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Highlights

e A combined method of MAES and urban green space components analysis is developed.
e  Urban ecosystem services and urban ecosystem conditions are mapped and co-assessed.
e A set of simple UK-specific supply rates for 6 common services is calculated.

e  Scale, composition and spatial arrangement of components affect service delivery.

e  Synergy of services can be stimulated by designing urban green space components.

Abstract

Maintaining ecosystem services is a key adaption option towards sustainable cities and adaptive societies in securing
citizens’ health and wellbeing. This research investigates the contribution of using urban green space components as the
basic units in green infrastructure strategy planning for urban ecosystem conditions and services. A total of 9 types of
urban green spaces are selected and delineated from the high-resolution data. A combination of the quantification
method of 6 common urban ecosystem services based on urban green spaces and the MAES framework in reference to
literature data is used. A case study of Cheltenham, a typical urban town in England, is studied to present the new
approach for local green infrastructure strategy development for urban ecosystem conditions and respective services in
improving the resilience of a city in facing global climate change. Results show that changing the composition and
spatial arrangement of urban green space components, synergy or trade-off of various services can be stimulated easily.
The small scale of urban green space components allows local detail planning and potential integrated planning among
other urban settlements.

Keywords: urban green spaces; urban ecosystem conditions; urban ecosystem service bundles; green infrastructure; MAES;
England

1 Introduction

In 2018, there was an estimation of over half of the world’s population living in urban settlements while the percentage
will be projected to increase to about 60% by 2030 (United Nations, 2018). It is predicted that more urbanisation
processes in the current mega cities or of the newly-developing cities will happen.

However, living in these cities, more people are directly facing the consequences of the global climate change, such
as continuous increase in extreme weather events, loss of land ecosystem and biodiversity as well as the respective
ecosystem services (IPCC, 2019). In order to reduce the vulnerability and improve the resilience of the urban settlements,
specific adaptions should be made along sustainable developments, including physical and social infrastructure (IPCC,
2018; Revi et al, 2014). Maintaining ecosystem services is one of the key adaption options to enhance the adaptive
capacities of societies (IPCC, 2018). The design of policies and governance systems related to land adaptation, such as
land use and integrated landscape planning, can contribute to the sustainable urban development as well as maintaining
ecosystem service (IPCC, 2019).

Ecosystem services (ES) are defined as “the contributions of ecosystem structure and function (in combination with
other inputs) to human well-being” (Burkhard and Maes 2017, 23). Good qualities of living of human being are highly
relied on the functions of ecosystem i.e. the ES provided by the nature to human society (Burkhard and Maes, 2017),
while the provision and capacity of the ES by ecosystems mostly depend on their condition (Maes et al., 2018).
Therefore, the assessment of ecosystem conditions (EC) along with mapping and quantifying of the ES in biophysical,
social and economic manners with various spatial scales would be a potential policy and decision-making tool in human
societal development (Burkhard et al., 2018; Burkhard and Maes, 2017; Pulighe et al, 2016) including the urban green
infrastructure (GI) approach or strategy developments (Benedict and McMahon, 2006; Ramyar et al., 2020; Ramyar and
Zarghami, 2017; Weber et al., 2006).

Focusing on the urban scale, urban green spaces are popular elements in the study related to urban ES. Several
studies have used the ES assessment method in explaining the importance or contribution of urban green spaces and



green infrastructure (GI) (Belmeziti, Cherqui, & Kaufmann, 2018; Chang et al., 2017; Derkzen, van Teeffelen, &
Verburg, 2015; Gren and Andersson (2018). Recently, Ronchi et al. (2020) have investigated the necessity to link ES,
green infrastructure and nature-based solutions for planning purposes.

However, the above studies have seldom addressed the EC as well as the relationship of ES and EC in GI planning
(Kourdounouli & Jonsson, 2020). Also, the result of these studies usually cannot be easily compared because of the
differences in research methodologies and parameters.

