 5.5°C cooler. The town centre UMT had a maximum surface temperature of 

31.2°C. By the 2080s, Manchester city centre experiences maximum surface temperatures 

of 36.8-39.6°C, depending on emissions scenario, compared to 30.5-32.6°C in Castlefield, 

a difference of 6.3-7.0°C, and to 33.2-35.5°C in the town centre UMT. Not only are the 

maximum surface temperatures increasing, but the relative differences between greener 
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and more built-up areas are also changing. Hence, under climate change, the importance of 

greenspace becomes even more crucial. 

 

Figure 7.8. Maximum surface temperature in Manchester city centre and Castlefield for the 98th 
percentile summer day under different time periods and climate scenarios 
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In terms of surface runoff, 29% of Manchester city centre has soils with a moderate 

infiltration rate (hydrologic soil type B), whilst 71% is on soils with a low infiltration rate 

(hydrologic soil type C) (Figure 7.9). For an 18 mm rainfall event there is 85% and 88% 

runoff from soils B and C, respectively (Table 7.3), whilst for a 28 mm rainfall event there 

is 90% and 92% runoff from soils B and C, respectively. The total runoff from Manchester 

city centre is 52,648 m3 in 1961-1990; this increases by 44% by the 2080s Low and 63% 

by the 2080s High. Castlefield is located entirely on soils with a moderate infiltration rate 

(hydrologic soil type B). For an 18 mm rainfall event there is 72% runoff from Castlefield 

compared to 81% for a 28 mm rainfall event (Table 7.4). The total runoff from Castlefield 

increases by 49% by the 2080s Low and 70% by the 2080s High.  
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Figure 7.9. Hydrologic soil types over Manchester city centre 

 
 
Table 7.3. Output from surface runoff model for Manchester city centre for 99th percentile winter daily 

precipitation events for hydrological soil types B and C 
 
Runoff coefficient Runoff (m3) Time period and emissions scenario Prec 

(mm) B C B C Total 
1961-1990 18 0.85 0.88 14,812 37,835 52,648 
2020s Low, 2020s High, 2050s Low 23 0.88 0.91 19,577 49,635 69,212 
2050s High, 2080s Low 25 0.89 0.91 21,489 54,364 75,853 
2080s High 28 0.90 0.92 24,361 61,465 85,826 

 
Table 7.4. Output from surface runoff model for Castlefield for 99th percentile winter daily 

precipitation events 
 

Time period and emissions scenario Prec (mm) Runoff coefficient Runoff (m3) 

1961-1990 18 0.72 6,095 
2020s Low, 2020s High, 2050s Low 23 0.77 8,208 
2050s High, 2080s Low 25 0.79 9,059 
2080s High 28 0.81 10,340 

 

An analysis of the irrigation requirements for grass areas in Manchester city centre was 

undertaken for the 1961-1990 baseline, as well as the 2080s Low and High emissions 

scenarios. This was to find the amount of water required to keep the soil water deficit 

below the limiting deficit. The cumulative difference between monthly precipitation, 

averaged from the UKCIP02 5 km grid within the boundary of Manchester city centre (as 
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in section 4.3.1.2), and the potential evapotranspiration, calculated for Ringway (Table 4.2), 

was determined for all months when the potential evapotranspiration exceeded 

precipitation. The readily available water to a depth of 50 cm in the soil profile (or the 

limiting deficit), using the major value within the boundary of Manchester city centre (as 

in section 4.3.1.1), was then subtracted from this cumulative difference to give the 

irrigation requirements for Manchester city centre in millimetres. This value was 

multiplied by the area covered by grass surfaces within the city centre to give the grass 

irrigation requirements in m3.  

 

In 1961-1990, 1126 m3 of water are required to irrigate the grass in Manchester city centre 

(Table 7.5). This is equivalent to the annual water use of 21 people, if a per capita water 

use of 150 litres per day (EA, no date) is assumed. 52,648 m3 of runoff results from the 

99th percentile daily winter precipitation event over the city centre in 1961-1990, which is 

about 47 times the annual irrigation requirements of the grass. By the 2080s Low, the 

irrigation requirements are 11,926 m3, equivalent to the annual water use of 218 people. 

Runoff from the 99th percentile daily winter storm is 75,853 m3, which is 6 times the 

irrigation requirements. By the 2080s High, the irrigation requirements are 23,778 m3, 

equivalent to 434 people’s annual water use. Runoff from the 99th percentile daily winter 

storm is 85,826 m3, equivalent to 4 times the irrigation requirements. These calculations 

suggest that, although irrigation requirements increase significantly with climate change, if 

the runoff from the 99th percentile daily winter storm was captured this would be sufficient 

to irrigate the grass in the city centre for the year. Thus, if even a small fraction of the 

annual runoff is collected and stored there would be enough water for irrigation. 

 
Table 7.5. Annual grass irrigation requirements in Manchester city centre 

 

Time period and emissions scenario  
1961-1990 2080s Low 2080s High 

Grass irrigation requirements (m3) 1,126 11,926 23,778 
Equivalent number of people’s annual water use 20.6 217.8 434.3 
Runoff from 99th %ile daily winter storm (m3) 52,648 75,853 85,826 
Runoff/ irrigation requirements 46.8 6.4 3.6 

 

One of the main challenges in adapting Manchester city centre for climate change is that, 

in addition to there being little green and a low tree cover, there is not much opportunity 

for significant greenspaces to be added as much of the built form is established. If a 

significant urban greenspace were to be created, compulsory purchase orders would be 
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necessary. High land prices mean that spaces are developed for commercial or residential 

purposes. Even Piccadilly Gardens, which was redeveloped in 2001-2002, lost part of its 

footprint to a new retail and office development. Therefore, green cover will have to be 

added creatively in order to provide crucial shading for both people and buildings. The 

shading of buildings may also help to mitigate climate change, through reducing the energy 

consumption required for cooling (Section 7.2). Another crucial issue is land ownership. 

Different land owners will need to work together. Private developers may also need 

encouragement to create quality greenspace. 

 

The addition of street trees is an obvious adaptation strategy. The Red Rose Forest is 

planting 150 trees in Manchester city centre in the next three years as part of its Green 

Streets programme (Red Rose Forest, no date). Tree species may need to be selected that 

can survive in the warmer drier conditions expected in the summers with climate change 

(Broadmeadow, 2002). In addition, tree species may have to cope with different pests and 

diseases introduced (Broadmeadow, 2002). Furthermore, whilst some trees remove 

pollutants such as ozone, nitrogen dioxide and particles from the air, others, such as willow, 

oak and poplar, may contribute to emissions of ozone precursors (Stewart et al., no date). 

Currently much street tree planting is of smaller ornamental varieties which are often 

fastigiate (LUC, 1993), however, large canopies will be increasingly important for the 

shade they provide (e.g. Solecki et al., 2005). This could require a significant change in 

current planting practices. 

 

In addition to the creation of microclimates through the planting of shade trees, building 

facades offer places for vegetation, with the advantage of being cheap and non-spatial, and 

green roofs will also have a role to play, although there may be issues relating to public 

access. Greenery should also be added to areas where it would not traditionally be found, 

such as car parks, bus shelters, bus stations and transport hubs. This will be beneficial as it 

may increase the attractiveness of public transport, and would mean that such spaces 

provided multi-functions. Selected streets could be greened and pedestrianised, allowing 

existing greenspace to be better connected and also creating ways for more sustainable 

forms of transport, which may bring health benefits. In this way, connections could 

potentially be made to greenspaces surrounding the city centre, with signposting to 

encourage their use as well as to promote existing greenspace resources in the city centre. 

It may also be feasible to create a new park on the fringes of the city centre, such as in 
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Ancoats or Ardwick where there are large spaces which could be improved and used as 

public space, and to greatly increase the tree cover in the surrounding area. 

 

Water surfaces could play an important role in adapting the city centre for climate change. 

Manchester city centre, however, suffers from a lack of a river focus as many of the rivers 

in the city, including for example the Rivers Irk and Medlock, are culverted and hidden as 

a result of their historical use as sewers. This culverting reduces their ability to cope with 

large fluctuations in flow rate resulting from precipitation events. In fact, in addition to 

these rivers, the Rochdale Canal, Ashton Canal, and Bridgewater Canal are all within the 

boundary of Manchester city centre, and the River Irwell joins the Manchester Ship Canal 

alongside the boundary. An adaptation strategy would be to open up these rivers and canals, 

and create greenspaces as corridors alongside them, which would have positive 

implications for recreation. This would also help provide places for rainwater to go, given 

that there is a high runoff from Manchester city centre due to its highly built nature and 

low infiltration soils. A partnership approach could help achieve this, such as Action 

Manchester Waterways, which is coordinated by the Mersey Basin Campaign to transform 

the waterways of Manchester city centre (Mersey Basin Campaign, no date). Canals could 

potentially serve to store water for use for irrigating greenspace in times of drought. 

Salford Quays and Castlefield (Plate 7.2) are two examples from within Greater 

Manchester of water-based redevelopments. Water features such as the fountain at 

Piccadilly Gardens will also provide benefits in a warmer climate.  

 

Plate 7.2. Castlefield 
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7.3.2 Urban Renewal 
 

Langworthy in Salford was chosen as the case study area for the urban renewal 

neighbourhood type. It is located 3.5 km west of Manchester city centre and represents a 

high density residential land use type.  A housing estate that makes up much of this area 

stretches for 700 m on both sides of Langworthy Road running north-south. A boundary 

was drawn around this housing estate in order to determine the surface cover (Figure 7.10). 

 

Figure 7.10. Salford Langworthy 1997 aerial photograph (pink lines show boundaries around site, 
green lines show green space boundaries within polygon) 

 
 

The area has suffered from long-term depopulation and under-occupancy of the housing 

stock. This led to property decline and abandonment in many cases (Plate 7.3). However, 

the majority of the 1930s to 1950s houses remain structurally sound. It is a Housing 
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Market Renewal Area and significant structural changes and redevelopment are planned 

and underway such that it presents opportunities for improved climate conscious planning 

and design, including enhancing the environmental functionality.  

 

Plate 7.3. Langworthy, Salford 

 
 

Langworthy compares unfavourably, in terms of green cover provision, with the high 

density residential UMT category (Figure 7.11). 85% of surfaces are built compared to 

68% in the high density residential UMT. The site has about half the vegetation and tree 

cover, at 15% and 4% respectively, of the high density residential UMT, with 30% 

vegetation and 7% trees. In addition, the tree cover does not appear to be especially mature 

from aerial photograph interpretation. 
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Figure 7.11. Surface cover in Langworthy, Salford compared with the high density residential UMT 
category 

 
 

There are a few green spaces within the Langworthy site (Figure 7.10), covering an area of 

3.9 ha. Langworthy Park is the largest of these, covering 2.4 ha (Plate 7.4). Given that the 

whole Langworthy site is 54.1 ha, these green spaces represent 7% of the site. 

 

Plate 7.4. Langworthy Park 

 
 

Within 500 m from the Langworthy boundary the following UMTs are present: 

manufacturing, formal recreation, formal open space, major roads, rail, cemeteries and 

crematoria, high density residential, medium density residential, and schools (Figure 7.12). 



Chapter 7. Climate Adaptation at the Conurbation and Neighbourhood Levels 
 

 289

The formal recreation sites include Buile Hill Park which is 23.3 ha in area and has a 

plentiful and mature tree cover (Plate 7.5). 

 

Figure 7.12. UMT units within 500 m and 1000 m buffers of Langworthy 

 
 

Plate 7.5. Mature trees in Buile Hill Park 
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The ASCCUE risk assessment work shows that Langworthy is potentially associated with 

a number of heat stress related risks. This is due to the exposure of a vulnerable population 

to relatively high temperatures. The low evapotranspiring surface cover, at 15% compared 

to 31% in high density residential and 20% in town centres, will further compound this risk.  

Energy exchange modelling reveals that the maximum surface temperature for Langworthy 

for the 98th percentile summer day in 1961-1990 is 32.5°C (Figure 7.13). This is warmer 

than all the UMT categories, where town centres were the warmest at 31.2°C and high 

density residential reached 27.9°C (Chapter 5). By the 2080s, the equivalent temperature in 

Langworthy is 34.8-37.3°C, depending on the emissions scenario, compared to 33.2-

35.5°C in town centres and 29.6-31.6°C in high density residential. 

 

Figure 7.13. Maximum surface temperature in Langworthy for the 98th percentile summer day under 
different time periods and climate scenarios 
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In terms of surface runoff, 24% of Langworthy is on soils with a high infiltration rate 

(hydrologic soil type A), whilst 76% is on soils with a low infiltration rate (hydrologic soil 

type C) (Figure 7.14). For an 18 mm rainfall event there is 69% runoff from soil A and 

85% from soil C (Table 7.6).  For a 28 mm rainfall event 78% runs off from soil A 

compared to 90% from soil C. The total runoff from Langworthy is 7,944 m3 in 1961-1990. 

This increases by 47% by the 2080s Low and 67% by the 2080s High. 
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Figure 7.14. Hydrologic soil types over Langworthy 

 
 

Table 7.6. Output from surface runoff model for Langworthy for 99th percentile winter daily 
precipitation events 

 
Runoff coefficient Runoff (m3) Time period and emissions scenario Prec 

(mm) A C A C Total 
1961-1990 18 0.69 0.85 1,584 6,361 7,944 
2020s Low, 2020s High, 2050s Low 23 0.74 0.88 2,186 8,405 10,591 
2050s High, 2080s Low 25 0.76 0.89 2,431 9,225 11,655 
2080s High 28 0.78 0.90 2,800 10,457 13,257 

 

Clearly the social context of Langworthy is important in adapting to climate change and 

engagement with the local community should be a priority towards achieving urban 

restructuring and in improving social problems. A comprehensive restructuring plan for the 

area should include climate change adaptation and may require the use of compulsory 

purchase orders to buy land and properties in order to make the changes. An appropriate 

housing density should be determined by taking into account both historical and future 

factors.  

 

In adapting to climate change, the redevelopment of Langworthy must incorporate a much 

higher proportion of greenspace cover. Even achieving the average high density residential 

evapotranspiring surface cover of 31% would be a start. The greenspace could be targeted 
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so that it coincides with the most permeable soils to the north of the area. The use of 

permeable surfaces, SUDS, and the creation of wetland features in green areas would also 

be beneficial. Green cover could also be incorporated through the addition of green roofs 

and street trees, which could be located and planted in order to reduce solar gain in 

summer and maximise it in winter. It may also be desirable to create private gardens to the 

rear of properties. Whilst the addition of greenspace is crucial in terms of climate 

adaptation, it should not be viewed as a panacea. There are a number of additional 

measures which offer potential for climate adaptation. These include the creation of a 

mixture of housing types perhaps with ‘Home Zone’ street configurations (Home Zones, 

no date), the orientation of new developments to provide natural ventilation, the use of 

sustainable building techniques, and the addition of climate conscious features such as 

shutters, double glazing, and adjustable air flows. Existing developments, for example 

BedZED (Bill Dunster - architects, no date), can be referred to. 

 

7.3.3 Densifying Suburb 
 

Didsbury was chosen as the densifying suburb case study. It is a typical up-market suburb, 

which is mainly comprised of Victorian houses and blocks of newly built flats. It is 

situated 6 km south of Manchester city centre and represents an area of considerable 

population influx and development pressure. The ward of Didsbury (Figure 7.15) is 4.4 

km2 or 436.3 ha in area and the altitude varies from 40 m above sea level in the north east 

to 25 m in the floodplain to the south. The surface cover of Didsbury is changing as 

buildings and impervious surfaces are increasing steadily. Infill development is occurring 

within gardens (Plate 7.6). This is a concern since the patterns of development being 

observed may increase future hazards and decrease opportunities for adaptive responses, 

for example through reduced infiltration as greenspace decreases. This is especially true in 

areas where the soils are sandier, particularly in the west of Didsbury. In addition, 

Environment Agency maps highlight a potential risk of flooding in the south of the area 

and British Geological Survey data suggests a potential risk from shrink-swell soils in the 

south west. 
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Figure 7.15. 1997 aerial photograph of Didsbury showing the main areas of open space 

 

 

Plate 7.6. Examples of densification in Didsbury 

  
 

Didsbury is well provided with greenery compared to the medium density residential UMT 

category (Figure 7.16). However, the ward is not directly comparable with this UMT 

category since it contains much open space. Just over one third of surfaces in Didsbury are 

built compared to just under half in the medium density residential UMT. Almost two 

thirds of Didsbury is vegetated compared to half of surfaces in the medium density 
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residential category. Approximately one quarter of Didsbury is covered by trees, double 

that of the medium density residential category with 13% trees. In addition, there are many 

mature trees within Didsbury. 

 

Figure 7.16. Surface cover in Didsbury compared to medium density residential UMT 

 
 

Green spaces within Didsbury are abundant (Figure 7.15). Together, these cover an area of 

159.5 ha, the largest covering 57.0 ha. Given that the whole of Didsbury is 436.3 ha, these 

green spaces represent 37% of the ward. The River Mersey forms the southern boundary of 

the ward, and there is significant open space in its floodplains forming a greenspace 

corridor which provides multi-functions including recreation and floodwater storage. This 

blue and green infrastructure is very important in adapting for climate change. However, a 

significant proportion of this open space is golf courses, which have restricted public 

access, such that what may seem like abundant greenspace is in fact limited to the public. 

 

Within 500 m distance from the Didsbury boundary the following UMTs are present: 

manufacturing, offices, disused and derelict land, remnant countryside, woodland, formal 

recreation, informal open space, allotments, major roads, rail, river and canals, water 

storage and distribution, high density residential, medium density residential, low density 

residential, schools, hospitals, and retail (Figure 7.17). The remnant countryside UMT 

within the 500 m buffer covers 8.4 ha, woodland areas cover 12.7 ha with the maximum 
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size of 6.9 ha, formal recreation covers 228.0 ha with the largest area being 54.6 ha, 

informal open space covers 31.0 ha with the largest site covering 14.8 ha. 

 

Figure 7.17. UMT units within 500 m and 1000 m buffers of Didsbury 

 
 

Although Didsbury itself is generally associated with an affluent population, the 

surrounding areas contain some vulnerable populations. Heat stress to vulnerable 

populations may increase with climate change. Energy exchange modelling reveals that for 

the 98th percentile summer day in 1961-1990, the maximum surface temperature for 

Didsbury was 21.9°C (Figure 7.18). This is cooler than the medium density residential 

UMT category which was 24.0°C. By the 2080s, the equivalent temperature in Didsbury is 

23.4-25.1°C, depending on emissions scenario, compared to 25.5-27.3°C in medium 

density residential. 

 



Chapter 7. Climate Adaptation at the Conurbation and Neighbourhood Levels 
 

 296

Figure 7.18. Maximum surface temperature in Didsbury for the 98th percentile summer day under 
different time periods and climate scenarios 
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In terms of surface runoff, 37% of Didsbury is on soils with a moderate infiltration rate 

(hydrologic soil type B), whilst 63% is on soils with a low infiltration rate (hydrologic soil 

type C) (Figure 7.19). For an 18 mm rainfall event there is 56% runoff from soil B and 

69% from soil C (Table 7.7); for a 28 mm rainfall event 68% runs off from soil B 

compared to 78% from soil C. The total runoff from the area is 50,350 m3 in 1961-1990. 

This increases by 56% by the 2080s Low and 81% by the 2080s High. 
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Figure 7.19. Hydrologic soil types over Didsbury 

 
 
Table 7.7. Output from surface runoff model for Didsbury for 99th percentile winter daily precipitation 

events 
 
Runoff coefficient Runoff (m3) Time period and emissions scenario Prec 

(mm) B C B C Total 
1961-1990 18 0.56 0.69 16,349 34,001 50,350 
2020s Low, 2020s High, 2050s Low 23 0.63 0.74 23,512 46,936 70,447 
2050s High, 2080s Low 25 0.65 0.76 26,458 52,182 78,640 
2080s High 28 0.68 0.78 30,940 60,105 91,045 

 

In terms of these environmental functions, Didsbury could currently be described as well 

adapted to climate change and highly functional, due to the abundance of greenspace in 

corridors and patches as well as in the built matrix. Much of the floodplain land remains 

undeveloped allowing for water storage at times of peak flow. However, the observed 

trend towards increased impermeable surfaces as a result of infill development and the 

paving over of gardens could decrease this functionality. 

 

In order to understand the challenges facing densifying suburbs, it is important to 

appreciate the underlying developmental pressures behind the observed changes. These 

include migration pressures as incomes increase and people move to the suburbs, as well as 

the increasing proportion of single person occupancy (ODPM, 2003b). In addition high 



Chapter 7. Climate Adaptation at the Conurbation and Neighbourhood Levels 
 

 298

house prices mean that space is maximised and changes are made which are seen to 

increase house prices further, such as the creation of off-road parking.  

 

The challenge, in terms of adapting for climate change, is rather different in these areas 

than in the city centre and urban restructuring cases discussed so far. In those cases, the 

focus was more on how to build in adaptive capacity and increase the environmental 

functionality of the areas. In this case, where the environmental functionality is already 

high, adaptation strategies must find ways of preserving and maintaining this. It may be 

useful to identify important thresholds to assist with policies and controls. This could 

include the identification of a minimum level of greenspace cover required to sufficiently 

‘climate proof’ an area, as well as the size and quality of greenspaces required to be 

beneficial.  

 

It may be desirable to redirect developments to create high density areas surrounding key 

infrastructure such as the east Didsbury rail links, thereby maintaining a high 

environmental functionality in other areas. However, the feasibility of such a solution 

would need to be assessed and the knock-on effects of it would need to be clearly 

understood. Other measures such as the designation of Conservation Areas and the use of 

Tree Preservation Orders may be desirable to preserve greenspace.  

 

One of the obvious difficulties in adapting to climate change relates to ownership of land. 

This will make strategic goals difficult to achieve in a coherent manner. Whilst trusts can 

be set up for larger areas, it is difficult to control the use of private spaces such as gardens, 

as individual owners make decisions affecting them and their surface cover. An adaptation 

strategy is to increase public awareness of the issues, yet climate change is difficult 

because of the uncertainties involved and people may be unwilling to change without firm 

evidence of the impacts. Visualisation techniques, for example as undertaken in the 

FLOWS project for communicating flood risk (FLOWS, no date), may be useful. It is 

crucial to improve community awareness of the longer term costs of inaction. 

 

Clearly tree cover is very important for the role it plays in providing shade and reducing 

the rate of runoff. Didsbury has a mature tree cover and this must be preserved. This is not 

only important for the environmental functionality of the area but may be one of the factors 

which makes it a desirable place to live and hence drives the densification process. In 

addition to preserving the existing tree cover, new trees which will grow to a large size 
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should continue to be planted. The choice of tree species should be made carefully. These 

will mature as the effects of climate change are being felt and will provide crucial shading 

for people and buildings. Shading buildings with trees can help to cool the internal 

environment (e.g. Solecki et al., 2005; Niachou et al., 2001; Papadakis et al., 2001). This 

may be important in an affluent area such as Didsbury where domestic air conditioning 

units may not be seen as a great expense, and their uptake would result in a negative 

adaptation response. In addition to trees, green roofs have significant potential and could 

be incorporated as infill development occurs. 

 

There is significant potential for rainwater capture and storage for use in times of drought. 

Parks offer places where SUDS can be employed, whereas the use of water butts and 

disconnection from the drains could be encouraged in private homes. There may even be a 

case for creating local reservoirs for water storage. However, there are issues of cost, 

ownership and responsibility.  

 

7.3.4 New Build 
 

This urban neighbourhood type was explored through a joint ASCCUE workshop with the 

DEFRA research project looking at adaptation responses to climate change for new 

developments in the Growth Areas (DEFRA, 2005b). This research is being undertaken by 

Land Use Consultants, in association with CAG Consultants, Oxford Brooke’s University, 

and Gardiner and Theobald.  For this reason, a Greater Manchester case study site was not 

used. However, three pilot study sites were explored within the DEFRA project to test the 

applicability of climate change adaptation measures on actual development proposals. 

These included: Wood Wharf redevelopment on the Isle of Dogs in Tower Hamlets which 

is part of the Thames Gateway Growth Area, Bedford Area Action Plan as part of the 

Milton Keynes Growth Area, and Queenborough and Rushenden Regeneration on the Isle 

of Sheppey in Kent which is part of the Thames Gateway Growth Area. There are some 

generic messages that would apply to adapting for climate change in any new build 

situation. 