Regarding the quantitative study of ES and EC, a coherent assessment framework Mapping and Assessment of
Ecosystems and their Services (MAES) for all European Union (EU) members is highlighted in the EU Biodiversity
Strategy to 2020 (European Commission, 2019). Though there are 3 levels of scale from national, regional to local in
the framework, they are new to the EU members and the studies in local scale are still limited (Maes et al., 2016b;
Nedkov et al., 2016). Local urban EC and ES co-mapping and assessment seem to have received less attention in the
research field because of the relatively smaller size and lower value of the urban ecosystems (Davies et al., 2011;
Derkzen et al., 2015; Russo et al., 2016). In fact, it is vital to evaluate the urban EC and ES provision in local areas
where most populations live and have their everyday activities (Davies et al., 2011; Roussel et al., 2017; United Nations,
2018). Also, a bundle or stacked ES should be quantified and assessed in a local scale in order to be useful for policy
and planning purposes (Derkzen et al., 2015; Russo et al., 2016).

Therefore, using a set of urban green space types as the basic elements in mapping and quantifying a stack of urban
ES and EC is a potential method to contribute the GI strategy planning. By exploring the new approach of local GI
network development and strategy establishment, urban EC and respective urban ES as well as the resilience of a city
would be maintained or even enhanced in facing global climate change.

In this study, the paper assesses the contribution of using urban green space (UGS) as the basic components in GI
strategy planning for urban EC and ES. A total of 9 types of UGS components are delineated from the high-resolution
data readily available online in GIS environment. Then they are used to assess and quantify the urban EC and ES in
reference to the literature data. The urban EC and ES are mapped and analysed in accordance to the framework MAES.
A case study of Cheltenham, a typical urban town in Gloucestershire, England, is used to present the possibility of GI
implementation planning based on UGS components.

A combination of the quantification method of a bundle of urban ES based on UGS by Derkzen. et al. (2015) and
MAES framework by Burkhard et al. (2018); Maes et al.(2016b) and Maes et al. (2018) is used in this study. A new
UGS type, agricultural land, are added to enhance the comprehensiveness by including the peri-urban area. A set of
simplified common EC and ES indicators are selected for respective assessment. Besides the urban ES, urban EC is also
taken into analysis and evaluation in local GI strategy planning based on UGS.

2  Materials and methods
2.1 Study area

Cheltenham Borough, which is based on the Regency town of Cheltenham, is one of the major sub-regional centres for
employment and urban settlement in Gloucestershire (Figure 1). (Cheltenham Borough Council, 2006; Cheltenham
Borough Council, 2020). It had a population of 117,090 in 2018 and covers an area of 4,680 hectares, geographically
lying between the Cotswolds and the vale of the River Severn located in the southwest England (1.8994° N, 2.0783° W)
(Cheltenham Borough Council, 2006; Office for National Statistics, 2019). The urban town, surrounded by areas of
countryside, is relatively flat and gently sloping down to the River Chelt (Cheltenham Borough Council, 2006). It
experiences average annual minimum and maximum temperature of 22°C and 2°C respectively while receives more than
1,600 hr of sunshine and 800-900 mm of rainfall annually (Met Office, 2016).

Cheltenham Borough consists of 18 wards with 17% designated area of Green Belt and 22% area of the Cotswolds
Area of Outstanding Natural Beauty (AONB) which encompass the development pattern (Cheltenham Borough Council,
2006).

Cheltenham is selected as a case study area because of its

- simple urban structure; and
- complete profile of land use ranging from urban to rural environment

to demonstrate the use of MAES in the mapping and assessing urban EC and ES. Administrative boundary of
Cheltenham Borough is used in the study because it is the most relevant to the development decision-making process
by the local council (Holt et al., 2015).
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Figure 1 Location of Cheltenham and Boundary of Cheltenham Borough. Source:
Getmapping High Resolution (25cm) Vertical Aerial Imagery (2018)

2.2 Operational framework for the mapping and assessment of ecosystems and their services (MAES)

In this paper, MAES is used (Burkhard et al., 2018; Maes et al., 2016b; Maes et al., 2018) while urban ecosystem
conditions (UEC) and urban ecosystem services (UES) are focused (Figure 2).

Data source & data processing

High-resolution open data sources to which the public and policy-makers of individual councils would access easily are
used in this study. Details of data used in delineation, mapping and quantification of urban ecosystem types, UEC and
UES are listed in Appendix I. All data is processed through the Geographical Information Systems (GIS) software ESRI
ArcMap 10.5.1.

Step 1: Question and theme identification

As stated in the objective, the theme of the case study is to support and evaluate the current GI strategies by the result
from MAES.

Step 2-3: Identification and mapping of urban ecosystem types

The types of urban ecosystem of Cheltenham are classified in accordance to the CORINE Land Cover Maps 2018
(2020a) within the administrative boundary of Cheltenham Borough (Burkhard et al., 2009; Burkhard et al., 2012;
Burkhard et al., 2018; Zhang & Ramirez, 2019). 10 major classes of urban ecosystem types are identified (Figure 3).

Since a single discontinuous urban fabric patch covers a majority of the area of Cheltenham, it is further divided
into 18 sub-areas according to the ward boundary in order to allow in- depth comparisons of UEC and UES. Other
classes are delineated in respective to their geographical locations.

In total, 45 urban ecosystem sub-areas (Appendix II) are mapped by ArcMap in the form of a polygon shapefile
and the corresponding information is stored in the attribute table.



Operational framework for the Mapping and Assessment of Ecosystems and their Services (MAES)
9 STEPS in urban scale {Burkhard et al., 2018)
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Figure 2 Research flow of MAES
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Figure 3 Urban ecosystem types of Cheltenham

Step 4a: Defining Urban ecosystem condition (UEC) & Step 5a: selecting indicators

UEC is defined as a description of the structure or functioning of an urban ecosystem respective to some predefined
criteria and it is highly related to the capacity of an urban ecosystem to provide corresponding UES (Burkhard et al.,
2018). Therefore, indicators are selected and quantified in order to assess the UEC within the profile of the built and
green infrastructure in an urban area (Maes et al., 2016b).

1 pressure indicator, the concentration of PMo (unit/t) is used to access the UEC class of air pollution. 2 state
indicators, urban vegetation coverage (%) and proportion of urban green space (%) are chosen to define the UEC classes
of urban vegetation and land use respectively.

Indicators such as population density and density of road network are not used because they usually show high
values within the urban ecosystem and the measurement becomes less significant than that in the natural ecosystem
(Maes et al., 2016b).

Step 6a: UEC Indicator quantification
Air pollution

The data of the concentration of PM o (particulate matters <10um) (unit/t) is obtained from the UK NAEI Emissions
Interactive Map 2017 (2019) online. The 1km x 1km resolution data is imported into ArcMap and normalised by the
area of corresponding urban ecosystem sub-areas.

Urban vegetation

Copernicus Sentinel 2 Colour Infrared Satellite Imagery (2020b) of Cheltenham is used to calculate the urban vegetation
coverage (%) for each urban ecosystem sub-area. The vegetation coverage is extracted by the Normalised Difference
Vegetation Index (NDVI) analysis in ArcMap.

NDVI is one of the major vegetation indices used in remote sensing assessment and monitoring of vegetation cover
globally over the last 30 years (Huete and Liu, 1994; Jiang et al., 2006; Leprieur et al., 2000). It normalises the ratio
between the high reflectivity of near infrared wavelengths with the low reflectivity of red wavelengths (high absorption
for photosynthesis) defined as the following equation:



NIR —RED

NDVI = ———
NIR + RED

where NIR and RED represent the spectral reflectance of near infrared and red wavelength respectively (Jiang et al.,
2006; Sentinel-Hub, 2020). NDVI ranges from -1 to +1. The more positive the value, the denser and healthier the
vegetation is. In this study, the grading of vegetation cover adopted are non-vegetation (NDVI<0.4) and vegetation
(NDVI>0.4) after corresponding adjustment specific to Cheltenham (Peng et al., 2019). The vegetation cover is then
extracted in the form of a polygon shapefile while the coverage (%) is calculated as vegetation cover in each sub-area
normalised by the corresponding area.

Land use

The urban green space is defined according to the categories listed in the UK Ordnance Survey OS MasterMap
Greenspace layer (2019), which contains 18 types of urban green spaces. 2 categories of Private Garden and Land Use
Changing are excluded since they are usually not accessible by the public or under planning process respectively.

The urban green space polygons are then distributed into the corresponding urban ecosystem sub-areas while the
proportion (%) is calculated as urban green space cover in each sub-area normalised by the corresponding area.

Step 7a: UEC Mapping & analysis

The UEC maps are presented in the ArcMap layer as polygon shape files. Equal interval statistic method is used to
divide each UEC indicator value into five intervals while the polygons are presented from light to dark colour.

Step 4b: Identification of Urban ecosystem service (UES) & Step 5b: selecting indicators

UES is divided into 3 main categories according to CICES including provisioning, regulation & maintenance and
cultural ES (EEA, 2020; Haines-Young and Potschin, 2013; Maes et al., 2016a).