 

It is absolutely crucial that new build takes account of climate adaptation over the lifetime 

of the building. Possible challenges to the incorporation of climate adaptation may arise 

from the timescale of the development, attitudes to risk, and a narrow development 
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objective such as to provide new housing. However, given that the policy agenda is fast 

changing to incorporate climate change (Section 7.4), a strong adaptation vision in new 

developments could be influential. The Three Regions Climate Change Group have 

produced a checklist and guidance for new developments to adapt to climate change (Three 

Regions Climate Change Group, 2005). Key issues considered within the checklist are: 

location, site layout, buildings, ventilation and cooling, drainage, water, outdoor spaces, 

and connectivity. Perhaps one of the most important messages is that climate adaptation, 

especially as it relates to site location and layout, should be planned from the start and 

should not just be tagged onto an existing masterplan. In this way there may be no extra 

costs associated with adapting for climate change (Three Regions Climate Change Group, 

2005) and adaptation measures can be considered holistically and their full potential can be 

realised.  

 

Climate considerations in the location of the development are paramount. For example, 

new build should be avoided in areas with an existing or future risk of flooding or prone to 

subsidence. Also new build should not be considered on sites which have a high 

environmental functionality in comparison with its surroundings. When a site is chosen the 

climate parameters that are relevant to the development should be determined at the outset. 

The site layout must be determined with climate adaptation via the green infrastructure in 

mind. For example, Greening the Gateway calls for “the landscape to be regarded as the 

functional green infrastructure” within the Thames Gateway growth area (DEFRA and 

ODPM, 2004, p. 3). The checklist for new development states that the overall layout of the 

development should maximise the use of natural vegetation (Three Regions Climate 

Change Group, 2005). Before the creation of a masterplan, an audit of the site should be 

undertaken in relation to the green infrastructure. Areas where it is strong should be 

preserved and incorporated into plans, whereas areas where there may be an opportunity to 

enhance the green infrastructure should be highlighted and also built into the plans. 

Considerations at this stage should not be restricted by site boundaries. For example, 

linkages should be made to surrounding areas which have high environmental 

functionalities and provide benefits in adapting for climate change. Moreover, 

opportunities to build in functionalities within the site which will benefit the surrounding 

areas and potentially compensate for existing developments should be taken. For example, 

this could be through the provision of quality greenspace or rainwater storage.  
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When considering the outdoor spaces within a new development, the climate adaptation 

checklist highlights a number of key issues (Three Regions Climate Change Group, 2005). 

Firstly, the increasing demand for outdoor spaces should be taken into account. Secondly, 

the types of surfaces used should be both hard wearing and natural. They should avoid 

aggravating surface runoff and be used for SUDS, such as the detention of floodwaters. 

Thirdly, natural shade should be provided to create cooler microclimates for both people 

and buildings. Fourthly, soils should be managed to help reduce flooding and subsidence. 

Fifthly, the vegetation planted should be appropriate for a changing climate, especially as 

regards trees which have the potential to live for 50 to over 100 years. Alternatives to the 

traditional lawn may also need consideration where there is a risk of water shortages. 

Finally, water features should be used for their cooling effect, but careful attention should 

be paid to where the water is sourced from, ideally from harvested rainwater, and its 

subsequent use. Rainwater collection systems and grey water recycling should be used for 

watering gardens and landscaped areas. Good design has the potential to incorporate 

climate change adaptation as well as providing other benefits. 

 

7.4 From Theory to Practice 
 

The Government has suggested that, where appropriate, adaptation strategies to climate 

change should use existing delivery mechanisms (HM Government, 2006; ODPM, 2004c). 

The policy, plan and programme (PPP) context is complex and fast changing and climate 

adaptation is increasingly referred to. In the following sections, some existing PPPs at the 

national, regional, conurbation and neighbourhood levels, which may help to deliver 

climate adaptation via the green infrastructure, will be explored (Figure 7.20). Some of 

these mechanisms are part of the planning system whilst some are from the wider PPP 

context. Planning is only one element in creating climate change adaptation strategies, but 

it has an important role to play in the way it shapes future communities, as well as in 

incentivising markets for new technologies and practices (TCPA and FoE, 2006). It is 

generally assumed here that the neighbourhood context will reflect the aims of the regional 

context, which, in turn, reflects the national and then European settings. Whilst the inter-

relationship between policies, plans, and programmes is often idealised as a hierarchical 

process of decision making, in reality it does not necessarily follow a logical sequence and 

is more complex and iterative (Dalal-Clayton and Sadler, 1999). The conurbation level has 

been included in figure 7.20 because the research has suggested the importance of the 
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strategic planning of the green infrastructure for climate adaptation at this level (Section 

7.2). Metropolitan counties and authorities with strategic planning powers were created in 

1974. This tier of planning has since been weakened by government, with much of the 

current emphasis placed on the regional and local levels (e.g. ODPM, 2005c). However, 

policy is again beginning to favour the city region (Section 7.4.3) and the Greater 

Manchester authorities have demonstrated an ability to develop common strategies, for 

example that currently being developed for waste management (AGMA, 2005). 

 

The meaning of the terms policies, plans and programmes is dependent on the international, 

political and institutional context (Dalal-Clayton and Sadler, 1999). However, policies are 

generally broad statements of intent that reflect the general course of action or proposed 

direction that a government is pursuing and which guides on-going decision making. Plans 

and programmes give these substance and effect. A plan is a purposeful, forward looking 

strategy or design, often with coordinated priorites, options and measures, which elaborates 

and implements policy. Whilst a programme is a coherent, organised agenda or set of 

commitments, proposals, instruments and/or activities that elaborates and implements 

policy (Sadler and Verheem, 1996).  

 

It is important that the findings in this thesis are incorporated into PPPs, given that action 

must be taken quickly and that there is a long lead time before policies can be expected to 

yield results. Policies require backing up with evidence, but many of the issues associated 

with climate change are uncertain and ambiguous, such that it is often not possible to 

provide policy outcomes. The research presented here may help to do this. 

 

There are two broad agendas which this research feeds into: climate adaptation and green 

infrastructure. However, there are obvious links that should be made between climate 

change mitigation and adaptation policies and it is important that climate adaptation gets 

the same drive as mitigation. Given the multi-functional nature of the green infrastructure, 

linkages can also be made to a number of other agendas including health, transport, energy, 

tourism and biodiversity. 
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Figure 7.20. Some policies, plans and programmes to deliver climate adaptation via the green 
infrastructure (adapted from TCPA and FoE, 2006) 
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7.4.1 National Level 
 

The Government’s Sustainable Development Strategy (HM Government, 2005) provides 

the over-arching policy context into which this research fits. The strategy has four agreed 

priorities: sustainable consumption and production, climate change and energy, natural 

resource protection and environmental enhancement, and sustainable communities. Within 

the climate change and energy priority area, the need to adapt to climate change is 

acknowledged and it is stated that adaptation “must be brought in to all aspects of 

sustainable development” (HM Government, 2005, p. 92). The section on natural resource 

protection and environmental enhancement states that “we need consistent policies to 

protect and enhance those natural resources on which we depend” (HM Government, 2005, 

p. 98) and recognises that natural resources provide environmental services including 

climate and flood defence. In addition, the section on sustainable communities refers to 

delivering cleaner, safer, greener and healthier communities (HM Government, 2005, p. 

120).  

 

The UK programme for climate change has been set out by the Government (HM 

Government, 2006). This includes a section on climate change adaptation, with the 

Government committed to take action on developing a “comprehensive and robust 

approach to adaptation in the UK through the Adaptation Policy Framework” (HM 

Government, 2006, p. 130). The Adaptation Policy Framework aims to develop a better 

understanding of climate change adaptation across the UK (DEFRA, 2005a). It recognises 

the important role of the UK government in providing leadership and regulation, as well as 

in introducing economic instruments and setting performance management frameworks in 

order to encourage and permit adaptation measures.  

 

The Government is developing a new strategy on flood risk management through Making 

Space for Water (DEFRA, 2005c). A more holistic approach to managing flood risk will be 

taken, accounting for all sources of flooding, and embedding flood risk management across 

a range of Government policies. Ensuring adaptability to climate change is a key part of 

this, as is consideration of the impact of flood risk in the planning process, and integrated 

urban drainage management, including SUDS. 
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The Sustainable Communities Plan (ODPM, 2003b) sets out a long term programme of 

action for delivering sustainable communities in both urban and rural areas. It aims to 

tackle housing supply issues in the South East, low demand in other parts of the country, 

and the quality of public spaces. It sets out policies, resources and partnerships to achieve 

change. One of the key requirements of sustainable communities is a “safe and healthy 

local environment with well-designed public and green space” (ODPM, 2003b, p. 5). 

Climate change is not mentioned in any of the key requirements. Within the Sustainable 

Communities Plan are the Housing Market renewal pathfinder and the Growth Areas 

programmes (Section 7.3).  

 

The Forestry Strategy for England (Forestry Commission, 1998) set out the strategic 

priorities and programmes for forestry in England. It had two main policy aims: the 

sustainable management of existing woods and forests, and a continued steady expansion 

of woodland area to provide more benefits for society and the environment. This strategy is 

now being reviewed (DEFRA, 2006) in the light of the growing evidence base on the 

contribution of trees, woods and forests to the wider sustainable development agenda, as 

well as new Government policies including the UK Sustainable Development Strategy 

(HM Government, 2005), the UK Climate Change Programme (HM Government, 2006), 

and the Sustainable Communities Plan (ODPM, 2003b). In addition, there has been a shift 

in focus to regional level decision making and delivery. The Regional Forestry 

Frameworks (Section 7.4.2) have informed the national priorities in the new consultation 

(DEFRA, 2006). Whilst climate change is a priority, adaptation is referred to in the context 

of adapting woodlands to climate change (DEFRA, 2006, p. 20). The role of trees in 

adapting cities for climate change appears to have been overlooked. However, trees within 

the green infrastructure is also a priority, and it is recognised that a well-planned green 

infrastructure enormously enhances the quality of life in urban areas (DEFRA, 2006, pp. 

25-26). 

 

Building regulations exist principally to ensure the health and safety of people in and 

around buildings. They apply to most new buildings and many alterations of existing 

buildings in England and Wales (DCLG, no date-a). Approved document H covers 

drainage and waste disposal (ODPM, 2002a), with part H3 referring specifically to 

rainwater drainage, with reference to the use of SUDS. Whilst this approved document 

covers the incorporation of sustainable drainage into new buildings, it does not necessarily 

cover the future use of the space. For example, if a paved driveway was added at a later 
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date this would not be covered. Such an alteration is also not included in the planning 

system since a planning application does not have to be submitted for paved areas, only for 

extensions. However, there is precedent in the building regulations to include changes to 

existing developments, as part L1B and L2B on the conservation of fuel and power refer to 

existing buildings. In addition, such changes could be included through development 

control to planning applications at the local level. 

 

A new Code for Sustainable Homes has been in consultation (ODPM, 2005f). This is a 

voluntary standard aimed to raise the quality of new development. The Code has six 

essential elements, including surface water management through, for example, sustainable 

drainage. Minimum standards, equal to or exceeding building regulations, for each of the 

six essential elements, must be achieved if the home is to meet Code standards. The 

minimum standard proposed for surface water management is to “ensure that peak run-off 

rates and annual volumes of run-off will be no worse than original conditions for the 

development site” (ODPM, 2005f, p. 19). The Code is performance-based so no 

prescriptions are made as to how a standard should be achieved. The Code should be 

readily comprehensible to purchasers of new homes, for example by using a star system, 

such that house builders can use it in marketing.  

 

ODPM (2004c) set out the Planning Response to Climate Change. The document provides 

advice on better practice and is not planning policy guidance. National planning policies 

are set out in Planning Policy Statements (PPS) which are gradually replacing the Planning 

Policy Guidance Notes (PPG) (DCLG, no date-c). National planning policy which is of 

relevance to this research includes: PPS1 on delivering sustainable development, PPG3, 

now being replaced by PPS3, on housing, PPS6 on planning for town centres, PPS9 on 

biodiversity and geological conservation, PPS11 on regional spatial strategies, PPS12 on 

local development frameworks, PPG17 on planning for open space, sport and recreation, 

PPG25, to be replaced by PPS25, on development and flood risk. Tackling climate change 

is identified as a priority in PPS1, PPS9, PPS11, PPS12, and PPS25. The green 

infrastructure is not explicitly mentioned in any, however issues relating to a better quality 

environment are in all of the PPG/Ss referred to here.  

 

PPS1 sets out the overarching planning policies on the delivery of sustainable development 

through the planning system (ODPM, 2005c). A key principle is that “regional planning 
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bodies and local planning authorities should ensure that development plans contribute to 

global sustainability by addressing the causes and potential impacts of climate change – 

through policies which… take climate change impacts into account in the location and 

design of development” (ODPM, 2005c, p. 6). The green infrastructure is not explicitly 

referred to but the “protection and enhancement of environment” is. 

 

The proposed PPS3 sets out the national planning policy framework for delivering the 

Government’s housing objectives (ODPM, 2005b). It will eventually replace PPG3 

(ODPM, 2000a). The key objective is “to ensure that everyone has the opportunity of 

living in a decent home, which they can afford, in a community where they want to live” 

(ODPM, 2005b, p. 8). The efficient use of land is key to this policy, with a national target 

that by 2008, at least 60% of additional housing should be provided on brownfield land. 

There is also a focus on designing for quality, with local authorities encouraged to develop 

plans and policies aimed at creating attractive places, streets and spaces, which promote 

designs and layouts that, amongst other criteria, “make space for water where there is a 

flood risk” (ODPM, 2005b, p. 17). It suggests that the approach for smaller developments, 

including the conversion and redevelopment of existing houses and gardens, should be 

developed as part of wider strategies and policies for individual neighbourhoods, and 

contribute to the quality goals above. “Although residential gardens are defined as 

brownfield land, this does not necessarily mean that they are suitable for development. 

However, in determining the policy approach, local planning authorities will need to have 

regard to the positive contribution that intensification can make, for example, in terms of 

minimising the pressure on greenfield sites” (ODPM, 2005b, p. 17). In addition, the policy 

statement refers to greening the residential environment, stating that “housing development 

should be based on thorough landscape and ecological survey and appraisal. Dominant 

landscape or ecological features should lead the design of the layout…” (ODPM, 2005b, p. 

18). It further states that “the residents of new dwellings should have easy access to 

sufficient open space… of good quality, either through additions to or improvements of the 

local open space network” (ODPM, 2005b, p. 18). 

 

PPS6 covers town centres (ODPM, 2005d). The Government’s key objective for town 

centres is “to promote their vitality and viability by: planning for the growth and 

development of existing centres; and promoting and enhancing existing centres, by 
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focusing development in such centres and encouraging a wide range of services in a good 

environment, accessible to all” (ODPM, 2005d, p. 5). An improved physical environment 

and improved quality of the public realm and open spaces are also important policies. 

 

PPS9 sets out planning policies on the protection of biodiversity and geological 

conservation through the planning system (ODPM, 2005e). The objectives are to promote 

sustainable development, to conserve, enhance and restore the diversity of England’s 

wildlife and geology, and to contribute to rural renewal and urban renaissance. It states the 

importance of networks of natural habitats which should be protected from development, 

perhaps “as part of a wider strategy for the protection and extension of open space and 

access routes such as canals and rivers, including those within urban areas” (ODPM, 2005e, 

p. 6). In addition, where previously developed land has significant biodiversity or 

geological interest of recognised local importance this should be retained or incorporated 

into any development of the site. Opportunities to maximise biodiversity in and around 

developments should be taken. 

 

PPG17 sets out the policy on planning for open space, sport and recreation (ODPM, 

2002b). This guidance recognises the importance of planning for open space, sport and 

recreation to delivering broader Government objectives such as supporting an urban 

renaissance. Local networks of open spaces, sports and recreational facilities are referred to, 

but the green infrastructure is not explicitly mentioned. It acknowledges the vital functions 

that green spaces provide for nature conservation, biodiversity and air quality; however, 

there is no mention of their role in climate change adaptation. It suggests that local 

authorities should undertake assessments of existing and future needs and opportunities as 

a starting point for establishing an open space, sport and recreation strategy, which would 

include setting local standards. An open space should only be built on if it is surplus to 

requirement, and this decision should take into account all the functions that open space 

can perform. Opportunities should be taken to create public space from vacant land and to 

incorporate open space within new developments on previously developed land. Land that 

is unsuitable for development should be considered for the creation of public space. 

 

The proposed PPS25 sets out the policy on development and flood risk (ODPM, 2005a). It 

will eventually replace PPG25 (ODPM, 2001). PPS25, like PPG25, explicitly refers to 
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climate change and the potential consequences for flooding. Amongst the key planning 

objectives, regional planning bodies and local planning authorities are required to: identify 

land at risk and the degree of risk from flooding from all sources; prepare flood risk 

assessments as appropriate; frame policies to locate development to avoid flood risk where 

possible and manage any residual risk, taking climate change into account; reduce flood 

risk to and from new development through location, layout and design, including the use of 

SUDS; use opportunities offered by new developments to reduce flood risk to communities; 

only permit development in flood risk areas if there is no alternative and the benefits of 

development outweigh the risks of flooding.  

 

In addition a new PPS on tackling climate change through planning is forthcoming. The 

Town and Country Planning Association and Friends of the Earth are undertaking a series 

of workshops to debate the scope and contents of this PPS prior to its preparation (TCPA 

and FoE, 2006). The discussion document prepared for the workshops identifies, as a key 

policy principle, the importance of planning in both climate change mitigation and 

adaptation. It emphasises the central role of Regional Spatial Strategies and Local 

Development Frameworks in the strategic response to climate change. The document does 

not mention the important role of green infrastructure in adapting to climate change. This 

was flagged by stakeholders during a workshop at Leeds Town Hall on 26th June 2006. 

 

Economic mechanisms may also be important to encourage climate change adaptation, 

such as tax breaks, grants and other incentives. These must be explicit about their purpose 

and why they are required, and explain the real benefits to the communities involved. For 

example, a German federal court ruling to increase water bill transparency resulted in most 

water utility companies ceasing to charge a unified fee for all services, and instead 

charging for stormwater removal based on the amount of impervious surfaces on the 

property which drains to the sewers. This has encouraged the uptake of green roofs 

(Keeley, 2004). Such an approach could help curb the creation of additional parking spaces 

in private gardens. 
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7.4.2 Regional Level 
 

Much of the national policy discussed above recognises the important role of the regions in 

delivering climate change adaptation policy and programmes, as well as in the review 

process (e.g. TCPA and FoE, 2006; HM Government, 2005; DEFRA, 2005a). They are 

also vital in setting regional policies and plans that enable stakeholders to take action 

(DEFRA, 2005a). Government policy, including the PPG/Ss, will need to be taken into 

account by regional planning bodies in the preparation of Regional Spatial Strategies. 

 

The Planning and Compulsory Purchase Act (2004) strengthens the role and importance of 

regional planning. It replaces Regional Planning Guidance with Regional Spatial Strategies 

(RSS) (ODPM, 2004a). PPS11 sets out the procedural policy on the nature of RSSs. The 

RSS should provide a broad development strategy for the region for a fifteen to twenty 

year period, focussing on issues such as housing, the environment, transport, infrastructure, 

economic development, agriculture, minerals extraction and waste treatment and disposal.  

 

The North West Regional Spatial Strategy is prepared by the North West Regional 

Assembly (NWRA, 2006). It explicitly refers to climate change adaptation and the green 

infrastructure. Policy DP1 on regional development principles has tackling climate change 

as an urgent regional priority. It states that plans and strategies should “identify, assess and 

apply measures to ensure effective adaptation to the likely environmental, social and 

economic impacts of climate related changes”, whilst “proposals and schemes must take 

into account the local implications of climate change, particularly in vulnerable areas, 

coastal zones and locations at risk of flooding” (NWRA, 2006, p. 13). Policy RDF1 on the 

main development locations says the green infrastructure must be promoted (NWRA, 2006, 

p. 15). Policy EM3 on green infrastructure states that plans, strategies, proposals and 

schemes should “identify, promote and deliver multi-purpose networks of greenspace, 

particularly where there is currently limited access to natural greenspace or where 

connectivity between these places is poor; and integrate green infrastructure provision 

within existing and new development, particularly within major development and 

regeneration schemes” (NWRA, 2006, p. 53). Policy EM5 is on integrated water 

management, with mention of both climate change and SUDS (NWRA, 2006, p. 54). 
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A Green Infrastructure Guide for the North West is in preparation to sit alongside the RSS, 

providing guidance on the implementation of policy EM3 on green infrastructure (North 

West Green Infrastructure Think-Tank, 2006). This refers explicitly to the role of the green 

infrastructure in climate change adaptation. 

 

The RSS complements other regional strategies such as Regional Economic Strategies 

(ODPM, 2004a). The North West Regional Economic Strategy provides a regional 

framework for economic development, with five priority areas: business, skills and 

education, people and jobs, infrastructure, and quality of life (NWDA, 2006). The Strategy 

prioritises key actions, referred to as ‘transformational actions’, which are seen as 

fundamental to achieving the six transformational outcomes set out in the vision. Three of 

the transformational actions are relevant to this research: number 24, to develop and 

implement a Regional Climate Change Action Plan; number 113, to develop the economic 

benefit of the region’s natural environment; and number 119, to invest in quality public 

realm/ greenspace/ environmental quality focused, amongst other places, on the city of 

Manchester, as well as Housing Market Renewal and Urban Regeneration Company areas. 

Other actions which are of relevance are: number 84, to develop new uses for brownfield 

land, including housing and the creation of strategic greenspace; number 117, to implement 

the Regional Forestry Framework; and number 121, to ‘future proof’ physical development 

projects to ensure they meet the demands of future generations. In addition, there is 

recognition that, in order to adapt to climate change, ‘softer’ techniques, including the 

green infrastructure, should also be considered.  

 

The Regional Forestry Framework for the North West is a regional expression of the 

England Forestry Strategy, with policy aims to manage existing woods and forests 

sustainably and expand these areas to provide more benefits to society and the environment 

(Northwest Regional Forestry Framework Partnership, 2005). It includes six action areas: 

enterprise and industry, regional image, biodiversity and landscape, health, well-being and 

quality of life, climate change and energy, and supporting and resourcing the sector.  

Within the climate change and energy action area, the need to both adapt to climate change 

and to mitigate against it is explicitly stated. The priorities for action include increasing 

vegetation and tree planting in urban areas to adapt to climate change, and addressing the 

use of floodplains and upland areas in flood alleviation. It is also explicitly stated that the 

creation of new, and management of existing, woodlands should contribute to the creation 

of functional ecosystems.  
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The North West Regional Sustainable Development Framework tries to embed 

sustainability within regional strategies and activities. It identifies priorities and long term 

goals for the region including: “biodiversity and landscapes that are valued in themselves 

and for their contribution to the region’s economy and quality of life” and “an active 

approach to reducing our contribution to climate change whilst preparing for potential 

impacts” (NWRA, 2005b). The links between these priorities are made (NWRA, 2005a). 

 

7.4.3 Conurbation Level 
 

Much of the emphasis within the planning system is placed on the regional and local levels, 

whilst the conurbation tier of planning has been weakened by government. However, 

policy is beginning to favour the city region. For example, the Northern Way, produced by 

northern England’s three regional development agencies, which complements the RSS and 

RES, and addresses economic inequality among the regions (Northern Way Steering Group, 

2004). The principal focus of this is on the eight City Regions in the area, including 

Manchester. City Region Development Programmes, prepared as informal documents by 

each City Region as part of the Northern Way Growth Strategy, also inform the RSS (e.g. 

City Region Development Programme Steering Group, 2005). The potential of the city 

region as a framework for sustainable development was highlighted by Ravetz (2000) in 

City Region 2020 which specifically utilises Greater Manchester as its case study location. 

 

This research has emphasised the important role that conurbation level planning could play 

in developing a coordinated approach for adapting to climate change via the green 

infrastructure. Indeed, a key recommendation of a recent report on adapting London for 

climate change was that there was a need for city-wide planning (London Climate Change 

Partnership, 2006). London, with a mayor and the Greater London Authority, as well as the 

London Climate Change Partnership is in a strong position to undertake such planning. In 

Greater Manchester, which consists of 10 local authorities, there is some coordination at 

the conurbation level through the Association of Greater Manchester Authorities (AGMA). 

A Greater Manchester Strategy has been produced with key themes of: promoting a 

dynamic economy, enhancing the regional centre, promoting culture, sport and tourism, 

improving connectivity, raising levels of education and skills, creating sustainable 

communities, reducing crime, and improving health and healthcare (AGMA, no date). 
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AGMA coordinate strategies and initiatives for a range of issues which impact on Greater 

Manchester, including waste disposal, contingency planning, and policing (AGMA, 2005). 

There may be a case, however, for strengthening this role to include green infrastructure 

planning and climate change adaptation. 