In this study, 6 CICES UES classes with their corresponding indicators are selected to map and assess in reference
to Derkzen et al. (2015) and Maes et al. (2016b) (Table 1). These 6 UES are the most common and more relevant to the
health and well-being of people living in urban areas (Derkzen et al., 2015; Holt et al., 2015; Tratalos et al., 2007;
Whitford et al., 2001).

Step 6b: UES quantification

The quantification of UES in this study is following the methodology proposed by Derkzen et al. (2015). 9 types of
urban green space (UGS) components (Table 2) are used as the basic units to calculate and quantify the UES based on
the review of the literature data and estimation methods by Derkzen et al. (2015).

UGS component & UES supply rate

The information of UGS components of woodland, herbaceous vegetation, private garden, water body, agricultural land
and others are retrieved from Ordnance Survey GB Map (2019a,b,&c) online while that of tree, tall shrub and short
shrub are mapped as polygon shape files by visual interpretation using high-resolution orthophotos, Google Earth and
Google Street View in ArcMap (Appendix II).

UES supply rates per m* of UGS components are given out after further literature review and adjustment on
previous data considering the UK situation (Table 3). More details would be referenced to Appendix I1I and Derkzen et
al. (2015).

Air purification

The air purification UES here is defined as the g PMo captured per m? of UGS per year (g/m?*/year). That of the UGS
is double counted within the 50m buffer zone around major traffic roads in order to explain the effect on the PM
concentration (Cavanagh et al., 2009; McPherson et al., 2011; Tallis et al., 2011; Vos et al., 2013).

The rates for tree and woodland are based on 2 UK studies (McDonald et al. 2007; Tallis et al. 2011). Because of
the absence of other UK studies, that for shrubs is calculated in reference to other cities with the adjustment respective
to the tree and woodland values from the UK (Baumgardner et al. 2012; Escobedo and Nowak 2009). The herbaceous
value is assumed to be 1/3 of the rate provided by woodland (Fowler et al., 2004).



Carbon storage

The carbon storage UES here is defined as the kg carbon stored per m? of UGS (kg/m?). The supply rate of each UGS
is based on a UK study of aboveground carbon storage at a city-wide scale by Davies et al. (2011) using field surveys
and allometric equations. The rate for tree and woodland is assumed to be the same in the calculation. The value of
agricultural land is referenced from the review of the UK land use and soil carbon sequestration by Ostle et al. (2009).

Noise reduction

The noise reduction UES here is defined as the physical capacity to reduce environmental noise dB(A) per 100m?* of
UGS (dB(A)100/m?). In this study, analysis focuses on traffic noise. The capacity is only counted within the 50m buffer
zone created around main roads and railways since most of the sound wave would be blocked by the dense urban
structures beyond that distance (Fang and Ling, 2003; Samara and Tsitsoni, 2011; Van Renterghem et al., 2012).

The noise reduction UES supply rates for tree, i.e. the single row of tree or individual tree, and private garden,
which is usually hidden behind building blocks, are set to be zero because they are ineffective in reducing noise (Fang
and Ling, 2003; Samara and Tsitsoni, 2011; Van Renterghem et al., 2012).

Run-off retention

The run-off retention UES here is defined as the liter run-off retention per m* of UGS (L/m?). In this study, run-off
interception and infiltration by vegetation and water bodies are estimated in accordance to the technique adapted from
2 UK studies, Tratalos et al. (2007) and Whitford et al. (2001) whose studies are based on that by Pandit and
Gopalakrishan (1996) originally from the Soil Conservation Service (SCS) (1972). The equation for calculating surface
run-off (Pe):

_ (P—0.25)?
~ P+08S

where P denotes the precipitation and S the maximum potential retention of catchment of which S is given by:

S=——-254
CN

where CN represents the curve number calculated by the SCS for each combination of land cover and soil type. CNs are
referenced to that used in Tratalos et al. (2007) except that the CN for agricultural land is calculated according to the
USDA (1986), the mean CN over the row crops and small grain with straight row and crop residue cover treatment.

A common average run-off occurrence in the UK cities from a 12mm rainfall event is adopted while the run-off
coefficient Q is calculated as Pe/P; and the run-off retention is given out by P X Q (Tratalos et al., 2007; Whitford et al.,
2001).