 

7.4.4 Neighbourhood Level 
 

The local or neighbourhood level is crucial in adapting to climate change as it is here 

where adaptation strategies are enacted. Many of the changes that need to be delivered, and 

practical decisions concerning the type and location of development, will depend upon 

local authorities (DEFRA, 2005a).  

 

PPS12 sets out the Government’s policy on the preparation of local development 

documents which will comprise the local development framework (LDF) (ODPM, 2004a). 

Whilst the LDF is not a statutory term, it sets out a ‘portfolio’ of local development 

documents, some of which are required and some of which are optional, which collectively 

deliver the spatial planning strategy for the local planning authority’s area (Figure 7.21). In 

addition, a Local Development Scheme must be prepared which sets out the procedure, or 

the ‘project plan’, for the preparation of the rest of the LDF. The LDF, together with the 

RSS, provide the essential framework for planning in the local authority’s area. In the 

development of local development documents the PPS/Gs will need to be taken into 

account, along with other relevant strategies and programmes which influence the nature of 

places and how they function. PPS/Gs may also be material to decisions on individual 

planning applications. 
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Figure 7.21. The Local Development Framework (after ODPM, 2004a, p. 2) 

 
 

The promotion of Manchester city’s environmental profile, such as through Manchester’s 

bid to be the greenest city in Britain (Manchester City Council, no date), could have 

benefits for adapting the city to climate change. In addition, it is crucial that the City 

Centre Management teams are aware of the potential impacts of climate change so that 

policies can be directed accordingly. A strategic approach is required to develop the green 

and blue infrastructure and this should be included in the Manchester City Centre Strategic 

Plan (Manchester City Council and Manchester City Centre Management Company, 

2003a).  

 

There are a number of tools and mechanisms in place at a local level which may assist in 

adapting to climate change. Section 106 agreements of the Town and Country Planning 

Act (1990) allows local planning authorities to enter into legally-binding agreements, or 

planning obligations, with a developer. Such an agreement can cover almost any relevant 

issue and can include sums of money. Section 106 agreements can act as a main instrument 

for placing restrictions on developers, often requiring them to minimise the impact on the 

local community and to carry out tasks which will provide community benefits (IDeA 

Knowledge, no date). They are an appropriate planning tool to secure many of the 

measures necessary for the long-term management of climate change (ODPM, 2004c). 

Core Strategy 

Site Specific 
Allocations 

Adopted 
Proposals Map 

Area Action Plans

Other 
Development Plan 
Documents 

Regional 
Spatial 
Strategy 

Local 
Development 
Framework 

Local 
Development 
Scheme 

Statement of 
Community 
Involvement 

Annual 
Monitoring 
Report 

Supplementary 
Planning 
Documents 

Local 
Development 
Orders 
 
Simplified 
Planning Zones 

Th
e 

D
ev

el
op

m
en

t P
la

n 

D
ev

el
op

m
en

t P
la

n 
D

oc
um

en
ts

 

Required 
Optional 
Project Plan 



Chapter 7. Climate Adaptation at the Conurbation and Neighbourhood Levels 
 

 315

PPG 25 makes it clear that planning obligations can be used for flood risk reduction and 

protection measures (ODPM, 2001). PPG17 also states that planning obligations can be 

used as a means to remedy local deficiencies in the quantity or quality of open space 

(ODPM, 2002b), whilst PPS9 recommends their use for maximising opportunities for 

biodiversity in and around developments (ODPM, 2005e).  

 

Some local authorities, for example Sefton Council, systematically use planning 

obligations to support tree planting and maintenance within the urban environment (Wallis, 

2003). Developers are required to plant at least three new trees for each home on new 

housing developments, as well as in converted buildings. For other developments the 

greater of one tree per parking space or one tree for every 50 m2 of floor space must be 

planted. Where trees cannot be planted within the development site they must be planted 

elsewhere. A financial contribution is also required to cover the cost of maintaining the 

trees for 10 years (Wallis, 2003). Trafford Council also require tree planting for new 

developments (Trafford MBC, 2004). On the other hand, Salford City Council require two 

new trees to be planted for each tree lost during development, or a contribution to be made 

to off-site planting where this is not possible (Salford City Council, 2006). 

 

In the Planning Response to Climate Change (ODPM, 2004c), it is suggested that planning 

obligation/agreements could be used to: “significantly reduce or remove the risk of 

flooding on and off site; provide a financial contribution to… flood alleviation or 

management schemes…; secure the long-term management of areas of a site so that they 

can provide flood protection/storage and/or mitigation in the long term; secure alternative 

flood-wash/ storage areas away from the site; secure the long-term maintenance of SUDS; 

provide and secure the long-term maintenance of planting and landscaping schemes…; 

secure land restructuring agreements so that land with development rights in areas at risk 

because of climate change can be exchanged for development rights at alternative 

sites; …secure the long-term maintenance of those features of the development that, if lost, 

would risk the undermining of the design principles of the development as a whole” 

(ODPM, 2004c, p. 97). 

 

Compulsory Purchase Orders are a tool that can be used by local authorities in acquiring 

land needed to help deliver social and economic change (ODPM, 2003a). In adapting for 

climate change their use may be required in town centres and urban restructuring areas, for 

example, in order to create a significant new greenspace. Tree Preservation Orders have 
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the principal effect of prohibiting the chopping down, uprooting, topping, lopping, wilful 

damage or wilful destruction of trees without the local planning authorities consent 

(ODPM, 2000b). Housing Quality Indicators are a measurement and assessment tool 

designed to allow housing schemes to be evaluated on a basis of quality rather than just 

quantity. They include three main categories relating to location, design, and performance 

(DCLG, no date-b). Home Zones initiatives attempt to strike a balance between vehicular 

traffic and other users of streets (Home Zones, no date) and could be used to introduce 

green infrastructure. In addition, programmes such as the Green Streets initiative of the 

Red Rose Forest is a good example of a local mechanism where work is undertaken with 

communities to add trees into deprived urban areas (Red Rose Forest, no date). 

 

Local planning authorities can designate neighbourhoods as Conservation Areas where 

there is special architectural or historical interest of which the character or appearance is 

desirable to preserve or enhance (Department of the Environment and Department of 

Natural Heritage, 1994). This introduces a control on demolition and provides a basis for 

policies aimed at preserving or enhancing aspects of character and appearance. Such a 

designation would be useful to protect and enhance neighbourhoods with a high 

environmental functionality which benefit the wider conurbation in terms of climate 

adaptation. Stockport Metropolitan Borough Council have made use of a phasing of 

housing development policy aimed at avoiding over-supply or under-provision of housing 

(Stockport MBC, 2006). The policy states that proposed housing developments should be 

located on previously developed land within urban areas. Development will not be 

permitted unless it can be demonstrated that one or more of seven benefits to regeneration 

would be achieved. Outside of urban areas, development will not be permitted unless 

“there are very strong positive regeneration benefits and the location is sustainable” 

(Stockport MBC, 2006, p. 125). This policy has been used in a similar way to 

Conservation Areas to restrict infill development in densifying suburbs. Decisions made 

with this policy have been challenged through the planning process, but the restrictive 

measures are backed up by the RSS. Such a policy could potentially be extended and used 

as the basis for climate proofing measures, particularly in densifying suburbs.  

 

CABE Space has produced guidance for local authorities for creating effective green space 

strategies (CABE Space, 2004a). A green space strategy is both a policy and an action 

document, setting out the local authority’s vision for its green space and the goals it wants 
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to achieve, as well as the resources, methods and time needed to meet these goals. It forms 

part of a suite of key council documents, which help to deliver the council’s corporate aims 

and objectives set out in its community strategy. More detailed strategies, such as tree and 

sports strategies, feed into the overarching greenspace strategy. Whilst the guidance makes 

no reference to climate change, and of the important role of the green infrastructure in 

adapting to climate change, one of the broad aims of a green space strategy is to “ensure 

that the green space network meets the needs of local people, now and in the future” 

(CABE Space, 2004a, p. 7). It does mention that green space provides benefits such as 

“moderating extremes of temperature” and “providing environmental infrastructure to 

improve… flood control” (CABE Space, 2004a, p. 10). The guidance refers only to public 

spaces and therefore does not take into account the important role of private gardens. 

However, it suggests that the green space strategy should be developed in collaboration 

with adjoining authorities and its remit should extend beyond the local authority boundary 

(CABE Space, 2004a). In addition, individual park and greenspace management plans 

(CABE Space, 2004b) will need to consider climate change adaptation via the green 

infrastructure. 

 

7.5 Discussion 

 

The research presented in this thesis fits into both the climate change adaptation and green 

infrastructure agendas. It is important that the findings are fed into both agendas, as the 

creative use of the green infrastructure provides an important means of adapting for 

climate change; whilst the potential use of greenspace in adapting for climate change also 

strengthens the green infrastructure agenda. Most of the changes required for climate 

change adaptation advocated by this research are not drastic, but would be considered to be 

good practice in urban design and planning. 

 

The PPPs discussed in the previous section increasingly recognise both the importance of 

climate change adaptation as well as the quality of the wider environment. However, the 

green infrastructure is rarely referred to explicitly and its functionality in terms of climate 

change adaptation receives little attention. It is crucial that these linkages are made in key 

PPPs, as this will impact on regional, conurbation, and local level delivery. 
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Given the vast array of existing PPPs, it would seem to make sense to incorporate the 

issues highlighted in this research into these documents rather than to create new PPPs. 

However, the creation of a new PPS on climate change is a welcome addition, especially if 

it incorporates climate adaptation and highlights the importance of the green infrastructure 

in such a role. The existence of such a PPS makes clear the importance of adapting for 

climate change through the planning system. 

 

Climate change adaptation via the green infrastructure needs to operate at all spatial scales. 

The European and national levels create the policies and provide leadership and regulation, 

whereas the regional and local levels are crucial for the delivery of these policies. This 

research has further flagged the importance of conurbation level planning in adapting cities 

for climate change. 

 

It is worth noting that much can be learnt from good practice both within the UK and 

abroad. CABE Space (2004c) have highlighted some international innovations in urban 

green space management. They have also looked at both international and UK based case 

studies of the creation of green spaces in areas of housing growth and renewal (CABE 

Space, 2005a). The London Climate Change Partnership (2006) have showcased 

international best practice in adapting for climate change. Many of the case studies 

discussed describe approaches taken in managing existing climate risks; however, climate 

change adaptation is being increasingly cited as a driver.  

 

Hough (2004) cites international practice in climate conscious urban form and design. He 

discusses the case of Stuttgart, where he considers the parks and landscapes to be among 

the most climatically functional of any modern city in the Western world. As a result of 

poor air quality, climate-based planning has occurred within Stuttgart since 1938. Amongst 

other issues, consideration is given to the distribution of parks and open spaces in relation 

to climatic phenomena such as wind flows. Roof top planting is also an important factor 

and is widely encouraged through subsidies. In addition, in Berlin, a digital environmental 

atlas has been created for use in urban planning (Senate Department of Urban 

Development, no date). This includes city-wide maps of soil, water, air, climate, biotopes, 

land use, traffic/noise, and energy. 
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7.6 Conclusion 
 

In this chapter, much of the research presented in the thesis has been drawn together and 

explored within the context of what this means for climate adaptation at both the 

conurbation and neighbourhood levels. Whilst the model outputs (Chapters 5 and 6) cannot 

be directly translated into practice, the model runs indicate which type of actions are likely 

to be most beneficial and in which locations. The green infrastructure is an emerging 

concept in the UK, and this research has shown that its creative use offers one of the most 

promising opportunities for climate change adaptation. Urban greenspace from street trees, 

to private gardens, to city parks provide vital ecosystem services which will become even 

more critical under climate change. 

 

Climate change is already with us and there is an urgent need to develop adaptive 

strategies. The potential delivery mechanisms to transfer the knowledge gained through 

this research into practice were therefore discussed in the chapter with a consideration of 

strategic and tactical interventions at all levels, from national policy guidance to local 

actions. The government has suggested that, where appropriate, adaptation strategies to 

climate change should use existing delivery mechanisms (HM Government, 2006; ODPM, 

2004c). The role of the planning system in adapting to climate change is recognised in the 

Planning Response to Climate Change (ODPM, 2004c). Whilst it is very important for the 

creation of climate change adaptation strategies through its role in shaping future 

communities, it is also prudent to make use of building regulations and other PPPs, as well 

as economic instruments and mechanisms such as tax breaks, subsidies, grants and other 

incentives for delivering adaptation (e.g. DEFRA, 2005a). 

 

Climate change adaptation is increasingly referred to in PPPs, including the UK 

Government’s Sustainable Development Strategy (HM Government, 2005) and some 

planning policy statements (ODPM, 2005a, 2005c, 2005e, 2004a, 2004b). Because the 

turnover rate in the building stock is relatively slow, opportunities need to be taken to 

incorporate adaptation measures where structural change is taking place. Despite this, 

climate change is not mentioned in any of the key requirements of the Sustainable 

Communities Plan, which includes the Housing Market Renewal and Growth Areas where 

significant structural changes and new build are occurring (ODPM, 2003b). Within these 

areas there is real scope to ‘climate proof’ new developments and to reintroduce functional 

green infrastructure (e.g. SUDS, green roofs) during the redevelopment process. 



Chapter 7. Climate Adaptation at the Conurbation and Neighbourhood Levels 
 

 320

 

The green infrastructure agenda is beginning to receive attention within PPPs (e.g. NWRA, 

2006; North West Green Infrastructure Think-Tank, 2006; DEFRA, 2006). However, the 

links between climate change adaptation and the green infrastructure are rarely made. The 

importance of the green infrastructure in this role must be recognised within PPPs and, 

importantly, in the planning process itself at all scales from national level policy, to the 

Regional Spatial Strategies, through to Local Development Frameworks and development 

control within urban neighbourhoods. Much of the current emphasis in the planning system 

is on the regional and local tiers; however, this research suggests that conurbation level 

planning is important in adapting for climate change via the green infrastructure. Indeed, 

policy is beginning to favour the city region (e.g. Northern Way Steering Group, 2004). 

 

The green infrastructure must be strategically planned in order to adapt for climate change 

whilst providing other functions. This could be through the creation of Green Space 

Strategies (CABE Space, 2004a). The first priority for planners and greenspace managers 

is to ensure that the functionality of greenspace is properly understood and to conserve 

what is there. For example, within urban centres green spaces constitute critical natural 

capital that, once developed, is difficult to replace. In addition, conservation areas could be 

used to protect private gardens from infill development. Mature trees should also be 

conserved as they provide shade and intercept rainfall. Attention must also be given to 

ensuring an adequate water supply to vegetation in times of drought. It should then be 

possible to enrich the green cover in critical locations, for example through the planting of 

shade trees in city centres, schools and hospitals, as well as in areas of socio-economic 

disadvantage with low tree populations. Urban forestry initiatives, such as the Green 

Streets project of the Red Rose Forest of Greater Manchester (Red Rose Forest, no date), 

are beginning to redress the balance here. In association with new development, section 

106 agreements can be used to support tree planting and maintenance for the long term 

management of climate change and to incorporate SUDS. The combination of the UMT-

based modelling approach with the patch-corridor-matrix model may help in the 

development of spatial strategies for the green infrastructure to preserve, create and 

enhance greenspace such that a functional network is formed.  

 

The next chapter will conclude the thesis, by summarising the main research findings, 

evaluating the research process, assessing the contribution of the research to knowledge, 
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and providing recommendations for both urban environmental management and further 

research. 
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Chapter 8. Conclusion 
 

8.1 Introduction 

 

The previous chapter explored climate change adaptation strategies via the green 

infrastructure at both the conurbation and neighbourhood levels. This chapter will conclude 

the thesis. It starts by summarising the main research findings. The research process is then 

evaluated by first considering whether the research aims and objectives set out in chapter 1 

have been met, and then critiquing the methodology. Following this, the contribution of the 

research to knowledge is assessed and recommendations for further research are made. 

Recommendations are also made for urban environmental management. The final section 

concludes both the chapter and the thesis. 

 

8.2 Summary of Main Findings 
 

It is now widely accepted that the global climate is changing and that this change is due, to 

a large extent, to anthropogenic emissions of greenhouse gases (IPCC, 2001). The change 

is occurring at a faster rate than observed in recorded data. Climate change mitigation, or 

the reduction of greenhouse gas emissions, is absolutely crucial to limit the magnitude of 

change. However, the next forty years of change has largely been determined by historic 

emissions, due to the long life of carbon dioxide in the atmosphere (Hulme et al., 2002). It 

is therefore also essential that we adapt for the kind of changes expected in spite of 

mitigation measures. 

 

The UK Climate Impacts Programme has produced a suite of climate change scenarios for 

the UK (Hulme et al., 2002). These cover a range of emission scenarios, from Low to High, 

based on different storylines relating to greenhouse gas emissions. The scenarios are for 

three future time slices: the 2020s, 2050s, and 2080s. These UKCIP02 scenarios, together 

with daily time series output from a weather generator produced as part of the BETWIXT 

project (Section 1.2) (BETWIXT, 2005), set the climate change context for this thesis and 

formed a crucial input into the environmental modelling approaches adopted. The general 

climate changes suggested for the UK, as well as for Greater Manchester itself, are hotter 
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drier summers and warmer wetter winters. It is likely that there will be an increase in 

extreme events, such as intense precipitation in winter and heatwaves in summer (Chapter 

2).  

 

The conurbation of Greater Manchester was characterised through UMT mapping in 

combination with a surface cover analysis (Chapter 3). Just under 40% of Greater 

Manchester is farmland, with the remaining 60% representing the ‘urbanised’ area. 

Residential areas account for just under half of the ‘urbanised’ area, or 29% of Greater 

Manchester. The surface cover of these areas is therefore highly important in determining 

the environmental functionality of the conurbation. In terms of surface cover, 23% of 

Greater Manchester consists of built surfaces, compared to 37% of ‘urbanised’ Greater 

Manchester. In contrast, evapotranspiring surfaces cover 72% of Greater Manchester and 

59% of the ‘urbanised’ area. All the UMT categories have, on average, more than 20% 

evapotranspiring surfaces. However, there is considerable variation across the UMTs. 

Town centres have the lowest evapotranspiring cover of 20% compared to woodlands with 

the highest cover of 98%. 32% of evapotranspiring surfaces in ‘urbanised’ Greater 

Manchester are found within medium density residential areas. The proportion of tree 

cover is fairly low, covering on average 12% over Greater Manchester and 16% in 

‘urbanised’ Greater Manchester. Whilst the woodland UMT category has 70% trees, all 

other UMTs have below 30% tree cover. Town centres have a tree cover of 5% and in high 

density residential areas the cover is 7%. This urban characterisation work both set the 

spatial context and formed a vital input into the environmental functionality modelling. 

 

The energy exchange modelling used an approach developed by Whitford et al. (2001) 

from the work of Tso et al. (1991). The model was used to explore maximum surface 

temperatures for the UMTs for the 98th percentile day in 1961-1990, as well as the impacts 

of both climate change and differing ‘development scenarios’ on surface temperatures. In 

particular, it considered the use of greenspace to moderate surface temperatures (Chapter 

5). The results show that town centres have the highest maximum surface temperatures of 

the UMTs, of 31.2ºC in 1961-1990, as well as the lowest evapotranspiring cover of 20%. 

On the other hand, woodlands have the lowest maximum surface temperatures of 18.1ºC 

and the highest evapotranspiring cover of 98%. The difference in maximum surface 

temperatures between these two UMTs is 12.8ºC in 1961-1990. In high density residential 

areas the maximum surface temperature is 27.9ºC in 1961-1990. With climate change, by 

the 2080s High, the maximum surface temperatures increase by 4.3ºC to 35.5ºC in town 
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centres, and by 3.2ºC to 21.6ºC in woodlands. The difference between these two UMTs is 

13.9ºC by the 2080s High, 1.1ºC more than in the 1961-1990 case. In high density 

residential areas, maximum surface temperatures increase by 3.7ºC to 31.6ºC by the 2080s 

High. 

 

The results from modelling the different ‘development scenarios’ suggest that greenspace 

has a major role in reducing or even removing the effects of climate change on increasing 

surfaces temperatures. For example, adding 10% green cover to high density residential 

and town centres kept maximum surface temperatures at or below the 1961-1990 current 

form temperature up until, but not including, the 2080s High. Maximum surface 

temperatures in high density residential areas with 10% green cover added are 27.2ºC to 

29.1ºC by the 2080s, depending on emissions scenario. Similar results were found in town 

centres and for roof greening scenarios. In contrast, removing 10% green cover would 

result in maximum surface temperatures increasing by the 2080s by 4.7ºC to 7.0ºC in high 

density residential areas, and by 5.4ºC to 8.2ºC in town centres, when compared to the 

1961-1990 current form case. High density residential development on disused and 

derelict land increases maximum surface temperatures by 9.3ºC to 11.3ºC by the 2080s 

compared to the 1961-1990 current form case. This model does not include the important 

role of shade in reducing surface temperatures. Pilot work undertaken on a hot day in 

Greater Manchester suggested that surface temperatures under a mature tree canopy can be 

reduced by up to 15.6ºC compared to surfaces with no shade. 

 

The energy exchange model was also run for drought conditions when, due to a limited 

water supply, the grass ceases to evapotranspire. In such a case, the maximum surface 

temperature in schools increases by 13.8ºC in 1961-1990 and 14.7ºC to 15.6ºC by the 

2080s Low and High, compared to when water supply is unlimited. The role of water 

surfaces in providing cooling and trees in providing shade become increasingly important 

in such conditions. The drought mapping work presented in this thesis suggests that such 

conditions are more likely to occur with climate change (Chapter 4). In 1961-1990 all 

UMT units experienced less than two months of water stress; by the 2080s High they 

experience between 2½ and 5¼ months of stress. With climate change, full soil water 

recharge still occurs in the average year across Greater Manchester, however, it happens 

later in the year. In 1961-1990, the UMT units either develop no soil water deficit 

throughout the year, accounting for just under 10% of all classified soils in Greater 

Manchester, or they are fully recharged between June and November, with the majority of 
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soils being recharged by the end of September. By the 2080s, field capacity is reached 

between October and January, and it is November before the majority of Greater 

Manchester has been recharged. 

 

The surface runoff modelling used the curve number approach of the US Soil Conservation 

Service (USDA Natural Resources Conservation Service, 1986). It was used to explore 

surface runoff for the UMTs for the 99th percentile winter day in 1961-1990, as well as the 

impacts of both climate change and differing ‘development scenarios’ on surface runoff. In 

particular, it considered the use of greenspace to moderate surface runoff (Chapter 6). The 

results show that town centres have the highest runoff coefficients of all the UMTs. For an 

18 mm precipitation event, which is the 99th percentile daily winter precipitation in 1961-

1990, with normal antecedent moisture conditions, the runoff ranges from 74% to 89% 

depending on soil type. There is less runoff from sandy soils with high infiltration rates 

than from clayey soils with low infiltration rates. Rivers and canals, followed by water 

storage and treatment, woodland, remnant countryside, and formal open space, have the 

lowest runoff coefficients. In formal open space this ranges from 10% to 60% in 1961-

1990, depending on soil type. The runoff from high density residential areas in 1961-1990 

is 65% to 87% depending on soil type. With climate change, by the 2080s High the 99th 

percentile daily winter precipitation event is 28 mm, 55.6% more than in 1961-1990. Due 

to increases in the runoff coefficients, this results in an increase in the volume of runoff 

over the conurbation of over 80%. The runoff from town centres is 82% to 93% depending 

on soil type; the runoff from formal open space is 22% to 71% depending on soil type. The 

runoff from high density residential areas by the 2080s High is 76% to 91% depending on 

soil type. 

 

The results from the modelling of different ‘development scenarios’ suggest that the 

addition of greenspace can reduce runoff significantly locally. For example, for the 99th 

percentile winter daily precipitation with normal antecedent moisture conditions, runoff 

can be reduced by up to 20% when green roofs are added to high density residential areas 

in 1961-1990 and 16% and 14% by the 2080s Low and High emissions scenarios, 

respectively. However, this effect is not sufficient to counter the extra precipitation 

resulting from climate change, which would increase runoff from the same area by 47% by 

the 2080s Low and 68% by the 2080s High, compared to the 1961-1990 case with current 

form. At a local level, developing disused land and improved farmland as high density 

residential results in an increase in the runoff from these areas of over 100% by the 2080s, 
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compared to the 1961-1990 current form case. In addition, removing 10% trees from 

residential areas results in an increase in runoff of 61% and 84% by the 2080s Low and 

High, compared to the 1961-1990 current form case. At the conurbation level, the most 

effective ‘development scenario’, adding 10% trees to residential areas, reduced runoff by 

2% by the 2080s, but still allowed an increase in runoff of 57% to 80% from the 

conurbation, depending on emissions scenario. There is thus a need to explore the use of 

storage, in combination with green surfaces, in order to counter the increased runoff 

resulting from climate change.  

 

Adaptation strategies were explored at both the conurbation and neighbourhood level 

(Chapter 7). The creative use of the green infrastructure is one of the most promising 

opportunities for adaptation. It is an attractive option because of the many other functions 

provided by the green infrastructure, from improving health and well-being, providing 

opportunities for wildlife and biodiversity, to increasing community cohesion and 

enhancing economic vitality. Urban greenspace from street trees, to private gardens, to city 

parks provide vital ecosystem services which will become even more critical under climate 

change. The role of the green infrastructure in adapting to climate change needs to be 

recognised in the planning process at all scales from the Regional Spatial Strategies, 

through Local Development Frameworks to development control within urban 

neighbourhoods. In addition, strategic planning at the conurbation level is crucial because 

the ecosystem services provided by urban greenspace do not respect local administrative 

boundaries. The combination of the UMT-based modelling approach with the patch-

corridor-matrix model may help in the development of spatial strategies for the green 

infrastructure, to preserve existing greenspace and create new greenspace, such that a 

functional network is formed. 

 

The first priority for planners and greenspace managers is to ensure that the functionality 

of greenspace is properly understood and to conserve what we have. Within urban centres 

green spaces constitute critical natural capital that, once destroyed by development, is 

difficult to replace. In addition, measures should be taken to allow greenspace to be 

irrigated in times of drought. During periods of water shortages urban vegetation is often 

the first target of a ‘drought order’, however, this research suggests that the benefits of 

greenspace go well beyond consideration of amenity. This could include taking 

opportunities to store water for use during such times, or exploiting water supplies which 

may be unsuitable for human consumption such as lower quality aquifers.  
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It should then be possible to enrich the green cover in critical locations, for example 

through the planting of shade trees in city centres, high density residential areas with low 

tree populations, schools and hospitals. It is important to start planting trees immediately, 

so that they will mature and provide shading functions as the effects of climate change are 

being felt. Given the long-life of the built environment, opportunities to enhance the green 

cover should be taken where structural change is occurring, for example, in urban 

regeneration projects and new development. Within the Government’s Sustainable 

Communities Programme there is real scope to ‘climate proof’ new developments in the 

Growth Areas and to reintroduce functional green infrastructure during the redevelopment 

process in areas subject to Housing Market Renewal.  

 

8.3 Evaluation of Research Process 

 

The research process will be evaluated by first discussing how and where the aims and 

objectives have been met, and by then critiquing the methodology. 

 

8.3.1 Meeting the Research Aims and Objectives 

 

There were two principal aims of this research: to assess the vulnerability of urban 

greenspace to climate change at the city and neighbourhood level; and to investigate the 

potential of greenspace to adapt cities to climate change. There were four objectives: to 

determine the extent, spatial patterning and attributes of greenspace in the case study area; 

to develop a GIS-based approach providing quantitative estimates of surface temperatures 

and surface runoff in relation to greenspace pattern and attributes; to clarify the 

vulnerability of urban greenspace to climate change; and to test options for soft 

engineering to utilise the moderating influence of greenspace to reduce climate change 

impacts on people and buildings. 

 

Table 8.1 details how these aims and objectives correspond to each other and in which 

chapter they were met. The first aim, to assess the vulnerability of urban greenspace to 

climate change at the city and neighbourhood level, relates to objectives 1 (to determine 

the extent, spatial patterning and attributes of greenspace in the case study area), 3 (to 

clarify the vulnerability of urban greenspace to climate change), and 4 (to test options for 
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soft engineering to utilise the moderating influence of greenspace to reduce climate change 

impacts on people and buildings). The second aim, to investigate the potential of 

greenspace to adapt cities to climate change, relates to objectives 1 (to determine the extent, 

spatial patterning and attributes of greenspace in the case study area), 2 (to develop a GIS-

based approach providing quantitative estimates of surface temperatures and surface runoff 

in relation to greenspace pattern and attributes), and 4 (to test options for soft engineering 

to utilise the moderating influence of greenspace to reduce climate change impacts on 

people and buildings). 

 
Table 8.1. Chapters where aims and objectives were met 
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Aims 1.
 

2.
 

3.
 

4.
 

1. To assess the vulnerability of urban 
greenspace to climate change at the city and 
neighbourhood level 

Ch 3  Ch 2 
Ch 3 
Ch 4 

Ch 2 
Ch 5 
Ch 7 

2. To investigate the potential of greenspace to 
adapt cities to climate change 

Ch 3 Ch 5 
Ch 6 

 Ch 2 
Ch 5 
Ch 6 
Ch 7 

 
Ch 2: 
Ch 3: 
Ch 4: 
Ch 5: 
Ch 6: 
Ch 7: 

 
Climate change 
Urban characterisation 
Climate change impacts on urban greenspace 
Energy exchange model 
Surface runoff model 
Climate adaptation at the conurbation and neighbourhood levels 

 

Objective 1, to determine the extent, spatial patterning and attributes of greenspace in the 

case study area, was met in chapter 3 by the urban characterisation, through a combination 

of the UMT mapping and the surface cover analysis. The surface cover analysis 

determined the extent of greenspace, in terms of proportional cover, within each UMT 

category. The UMT map meant that a representation could be made of the spatial 
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patterning of this extent. The surface cover types used in the analysis allowed for a 

distinction to be made between certain attributes of greenspace, such as the proportion of 

mown grass or tree cover. 

 

Objective 2, to develop a GIS-based approach providing quantitative estimates of surface 

temperatures and surface runoff in relation to greenspace pattern and attributes, was met 

through the environmental functionality modelling presented in chapters 5 and 6. The 

urban characterisation work (Chapter 3) provided the greenspace provision data which 

formed a key input into the models. This data, as discussed above, was based on the UMT 

map which had been digitised in ArcView GIS. The models were then run with unique 

surface cover input for each UMT category and the output was attributed to the UMT 

categories in GIS. 

 

Objective 3, to clarify the vulnerability of urban greenspace to climate change, was 

primarily met in chapter 4 when exploring the impacts of climate change on urban 

greenspace. Chapter 2 introduced climate change in general and the context for Greater 

Manchester. The impacts of the likely changes in climate on urban greenspace were then 

explored in chapter 4. The focus was primarily on the impact of drought on greenspace, 

and in particular grass. Drought mapping was undertaken, using the UMT map presented 

in chapter 3 as the spatial basis. 

 

Objective 4, to test options for soft engineering to utilise the moderating influence of 

greenspace to reduce climate change impacts on people and buildings, was met through the 

modelling work presented in chapters 5 and 6, and through the discussion of adaptation 

strategies in chapter 7. Model runs were completed for the baseline climate as well as 

future climate scenarios (from Chapter 2), and also for a range of ‘development scenarios’ 

which included adding 10% green and greening roofs within selected UMTs (from Chapter 

3). Results were compared with the current form case to assess the moderating influence of 

the greenspace. Chapter 7 then explored adaptation strategies at the conurbation and 

neighbourhood levels, which included discussions of reducing climate change impacts on 

people and buildings. 

 

Meeting these objectives helped to achieve the overall aims of the research. In particular, 

the first aim, to assess the vulnerability of urban greenspace to climate change at the city 

and neighbourhood level, was primarily met through the exploration of climate change 
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impacts in chapter 4. However, chapters 2 and 3 were crucial in setting both the climate 

change and urban character contexts which informed this work. In addition, the modelling 

of surface temperatures under drought conditions in chapter 5 further explored the 

vulnerability of greenspace to climate change and the effect of this on environmental 

functionality. Chapter 7 discussed adaptation strategies that could be taken to reduce this 

vulnerability. 

 

The second aim, to investigate the potential of greenspace to adapt cities to climate change, 

was primarily met through the modelling work in chapters 5 and 6. Again, the climate 

change and urban character contexts presented in chapters 2 and 3 informed this work. 

Surface temperature and surface runoff were modelled under baseline and future climate 

scenarios for the urban environment both with current form and for a variety of 

‘development scenarios’. Chapter 7 went on to explore adaptation strategies at both the 

conurbation and neighbourhood level, including a discussion of potential adaptation 

mechanisms. 

 

8.3.2 Critique of Methodology 

 

The validity of this research has been ensured, to a large extent, by it being embedded 

within a larger research project (Section 1.2). Through involvement with the ASCCUE 

project, the research has been presented, as it evolved, to a wide range of academics and 

stakeholders, including both the local advisory group and the national steering group. In 

particular, the research has been presented to the Royal Commission on Environmental 

Pollution, the UK Man and the Biosphere Urban Forum, and to the CABE Space Policy 

and Research Group (Appendix H), where it, and its relevance to CABE Space, was 

discussed at two consecutive meetings. The overarching methodology and key findings 

were also presented in a peer-reviewed journal paper (Gill et al., in press). 

 

The main part of the methodology relies on modelling techniques. Modelling necessarily 

involves some degree of abstraction or simplification of the real world (Huggett, 1993) and 

therefore models are always an approximation of the truth. Mathematical models have 

practical limitations and uncertainties resulting, for example, from assumptions in the 

conceptual development of the model, the subdivision of spatial domains, and the choice of 

mathematical methods for solving system equations (Huggett, 1993). Whilst mathematical 
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models do not inform on political, philosophical and moral issues, they allow experiments 

to be run on environmental systems under different scenarios and generate output that can 

then be used as the basis for further discussion and the development of management 

policies (Huggett, 1993). For example, in this research, the modelling results indicate the 

effects of changes that could be made to greenspace cover in order to moderate climate 

change impacts, yet further discussion is required to determine what changes could 

actually be made. Modelling approaches, such as those used in this research are also 

reliable, in that the same data always generates the same results. 

 

The modelling work does, however, rely on the input of data. Inaccurate or incomplete 

data could threaten the validity of the research (Maxwell, 1992). The datasets used in this 

research are from various national sources, as well as some which have been generated 

through the research. There are a number of issues, which have been raised throughout the 

thesis, concerning their use.  

 

This research uses the UKCIP02 climate change scenarios (Hulme et al., 2002). Whilst 

these are the most up-to-date scenarios for the UK, climate science is on-going. The next 

round of UKCIP scenarios, referred to as UKCIPnext, is due to be released in 2008. This is 

not seen as a major problem for this research since the modelling could be repeated as and 

when new scenarios are available. The scientific uncertainties within the climate change 

modelling itself are more of an issue, especially where policy recommendations are made 

on the basis of this. However, given that many of the adaptation strategies suggested here 

provide other key benefits this is less of an issue. 

 

The BETWIXT daily weather generator output makes use of the UKCIP02 climate change 

scenarios. Chapter 2 highlighted some key issues relating to how the daily weather is 

generated (Section 2.3.3). Again, this approach is being refined, but the research made use 

of the best tools available at the time. In the modelling work, the 98th percentile daily 

summer temperature was used for the energy exchange model, whilst the 99th percentile 

daily winter precipitation was used for the surface runoff model. Whilst these statistics are 

fairly easy to understand, it may be preferential, if the research was repeated, to use the 

daily maximums for ease of communication. UKCIPnext will provide probabilistic 

scenarios and could therefore help with the communication of results. 
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1997 aerial photographs (source: Cities Revealed) were used as the basis for the urban 

characterisation work. Whilst these photographs are now nine years old and significant 

changes in Greater Manchester have occurred since then, they correspond fairly well with 

the climate baseline of 1961-1990. Issues relating to the UMT mapping and surface cover 

analysis procedures have been discussed in chapter 3. It is felt that sufficient measures 

were taken to ensure their validity. These included having the majority of work undertaken 

by one person to ensure internal consistency and local authorities checking the maps to 

ensure that there were no obvious errors. The UMT map was also created to be compatible 

with the NLUD classification system to allow the work to be replicated elsewhere. The 

surface cover analysis was based on a rigorous stratified random sampling technique, 

where the maximum standard error was 2.5%. 

 

Soils data from the National Soil Resources Institute at Cranfield University was used in 

both the drought mapping and surface runoff modelling. There are some concerns relating 

to its use in urban areas, where the soil profile may have been significantly disturbed. 

However, this is the best dataset available and its use is therefore justified, especially at the 

conurbation level. For the surface runoff modelling in particular, a method was developed 

to translate the Cranfield soils data into SCS hydrologic soil types (Section 6.3.2). This 

method has not been validated as such, but if a different approach was deemed more 

suitable it would not affect the modelling procedure. 

 

Various assumptions were made regarding meteorological input to the energy exchange 

model. These are outlined thoroughly in section 5.3 and therefore will not be repeated here. 

A sensitivity test was also undertaken of the model (Section 5.4 and Appendix D), which 

highlighted the parameters that are more sensitive to changes and therefore require the 

greatest level of accuracy. Important parameters include peak insolation, wind velocity at 

the surface boundary layer, air density, air temperature at the surface boundary layer, and 

evaporative fraction. 

 

The models used in this research have not been validated in this context. However, they are 

based on established approaches. The surface runoff model was developed from 

experimental studies in the US (USDA Natural Resources Conservation Service, 1986); 

whilst the energy exchange model was developed for Kuala Lumpur and uses recognised 

energy balance equations (Tso et al., 1991). The validation of models often lags behind 

their development (Arnfield, 2003). There is scope for validating the models, and in 
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particular the energy exchange model (see section 8.5 on recommendations for further 

research). The drought mapping approach was developed through discussion with experts 

in the field, including John Hollis from the National Soil Resources Institute, Derek Clarke 

from the University of Southampton, and Stephen Baker from the Soil Turf Research 

Institute. It uses a method for estimating the ratio of actual to potential evapotranspiration 

which is recommended in UN FAO guidance (Section 4.3.1). 

 

The energy exchange model does not include the effect of tree shade on maximum surface 

temperatures. However, a pilot study was undertaken to ascertain the surface temperature 

differences resulting from tree shade (Section 5.6). The energy exchange model also 

provides surface temperatures rather than air temperatures. Whilst air temperatures may be 

easier to understand because of their common use, for example in weather forecasts, they 

are notoriously difficult to model since they depend unpredictably on wind speed and 

direction (Whitford et al., 2001). Though surface and air temperatures show some similar 

spatial and temporal patterns, this correspondence is not exact (Arnfield, 2003). Surface 

temperatures warm the air above them through convection, but the effect decreases quickly 

with distance from the surface (Brown and Gillespie, 1995). Air temperature across an 

immediate landscape will be nearly identical due to the efficient mixing of the air (Brown 

and Gillespie, 1995), whereas surface temperatures vary more (Lowry, 1988). In general, 

they are more strongly related than air temperatures to microscale site characteristics such 

as sky view factors (Bourbia and Awbi, 2004; Eliasson, 1996, 1990/91).  

 

The warming of the urban environment is an important issue because of its implications for 

human comfort (Svensson and Eliasson, 2002; Eliasson, 2000). Whilst air temperature 

provides a simple estimator of human thermal comfort, it is less reliable outdoors owing to 

the variability of other factors such as humidity, radiation, wind, and precipitation (Brown 

and Gillespie, 1995). In practice, the mean radiant temperature, which in essence is a 

measure of the combined effect of surface temperatures within a space, is a significant 

factor in determining human comfort, especially on hot days with little wind (Matzarakis et 

al., 1999). Human comfort research as part of ASCCUE has found that globe temperature, 

which is used as a measure of mean radiant temperature when wind speed and air 

temperature are known, shows a stronger correlation to comfort votes than the combined 

variables of air temperature, solar intensity and wind velocity (Nicol et al., 2006). 
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Greater Manchester was used as a case study site for the conurbation level work. In 

addition, selected neighbourhoods, mainly from within Greater Manchester, were explored 

at the neighbourhood scale. These neighbourhoods were selected to be representative of 

different urban neighbourhood types and the findings should therefore be generalisable to 

similar neighbourhood types elsewhere within Greater Manchester. Whilst some of the 

datasets used in the analyses can be obtained nationally, their use within this research is 

specific to Greater Manchester. Therefore the findings are specific for Greater Manchester. 

However, the results are indicative of the case for the UK and probably Northern Europe 

and therefore the broad findings are generalisable to outside of Greater Manchester. 

 

8.4 Contribution of Research to Knowledge 

 

This research has contributed to knowledge in various ways. Firstly, it has increased local 

knowledge. Climate change maps were produced for Greater Manchester at a resolution of 

5 km using UKCIP02 data. Greater Manchester was characterised through UMT mapping 

and surface cover analysis. Local authorities have expressed an interest in using the UMT 

map. The surface cover analysis allows the green infrastructure of the conurbation to be 

viewed. It is especially important as it shows all greenery in the urban environment and not 

just publicly accessible spaces. In addition, the functionality of the green infrastructure, in 

terms of surface temperature and surface runoff, has been explored for Greater Manchester. 

This provides knowledge for local greenspace planners. 

 

The research has also contributed to scientific knowledge through the development of an 

effective way of characterising the urban environment. The combination of UMT mapping 

and surface cover analysis builds on previous research in land use and cover mapping in 

urban areas. The UMT mapping is based on work undertaken by Land Use Consultants 

(LUC, 1993) and Handley et al. (2000). The combination of this, with the surface cover 

analysis developed by Akbari et al. (2003) provides a useful basis for further 

environmental analyses of the urban area. 

 

The research also builds upon previous research exploring environmental functionality (e.g. 

Pauleit et al., 2005; Whitford et al., 2001). This is one of the first quantitative studies of 

environmental functionality in urban areas under climate change scenarios. The use of the 

models in an experimental way to explore different scenarios is complementary to North 
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American work on trees. A study in New Jersey (Solecki et al., 2005) used CITYgreen, a 

GIS-based model, to quantify the benefits, in terms of energy savings, carbon emissions, 

and pollution, of urban trees and light coloured roofs based on existing configurations and 

UHI mitigation scenarios for the present day and 2020. The New Jersey study primarily 

focuses on the role of trees from an energy exchange perspective, but its findings 

complement those of this research. 

 

Finally, this research builds on research into mapping drought with climate change 

(Matthews et al., 1994; MacDonald et al., 1994). It is the first study to express drought 

hazard in terms of the number of months when evapotranspiration of grass is limited. 

 

8.5 Recommendations for Further Research 

 

This thesis has highlighted a number of key areas for further research. The 

recommendations below broadly relate to the research presented in chapters 2 to 7 of the 

thesis. 

 

The research presented here uses baseline 1961-1990 climate data for Greater Manchester 

as well as UKCIP02 future climate scenarios and BETWIXT daily weather generator 

output for Ringway (Chapter 2). It would be interesting to compare the current trend in 

selected climate variables for Greater Manchester with the future values suggested by the 

climate scenarios. This would help to assess the extent to which, for example, observed 

mean daily temperatures in Greater Manchester are conforming to the trend for the area 

suggested by the climate scenarios. 

 

This research characterised the urban environment through surface cover analysis within 

the UMT categories (Chapter 3). This allowed for inter-UMT comparisons but not intra-

UMT comparisons. Studies have suggested that intra-UMT variation can be large (Pauleit 

and Duhme, 2000) and available data which sampled tree density in six districts of Greater 

Manchester suggests that this is indeed the case (Handley et al., 2000). Further research 

could explore the intra-UMT variation for Greater Manchester. In addition, further 

research could look at the use of automatic classification methods. UMTs could potentially 

be classified using software such as eCognition. This uses an object-oriented approach to 

delineate and classify satellite images and aerial photography, and is capable of 
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recognising lines, shapes and textures, as well as using techniques to cluster individual 

pixels (Thurston, 2004). Vegetation abundance within the UMTs could also be estimated 

using a measure such as the normalised difference vegetation index (NDVI) (e.g. Stefanov 

and Netzband, 2005; Weng et al., 2004; Wilson et al., 2003). It would also be interesting to 

compare the surface cover results of this study with the European Environment Agency 

map of green urban areas (at a 25 m resolution) derived from Landsat images within urban 

CORINE land cover classes (EEA, 2006). This data covers the member states of the 

European Community. 

 

The impacts of climate change on urban greenspace could be more fully explored. This 

thesis has tended to focus on the potential of urban greenspace in adapting for climate 

change, with vulnerability only explored in detail for the drought risk to grass (Chapter 4). 

Drought risk could be more fully explored for different types of greenspace, including 

English Heritage registered parks and gardens (Jordan and Hinze, 1998), trees, ancient 

woodland sites, and sites of importance for biodiversity. In addition, irrigation 

requirements could be more fully explored, as well as different ways of sustaining 

greenspace. The relationship between shrink-swell soils, building foundations and trees 

could be explored within the context of climate change. 

 

The models used in this thesis have not been validated in the context of Greater 

Manchester. Further research could undertake this. For example, the energy exchange 

model could be validated using thermal images of the ground. Such imagery is available 

for a transect of Greater Manchester. On the 9th and 10th September 2004 NERC Airborne 

Research and Survey Facility flew three sorties at approximately 1 pm, 10 pm and 6 am. 

Surface temperature measurements were taken on the ground, using an infrared 

thermometer, to correspond with each flight. In addition, it would be interesting to conduct 

a thorough surface temperature campaign in conjunction with globe and air temperature 

measurements to further understand the linkages between these parameters and their 

relevance for human comfort. Guidelines are urgently needed about the optimum size and 

configuration of greenspace to provide a benign microclimate, for example, in city centres, 

schools and hospitals. Modelling work could be undertaken to explore the interaction 

between urban greenspace and the internal environment of buildings with climate change 

(Hacker et al., 2005). Further modelling work could also explore the functionality of 

greenspace in relation to air quality with climate change (e.g. Solecki et al., 2005; Nowak 

et al., 2000). In addition, it would be interesting to investigate the economic implications of 
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this modelling work. This has been attempted in studies in North America (e.g. Solecki et 

al., 2005; McPherson and Simpson, 2003). 

 

In terms of adaptation strategies, the patch-corridor-matrix model could be further explored 

to determine the optimum size, type and mix of greenspaces to inform urban planning and 

design. Further research could be undertaken at the neighbourhood scale, exploring 

different detailed design options. It may be suitable to use models such as ENVI-met, a 

three-dimensional microclimate model simulating interactions between urban surfaces, 

vegetation and the atmosphere (Bruse, 2004; Bruse and Fleer, 1998). This model can be 

combined with climBOT, a multi-agent model which allows the environment to be 

populated with individual pedestrians to explore the interactions between microclimate, 

thermal comfort and behaviour patterns (Bruse, 2003, 2002). More in depth knowledge 

may be required for certain adaptation strategies, such as the provision of green roofs (e.g. 

Dunnett, 2006), to explore how this knowledge can be translated effectively into policy 

and practice. In addition, adaptation strategies could be more thoroughly explored to look 

at their impact on the wider functionality of the green infrastructure. For example, if green 

roofs are promoted, this may prevent public access and have limited value for sport. 

Climate analogue studies could also be undertaken looking at international approaches to 

greenspace provision and management, identifying best practice. 

 

8.6 Recommendations for Urban Environmental Management 

 

This thesis has highlighted a number of recommendations for urban environmental 

management at a strategic policy making level, as well as for planning, design and 

management at the conurbation and neighbourhood levels. The key recommendations are 

listed below. They should be relevant to all professions concerned with shaping and 

managing the urban environment and may be of interest to a wider constituency, including 

environmental activists and the general public. 

 

1. Raise awareness of the environmental services provided by urban greenspace and 

their importance for climate adaptation. The creative use of the green infrastructure for 

climate adaptation is one of the most promising opportunities in urban areas as it provides 

other social, economic and environmental benefits. Awareness of the functionality of urban 
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greenspace, based on robust evidence, must be raised at all levels and in all sectors, 

including the general public. 

 

2. National guidance within policies, plans and programmes should recognise the 

functional importance of the green infrastructure in adapting to climate change. 

Within the planning system, national policy tends to favour urban densification and the use 

of brownfield land for new housing developments. A greater emphasis should be placed on 

the role of the green infrastructure in adapting to climate change within Planning Policy 

Statements (PPS). In particular, the proposed PPS on climate change should have a strong 

reference to this. Whilst the planning system is critical in ensuring adaptation to climate 

change via the green infrastructure, changes to the Building Regulations as well as other 

policies, plans and programmes, and economic instruments and mechanisms such as tax 

breaks, subsidies, grants, and incentives are also important. For example, within the 

Government’s Sustainable Communities Programme it is crucial to take the opportunity to 

‘climate proof’ new developments in the Growth Areas and to reintroduce functional green 

infrastructure during the redevelopment process in areas subject to Housing Market 

Renewal. 