Cooling

The cooling UES here is defined as the relative cooling potential per m? UGS surface area compared to each other (UGS
fraction: weight). In this study, the UES supply rate is given out based on the weighting developed by Derkzen et al.
(2015) which only considers the cooling contributed by vegetation via shading and evapotranspiration; therefore, the
rate of water body is set to be zero. Trees, woodland and shrub surface area are given full potential on cooling while
herbaceous, private garden and others are weighted 0.5 because of their primary composition of lawns (Smith et al.
2005; Tratalos et al. 2007) which gives a lower cooling potential (Armson et al., 2012; Skelhorn et al., 2014). Weighting
for agricultural land is calculated as half of the mean over shrub and herbaceous due to the annual crop harvesting.

Recreation

The recreation UES here is defined as the recreation index value per m* of UGS (Index value/m?) calculated by the
recreation index developed by Derkzen et al. (2015) after literature review and related generalization of people’s
preference on different UGS.



The rate is expressed as the mean value of the Landscape and Naturalness score of UGS while that in the public
park or garden area is calculated double because of the synergy effect of the various combinations of most UGS in an
open space (Derkzen et al., 2015).

Step 7b: UES Mapping & analysis

Individual UES is calculated by the sum of product of subtotal area of each UGS with the corresponding UES supply
rate as listed in Table 5 (Derkzen et al., 2015). Then the UES supplied by each urban ecosystem is normalised by the
area for comparison (Derkzen et al., 2015).

Equal interval statistic method is used to divide each UES indicator value into five intervals while the polygons are
presented from light (minimum) to dark (maximum) colour corresponding to that in the previous mapping (Burkhard et
al., 2012; Burkhard and Maes, 2017; Derkzen et al., 2015). The individual UES information is stored in attribute tables
and mapped in the ArcMap map layers as polygon shape files.

In order to further identify and compare the UES performance of different urban ecosystems and sub-areas, the
actual amounts of each UES supply are normalised on a scale of score of 0 (minimum) -10 (maximum) and shown on
stacked bars and bar charts with the UGS coverage. Maximum overall UES supply score is 60, which consists of 10
each for the 6 UES studied.

Step 8 - 9: Result integration & communication- local green infrastructure strategy evaluation and suggestion

The UEC and UES are analysed to evaluate the UES capacities provided by individual urban ecosystem sub-areas which
have different UEC (Burkhard et al., 2018). The results are finally overlaying with the current Cheltenham GI strategic
plan (JCS Local Planning Authorities, 2014) to analyse if there is any further support or improvement.

3 Results
3.1 UEC & urban ecosystem

In this study, the UEC of Cheltenham are studied in terms of air PM;o concentration (pressure), vegetation coverage
(state) and proportion of urban green space (state) (Figure 4).

In terms of air PMjo concentration, the pressure decreases from the urban core to the peripheral rural areas,
especially the northern and eastern boundary. Higher PM o concentration in Inner urban part (111, 112, 121) (Appendix
1) would be explained by the higher density of traffic networks and more industrial pollution sources, such as the
publishing industry. On the contrary, the northern part of Cheltenham comprises mainly agricultural lands while eastern
part belongs to the Cotswold AONB (211, 231, 243); therefore, the PM o pressure on these urban ecosystems is smaller.

Vegetation coverage increases from the urban core to the peripheral rural areas, especially the northern and eastern
boundary as well as some areas in the far west. Lower vegetation coverage in inner urban part (111, 112, 121) is due to
the dense urban structures and road networks while higher coverage in the peripheral area (211, 231, 243) is contributed
by the land for agriculture and pasture. Also, some urban green spaces (141) and leisure areas (142) provide a good
vegetation cover to the inner urban part.

For the land use condition of the urban ecosystems, proportion of urban green space, which serves for most the
public, shows a more scattered pattern across Cheltenham. The highest proportions of urban green space are observed
in urban green space (141) and leisure area (142) across the town. A moderate proportion in some discontinuous urban
fabric areas (112) would be explained by the amounts of small parks or gardens and roadside plantations in the residential
area. Urban core (111, 121) has the lowest proportion as most lands are occupied by buildings or commercial and
industrial activities. Low proportion is also found in the peripheral areas (211, 231, 243) since most agricultural lands
and pasture areas are not accessible by the public.