 

3. It is essential that the green infrastructure is strategically planned and delivered, 

with climate change adaptation in view, at the regional and local levels. This must be 

reflected in policies, plans and programmes. In particular, green infrastructure policies 

should be incorporated into Regional Spatial Strategies together with recommendations for 

the development of tiered green infrastructure strategies and plans from the regional to the 

local scale. Local Development Frameworks should recognise the potential of the green 

infrastructure in adapting to climate change within their core strategies. At this level 

greenspace strategies, or green infrastructure strategies, could be developed, potentially as 

supplementary planning documents. These strategies should be based on CABE Space’s 

good practice guidance (CABE Space, 2004) but should go further by being explicit about 

the environmental services provided by urban greenspace, including private gardens.  

 

4. Strategic planning at the city-regional level is likely to be particularly effective. 

Whilst much of the emphasis within the planning system is placed on the regional and 

local levels, the conurbation level has been highlighted as crucial for climate adaptation via 

the green infrastructure. At this level, greenspace strategies could be developed to create a 

truly functional network that crosses local authority boundaries.  
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Strategies firstly need to understand the environmental functionality of greenspace under 

present and future climate scenarios. Next, they should take into account the potential 

impacts of climate change on greenspace itself. They should then seek to preserve, create 

and enhance greenspace to form a functional network, ensuring that critical environmental 

capital is preserved absolutely, especially nodes and corridors which provide non-

substitutable climate related benefits such as a city centre park or river valley flood plain. 

Whilst such areas merit absolute protection, beyond this there should be no net loss of 

greenspace to development. Different approaches will be required in different urban 

neighbourhoods. For example, it is crucial to take opportunities to create and enhance the 

functionality of the green infrastructure in areas of structural change and new development. 

Section 106 agreements can be used to require developers to support and maintain tree 

planting and greenspace provision, whilst programmes at the local level, such as Green 

Streets of the Red Rose Forest (Red Rose Forest, no date), are very important in securing 

street tree planting. On the other hand, the creation of Conservation Areas in lower density 

areas which provide key regulatory functions such as the interception and infiltration of 

rainfall. 

 

5. Greenspace strategies, or green infrastructure strategies, will require a suite of 

complementary measures to realise the full adaptation potential of the green 

infrastructure, particularly in relation to the following climate related functions: 

 

a) Interception 

Tree canopies intercept rainfall, with large mature trees being especially important. Mature 

trees should be maintained in urban environments using Tree Preservation Orders and new 

planting of tree species which will have large canopies when mature should take place. 

This is very important in highly built-up town centres and high density residential areas. 

Trees are able to exploit soil water reserves at greater depths and it should be possible to 

select species which can tolerate the warmer, drier summers expected with climate change. 

 

b) Flood conveyance and storage 

River corridors and canals are especially important for conveyance of flood waters and for 

flood storage. Greenspace, which can be flooded in times of high flow, should be retained 

within floodplains. Selected roads could also perform a flood conveyance and storage 

function if required as already happens in some cities with a tropical climate. The use of 
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SUDS for flood storage within parks is also important, and these should be sited on soils 

with a high infiltration potential. Excess rainwater should be stored and used to irrigate 

greenspace during drought.  

 

c) Infiltration 

The nature of the surface cover within the built-up matrix is crucial for rainwater 

infiltration. This is especially true where soils have a fast infiltration rate and where the 

provision of greenspace will help to reduce surface water runoff. Conservation Areas could 

be created to restrict infill development in such areas and economic incentives could help 

to stop the gradual erosion of this functionality. The provision of SUDS could also 

promote infiltration, especially within parks. 

 

d) Evaporative cooling 

Parks provide areas where evaporative cooling is beneficial. In particular, parks of over 1 

hectare have their own microclimate. Within the built matrix street trees, green roofs and 

vegetation on building facades also provides evaporative cooling, and key streets could be 

pedestrianised and greened. Irrigation must be provided during droughts to maintain this 

functionality, recognising that benefits go beyond amenity. A supply of water could be 

ensured by capturing, storing (potentially as SUDS within parks and in individual water 

butts) and distributing excess winter rainfall; or by using water from low quality or rising 

aquifers and canals. Water surfaces are very important in providing evaporative cooling, 

especially during drought. Maximum use should be made of any water bodies and features, 

for example, through the ‘daylighting’ of culverted rivers and canals. 

 

e) Shading 

Large mature tree canopies provide important shading in the built matrix for both people 

and buildings. The addition of street trees is especially important in town centres where 

there is little opportunity to create significant new greenspaces, as well as in schools, 

hospitals and high density residential areas, which suffer from socio-economic 

disadvantages and a low tree cover. New tree planting should include species which will 

have a large canopy when mature and an ability to withstand hotter drier summers. Trees 

should be sited preferentially to the south, east and west of buildings. Green roofs and 

vegetation on building facades can also shade buildings from sunlight. Shading is 

important within parks for human comfort, and the role of trees in providing shade is 

invaluable during droughts. 
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6. Faced with the challenge of climate change and recognising the multifunctional 

benefits of the green infrastructure there is a case for an organisation such as CABE 

Space to develop and promote a greenspace charter which will require: 

• Critical environmental capital, where greenspace assets have a demonstrable level of 

climate functionality, to be protected absolutely. This includes town centre parks, flood 

plains, and areas of lower density settlement where the soil has a high infiltration 

capacity;  

• No net loss of greenspace cover; 

• Creative greening to enhance greenspace cover. Particular attention should be given to 

the public realm in town centres to ensure a sufficient range and quality for human 

comfort, and to new planting in locations where a low greenspace cover combines with 

socio-economic deprivation and/or human vulnerability; 

• Opportunities to be taken to improve levels of greenspace provision during urban 

restructuring and new developments; 

• Innovative measures to secure an alternative water supply to sustain the functionality of 

greenspace during times of drought. 

 

8.7 Conclusion 

 

The aims of this research were to assess the vulnerability of urban greenspace to climate 

change at the city and neighbourhood level, and to investigate the potential of greenspace 

to adapt cities to climate change.  

 

Climate change is already with us and there is an urgent need to develop adaptive 

strategies. This research has demonstrated that the creative use of the green infrastructure 

offers significant potential for adaptation and has the ability to reduce the impacts of 

climate change on both people and buildings. The vital ecosystem services performed by 

urban greenspace become even more crucial with climate change. It should therefore be 

considered to be critical natural capital.  

 

Urban greenspace, however, is itself vulnerable to climate change. Drought conditions for 

grass become more severe with climate change. As the water supply to grass is limited, it 

evapotranspires less, and this, in turn, will impact on the functionality of the greenspace in 
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terms of its ability to moderate surface temperatures. During periods of water shortages, 

vegetation is often the first target of a ‘drought order’. However, this research has shown 

that the benefits of greenspace go well beyond considerations of amenity. 

 

Adaptation strategies must protect and enhance the green infrastructure, as well as finding 

ways of maintaining it during water shortages. The collection and storage of excess water 

for greenspace irrigation during droughts is one solution. The role of the green 

infrastructure in climate change adaptation needs to be recognised in the planning process 

at all scales from the Regional Spatial Strategies, through Local Development Frameworks 

to development control within urban neighbourhoods. Within the Government’s 

Sustainable Communities Programme there is real scope to ‘climate proof’ new 

developments in the Growth Areas and to reintroduce functional green infrastructure 

during the redevelopment process in areas subject to Housing Market Renewal. In addition, 

strategic planning at the conurbation level will be crucial since environmental functionality 

is not respected by administrative boundaries. 
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Table A.1. UMT descriptions to aid with aerial photograph classification (adapted from Handley et al., 

2000; LUC, 1993) 
 

UMT category Description 
Improved farmland Fields (can contain animals), managed agriculture 
Unimproved farmland Open land with grazing animals 
Woodland Continuous tree cover 
Mineral workings & 
quarries 

Expanses of bare soil with tyre marks 

Formal recreation Playing fields, sports grounds, playgrounds, golf courses 
Formal open space Designed public open space such as parks, gardens and town squares 
Informal open space Grassland and woodland, usually on the edges of towns, can be used for 

informal recreation, include commons, greens, expanses of mown grass 
Allotments Distinctive rectangular pattern of layout 
Major roads Main roads, motorways, dual carriageways, often incorporating  

embankments, cuttings, slip roads, and roundabouts 
Airports Large areas of runway, planes 
Rail Tracks and gravel 
River, canal Strips of water, may meander 
Energy production & 
distribution 

Gas tanks, electrical installation 

Water storage & treatment Sewage works, reservoirs 
Refuse disposal Landfill sites 
Cemeteries & crematoria Distinctive pattern of mown grass with headstones arranged in grids  
High density residential Terraced housing, town houses, or flatted accommodation, with small or no 

gardens and yards, and few or no opportunities for planting trees 
Medium density residential Larger terraced houses, semi-detached houses, bungalow estates with large 

front and back gardens, significant numbers of trees 
Low density residential Detached houses, large gardens with lawns and many trees, driveways 
Schools Buildings, smaller schools with hard surfaced yards and few green spaces 

and trees, larger schools with playing fields 
Hospitals Often occupy large sites which are heavily planted 
Retail Large shopping centres, commercial streets 
Town Centre A mixture of retail, offices, and housing 
Manufacturing Industrial processes, may see chimneys, tanks, pipes, petrochemical 

activity, large buildings, hard surfaced yards, few locations for trees except 
round the periphery, site may include regenerated derelict areas 

Offices Blocks of buildings, no industrial activity, business parks, car parks 
Storage & distribution Small buildings including warehouses often with lorries parked outside 
Disused & derelict land Variety of former land uses which have become derelict, lack of 

management or maintenance, aspect and colour of ground 
Defence  
Remnant countryside Pockets of countryside surrounded by development, lack of management or 

maintenance, potential for informal recreation 
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Figure A.1. Generic examples of UMTs 
 

(1.1) Improved Farmland 

 
 

(1.2) Unimproved Farmland 

 
 

(2.1) Woodland 
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(3.1) Mineral Workings and Quarries 

 
 

(4.1) Formal Recreation 

 
 

(4.2) Formal Open Space 

 



Appendix A. UMT Methodology 
 

 366

(4.3) Informal Open Space 

 
 

(4.4) Allotments 

 
 

(5.1) Major Roads 
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(5.2) Airports 

 
 

(5.3) Rail 

 
 

(5.4) Rivers and Canals 
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(6.1) Energy Production and Distribution 

 
 

(6.2) Water Storage and Treatment 

 
 

(6.3) Refuse Disposal 
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(6.4) Cemeteries and Crematoria 

 
 

(7.1) High Density Residential 

 
 

(7.2) Medium Density Residential 
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(7.3) Low Density Residential 

 
 

(8.1) Schools 

 
 

(8.2) Hospitals 

 



Appendix A. UMT Methodology 
 

 371

(9.1) Retail 

 
 

(9.2) Town Centre 

 
 

(10.1) Manufacturing 
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(10.2) Offices 

 
 

(10.3) Distribution and Storage 

 
 

(11.1) Disused and Derelict Land 
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(13.1) Remnant Countryside 
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Appendix B. Urban Characterisation Results 
 

Table B.1 UMT area in Greater Manchester 
 

% 
UMT Area km2 GM GM discounting farmland 
Improved farmland 405.3 31.2 - 
Unimproved farmland 100.5 7.7 - 
Woodland 41.6 3.2 5.3 
Mineral workings & quarries 4.3 0.3 0.5 
Formal recreation 50.6 3.9 6.4 
Formal open space 23.5 1.8 3.0 
Informal open space 19.8 1.5 2.5 
Allotments 1.6 0.1 0.2 
Major roads 15.1 1.2 1.9 
Airports 6.4 0.5 0.8 
Rail 9.4 0.7 1.2 
River, canal 8.1 0.6 1.0 
Energy prod & distribution 2.2 0.2 0.3 
Water storage & treatment 11.0 0.8 1.4 
Refuse disposal 0.4 0.0 0.1 
Cemeteries & crematoria 4.2 0.3 0.5 
High density residential 47.9 3.7 6.0 
Med density residential 296.5 22.8 37.4 
Low density residential 35.2 2.7 4.4 
Schools 22.3 1.7 2.8 
Hospitals 2.4 0.2 0.3 
Retail 6.0 0.5 0.8 
Town centre 27.5 2.1 3.5 
Manufacturing 59.3 4.6 7.5 
Offices 7.3 0.6 0.9 
Distribution & storage 5.5 0.4 0.7 
Disused & derelict land 69.6 5.4 8.8 
Remnant countryside 15.0 1.2 1.9 
GM total 1298.5 
GM total discounting farmland 792.7  
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Table B.2. Primary UMT area in Greater Manchester 
 

% 
Primary UMT Area km2 GM GM discounting farmland 
Farmland 505.8 39.0 - 
Woodland 41.6 3.2 5.3 
Minerals 4.3 0.3 0.5 
Recreation & leisure 95.5 7.4 12.0 
Transport 39.0 3.0 4.9 
Utilities & infrastructure 17.8 1.4 2.3 
Residential 379.6 29.2 47.9 
Community services 24.6 1.9 3.1 
Retail 33.5 2.6 4.2 
Industry & business 72.0 5.5 9.1 
Previously developed land 69.6 5.4 8.8 
Unused land 15.0 1.2 1.9 
GM total 1298.5 
GM total discounting farmland 792.7  
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Table B.3. UMT proportional surface cover with Greater Manchester averages 
 

Proportional surface cover 

UMT B
ui

ld
in

g 

O
th

er
 

im
pe

rv
io

us
 

T
re

e 

Sh
ru

b 

M
ow

n 
gr

as
s 

R
ou

gh
 g

ra
ss

 

C
ul

tiv
at

ed
 

W
at

er
 

B
ar

e 
so

il 
/ 

gr
av

el
 

Improved farmland 0.01 0.03 0.08 0.04 0.57 0.12 0.15 0.01 0.02 
Unimproved farmland 0.00 0.01 0.02 0.52 0.04 0.33 0.00 0.01 0.09 
Woodland 0.00 0.02 0.70 0.09 0.09 0.08 0.01 0.02 0.00 
Mineral workings & quarries 0.01 0.01 0.07 0.09 0.10 0.25 0.00 0.02 0.45 
Formal recreation 0.01 0.05 0.14 0.06 0.65 0.08 0.00 0.00 0.02 
Formal open space 0.02 0.06 0.28 0.06 0.40 0.08 0.01 0.07 0.02 
Informal open space 0.01 0.03 0.19 0.06 0.40 0.26 0.02 0.01 0.03 
Allotments 0.03 0.05 0.14 0.08 0.09 0.10 0.48 0.00 0.05 
Major roads 0.00 0.63 0.10 0.04 0.08 0.15 0.00 0.00 0.01 
Airports 0.05 0.39 0.02 0.03 0.42 0.04 0.00 0.00 0.05 
Rail 0.01 0.05 0.19 0.10 0.02 0.16 0.00 0.00 0.48 
River, canal 0.00 0.02 0.16 0.09 0.03 0.11 0.00 0.58 0.02 
Energy prod & distribution 0.12 0.41 0.06 0.06 0.06 0.18 0.00 0.00 0.12 
Water storage & treatment 0.05 0.06 0.07 0.04 0.06 0.12 0.00 0.55 0.05 
Refuse disposal 0.00 0.02 0.15 0.10 0.00 0.14 0.02 0.00 0.58 
Cemeteries & crematoria 0.01 0.11 0.25 0.06 0.52 0.04 0.00 0.00 0.01 
High density residential 0.31 0.38 0.07 0.08 0.15 0.00 0.00 0.01 0.01 
Med density residential 0.22 0.28 0.13 0.11 0.24 0.02 0.00 0.00 0.01 
Low density residential 0.14 0.18 0.26 0.12 0.26 0.01 0.00 0.00 0.02 
Schools 0.08 0.20 0.09 0.05 0.53 0.05 0.00 0.00 0.02 
Hospitals 0.27 0.25 0.17 0.07 0.17 0.05 0.00 0.00 0.02 
Retail 0.23 0.48 0.07 0.07 0.07 0.03 0.00 0.00 0.05 
Town centre 0.26 0.48 0.05 0.07 0.05 0.03 0.00 0.01 0.06 
Manufacturing 0.30 0.26 0.07 0.08 0.06 0.06 0.01 0.02 0.15 
Offices 0.17 0.34 0.12 0.07 0.21 0.05 0.00 0.00 0.05 
Distribution & storage 0.28 0.30 0.05 0.06 0.08 0.11 0.01 0.00 0.12 
Disused & derelict land 0.02 0.05 0.14 0.11 0.13 0.35 0.05 0.01 0.15 
Remnant countryside 0.01 0.01 0.28 0.10 0.20 0.35 0.01 0.01 0.03 
GM average 0.10 0.14 0.12 0.11 0.32 0.11 0.05 0.01 0.04 
GM avg discounting farmland 0.15 0.21 0.16 0.09 0.23 0.08 0.01 0.02 0.05 
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Figure B.1. UMT proportional cover by each surface type 
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Table B.4. UMT surface cover area (km2) including Greater Manchester totals 
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Table B.5. UMT proportion of built, evapotranspiring and bare soil surfaces including Greater 
Manchester averages 

 
Proportional surface cover 

UMT Built Evapotranspiring Bare soil 
Improved farmland 0.04 0.95 0.02 
Unimproved farmland 0.01 0.91 0.09 
Woodland 0.02 0.98 0.00 
Mineral workings & quarries 0.02 0.53 0.45 
Formal recreation 0.05 0.93 0.02 
Formal open space 0.09 0.90 0.02 
Informal open space 0.04 0.94 0.03 
Allotments 0.08 0.87 0.05 
Major roads 0.63 0.37 0.01 
Airports 0.44 0.51 0.05 
Rail 0.06 0.46 0.48 
River, canal 0.02 0.97 0.02 
Energy prod & distribution 0.53 0.35 0.12 
Water storage & treatment 0.11 0.84 0.05 
Refuse disposal 0.02 0.40 0.58 
Cemeteries & crematoria 0.12 0.87 0.01 
High density residential 0.68 0.31 0.01 
Med density residential 0.49 0.50 0.01 
Low density residential 0.33 0.66 0.02 
Schools 0.28 0.71 0.02 
Hospitals 0.52 0.46 0.02 
Retail 0.71 0.24 0.05 
Town centre 0.74 0.20 0.06 
Manufacturing 0.56 0.29 0.15 
Offices 0.51 0.45 0.05 
Distribution & storage 0.58 0.30 0.12 
Disused & derelict land 0.07 0.78 0.15 
Remnant countryside 0.02 0.95 0.03 
GM average 0.23 0.72 0.04 
GM avg discounting farmland 0.37 0.59 0.05 
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Figure B.2. UMT proportional cover by built, evapotranspiring and bare soil surfaces 
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Table B.6. UMT built, evapotranspiring and bare soil surface cover area (km2) including Greater 
Manchester totals 

 
Area (km2) 

UMT Built Evapotranspiring Bare Soil Total 
Improved farmland 14.2 383.0 8.1 405.3 
Unimproved farmland 0.5 91.2 8.8 100.5 
Woodland 0.8 40.7 0.1 41.6 
Mineral workings & quarries 0.1 2.2 1.9 4.3 
Formal recreation 2.7 47.1 0.9 50.6 
Formal open space 2.0 21.0 0.5 23.5 
Informal open space 0.7 18.5 0.5 19.8 
Allotments 0.1 1.4 0.1 1.6 
Major roads 9.5 5.5 0.1 15.1 
Airports 2.8 3.3 0.3 6.4 
Rail 0.6 4.3 4.5 9.4 
River, canal 0.1 7.8 0.1 8.1 
Energy prod & distribution 1.2 0.8 0.3 2.2 
Water storage & treatment 1.2 9.2 0.6 11.0 
Refuse disposal 0.0 0.2 0.2 0.4 
Cemeteries & crematoria 0.5 3.7 0.1 4.2 
High density residential 32.6 14.9 0.5 47.9 
Med density residential 146.0 147.5 3.0 296.5 
Low density residential 11.4 23.0 0.7 35.2 
Schools 6.2 15.7 0.3 22.3 
Hospitals 1.2 1.1 0.1 2.4 
Retail 4.3 1.4 0.3 6.0 
Town centre 20.4 5.4 1.7 27.5 
Manufacturing 33.4 16.9 9.0 59.3 
Offices 3.7 3.3 0.3 7.3 
Distribution & storage 3.2 1.7 0.7 5.5 
Disused & derelict land 4.7 54.3 10.6 69.6 
Remnant countryside 0.3 14.2 0.4 15.0 
Total 304.4 939.4 54.8 1298.5 
Total discounting farmland 289.7 465.1 37.9 792.7 
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Appendix C. Energy Exchange Model in Mathematica 
 
Energy Exchange Indicator 
Medium Density Residential 1970s 
 
Here are the relations between the parameters in symbolic form: 
  
ClearAll[Ca, Cc, Cs, d, Ef, k,Ks, L, Mc, q0, q2];  
ClearAll[T0, T2, Tb, Ts, U2, Z0, Z2, omega, rhoA, rhoS]; 
ClearAll[a1, a2, a3, b1, b2, b3, b4, b5, b6, b7]; 
  
b1 = N[a3 / (Mc * Cc)]; 
 
b2 = -1.0 / (Mc * Cc) * ((((rhoA * k^2 * U2) * (Ca + L * Ef * a2))/ 
(Log[Z2/Z0])^2) + (Ks/d)); 
 
b3 = Ks / (Mc * Cc * d); 
 
b4 = 1.0 / (Mc * Cc) * (((rhoA * k^2 * U2) * (Ca * T2 + L* (q2 - Ef * 
a1))) / (Log[Z2/Z0])^2); 
 
b5 = Ks / (rhoS * Cs * d^2); 
 
b6 = -(2.0 * Ks) / (rhoS * Cs * d^2); 
 
b7 = (Ks * Tb) / (rhoS * Cs * d^2); 
 
Here we give most of the parameters their numeric values. The ones here should be much 
the same for all environments: 
  
ClearAll[Ca, Cc, Cs, d, Ef, k,Ks, L, Mc, q0, q2];  
ClearAll[T0, T2, Tb, Ts, U2, Z0, Z2, omega, rhoA, rhoS]; 
 
Ca = 1006      ; (* J/ (kg * degree) *) 
Cc = 880       ; (* J/ (kg * degree) *) 
Cs = 1180      ; (* J/ (kg * degree) *) 
 
d = 0.1        ; (* metres *) 
 
k = 0.41       ; (* dimensionless *) 
Ks = 1.083     ; (* W / (m * degree) *) 
 
L = 2.452 * 10^6     ; (* J / kg *) 
 
omega = Pi / (hoD * 3600) ; (* 1.0 /sec *) 
 
q2 = 0.002      ; (* dimensionless *) 
 
T2 = 15.4      ; (* degrees *) 
Tb = 20      ; (* degrees *) 
Tf = 20.6      ; (* degrees *) 
 
U2 = 5      ; (* metres / sec *) 
 
Z0 = 2.0      ; (* metres *) 
Z2 = 800.0      ; (* metres *) 
 
rhoA = 1.208     ; (* kg / (metre^3) *) 
rhoS = 1800     ; (* kg / (metre^3) *) 
These are the parameters that will vary from site to site: 
  
a3 = 802.5      ; (* W / (metre^2); peak insolation *) 
nightA3 = -93.0     ; (* W / (metre^2); night radiation *) 
Mc = 253.40     ; (* kg / (metre^2) *) 
Ef = 0.50      ; (* evaporative fraction *) 
hoD = 16.0      ; (* hours of daylight *) 
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The linearization of specific humidity: 
  
(* quadratic approx. to Clausis-Clapeyron *) 
q0[T_] := (Ef/1000) * (3.74 + 2.64 * (T/10)^2); 
 
(* linearized version of q0[T] *) 
lq0[T0_] := q0[Tf] + (T0 - Tf) * (Ef/1000) * (2.64/50.0) * Tf; 
linearExp = Expand[lq0[T0]]; 
coefs = CoefficientList[linearExp, T0]; 
a1 = coefs[[1]] / Ef; 
a2 = coefs[[2]] / Ef; 
 

Solving the ODE 
  
{b1, b2, b3, b4, b5, b6, b7} 
{0.00359878,-0.000345304,0.0000485668,0.00374758,0.0000509887,-
0.000101977,0.00101977} 
 
{a1, a2, a3} 
{-0.0074631,0.00108768,802.5} 
 
First step: put in some reasonable guess for the dawn temperatures and solve the ODE. Put 
these guesses into the table dawnTemps as below: 
  
ClearAll[dayResults,nightResults,dawnTemps,eveningTemps] 
tol = 0.001; 
sunriseTemps = {13.0, 13.0}; 
 
(* set previousDawn to hold values that will fail to meet the criterion 
for convergence *) 
 
previousSunrise = {sunriseTemps[[1]] + tol,sunriseTemps[[2]] + tol}; 
 
(* The convergence test *) 
 
While[(Abs[previousSunrise[[1]] - sunriseTemps[[1]]] + 
Abs[previousSunrise[[2]] - sunriseTemps[[2]]]) > tol, 
 