3.2 UGS & UES
Individual UES capacity

The individual UES capacity here is expressed in terms of the UES supply rate of each UGS component. Different UGS
components provide various UES capacities while none of them outperform each other (Table 4).
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Figure 4a-e UEC for different urban ecosystem sub-areas in Cheltenham
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Overall, trees and woodlands are effective UES providers followed by shrubs among all the UGS components.
Trees and woodlands share the highest UES capacities in air purification, carbon storage and cooling as well as the
second highest in run-off retention. Nevertheless, tall shrubs provide the best noise reduction capacity while an
individual tree has no capacity for that. Water bodies also have an excellent capacity in run-off retention although they
contribute none for most of the other UES.

Herbaceous vegetation also plays a moderate role in run-off retention and recreation but much less important in the
other UES. Private gardens and others share similar UES capacities except for noise reduction and recreation because
of the privacy of the garden comparing to the others. Agricultural land seems to be a less effective UES provider than
the others as its vegetation types consist of short shrubs and herbaceous vegetation with annual harvesting
characteristics.

UGS coverage
The total amount of UGS coverage mapped in this study is 3,756.39 ha. Herbaceous vegetation (mostly grassland) and

private gardens comprise the majority of UGS of 39.81% and 29.08% respectively. Trees, woodlands, agricultural lands
and others composes less than 10% each while shrubs and water bodies even only comprise less than 1% each.



Total amount of UES
The amounts of UES provided by different urban ecosystem sub-areas may depend on 3 factors:

1. the individual UES capacity of UGS component, i.e. the UES supply rate;
2. the UGS coverage in urban ecosystem sub-areas; and
3. the spatial patterns of UGS and urban setting

In the case of Cheltenham, trees, woodlands, herbaceous vegetation and private gardens are good UES providers
considering the above 3 factors.

For trees, they contribute the second most in carbon storage (41.01%) and air purification (21.91%) although they
comprise only 6.32% of UGS overall. Similar to trees, woodlands provide most capacity for carbon storage (48.20%)
and second most to noise reduction (37.91%) with the UGS coverage of only 7.43%. It is because trees and woodlands
both share higher capacities in carbon storage and air purification than the other UGS (Table3).

Moreover, herbaceous vegetation contributes the most in UES, especially recreation (57.60%) and run-off retention
(43.81%) due to their largest UGS coverage except for the carbon storage. Similar to herbaceous vegetation, private
gardens also provide the second most in cooling (25.81%) and run-off retention (23.54%) with their second largest UGS
coverage.

For shrubs and water bodies, the abundance of them in Cheltenham is the least so they only contribute very little
to UES though they have moderate UES capacities. Agricultural lands and others contribute much less as they both have
relatively lower UES capacity and less coverage in urban areas.

Spatial characteristic of UGS & urban setting

Spatial pattern of UGS also affects the total UES (Andersson et al., 2014; Derkzen et al., 2015) especially on those
pollution regulating UES, i.e. air purification and noise reduction. For pollution regulating UES, the amount of services
calculated mainly depends on the proximity or availability of the UGS to the pollution sources.

In this study, the air purification capacity of UGS is double counted if they fall into the 50m buffer zone of the
traffic road which is assumed to be the major source of PMj in air pollution (Figure 5). In the case of noise reduction,
only the capacity of the UGS within the 50m buffer zone is calculated. Long and continuous UGS pattern would be the
most benefit to the services (Derkzen et al., 2015). Therefore, the spatial distribution of the UGS is more important than
the sole amount of UGS within each urban ecosystem sub-area. It makes a difference from the calculation of other
general regulating UES, such as carbon storage, run- off retention and cooling, which depend on the amount of UGS
rather than their sizes, shapes or patterns.

Landcover Class
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Short shrub

Water surface
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Others

" Building
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Figure 5 Detailed map illustrating the distribution of UGS components in Cheltenham



On the other hand, urban setting is another factor affecting the UES supply calculation. For example, some urban
ecosystem sub-areas contribute none to noise reduction as there are even no pollution sources, i.e. main traffic roads,
within the area rather than they are lacking the amount of UGS. The UGS would provide the services, i.e. the maximum
capacity, as long as there is a need for that rather than only the service they are actually providing at the moment.

3.3 UGS, UES & urban ecosystem
Major urban ecosystems & their UES
The UGS and UES supply from each area show relationship with the urban ecosystem types. The UGS and UES supply
increases towards the peripheral area of Cheltenham where most lands for agriculture, pasture and forest locate (Figure

6). Less UGS and UES supply are shown in the core of Cheltenham where the town and commercial centre are. Some
green urban spaces and leisure facilities provide greater extent of UGS & UES supply in the middle of the urban fabric.