(* Get ready to do a new iteration: print the current sunrise 
temperatures, then use previousTemps to preserve their values.*) 
 
Print[sunriseTemps]; 
previousSunrise = {sunriseTemps[[1]],sunriseTemps[[2]]}; 
 
(* Integrate numerically across the sunny period *) 
 
dayResults = NDSolve[{T0'[t] == 3600 * (b1 * Sin[omega * 3600 * (t-4)] + 
b2 * T0[t] + b3 * Ts[t] + b4),  
Ts'[t] == 3600 * (b5 * T0[t] + b6 * Ts[t] + b7),  
T0[4] == sunriseTemps[[1]],  
Ts[4] == sunriseTemps[[2]]},  
{T0[t], Ts[t]},  
{t, 4, 20 }]; 
  
(* use the numerical solution to obtain the temperatures at sunset *) 
 
scratch = Table[ Evaluate[{T0[t], Ts[t]}/.dayResults], {t,19.9, 20.0, 
0.1}]; 
 
sunsetTemps = {scratch[[2,1,1]], scratch[[2,1,2]]}; 
 
(* Integrate numerically across the night *) 
 
nightResults = NDSolve[{T0'[t] == 3600 * (nightA3/(Mc * Cc) + b2 * T0[t] 
+ b3 * Ts[t] + b4),  
Ts'[t] == 3600 * (b5 * T0[t] + b6 * Ts[t] + b7),  
T0[20] == sunsetTemps[[1]],  
Ts[20] == sunsetTemps[[2]]},  
{T0[t], Ts[t]},  
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{t, 20, 24}]; 
  
(* use the numerical solution to obtain the temperatures at midnight *) 
 
scratch = Table[Evaluate[{T0[t], Ts[t]}/.nightResults], {t, 23.9, 24.0, 
0.1}]; 
 
midnightTemps = {scratch[[2,1,1]], scratch[[2,1,2]]}; 
 
(* Integrate numerically across the predawn hours *) 
 
preDawnResults = NDSolve[{T0'[t] == 3600 * (nightA3/(Mc * Cc) + b2 * T0[t] 
+ b3 * Ts[t] + b4),  
Ts'[t] == 3600 * (b5 * T0[t] + b6 * Ts[t] + b7),  
T0[0] == midnightTemps[[1]],  
Ts[0] == midnightTemps[[2]]},  
{T0[t], Ts[t]},  
{t, 0 ,4}]; 
 
(* use the numerical solution to work out the temperatures at the next 
dawn *) 
 
scratch = Table[ Evaluate[{T0[t], Ts[t]}/.preDawnResults], {t,3.9, 4.0, 
0.1}]; 
 
sunriseTemps = { scratch[[2,1,1]], scratch[[2,1,2]]}; 
 
(* end of the loop - return to the test *) 
]  
 
{13.,13.} 
{11.9443,16.2386} 
{11.9445,16.2396} 
 
preDawnPlot = Plot[Evaluate[{T0[t], Ts[t]}/. preDawnResults], 
{t, 0,4},  
AxesOrigin->{0,7.0},  
Ticks->{{0,1,2,3,4}, {8, 9, 10, 11, 12, 13, 14}}, 
PlotRange->{{0,4}, {8, 14}},  
PlotStyle->{{},Dashing[{0.02,0.02}]}] 
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 Graphics  
  
dayPlot = Plot[Evaluate[{T0[t], Ts[t]}/. dayResults],  
{t, 4, 20}, 
AxesOrigin->{4, 7.0}, 
Ticks->{{4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20}, 
{7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25}}, 
PlotRange->{{4,20}, {7, 25}}, 
PlotStyle->{{},Dashing[{0.02,0.02}]}] 
 



Appendix C. Energy Exchange Model in Mathematica 
 

 387

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

 
 Graphics  
 
nightPlot = Plot[Evaluate[{T0[t], Ts[t]}/. nightResults], 
{t, 20, 24}, 
AxesOrigin->{20,7.0}, 
Ticks->{{20,21,22,23, 24}, {7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 
19, 20}}, 
PlotRange->{{20,24}, {7,20}}, 
PlotStyle->{{},Dashing[{0.02,0.02}]}] 
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 Graphics  
 
Show[preDawnPlot, dayPlot, nightPlot,  
AxesOrigin->{0, 8.0}, 
Ticks->{{0, 4, 8, 12, 16, 20, 24}, 
{8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31}}, 
PlotRange->{{0,24}, {8,31}},  
AxesLabel->{"Time (hrs.)", "Temp. (deg. C)"}, 
PlotLabel->"Surface Temp ( __ ) and Soil Temp (---)\n for Medium Density 
Residential 1970s"] 
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 Graphics  
 
hugeTable = Table[{t, Flatten[ Evaluate[{T0[t], Ts[t]}/. dayResults]]}, 
{t,4.0, 20.0, 0.1}]; 
 
compareT0[a_,b_] := OrderedQ[{a[[2,1]], b[[2,1]]}] 
sorted = Sort[hugeTable, compareT0[#1, #2]&]; 
{sorted[[Length[sorted],1]],sorted[[Length[sorted],2,1]]} 
 
{13.,24.0283} 
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Appendix D. Energy Exchange Model Sensitivity Tests 
 
The sensitivity tests were undertaken using the model runs set up for the 1961-1990 
baseline climate. All sensitivity analyses were undertaken with the town centre and 
woodland UMTs, as these are the categories with the highest and lowest maximum surface 
temperatures. The input parameters are identical for the two UMTs, except for the 
evaporating fraction which is 0.20 in town centres and 0.98 in woodlands, and the building 
mass per unit of land which is 342.20 kg/m2 in town centres and 6.58 kg/m2 in woodlands. 
The sensitivity of the maximum surface temperatures to the input parameters are 
considered on the following pages. Current input values are marked on figures D.1 to D.20 
by grey dotted lines. 
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D.1 Soil Temperature 
 
The soil temperature at 20 cm (Tb) is used in the finite difference form of the conductive 
heat flux term (G) (Equation 5.15) of the energy balance equation. This equation is used as 
one of the set of simultaneous equations solved to find analytical solutions for the surface 
temperature (T0) and the soil temperature at level s (Ts). 
 
Currently soil temperature is set at 20°C, and maximum surface temperatures are 31.2°C in 
town centres and 18.4°C in woodlands (Figure D.1). Increasing soil temperatures leads to 
warmer maximum surface temperatures and vice versa. This effect appears to be linear. 
Changing the soil temperature has a greater effect in town centres rather than woodlands. 
For example, changing the soil temperature (from the current temperature) by 1°C alters 
the maximum surface temperature by ±0.11°C in town centres and ±0.05°C in woodlands. 
Similarly, changing the soil temperature (from the current temperature) by 5°C alters the 
maximum surface temperature by ±0.55°C in town centres and ±0.25°C in woodlands. If 
soil temperature is set at 14.3°C, equivalent to the mean summer temperature for Ringway 
(BETWIXT) minus 0.6°C, the maximum surface temperature is 0.6°C and 0.3°C less in 
town centres and woodlands, respectively. Whilst town centres have 6% bare soil 
compared to 0% in woodlands, the change in maximum surface temperatures in the two 
UMTs as a result of altering soil temperature is not due to the amount of bare soil. The 
amount of bare soil is not a term in the finite difference heat conduction equation 
(Equation 5.15). In addition, a further sensitivity test using refuse disposal, which has the 
highest amount of bare soil cover (58%), found changes of approximately ±0.08°C in 
maximum surface temperature as a result of changing soil temperatures by ±1°C. The soil 
temperature appears to have the greatest impact on maximum surface temperature in 
UMTs where there is a low evaporating cover. This suggests that much more heat is lost to 
the air by convection and evapotranspiration than to the soil by conduction. 
 
As the soil temperature increases, the difference between the maximum surface 
temperatures of town centres and woodlands also increases. At soil temperatures of 15°C, 
20°C and 25°C, the difference between the maximum surface temperatures in these UMTs 
is 12.5°C, 12.8°C, and 13.1°C, respectively. The soil temperature appears to have no effect 
on the timing of the maximum surface temperature. 
 

Figure D.1. Sensitivity of maximum surface temperatures to soil temperatures 
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D.2 Reference Temperature 
 
The reference temperature (Tf) does not appear in any of the terms of the energy balance 
equation as such. The specific humidity, which appears in the latent heat flux (LE) is 
linearised around the reference temperature. 
 
Currently the reference temperature is set at 20.6°C, and maximum surface temperatures 
are 31.2°C in town centres and 18.4°C in woodlands (Figure D.2). The relationship 
between the reference temperature and the maximum surface temperature is quadratic. This 
is because the specific humidity is linearised by taking the first term of the expansion 
around the reference temperature. If the reference temperature is equal to the surface 
temperature there is no error. However, if the reference temperature is higher or lower than 
the surface temperature the squared term of the expansion (which is always positive) 
becomes more significant. Therefore at higher and lower temperatures the latent heat loss 
is underestimated and the calculated maximum surface temperature rises. 
 
The minimum point of the quadratic curves differs for the two UMTs, with woodland 
being at a lower reference temperature (around 18.6°C) than town centre (around 30.6°C). 
This is because woodland has lower surface temperatures than town centres. Thus, in 
woodlands, the point at which the reference temperature is equal to the surface temperature, 
and hence there is no error in the linearisation of the specific humidity, is lower.  
 
 Increasing the reference temperature by 1°C to 21.6°C decreases the maximum surface 
temperature in town centres by 0.1°C and increases it in woodlands by the same amount. 
When the reference temperature is decreased by 1°C to 19.6°C, the maximum surface 
temperature increases in town centres and decreases in woodlands, each by 0.1°C. 
 
Changing the reference temperature alters the timing of the maximum surface temperatures 
in town centres more significantly than in woodlands. 
 

Figure D.2. Sensitivity of maximum surface temperatures to reference temperatures 
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D.3 Air Temperature at SBL 
 
The air temperature at the SBL (T2) is used in the sensible heat flux term (H) of the energy 
balance equation. Increased air temperatures at the SBL increase the magnitude of this 
term and vice versa. 
 
Currently the air temperature at the SBL is set at 15.4°C, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.3). Increasing 
air temperatures at the SBL leads to warmer maximum surface temperatures and vice versa. 
This effect appears to be linear. Changing the air temperature at the SBL has a greater 
effect on the maximum surface temperature in town centres rather than woodlands. This is 
because more energy is lost by convection in town centres which have less 
evapotranspiring surface. For example, changing the soil temperature (from the current 
temperature) by 1°C alters the maximum surface temperature by ±0.58°C in town centres 
and ±0.26°C in woodlands. Similarly, changing the soil temperature (from the current 
temperature) by 5°C alters the maximum surface temperature by ±2.9°C in town centres 
and ±1.3°C in woodlands. These changes are much greater than those for the soil 
temperature. 
 
As the air temperature at the SBL increases, the difference between the maximum surface 
temperatures of town centres and woodlands also increases. At air temperatures at the SBL 
of 10.4°C, 15.4°C and 20.4°C, the difference between the maximum surface temperatures 
in these UMTs is 11.2°C, 12.8°C, and 14.4°C, respectively. The air temperature at the SBL 
appears to have no effect on the timing of the maximum surface temperature. 
 

Figure D.3. Sensitivity of maximum surface temperatures to air temperatures at the SBL 
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D.4 Wind Speed at SBL 
 
Wind speed at the SBL (U2) is used in the sensible (H) and latent heat flux (LE) terms 
(Equations 5.9 and 5.10). Increasing wind speed increases the magnitude of these terms 
and vice versa. 
 
Currently wind speed at the SBL is set at 5 m/s, and maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.4). Increasing wind speed leads 
to cooler maximum surface temperatures and vice versa. The effect of decreasing wind 
speed is slightly stronger than that of increasing it. Changing wind speed has a greater 
effect on the maximum surface temperature in town centres rather than woodlands. This is 
because more energy is lost by convection in town centres which have less evaporating 
surface. For example, increasing the wind speed (from the current speed) by 0.5 m/s to 5.5 
m/s (a 10% increase) alters the maximum surface temperature by -1.1°C in town centres 
and -0.7°C in woodlands. Similarly, decreasing the wind speed by 0.5 m/s to 4.5 m/s (a 
10% decrease) alters the maximum surface temperature by +1.3°C in town centres and 
+0.8°C in woodlands. 
 
As the wind speed increases, the difference between the maximum surface temperatures of 
town centres and woodlands decreases. At wind speeds of 4 m/s, 5 m/s and 6 m/s, the 
difference between the maximum surface temperatures in these UMTs is 13.8°C, 12.8°C, 
and 11.9°C, respectively. Wind speed appears to have no effect on the timing of the 
maximum surface temperature in woodlands, but in town centres increasing the wind speed 
brings forward the timing of the maximum surface temperature and vice versa. 
 

Figure D.4. Sensitivity of maximum surface temperatures to wind speed at the SBL 
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D.5 Surface Roughness Length 
 
The surface roughness length (Z0) is used in the sensible (H) and latent heat flux (LE) 
terms (Equations 5.9 and 5.10). Increasing surface roughness increases the magnitude of 
these terms and vice versa. 
 
Currently the surface roughness length is set at 2 m, and maximum surface temperatures 
are 31.2°C in town centres and 18.4°C in woodlands (Figure D.5). Increasing the surface 
roughness length leads to cooler maximum surface temperatures and vice versa. The effect 
of decreasing the surface roughness length is stronger than that of increasing it. Changing 
the surface roughness length has a slightly greater effect on the maximum surface 
temperature in town centres rather than woodlands. For example, increasing the surface 
roughness length (from the current length) by 0.2 m to 2.2 m (a 10% increase) alters the 
maximum surface temperature by -0.39°C in town centres and -0.23°C in woodlands. 
Similarly, decreasing the surface roughness length by 0.2 m to 1.8 m (a 10% decrease) 
alters the maximum surface temperature by +0.43°C in town centres and +0.26°C in 
woodlands. 
 
As the surface roughness length increases, the difference between the maximum surface 
temperatures of town centres and woodlands decreases. At surface roughness lengths of 1 
m, 2 m and 3 m, the difference between the maximum surface temperatures in these UMTs 
is 13.8°C, 12.8°C, and 12.1°C, respectively. The surface roughness length appears to have 
no effect on the timing of the maximum surface temperature in woodlands, but in town 
centres increasing the surface roughness length brings forward the timing of the maximum 
surface temperature and vice versa. 
 

Figure D.5. Sensitivity of maximum surface temperatures to surface roughness length 
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D.6 Height of SBL 
 
The height of the SBL (Z2) is used in the sensible (H) and latent heat flux (LE) terms 
(Equations 5.9 and 5.10). Increasing the height of the SBL decreases the magnitude of 
these terms and vice versa. 
 
Currently the height of the SBL is set at 800 m, and maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.6). Increasing the height of the 
SBL leads to warmer maximum surface temperatures and vice versa. The effect of 
decreasing the height of the SBL is slightly stronger than that of increasing it. Changing 
the height of the SBL has a slightly greater effect on the maximum surface temperature in 
town centres rather than woodlands. For example, increasing the height of the SBL (from 
the current height) by 80 m to 880 m (a 10% increase) alters the maximum surface 
temperature by +0.39°C in town centres and +0.24°C in woodlands. Similarly, decreasing 
the height of the SBL to 720m (a 10% decrease) alters the maximum surface temperature 
by -0.43°C in town centres and -0.26°C in woodlands. 
 
As the height of the SBL increases, the difference between the maximum surface 
temperatures of town centres and woodlands increases slightly. At SBL heights of 600 m, 
800 m and 1000 m, the difference between the maximum surface temperatures in these 
UMTs is 12.3°C, 12.8°C, and 13.1°C, respectively. The height of the SBL appears to have 
no effect on the timing of the maximum surface temperature in woodlands, but in town 
centres increasing the SBL height makes the timing of the maximum surface temperature 
later and vice versa. 
 

Figure D.6. Sensitivity of maximum surface temperatures to the height of the SBL 
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D.7 Density of Air 
 
The density of the air (ρa) is used in the sensible (H) and latent heat flux (LE) terms 
(Equations 5.9 and 5.10). Increasing the density of the air increases the magnitude of these 
terms and vice versa. 
 
Currently the density of the air is set at 1.208 kg/m3, and maximum surface temperatures 
are 31.2°C in town centres and 18.4°C in woodlands (Figure D.7). Increasing the air 
density leads to cooler maximum surface temperatures and vice versa. The effect of 
decreasing the air density is slightly stronger than that of increasing it. Changing the 
density of the air has a greater effect on the maximum surface temperature in town centres 
rather than woodlands. For example, increasing the density of the air to 1.3288 kg/m3 (a 
10% increase from current settings) alters the maximum surface temperature by -1.13°C in 
town centres and -0.67°C in woodlands. Similarly, decreasing the density of the air to 
1.0872 kg/m3 (a 10% decrease from current settings) alters the maximum surface 
temperature by +1.32°C in town centres and +0.81°C in woodlands. It should be noted that 
these changes are outside the range of interest, air densities of 1.3288 kg/m3 and 1.0872 
kg/m3 would be found at temperatures of about -5°C and 52°C, respectively (Holman, 
1997, p. 646). Changes to air density of plus or minus 1% would be more likely (1.220 
kg/m3 and 1.196 kg/m3), occurring at temperatures of about 23°C and 18°C, respectively 
(Holman, 1997, p. 646). With a ±1% change in air density, the change in maximum surface 
temperature is at most ±0.12°C. 
 
As the density of the air increases, the difference between the maximum surface 
temperatures of town centres and woodlands decreases slightly. At air densities of 1.0872 
kg/m3, 1.208 kg/m3 and 1.3288 kg/m3, the difference between the maximum surface 
temperatures in these UMTs is 13.3°C, 12.8°C, and 12.3°C, respectively. The density of 
the air appears to have no effect on the timing of the maximum surface temperature in 
woodlands, but in town centres increasing the air density brings forward the timing of the 
maximum surface temperature later and vice versa. 
 

Figure D.7. Sensitivity of maximum surface temperatures to the density of air 
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D.8 Density of Soil 
 
The density of the soil (ρs) is used in the finite difference form of the heat conduction 
equation (G) (Equation 5.15). Increasing the density of the soil decreases the magnitude of 
this term and vice versa. 
 
Currently the density of the soil is set at 1800 kg/m3, and maximum surface temperatures 
are 31.2°C in town centres and 18.4°C in woodlands (Figure D.8). Changing the soil 
density has very little effect on the maximum surface temperature. An increase in soil 
density leads to very slight decreases in the maximum surface temperatures and vice versa. 
The effect is approximately linear and is slightly more noticeable in town centres than in 
woodlands. For example, changing the density of the soil by ±10% (to 1980 kg/m3 and 
1620 kg/m3) alters the maximum surface temperature by ±0.04°C in town centres and 
±0.01°C in woodlands. When the lowest soil density value for dry peat soils (300 kg/m3) is 
used (Oke, 1987, p. 44) the change in maximum surface temperature is +0.39°C and 
+0.07°C in town centres and woodland, respectively. Similarly, when the highest soil 
density value for saturated sandy and clay soils (2000 kg/m3) is used (Oke, 1987, p. 44) the 
change in maximum surface temperature is -0.04°C and -0.01°C in town centres and 
woodland, respectively. 
 
As the density of the soil increases, the difference between the maximum surface 
temperatures of town centres and woodlands decreases very slightly, but the effect is 
marginal. Similarly, the density of the soil appears to have very little effect on the timing 
of the maximum surface temperature in both woodlands and town centres. 
 

Figure D.8. Sensitivity of maximum surface temperatures to the density of soil 
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D.9 Peak Insolation 
 
Peak insolation (a3) is used in the net radiation flux term (R) (Equation 5.4). Increasing the 
peak insolation increases the magnitude of this term. 
 
Currently peak insolation is set at 802.5 W/m2, and maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.9). Increasing the peak 
insolation leads to warmer maximum surface temperatures and vice versa. This effect is 
linear. Changing the peak insolation has a greater effect on the maximum surface 
temperature in town centres rather than woodlands. For example, changing peak insolation 
by ±10% (to 882.75 W/m2 and 722.25 W/m2, respectively) alters the maximum surface 
temperature by ±1.51°C in town centres and ±0.74°C in woodlands. 
 
As the peak insolation increases, the difference between the maximum surface 
temperatures of town centres and woodlands increases. With peak insolations of 702.5 
W/m2, 802.5 W/m2, and 902.5 W/m2, the difference between the maximum surface 
temperatures in these UMTs is 11.8°C, 12.8°C, and 13.8°C, respectively. The peak 
insolation appears to have no effect on the timing of the maximum surface temperature in 
both woodlands and town centres. 
 

Figure D.9. Sensitivity of maximum surface temperatures to peak insolation 
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D.10 Night Radiation 
 
Night radiation (a'3) is used for the night net radiation flux (R) (Equation 5.5). Increasing 
the night radiation increases the magnitude of this term and vice versa. 
 
Currently night radiation is set at -93 W/m2, and maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.10). Changing the night 
radiation has very little effect on maximum surface temperatures. The effect is linear and is 
slightly greater in town centres than woodlands. As the magnitude of night radiation 
increases, the difference between the maximum surface temperatures of town centres and 
woodlands decreases very slightly. In addition, night radiation appears to have very little 
effect on the timing of the maximum surface temperature in both woodlands and town 
centres. 
 

Figure D.10. Sensitivity of maximum surface temperatures to night radiation 
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D.11 Specific Heat of Air 
 
The specific heat of the air (Ca) is used in the sensible flux term (H) (Equation 5.9). 
Increasing the specific heat of the air increases the magnitude of this term and vice versa. 
 
Currently the specific heat of the air is set at 1006 J/kg/°C, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.11). 
Increasing the specific heat of the air leads to cooler maximum surface temperatures and 
vice versa. The effect of changing the specific heat of the air is approximately linear, with 
the effect of a decrease being slightly stronger than an increase. Changing the specific heat 
of the air has a greater effect on the maximum surface temperature in town centres rather 
than woodlands. For example, increasing the specific heat of the air to 1106.6 J/kg/°C (a 
10% increase from current settings) alters the maximum surface temperature by -0.77°C in 
town centres and -0.08°C in woodlands. Similarly, decreasing the specific heat of the air to 
905.4 J/kg/°C (a 10% decrease from current settings) alters the maximum surface 
temperature by +0.85°C in town centres and +0.08°C in woodlands. It should be noted that 
there is little point in testing the sensitivity of the model to changes of ±10% to the specific 
heat of air. This is because a +10% change would occur between 527°C and 577°C, whilst 
a -10% change goes off the temperature scale (Holman, 1997, p. 646). The specific heat of 
the air changes very little at the temperatures of interest and its effect on maximum surface 
temperature is marginal. 
 
As the specific heat of the air changes there is very little change to the difference between 
the maximum surface temperatures of town centres and woodlands. If anything, as it 
increases the difference decreases, but the effect is negligible. The specific heat of the air 
also appears to have very little effect on the timing of the maximum surface temperature in 
both woodlands and town centres. 
 
Figure D.11. Sensitivity of maximum surface temperatures to the specific heat of air. The specific heat 

of the air is currently set at 1006 J/kg/°C. 
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D.12 Specific Heat of Concrete 
 
The specific heat of concrete (Cc) is used in the heat flux to storage in the built 
environment term (G) (Equation 5.16). Increasing the specific heat of concrete increases 
the magnitude of this term and vice versa. 
 
Currently the specific heat of the concrete is set at 880 J/kg/°C, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.12). 
Increasing the specific heat of concrete leads to slightly cooler maximum surface 
temperatures and vice versa. The effect of changing the specific heat of concrete is linear. 
Changing the specific heat of concrete has a greater effect on the maximum surface 
temperature in town centres rather than woodlands. For example, a ±10% change (to 968 
J/kg/°C and 792 J/kg/°C, respectively) alters the maximum surface temperature by ±0.14°C 
in town centres whereas the effect in woodlands is negligible. Oke (1987, p. 259) lists the 
thermal properties of different materials. The material listed with the lowest specific heat is 
steel at 500 J/kg/°C whilst the highest is dense wood at 1880 J/kg/°C. When these values 
are used the change in the maximum surface temperatures in town centres is +0.55°C for 
steel and -1.76°C for dense wood. In both cases there is still negligible change in 
woodlands. 
 
As the specific heat of concrete increases the difference between the maximum surface 
temperatures of town centres and woodlands decreases, from 13.3°C to 11.0°C, when the 
specific heat is 500 J/kg/°C and 1880 J/kg/°C, respectively. The specific heat of the air 
appears to have little effect on the timing of the maximum surface temperature in 
woodlands, but as it increases the timing of the maximum surface temperature becomes 
later in town centres. 
 