(a) (b)
Air purification Carbon storage
(g/yrim?) (kg/m?)
0.48-0.49 1.34 - 4.71
0.50-0.98 472-9.41
P 099-1.47 [ 9.42-14.12
B 148-1.96 I 14.13-18.83
B 1.97 - 2.44 I 18.84 - 23.54
(c) (d)
Noise reduction Run-off retention
(dB(A)100/m?) (L/im?)
0.0 - 0.00025 1.90 - 2.31
0.00026 - 0.00050 2.32-462
[ 0.00051 - 0.00075 [ 4.63-6.93
I 0.00076 - 0.0010 B 65.94-925
I 0.0011-0.0013 B 526 - 11.56
(e) (f)
Cooling Recreation
(UGS fraction: weight) (Index value/m?)
0.14-0.19 0.26 - 0.82
0.20 - 0.37 0.83 - 1.64
0.38 - 0.56 1.65 - 2.47
0.57-0.74 [ 248-329
[ o075-093 [ 330-4.11

Figure 6a-f 6 UES supplies by different urban ecosystem sub-areas in Cheltenham

Overall, urban ecosystem types mixed forest (313) and broad-leaved forest (311) (Appendix II) score the highest
and second highest for overall UES supply followed by agricultural land (243), green urban space (141) and pasture
(231) (Figure 7). Continuous urban fabric (111), industrial or commercial units (121) and discontinuous urban fabric
(112) score the lowest and second lowest.

And the percentage coverage of UGS shows a similar pattern (313: 121.58% vs 121: 25.34%) with the UES score
except for that of green urban space is ranked as the second highest UGS coverage (119.26%). Some urban ecosystem
types have UGS coverage more than 100% because overlapping of UGS is allowed. For example, the grass or shrub
growing under the tree canopy probably contributes to the UES too.

The distributions of individual UES scores for mixed forest and broad-leaved forest are quite even except for the



noise reduction because of the absence of pollution sources in the two ecosystem types. For agricultural land, pasture,
non-irrigated arable land (211), sport and leisure facilities (142) and green urban space, lower UES scores in carbon
storage and noise pollution are observed. It may be caused by the change of UGS composition in the urban ecosystem
type, such as fewer trees but more herbaceous vegetation resulting in a different capacity of UES supply.

With various compositions of UGS, they may lead to different results in overall UES score in spite of the similar
percentage UGS coverage, i.e. 313 vs 141. It also indicates the effectiveness of the UGS composition within an urban
ecosystem type in providing different UES. For example, 111 vs 121, although the UGS percentage coverage of 121 is
lower than that of 111, 121 shares the same UES score with 111.

Urban ecosystem sub-areas & their UES

For individual urban ecosystem sub-areas (Appendix II), 311-02, a broad-leaved forest, and 313-01, a mixed forest,
which locate in the peripheral southeast area of Cheltenham, score the highest (46/60) and second highest (45/60) overall
UES supply respectively (Figure 8 & 9). On the contrary, 121-01, the industrial area, and 111-01, the town centre area,
score the lowest (11/60) and second lowest (13/60) overall UES supply respectively because of the low UGS coverage
(121-01: 22.97% and 111-01: 34.44%). Nonetheless, 141-02, a green area in the south peripheral area of Cheltenham
and 313-01 have the highest UGS coverage of 135.92% and 121.58% respectively.

The 18 discontinuous urban fabric sub-areas show similar pattern in overall UES supply score ranging from 112-
04 (All Staints Ward): 14/60 to 112-17 (Benhall and the Reddings Ward): 25/60 while the UGS coverage ranges from
112-09 (Lansdown Ward): 59.66% to 112-08 (Swindon Village Ward): 75.28%. It may be explained by the similar
urban setting across the discontinuous urban fabric in Cheltenham.