Figure D.12. Sensitivity of maximum surface temperatures to the specific heat of concrete 
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D.13 Specific Heat of Soil 
 
The specific heat of soil (Cs) is used in the finite difference form of the heat conduction 
equation (Equation 5.15). Increasing the specific heat of soil decreases the magnitude of 
this term and vice versa. 
 
Currently the specific heat of the soil is set at 1180 J/kg/°C, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.13). The 
effect of changing the specific heat of the soil on maximum surface temperatures is very 
small. Increasing it leads to slightly cooler temperatures and vice versa. The result of 
changing the specific heat of soil is approximately linear and has a slightly greater effect 
on the maximum surface temperature in town centres rather than woodlands. For example, 
a ±10% change (to 1298 J/kg/°C and 1062 J/kg/°C, respectively) alters the maximum 
surface temperature by ±0.04°C in town centres and ±0.01°C woodlands. Oke (1987, p. 44) 
lists the thermal properties of different soils. Dry sandy soil has the lowest specific heat at 
800 J/kg/°C whilst saturated peat soil has the highest specific heat at 3650 J/kg/°C. When 
these values are used the change in the maximum surface temperatures in town centres is 
+0.14°C for dry sand and -0.33°C for saturated peat, whilst in woodlands maximum 
surface temperatures are +0.03°C for dry sand and -0.11°C for saturated peat. 
 
The specific heat of soil has very little effect on the difference between the maximum 
surface temperatures of town centres and woodlands. As it increases the difference 
becomes slightly less, from 12.9°C to 12.5°C, when the specific heat is 800 J/kg/°C and 
3650 J/kg/°C, respectively. The specific heat of the soil appears to have little effect on the 
timing of the maximum surface temperature in both woodlands and town centres. 
 

Figure D.13. Sensitivity of maximum surface temperatures to the specific heat of soil 
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D.14 Soil Depth at Level s 
 
The soil depth at level s (d) is used in both the conductive heat flux term (G) as well as in 
the finite difference form of the heat conduction equation (Equations 5.14 and 5.15). 
Increasing the soil depth decreases the magnitude of these terms and vice versa. 
 
Currently the soil depth at level s is set at 0.1 m, and maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.14). In town centres, increasing 
the soil depth increases the maximum surface temperature and vice versa. On the other 
hand, in woodlands, increasing the soil depth decreases maximum surface temperatures 
and vice versa. In both UMTs the effect of decreasing soil depth is slightly greater than the 
effect of increasing soil depth. The effect is also greater in town centres than woodlands. 
For example, at soil depths of 0.11 m (a 10% increase from current depths) alters the 
maximum surface temperature by +0.06°C in town centres and -0.02°C woodlands. 
Similarly, at soil depths of 0.09 m (a 10% decrease from current depths) alters the 
maximum surface temperature by -0.07°C in town centres and +0.02°C woodlands.  
 
An increase in the soil depth leads to an increase in the difference between the maximum 
surface temperatures of town centres and woodlands. The difference is 11.9°C and 13.2°C 
at soil depths of 0.05 m and 0.15 m, respectively. The soil depth has little effect on the 
timing of the maximum surface temperature in woodlands, but in town centres increasing it 
leads to later maximum surface temperatures. 
 

Figure D.14. Sensitivity of maximum surface temperatures to the soil depth at level s 
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D.15 Soil Thermal Conductivity 
 
Soil thermal conductivity (ks) is used in the conductive heat flux term (G) as well as in the 
finite difference form of the heat conduction equation (Equations 5.14 and 5.15). 
Increasing the soil thermal conductivity increases the magnitude of both these terms and 
vice versa. 
 
Currently the soil thermal conductivity is set at 1.083 W/m/°C, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.15). In town 
centres, increasing the soil thermal conductivity decreases the maximum surface 
temperature and vice versa. On the other hand, in woodlands, increasing the soil thermal 
conductivity increases maximum surface temperatures and vice versa. The effect of 
changing soil thermal conductivity is more or less linear. The effect is also greater in town 
centres than woodlands. For example, a ±10% change (to 1.1913 W/m/°C and 0.9747 
W/m/°C, respectively) alters the maximum surface temperature by ±0.1°C in town centres 
and ±0.01°C woodlands. Oke (1987, p. 44) lists the thermal properties of different soils. 
Saturated peat soil has the lowest thermal conductivity at 0.06 W/m/°C whilst saturated 
sandy soil has the highest thermal conductivity at 2.2 W/m/°C. When these values are used 
the change in the maximum surface temperatures in town centres is +1.55°C for saturated 
peat and -0.95°C for saturated sand, whilst in woodlands maximum surface temperatures 
are -0.01°C for saturated peat and +0.10°C for saturated sand. 
 
Increasing soil thermal conductivity leads to a decrease in the difference between the 
maximum surface temperatures of town centres and woodlands, from 14.3°C to 11.7°C, 
when the thermal conductivity is 0.06 W/m/°C and 2.2 W/m/°C, respectively. Soil thermal 
conductivity has little effect on the timing of the maximum surface temperature in both 
woodlands and town centres. 
 

Figure D.15. Sensitivity of maximum surface temperatures to soil thermal conductivity 
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D.16 Latent Heat of Evaporation 
 
The latent heat of evaporation (L) is used in the latent heat flux (LE) (Equation 5.10). 
Increasing the latent heat of evaporation increases the magnitude of this term and vice 
versa. 
 
Currently the latent heat of evaporation is set at 2452000 J/kg, and maximum surface 
temperatures are 31.2°C in town centres and 18.4°C in woodlands (Figure D.16). 
Increasing the latent heat of evaporation leads to lower maximum surface temperatures and 
vice versa. The effect of the latent heat of evaporation is more or less linear, with decreases 
resulting in a slightly greater change. The effect is also greater in woodlands than town 
centres. For example, an increase of 10% (to 2697200 J/kg) alters the maximum surface 
temperature by -0.40°C in town centres and -0.62°C woodlands. Similarly, a decrease of 
10% (to 2206800 J/kg) alters the maximum surface temperature by +0.42°C in town 
centres and +0.71°C woodlands. It should be noted that there is little point in testing the 
sensitivity of the model to changes of ±10% in the latent heat of evaporation, as such 
changes occur at temperatures below -30°C and above 45°C (Oke, 1987, p. 392). Changes 
of ±1% in the latent heat of evaporation occur between temperatures of about 10°C and 
35°C. These lead to maximum surface temperature changes of ±0.04°C in town centres and 
±0.07°C in woodlands. 
 
Increasing the latent heat of evaporation leads to a slight increase in the difference between 
the maximum surface temperatures of town centres and woodlands. The latent heat of 
evaporation has little effect on the timing of the maximum surface temperature in both 
woodlands and town centres. 
 

Figure D.16. Sensitivity of maximum surface temperatures to the latent heat of evaporation 
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D.17 Specific Humidity at SBL 
 
The specific humidity at the SBL (q2) is used in the latent heat flux term (LE) (Equation 
5.10). Increasing the specific humidity at the SBL increases the magnitude of this term and 
vice versa. 
 
Currently the specific humidity at the SBL is set at 0.002 (dimensionless units), and 
maximum surface temperatures are 31.2°C in town centres and 18.4°C in woodlands 
(Figure D.17). Increasing the specific humidity at the SBL leads to warmer maximum 
surface temperatures and vice versa. The effect of changing the specific humidity at the 
SBL is linear and is greater in town centres than woodlands. For example, a ±10% change 
to the specific humidity at the SBL (to 0.0022 and 0.0018, respectively) alters the 
maximum surface temperature by ±0.28°C in town centres and ±0.13°C in woodlands.   
 
An increase in the specific humidity at the SBL leads to an increase in the difference 
between the maximum surface temperatures of town centres and woodlands. The 
difference is 12.0°C and 13.6°C at specific humidities of 0.001 and 0.003, respectively. 
The specific humidity at the SBL has little effect on the timing of the maximum surface 
temperature in both woodlands and town centres. 
 

Figure D.17. Sensitivity of maximum surface temperatures to the specific humidity at the SBL 
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D.18 Hours of Daylight 
 
The hours of daylight (hoD) are used to specify ω in the net radiation flux term (R) 
(Equation 5.4). Increasing the hours of daylight will increase the period of the sine curve 
and vice versa. It makes sense when changing the hours of daylight to also change the 
sunrise and sunset times accordingly. Thus, with the current setting of 16 hours of daylight, 
the sunrise and sunset times are 04:00 and 20:00, respectively. An increase of 10% in the 
daylight hours to 17.6 hours, gives sunrise and sunset times of 3.2 (03:12) and 20.8 (20:48), 
respectively. Similarly, a decrease of 10% in the daylight hours to 14.4 hours, gives sunrise 
and sunset times of 4.8 (04:48) and 19.2 (19:12), respectively. 
 
With the current setting of 16 hours of daylight, the maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.18). Increasing the hours of 
daylight leads to slightly warmer maximum surface temperatures and vice versa. A 
decrease in the hours of daylight has a slightly greater effect on the maximum surface 
temperature than an increase does. The effect of changing the hours of daylight is also 
slightly greater in town centres than woodlands. For example, an increase of 10% in 
daylight hours (to 17.6 hours) alters the maximum surface temperature by +0.18°C in town 
centres and +0.01°C in woodlands. Similarly, a decrease of 10% in daylight hours (to 14.4 
hours) alters the maximum surface temperature by -0.22°C in town centres and -0.01°C in 
woodlands. 
 
An increase in the hours of daylight increases the difference between the maximum surface 
temperatures of town centres and woodlands. The difference is 12.5°C and 13.0°C with 
daylight hours of 14 and 18 hours, respectively. The hours of daylight have little effect on 
the timing of the maximum surface temperature in both woodlands and town centres. 
 

Figure D.18. Sensitivity of maximum surface temperatures to hours of daylight 
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D.19 Building Mass per Unit of Land 
 
The building mass per unit of land (mc) is used in the heat flux to storage in the built 
environment term (M) (Equation 5.16). Increasing the building mass increases the 
magnitude of this term and vice versa.  
 
The building mass per unit of land varies between the UMTs according to the proportions 
of buildings and other impervious surfaces. Thus, in town centres it is currently set at 
342.20 kg/m2 whilst in woodlands it is 6.58 kg/m2. Maximum surface temperatures are 
31.2°C in town centres and 18.4°C in woodlands (Figure D.19). Increasing the building 
mass leads to slightly cooler maximum surface temperatures and vice versa. Changing the 
building mass of town centres by ±10% (to 376.42 kg/m2 and 307.98 kg/m2, respectively) 
leads to changes in maximum surface temperatures of ±0.1°C. Changing the building mass 
of woodlands by ±10% (to 7.238 kg/m2 and 5.922 kg/m2, respectively) has negligible 
effects.  
 
An increase in the building mass per unit of land decreases the difference between the 
maximum surface temperatures of town centres and woodlands. The difference is 13.7°C 
and 12.3°C with building masses of 1.28 kg/m2 (equivalent to the mass in unimproved 
farmland, the UMT category with the lowest building mass) and 492.11 kg/m2 (equivalent 
to the mass in major roads, the UMT category with the highest building mass), 
respectively. Increasing the building mass means that maximum surface temperatures 
occur later in the day, in both woodlands and town centres. 
 

Figure D.19. Sensitivity of maximum surface temperatures to the building mass per unit of land. 
Building mass is currently set at 6.58 kg/m2 for woodlands and 342.20 kg/m2 for town centres. 
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D.20 Evaporating Fraction 
 
The evaporating fraction (Ef) is used in the latent heat flux term (LE) to define q0, the 
specific humidity of the atmosphere (Equation 5.13). Increasing the evaporating fraction 
increases the magnitude of q0 and vice versa.  
 
The evaporating fraction varies between the UMTs. In town centres it is currently set at 0.2 
whilst in woodlands it is 0.98. Maximum surface temperatures are 31.2°C in town centres 
and 18.4°C in woodlands (Figure D.20). Increasing the evaporating fraction leads to cooler 
maximum surface temperatures and vice versa. Increasing the evaporating fraction of town 
centres by 10%, to 0.22, leads to a change in the maximum surface temperature of -0.67°C. 
Similarly, decreasing the evaporating fraction of town centres by 10%, to 0.18, leads to a 
change in the maximum surface temperature of +0.71°C. It is not possible to increase the 
evaporating fraction of woodlands by 10% at this would take it over 1.0, however 
decreasing the evaporating fraction by 10%, to 0.882, leads to a change in the maximum 
surface temperature of +0.85°C.   
 
The two UMTs have very similar maximum surface temperatures to each other when they 
are set with the same evaporating fractions. This highlights the importance of the 
evaporating fraction in cooling the UMTs. In fact, with evaporating fractions of 0.01 and 
1.0, woodlands are 2.2°C and 0.1°C warmer than town centres, respectively. Increasing the 
evaporating fraction also leads to slightly earlier maximum surface temperatures in both 
woodlands and town centres. 
 

Figure D.20. Sensitivity of maximum surface temperatures to the evaporating fraction. The 
evaporating fraction is currently set at 0.98 for woodlands and 0.20 for town centres. 
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Appendix E. Energy Exchange Model Results 
 
Table E.1. Output from the energy exchange model for the residential UMTs with current form plus or 
minus 10% green cover, showing maximum surface temperature for the 98th percentile summer day as 

well as the difference between the maximum temperature for the development scenario and the 
current form (in brackets) 

 
Maximum surface temperature (°C) Time period 

and scenario 
Residential 
density Current form +10% green 

(diff from current) 
-10% green 

(diff from current) 
High 27.9 25.7 (-2.2) 30.6 (+2.7) 
Medium 24.0 22.5 (-1.5) 25.9 (+1.9) 

1961-1990 

Low 21.7 20.5 (-1.2) 23.1 (+1.4) 
High 28.4 26.1 (-2.3) 31.2 (+2.8) 
Medium 24.5 22.9 (-1.6) 26.4 (+1.9) 

2020s Low 

Low 22.1 20.9 (-1.2) 23.5 (+1.4) 
High 28.7 26.4 (-2.3) 31.6 (+2.9) 
Medium 24.7 23.2 (-1.5) 26.7 (+2.0) 

2020s High 

Low 22.4 21.2 (-1.2) 23.8 (+1.4) 
High 29.0 26.7 (-2.3) 31.9 (+2.9) 
Medium 25.0 23.4 (-1.6) 26.9 (+1.9) 

2050s Low 

Low 22.6 21.4 (-1.2) 24.0 (+1.4) 
High 29.7 27.3 (-2.4) 32.7 (+3.0) 
Medium 25.6 24.0 (-1.6) 27.6 (+2.0) 

2050s High 

Low 23.2 22.0 (-1.2) 24.6 (+1.4) 
High 29.6 27.2 (-2.4) 32.6 (+3.0) 
Medium 25.5 23.9 (-1.6) 27.5 (+2.0) 

2080s Low 

Low 23.1 21.9 (-1.2) 24.5 (+1.4) 
High 31.6 29.1 (-2.5) 34.9 (+3.3) 
Medium 27.3 25.6 (-1.7) 29.3 (+2.0) 

2080s High 

Low 24.8 23.6 (-1.2) 26.3 (+1.5) 
 



Appendix E. Energy Exchange Model Results 
 

 411

Table E.2. Output from the energy exchange model for the residential UMTs with current form plus or 
minus 10% green cover, showing change in maximum surface temperature from 1961-1990 baseline 
under current form (highlighted in orange), green cells show cases where temperature is less than or 

equal to this baseline 
 

Change in maximum surface temperature (°C) Time period 
and scenario 

Residential 
density Current form +10% green -10% green 
High 0 -2.2 +2.7 
Medium 0 -1.5 +1.9 

1961-1990 

Low 0 -1.2 +1.4 
High +0.5 -1.8 +3.3 
Medium +0.5 -1.1 +2.4 

2020s Low 

Low +0.4 -0.8 +1.8 
High +0.8 -1.5 +3.7 
Medium +0.7 -0.8 +2.7 

2020s High 

Low +0.7 -0.5 +2.1 
High +1.1 -1.2 +4.0 
Medium +1.0 -0.6 +2.9 

2050s Low 

Low +0.9 -0.3 +2.3 
High +1.8 -0.6 +4.8 
Medium +1.6 0.0 +3.6 

2050s High 

Low +1.5 +0.3 +2.9 
High +1.7 -0.7 +4.7 
Medium +1.5 -0.1 +3.5 

2080s Low 

Low +1.4 +0.2 +2.8 
High +3.7 +1.2 +7.0 
Medium +3.3 +1.6 +5.3 

2080s High 

Low +3.1 +1.9 +4.6 
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Table E.3. Output from the energy exchange model for the town centre UMT with current form plus 
or minus 10% green cover, showing maximum surface temperature for the 98th percentile summer day 

as well as the difference between the maximum temperature for the development scenario and the 
current form (in brackets) 

 
Maximum surface temperature (°C) Time period 

and scenario Current form +10% green 
(diff from current) 

-10% green 
(diff from current) 

1961-1990 31.2 28.0 (-3.2) 34.0 (+2.8) 
2020s Low 31.8 28.5 (-3.3) 34.8 (+3.0) 
2020s High 32.2 28.8 (-3.4) 35.2 (+3.0) 
2050s Low 32.5 29.1 (-3.4) 35.6 (+3.1) 
2050s High 33.3 29.8 (-3.5) 36.7 (+3.4) 
2080s Low 33.2 29.7 (-3.5) 36.6 (+3.4) 
2080s High 35.5 31.8 (-3.7) 39.4 (+3.9) 
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Table E.4. Output from the energy exchange model for the town centre UMT with current form plus 
or minus 10% green cover, showing change in maximum surface temperature from 1961-1990 baseline 

under current form (highlighted in orange), green cells show cases where temperature is less than or 
equal to this baseline 

 
Maximum surface temperature (°C) Time period 

and scenario Current form +10% green -10% green 
1961-1990 0 -3.2 +2.8 
2020s Low +0.6 -2.7 +3.6 
2020s High +1.0 -2.4 +4.0 
2050s Low +1.3 -2.1 +4.4 
2050s High +2.1 -1.4 +5.5 
2080s Low +2.0 -1.5 +5.4 
2080s High +4.3 +0.6 +8.2 
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Table E.5. Output from the energy exchange model for various UMTs under current form and the 
green roofs development scenario, showing maximum surface temperature for the 98th percentile 

summer day, the difference between the maximum temperature for the development scenario and the 
current form, and the difference between the maximum temperature for the development scenario and 

the 1961-1990 current form case 
 

Maximum surface temperature (°C) 
2020s 2050s 2080s 

UMT 
category 

Development scenario 
1961-
1990 Low High Low High Low High 

Current form 27.9 28.4 28.7 29.0 29.7 29.6 31.6 
Green roofs 22.0 22.5 22.8 23.0 23.6 23.5 25.2 
Change from current -5.8 -5.9 -6.0 -6.0 -6.1 -6.1 -6.4 

High density 
residential 

Change from current 1961-
1990 

-5.8 -5.4 -5.1 -4.9 -4.3 -4.4 -2.6 

Current form 28.5 29.0 29.4 29.6 30.4 30.3 32.3 
Green roofs 22.5 23.0 23.2 23.4 24.1 24.0 25.7 
Change from current -6.0 -6.1 -6.2 -6.2 -6.3 -6.3 -6.3 

Manufacturing 

Change from current 1961-
1990 

-6.0 -5.6 -5.3 -5.1 -4.4 -4.5 -2.8 

Current form 28.3 28.8 29.1 29.4 30.1 30.0 32.0 
Green roofs 22.5 23.0 23.2 23.4 24.1 24.0 25.7 
Change from current -5.7 -5.8 -5.9 -5.9 -6.0 -6.0 -6.3 

Distribution & 
storage 

Change from current 1961-
1990 

-5.7 -5.3 -5.0 -4.8 -4.2 -4.3 -2.5 

Current form 24.7 25.2 25.4 25.7 26.3 26.2 28.0 
Green roofs 20.7 21.2 21.4 21.6 22.3 22.2 23.9 
Change from current -4.0 -4.0 -4.0 -4.0 -4.1 -4.1 -4.1 

Hospitals 

Change from current 1961-
1990 

-4.0 -3.5 -3.3 -3.1 -2.4 -2.5 -0.8 

Current form 31.2 31.8 32.2 32.5 33.3 33.2 35.5 
Green roofs 24.6 25.1 25.4 25.6 26.2 26.2 28.0 
Change from current -6.6 -6.8 -6.8 -6.9 -7.1 -7.1 -7.6 

Town centre 

Change from current 1961-
1990 

-6.6 -6.1 -5.9 -5.6 -5.0 -5.1 -3.3 

Current form 30.0 30.6 30.9 31.2 32.0 31.9 34.0 
Green roofs 24.5 24.9 25.2 25.4 26.1 26.0 27.8 
Change from current -5.5 -5.6 -5.7 -5.8 -5.9 -5.9 -6.2 

Retail 

Change from current 1961-
1990 

-5.5 -5.1 -4.8 -4.6 -3.9 -4.0 -2.2 

Current form 24.0 24.5 24.7 25.0 25.6 25.5 27.3 
Green roofs 20.9 21.3 21.6 21.8 22.4 22.3 24.0 
Change from current -3.2 -3.2 -3.2 -3.2 -3.2 -3.2 -3.3 

Medium 
density 
residential 

Change from current 1961-
1990 

-3.2 -2.7 -2.5 -2.2 -1.6 -1.7 0.0 
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Table E.6. Output from the energy exchange model for disused and derelict land and high density 
residential, showing maximum surface temperature for the 98th percentile summer day, the difference 

between the maximum temperature for the development scenario and the current form, and the 
difference between the maximum temperature for the development scenario and the 1961-1990 current 

form case 
 

Maximum surface temperature (°C) Time period 
and scenario Disused and 

derelict land 
High density 
residential 

Change Change from 
1961-1990 

1961-1990 20.3 27.9 +7.6 +7.6 
2020s Low 20.7 28.4 +7.7 +8.1 
2020s High 21.0 28.7 +7.7 +8.4 
2050s Low 21.2 29.0 +7.8 +8.7 
2050s High 21.8 29.7 +7.9 +9.4 
2080s Low 21.7 29.6 +7.9 +9.3 
2080s High 23.4 31.6 +8.2 +11.3 
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Table E.7. Output from the energy exchange model for improved farmland and high, medium and low 
density residential, showing maximum surface temperature for the 98th percentile summer day, the 

difference between the maximum temperature for the development scenario and the current form, and 
the difference between the maximum temperature for the development scenario and the 1961-1990 

current form case 
 

Maximum surface temperature (°C) 
2020s 2050s 2080s 

UMT 
category 

 
1970s 

Low High Low High Low High 
Maximum surface temperature 18.7 19.1 19.4 19.6 20.2 20.1 21.8 Improved 

farmland Change from improved farmland 
1961-1990 

0 +0.4 +0.7 +0.9 +1.5 +1.4 +3.1 

Maximum surface temperature 27.9 28.4 28.7 29.0 29.7 29.6 31.6 
Change from improved farmland +9.2 +9.3 +9.3 +9.4 +9.5 +9.5 +9.8 

High 
density 
residential Change from improved farmland 

1961-1990 
+9.2 +9.7 +10.0 +10.3 +11.0 +10.9 +12.9 

Maximum surface temperature 24.0 24.5 24.7 25.0 25.6 25.5 27.3 
Change from improved farmland +5.3 +5.4 +5.3 +5.4 +5.4 +5.4 +5.5 

Medium 
density 
residential Change from improved farmland 

1961-1990 
+5.3 +5.8 +6.0 +6.3 +6.9 +6.8 +8.6 

Maximum surface temperature 21.7 22.1 22.4 22.6 23.2 23.1 24.8 
Change from improved farmland +3.0 +3.0 +3.0 +3.0 +3.0 +3.0 +3.0 

Low 
density 
residential Change from improved farmland 

1961-1990 
+3.0 +3.4 +3.7 +3.9 +4.5 +4.4 +6.1 
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Table E.8. Change in maximum surface temperature, for the 98th percentile summer day, when grass 
dries out and stops evapotranspiring 

 
Change in maximum surface temperature (°C) 

2020s 2050s 2080s 
UMT 

1961-
1990 Low High Low High Low High 

Improved farmland +11.3 +11.0 +11.5 +11.6 +11.7 +11.7 +12.0 
Unimproved farmland +4.3 +4.3 +4.3 +4.3 +4.4 +4.4 +4.4 
Woodland +1.6 +1.5 +1.5 +1.5 +1.5 +1.5 +1.5 
Mineral workings and quarries +9.2 +9.4 +9.5 +9.6 +9.8 +9.8 +10.4 
Formal recreation +13.3 +13.4 +13.5 +13.6 +13.8 +13.8 +14.3 
Formal open space +6.9 +6.9 +7.0 +7.0 +7.0 +7.0 +7.1 
Informal open space +10.6 +10.7 +10.8 +10.8 +10.9 +10.9 +11.2 
Allotments +2.0 +2.0 +2.0 +2.0 +2.0 +2.0 +1.9 
Major roads +6.6 +6.8 +6.9 +7.0 +7.3 +7.2 +7.9 
Airports +15.1 +15.6 +15.8 +16.1 +16.7 +16.6 +18.1 
Rail +4.4 +4.5 +4.5 +4.6 +4.7 +4.6 +4.9 
River, canal +1.3 +1.3 +1.3 +1.3 +1.2 +1.2 +1.2 
Energy production and distribution +7.8 +8.0 +8.2 +8.3 +8.6 +8.6 +9.3 
Water storage and treatment +2.1 +2.1 +2.1 +2.1 +2.0 +2.1 +2.1 
Refuse disposal +3.8 +3.8 +3.9 +3.9 +4.0 +4.0 +4.2 
Cemeteries and crematoria +9.1 +9.2 +9.2 +9.3 +9.4 +9.3 +9.6 
High density residential +4.7 +4.9 +5.0 +5.0 +5.2 +5.2 +5.7 
Medium density residential +6.5 +6.6 +6.7 +6.8 +6.9 +6.9 +7.3 
Low density residential +4.9 +4.9 +5.0 +5.0 +5.0 +5.0 +5.2 
Schools +13.8 +14.1 +14.3 +14.4 +14.7 +14.7 +15.6 
Hospitals +5.4 +5.5 +5.6 +5.6 +5.7 +5.7 +6.1 
Retail +3.6 +3.7 +3.8 +3.9 +4.0 +4.0 +4.4 
Town centre +3.1 +3.2 +3.3 +3.4 +3.5 +3.5 +3.9 
Manufacturing +3.9 +4.0 +4.1 +4.1 +4.3 +4.3 +4.6 
Offices +7.0 +7.2 +7.3 +7.4 +7.6 +7.5 +8.0 
Distribution and storage +6.7 +6.9 +7.0 +7.1 +7.4 +7.4 +8.2 
Disused and derelict land +8.2 +8.3 +8.3 +8.4 +8.5 +8.4 +8.7 
Remnant countryside +7.6 +7.6 +7.6 +7.6 +7.7 +7.7 +7.8 

 

 
 



Appendix F. Surface Runoff Model Input 
 

 418

Appendix F. Surface Runoff Model Input 
 
Table F.1. HOST class numbers (Boorman et al., 1995). Blue highlights HOST soils present in Greater 

Manchester. IAC used to index: * latural saturated hydraulic conductivity, # soil water capacity. 
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Table G.1. Current form runoff coefficients for normal antecedent moisture conditions (AMCII) 
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Table G.2. Current form runoff coefficients for dry antecedent moisture conditions (AMCI) 
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Table G.3. Current form runoff coefficients for wet antecedent moisture conditions (AMCIII) 
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Table G.4. Current form total runoff (million m3) 
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Table G.5. Current form total Greater Manchester runoff (million m3) with normal antecedent 
moisture conditions (AMCII). Table also shows change from the 18 mm, or the 1961-1990 99th 

percentile daily winter precipitation, case. 
 

99th %ile daily winter (mm) 18 23 25 28 
Change from 18 mm case (mm) 0 +5 +7 +10 

Precipitation 

Change from 18 mm case (%) 0.0 +27.8 +38.9 +55.6 
Runoff (million m3) 13.8 19.4 21.7 25.2 
Change from 18 mm case (million m3) 0.0 +5.6 +7.9 +11.4 

Total GM 

Change from 18 mm case (%) 0.0 +40.4 +57.0 +82.2 
Runoff (million m3) 8.9 12.4 13.8 16.0 
Change from 18 mm case (million m3) 0.0 +3.5 +4.9 +7.0 

‘Urbanised’ GM 
(i.e. excluding 
farmland) Change from 18 mm case (%) 0.0 +38.8 +54.7 +78.8 

Runoff (million m3) 12.6 17.7 19.8 23.0 
Change from 18 mm case (million m3) 0.0 +5.1 +7.2 +10.4 

GM excluding 
unimproved 
farmland Change from 18 mm case (%) 0.0 +40.6 +57.3 +82.8 
Difference between total & ‘urbanised’ GM runoff (million m3)  4.9 7.0 7.9 9.2 
‘Urbanised’ contribution to total GM runoff (%) 64.6 63.9 63.7 63.4 
Contribution of GM excluding unimproved farmland to total GM 
runoff (%) 

91.0 91.1 91.2 91.3 
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Table G.6. Total runoff (million m3) from each UMT for the different development scenarios, from 99th 
percentile daily winter precipitation with normal antecedent moisture (AMCII) 

 
Time period and scenario Development scenario 

1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
-10% green 5.18 7.00 7.74 8.85 
+10% green 4.50 6.24 6.95 8.03 
-10% trees 5.24 7.07 7.81 8.92 

Residential 

+10% trees 4.45 6.18 6.89 7.96 
Disused land becomes high density residential 0.99 1.33 1.47 1.67 

+10% trees 0.63 0.91 1.03 1.21 
+20% trees 0.61 0.89 1.00 1.18 
+30% trees 0.59 0.86 0.98 1.15 
+40% trees 0.57 0.84 0.95 1.13 
+50% trees 0.55 0.82 0.93 1.10 

Disused land  

+60% trees 0.54 0.80 0.91 1.07 
High density residential 5.77 7.74 8.53 9.73 
Medium density residential 5.07 6.97 7.74 8.90 

Improved 
farmland 
becomes  Low density residential 4.42 6.22 6.96 8.07 

-10% green 0.44 0.58 0.63 0.72 
+10% green 0.39 0.52 0.57 0.65 
-10% trees 0.45 0.59 0.64 0.72 

Town centre  

+10% trees 0.38 0.52 0.57 0.65 
Town centre 0.34 0.46 0.52 0.60 
Retail 0.07 0.10 0.11 0.13 
High density 
residential 

Green roofs 

0.56 0.77 0.86 1.00 

Town centre 0.40 0.54 0.59 0.67 
Retail 0.09 0.12 0.13 0.14 
High density 
residential 

Permeable paving 

0.68 0.92 1.01 1.15 
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Table G.7. Percentage change in total runoff from the current form case for each UMT for the 
different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
-10% green +7.1 +5.8 +5.3 +4.8 
+10% green -7.0 -5.8 -5.4 -4.9 
-10% trees +8.4 +6.7 +6.2 +5.6 

Residential 

+10% trees -8.1 -6.6 -6.2 -5.7 
Disused land becomes high density residential +53.7 +42.5 +39.2 +35.2 

+10% trees -2.9 -2.5 -2.4 -2.2 
+20% trees -5.8 -5.0 -4.8 -4.4 
+30% trees -8.7 -7.5 -7.1 -6.7 
+40% trees -11.4 -10.0 -9.5 -8.9 
+50% trees -14.1 -12.4 -11.8 -11.1 

Disused land  

+60% trees -16.7 -14.8 -14.1 -13.3 
High density residential +58.4 +46.5 +43.0 +38.7 
Medium density residential +39.2 +31.8 +29.7 +26.9 

Improved 
farmland 
becomes  Low density residential +21.4 +17.7 +16.5 +15.1 

-10% green +6.7 +5.3 +4.9 +4.4 
+10% green -6.6 -5.3 -5.0 -4.5 
-10% trees +8.8 +6.9 +6.4 +5.7 

Town centre  

+10% trees -7.7 -6.3 -5.8 -5.3 
Town centre -18.8 -15.5 -14.5 -13.2 
Retail -17.0 -13.9 -13.0 -11.8 
High density 
residential 

Green roofs 

-19.9 -16.5 -15.5 -14.1 

Town centre -2.4 -1.9 -1.8 -1.6 
Retail -2.5 -2.0 -1.8 -1.7 
High density 
residential 

Permeable paving 

-1.7 -1.3 -1.2 -1.1 
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Table G.8. Change in total runoff (million m3) from the current form case for each UMT for the 
different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
-10% green +0.34 +0.38 +0.39 +0.41 
+10% green -0.34 -0.38 -0.40 -0.41 
-10% trees +0.40 +0.45 +0.46 +0.48 

Residential 

+10% trees -0.39 -0.44 -0.46 -0.48 
Disused land becomes high density residential +0.35 +0.40 +0.41 +0.44 

+10% trees -0.02 -0.02 -0.03 -0.03 
+20% trees -0.04 -0.05 -0.05 -0.05 
+30% trees -0.06 -0.07 -0.08 -0.08 
+40% trees -0.07 -0.09 -0.10 -0.11 
+50% trees -0.09 -0.12 -0.12 -0.14 

Disused land  

+60% trees -0.11 -0.14 -0.15 -0.16 
High density residential +2.13 +2.46 +2.57 +2.72 
Medium density residential +1.43 +1.68 +1.77 +1.89 

Improved 
farmland 
becomes  Low density residential +0.78 +0.93 +0.99 +1.06 

-10% green +0.03 +0.03 +0.03 +0.03 
+10% green -0.03 -0.03 -0.03 -0.03 
-10% trees +0.04 +0.04 +0.04 +0.04 

Town centre  

+10% trees -0.03 -0.03 -0.04 -0.04 
Town centre -0.08 -0.09 -0.09 -0.09 
Retail -0.01 -0.02 -0.02 -0.02 
High density 
residential 

Green roofs 

-0.14 -0.15 -0.16 -0.16 

Town centre -0.01 -0.01 -0.01 -0.01 
Retail -0.00 -0.00 -0.00 -0.00 
High density 
residential 

Permeable paving 

-0.01 -0.01 -0.01 -0.01 
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Table G.9. Percentage change in total runoff from the 1961-1990 current form case for each UMT for 
the different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - +36.9 +51.9 +74.5 
-10% green +7.1 +44.8 +60.0 +82.9 
+10% green -7.0 +29.0 +43.7 +65.9 
-10% trees +8.4 +46.1 +61.4 +84.4 

Residential 

+10% trees -8.1 +27.8 +42.4 +64.6 
Disused land Current form - +44.7 +63.2 +91.5 
Disused land becomes high density residential +53.7 +106.2 +127.3 +159.0 

+10% trees -2.9 +41.0 +59.3 +87.3 
+20% trees -5.8 +37.4 +55.4 +83.0 
+30% trees -8.7 +33.8 +51.6 +78.8 
+40% trees -11.4 +30.3 +47.7 +74.5 
+50% trees -14.1 +26.8 +43.9 +70.3 

Disused land  

+60% trees -16.7 +23.3 +40.2 +66.1 
Improved 
farmland 

Current form - +45.0 +63.7 +92.4 

High density residential +58.4 +112.4 +134.1 +166.9 
Medium density residential +39.2 +91.2 +112.3 +144.2 

Improved 
farmland 
becomes  Low density residential +21.4 +70.6 +90.8 +121.5 

Current form - +32.7 +45.8 +65.5 
-10% green +6.7 +39.7 +52.9 +72.8 
+10% green -6.6 +25.6 +38.5 +58.1 
-10% trees +8.8 +41.8 +55.1 +75.0 

Town centre  

+10% trees -7.7 +24.3 +37.3 +56.8 
Green roofs -18.8 +12.1 +24.7 +43.6 Town centre 
Permeable paving -2.4 +30.2 +43.2 +62.9 
Current form - +33.4 +46.8 +67.0 
Green roofs -17.0 +14.8 +27.7 +47.2 

Retail 

Permeable paving -2.5 +30.7 +44.1 +64.3 
Current form - +33.7 +47.3 +67.6 
Green roofs -19.9 +11.6 +24.5 +44.0 

High density 
residential 

Permeable paving -1.7 +31.9 +45.4 +65.8 
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Table G.10. Change in total runoff (million m3) from the 1961-1990 current form case for each UMT 
for the different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - +1.79 +2.51 +3.60 
-10% green +0.34 +2.17 +2.90 +4.01 
+10% green -0.34 +1.40 +2.11 +3.19 
-10% trees +0.40 +2.23 +2.97 +4.08 

Residential 

+10% trees -0.39 +1.35 +2.05 +3.12 
Disused land Current form - +0.29 +0.41 +0.59 
Disused land becomes high density residential +0.35 +0.69 +0.82 +1.03 

+10% trees -0.02 +0.27 +0.38 +0.56 
+20% trees -0.04 +0.24 +0.36 +0.54 
+30% trees -0.06 +0.22 +0.33 +0.51 
+40% trees -0.07 +0.20 +0.31 +0.48 
+50% trees -0.09 +0.17 +0.28 +0.45 

Disused land  

+60% trees -0.11 +0.15 +0.26 +0.43 
Improved 
farmland 

Current form - +1.64 +2.32 +3.37 

High density residential +2.13 +4.10 +4.89 +6.08 
Medium density residential +1.43 +3.32 +4.09 +5.26 

Improved 
farmland 
becomes  Low density residential +0.78 +2.57 +3.31 +4.43 

Current form - +0.14 +0.19 +0.27 
-10% green +0.03 +0.16 +0.22 +0.30 
+10% green -0.03 +0.11 +0.16 +0.24 
-10% trees +0.04 +0.17 +0.23 +0.31 

Town centre  

+10% trees -0.03 +0.10 +0.15 +0.24 
Green roofs -0.08 +0.05 +0.10 +0.18 Town centre 
Permeable paving -0.01 +0.12 +0.18 +0.26 
Current form - +0.03 +0.04 +0.06 
Green roofs -0.01 +0.01 +0.02 +0.04 

Retail 

Permeable paving -0.00 +0.03 +0.04 +0.06 
Current form - +0.23 +0.33 +0.47 
Green roofs -0.14 +0.08 +0.17 +0.31 

High density 
residential 

Permeable paving -0.01 +0.22 +0.32 +0.46 
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Table G.11. Total Greater Manchester runoff (million m3) for both current form and the different 
development scenarios, from 99th percentile daily winter precipitation with normal antecedent 

moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form 13.81 19.39 21.68 25.16 

-10% green 14.16 19.77 22.07 25.57 
+10% green 13.47 19.01 21.28 24.75 
-10% trees 14.21 19.84 22.14 25.64 

Residential 

+10% trees 13.42 18.95 21.22 24.69 
Disused land becomes high density residential 14.16 19.79 22.09 25.60 

+10% trees 13.79 19.37 21.66 25.14 
+20% trees 13.77 19.34 21.63 25.11 
+30% trees 13.75 19.32 21.61 25.08 
+40% trees 13.74 19.30 21.58 25.06 
+50% trees 13.72 19.27 21.56 25.03 

Disused land  

+60% trees 13.70 19.25 21.53 25.00 
High density residential 15.94 21.85 24.25 27.88 
Medium density residential 15.24 21.07 23.45 27.05 

Improved 
farmland 
becomes  Low density residential 14.59 20.32 22.67 26.23 

-10% green 13.84 19.42 21.71 25.20 
+10% green 13.78 19.36 21.65 25.13 
-10% trees 13.85 19.43 21.72 25.20 

Town centre  

+10% trees 13.78 19.35 21.65 25.13 
Town centre 13.73 19.30 21.59 25.07 
Retail 13.80 19.37 21.66 25.15 
High density 
residential 

Green roofs 

13.67 19.24 21.52 25.00 

Town centre 13.80 19.38 21.67 25.15 
Retail 13.81 19.39 21.68 25.16 
High density 
residential 

Permeable paving 

13.80 19.38 21.67 25.15 
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Table G.12. Total ‘urbanised’ Greater Manchester runoff (million m3) for both current form and the 
different development scenarios, from 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th %ile daily winter precipitation (mm) 18 23 25 28 
Current form 8.92 12.39 13.80 15.95 

-10% green 9.27 12.77 14.20 16.36 
+10% green 8.58 12.01 13.41 15.54 
-10% trees 9.33 12.83 14.26 16.43 

Residential 

+10% trees 8.53 11.95 13.35 15.47 
Disused land becomes high density residential 9.27 12.78 14.22 16.39 

+10% trees 8.90 12.36 13.78 15.93 
+20% trees 8.88 12.34 13.75 15.90 
+30% trees 8.87 12.32 13.73 15.87 
+40% trees 8.85 12.29 13.70 15.84 
+50% trees 8.83 12.27 13.68 15.82 

Disused land 

+60% trees 8.81 12.25 13.65 15.79 
High density residential 14.69 20.13 22.34 25.68 
Medium density residential  14.00 19.36 21.54 24.85 

Improved 
farmland 
becomes Low density residential  13.35 18.61 20.76 24.03 

-10% green 8.95 12.42 13.83 15.98 
+10% green 8.89 12.36 13.77 15.92 
-10% trees 8.96 12.42 13.84 15.99 

Town centre 

+10% trees 8.89 12.35 13.77 15.92 
Town centre 8.84 12.30 13.72 15.86 
Retail 8.91 12.37 13.79 15.94 
High density 
residential 

Green roofs 

8.78 12.23 13.65 15.79 

Town centre 8.91 13.38 13.79 15.94 
Retail 8.92 12.38 13.80 15.95 
High density 
residential 

Permeable paving 

8.91 12.37 13.79 15.94 

 



Appendix G. Surface Runoff Model Results 
 

 431

Table G.13. Percentage change in total Greater Manchester runoff from current form case for the 
different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - - - - 

-10% green +2.5 +2.0 +1.8 +1.6 
+10% green -2.4 -2.0 -1.8 -1.6 
-10% trees +2.9 +2.3 +2.1 +1.9 

Residential 

+10% trees -2.8 -2.3 -2.1 -1.9 
Disused land becomes high density residential +2.5 +2.0 +1.9 +1.7 

+10% trees -0.1 -0.1 -0.1 -0.1 
+20% trees -0.3 -0.2 -0.2 -0.2 
+30% trees -0.4 -0.4 -0.3 -0.3 
+40% trees -0.5 -0.5 -0.5 -0.4 
+50% trees -0.7 -0.6 -0.6 -0.5 

Disused land 

+60% trees -0.8 -0.7 -0.7 -0.7 
High density residential +15.4 +12.7 +11.8 +10.8 
Medium density residential  +10.4 +8.7 +8.2 +7.5 

Improved 
farmland 
becomes Low density residential  +5.6 +4.8 +4.6 +4.2 

-10% green +0.2 +0.2 +0.1 +0.1 
+10% green -0.2 -0.2 -0.1 -0.1 
-10% trees +0.3 +0.2 +0.2 +0.2 

Town centre 

+10% trees -0.2 -0.2 -0.2 -0.1 
Town centre -0.6 -0.4 -0.4 -0.4 
Retail -0.1 -0.1 -0.1 -0.1 
High density 
residential 

Green roofs 

-1.0 -0.8 -0.7 -0.7 

Town centre -0.1 -0.1 0.0 0.0 
Retail 0.0 0.0 0.0 0.0 
High density 
residential 

Permeable paving 

-0.1 -0.1 -0.1 -0.1 
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Table G.14. Change in total Greater Manchester runoff (million m3) from current form case for the 
different development scenarios, for the 99th percentile daily winter precipitation with normal 

antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - - - - 

-10% green  +0.34 +0.38 +0.39 +0.41 
+10% green -0.34 -0.38 -0.40 -0.41 
-10% trees +0.40 +0.45 +0.46 +0.48 

Residential 

+10% trees -0.39 -0.44 -0.46 -0.48 
Disused land becomes high density residential +0.35 +0.40 +0.41 +0.44 

+10% trees -0.02 -0.02 -0.03 -0.03 
+20% trees -0.04 -0.05 -0.05 -0.05 
+30% trees -0.06 -0.07 -0.08 -0.08 
+40% trees -0.07 -0.09 -0.10 -0.11 
+50% trees -0.09 -0.12 -0.12 -0.14 

Disused land 

+60% trees -0.11 -0.14 -0.15 -0.16 
High density residential +2.13 +2.46 +2.57 +2.72 
Medium density residential  +1.43 +1.68 +1.77 +1.89 

Improved 
farmland 
becomes Low density residential  +0.78 +0.93 +0.99 +1.06 

-10% green +0.03 +0.03 +0.03 +0.03 
+10% green -0.03 -0.03 -0.03 -0.03 
-10% trees +0.04 +0.04 +0.04 +0.04 

Town centre 

+10% trees -0.03 -0.03 -0.04 -0.04 
Town centre -0.08 -0.09 -0.09 -0.09 
Retail -0.01 -0.02 -0.02 -0.02 
High density 
residential 

Green roofs 

-0.14 -0.15 -0.16 -0.16 

Town centre -0.01 -0.01 -0.01   -0.01 
Retail -0.00 -0.00 -0.00 -0.00 
High density 
residential 

Permeable paving 

-0.01 -0.01 -0.01   -0.01 
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Table G.15. Percentage change in total Greater Manchester runoff from 1961-1990 current form case 
for the different development scenarios and time periods, for the 99th percentile daily winter 

precipitation with normal antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - +40.4 +57.0 +82.2 

-10% green +2.5 +43.2 +59.8 +85.2 
+10% green -2.4 +37.6 +54.1 +79.2 
-10% trees +2.9 +43.6 +60.3 +85.7 

Residential 

+10% trees -2.8 +37.2 +53.7 +78.7 
Disused land becomes high density residential +2.5 +43.3 +60.0 +85.4 

+10% trees -0.1 +40.2 +56.8 +82.0 
+20% trees -0.3 +40.1 +56.6 +81.8 
+30% trees -0.4 +39.9 +56.4 +81.6 
+40% trees -0.5 +39.7 +56.3 +81.4 
+50% trees -0.7 +39.6 +56.1 +81.2 

Disused land 

+60% trees -0.8 +39.4 +55.9 +81.0 
High density residential +15.4 +58.2 +75.6 +101.9 
Medium density residential  +10.4 +52.6 +69.8 +95.9 

Improved 
farmland 
becomes Low density residential  +5.6 +47.2 +64.1 +89.9 

-10% green +0.2 +40.6 +57.2 +82.4 
+10% green -0.2 +40.2 +56.8 +82.0 
-10% trees +0.3 +40.7 +57.3 +82.5 

Town centre 

+10% trees -0.2 +40.1 +56.7 +82.0 
Town centre -0.6 +39.8 +56.4 +81.6 
Retail -0.1 +40.3 +56.9 +82.1 
High density 
residential 

Green roofs 

-1.0 +39.3 +55.8 +81.0 

Town centre -0.1 +40.3 +56.9 +82.1 
Retail 0.0 +40.4 +57.0 +82.2 
High density 
residential 

Permeable paving 

-0.1 +40.3 +56.9 +82.1 
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Table G.16. Change in total Greater Manchester runoff (million m3) from 1961-1990 current form case 
for the different development scenarios and time periods, for the 99th percentile daily winter 

precipitation with normal antecedent moisture (AMCII) 
 

Time period and scenario Development scenario 
1961-
1990 

2020s Low 
2020s High 
2050s Low 

2050s High 
2080s Low 

2080s High 

99th percentile daily winter precipitation (mm) 18 23 25 28 
Current form - +5.58 +7.87 +11.35 

-10% green +0.34 +5.96 +8.26 +11.76 
+10% green -0.34 +5.20 +7.47 +10.94 
-10% trees +0.40 +6.02 +8.33 +11.83 

Residential 

+10% trees -0.39 +5.14 +7.41 +10.88 
Disused land becomes high density residential +0.35 +5.98 +8.28 +11.79 

+10% trees -0.02 +5.56 +7.84 +11.33 
+20% trees -0.04 +5.53 +7.82 +11.30 
+30% trees -0.06 +5.51 +7.79 +11.27 
+40% trees -0.07 +5.49 +7.77 +11.24 
+50% trees -0.09 +5.46 +7.75 +11.22 

Disused land 

+60% trees -0.11 +5.44 +7.72 +11.19 
High density residential +2.13 +8.03 +10.44 +14.07 
Medium density residential +1.43 +7.26 +9.64 +13.24 

Improved 
farmland 
becomes Low density residential  +0.78 +6.51 +8.86 +12.42 

-10% green +0.03 +5.61 +7.90 +11.38 
+10% green -0.03 +5.55 +7.84 +11.32 
-10% trees +0.04 +5.62 +7.91 +11.39 

Town centre 

+10% trees -0.03 +5.54 +7.83 +11.32 
Town centre -0.08 +5.49 +7.78 +11.26 
Retail -0.01 +5.56 +7.85 +11.34 
High density 
residential 

Green roofs 

-0.14 +5.43 +7.71 +11.19 

Town centre -0.01 +5.57 +7.86 +11.34 
Retail -0.00 +5.58 +7.87 +11.35 
High density 
residential 

Permeable paving 

-0.01 +5.57 +7.86 +11.34 
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