The UES of carbon storage, noise reduction and recreation of most discontinuous urban fabric ecosystems score
lower than that of the air purification, run-off retention and cooling so forming an uneven distribution of UES supply.
It may be caused by the higher percentage of private garden and herbaceous vegetation cover than that of the tree,
woodland or shrub in the urban fabric ecosystems.
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Figure 7 Overall UES supply score & % UGS coverage of different urban ecosystem types in Cheltenham
(Descriptions for urban ecosystem types please refer to Appendix II)
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4  Discussion
4.1 UEC & UES: Case study in Cheltenham
UES demand vs UES supply

For the pressure condition of the PM o concentration, it is more likely to indicate the quality of urban environment, i.e.
the people’s well-being, and imply the demand for the UES of air quality regulation instead of the supply of the UES.
When comparing to the UES of air purification supplied by various urban ecosystems, it is found that the demand for
air purification UES is greater than that of the supply, especially in the urban fabric (111, 112) and industrial unit (121).
Therefore, the comparison would help policy makers identify the need or priority of GI implementation in urban areas
(Derkzen et al., 2015; McDonald, 2009; Ramyar et al., 2020).

Provisioning UES capacity & supply

For the state condition of urban vegetation coverage, it is a general indicator of the UES capacity of different urban
ecosystems since many studies have shown that the importance of green spaces in providing various ecosystem services
(Andersson et al., 2014; Cameron et al., 2012; Dallimer et al., 2012; Holt et al., 2015; Tzoulas et al., 2007). The larger
the vegetation coverage, the greater the UES capacity is and so is the UES supply, especially for the provisioning UES.
Nonetheless, vegetation cover is still only a board indicator. The composition of different vegetation in urban areas is
another important factor to be considered during GI planning.

Cultural UES capacity & supply

For another state condition of land use expressing in terms of the proportion of urban green space, it shows a different
relationship with UES comparing to the urban vegetation coverage. The conditions of urban green space and urban
vegetation coverage for most urban ecosystems are similar except for those discrepancies caused by the privacy of the
lands for agriculture and pasture. The recreation UES supply does not show a direct relationship with the coverage of
urban green space. It may imply that the quality of the urban green space would be another subjective factor,
accompanying the size of area, in determining the recreation UES supply. Among most UES, cultural UES is more
subjective than the others because it is usually affected by social factors of different people’s throughs and preferences
which cannot be quantified and concluded easily.

4.2 Comparison to other studies
UES distribution & trade-off among UGS components

Under the same UES quantification method, this study in Cheltenham shows an obvious trend of increase in UES supply
from the town centre to peripheral while that in Rotterdam by Derkzen et al. (2015) shows a more random pattern across
the city. It would be explained by the differences in the UGS coverage pattern due to various geographical and urban
contexts.

UGS coverage in Cheltenham is dominated by herbaceous vegetation and private gardens while Rotterdam mainly
consists of not only herbaceous vegetations and private garden but also more water surfaces of the canal system
penetrating the entire city. Nevertheless, both results show mostly synergies among the UGS components so as the 6
UES since UGS components can provide multiple UES despite their various capacities (Derkzen et al., 2015).

Other multiple-UES studies in the UK

Although there are some multiple UES studies in the UK over the past 20 years (Holt et al., 2015; Radford and James,
2013; Tratalos et al., 2007; Whitford et al., 2001), it is difficult to compare the results among studies because of the
differences in the scales of the studies, types of UES selected and quantification methods of UES. Nonetheless, most
studies show that land cover types are basic and important elements in quantifying UES. Therefore, the use of UGS
components and UES supply rates in our study help simplify and standardise the UES quantification as well as facilitate
comparisons during local GI planning.

On the other hand, there are also current projects of mapping natural capital and ES based on existing habitats in
England carried out by Centre for Ecology and Hydrology (CEH), Natural England (CEH, 2020; Natural England,
2014). However, the use of CEH Landcover Map is more suitable in assessing ES in a regional scale instead of local



scale as maps with limiting resolution (1km2 to 25m2 pixels) are not reliable for local studies unless additional data or
fine-adjustments are provided (Dales et al, 2014).

4.3 GI strategies in Cheltenham

The current GI strategies in Cheltenham are more focusing on the enhancement of existing GI connectivity and relieving
the problem of flooding with River Chelt (JCS Local Planning Authorities, 2014). They are planned to strengthen the
connectivity of GI, especially among the urban open spaces and surrounding countryside, by improvements of
attractiveness to people and wildlife in the form of green corridors, such as Honeybourne railway line, old Kingham line
and river courses (JCS Local Planning Authorities, 2014). For the flooding issue, it mainly focuses on the River Chelt
culvert under the town centre and pinch points of water course built over or truncated by traffic roads (JCS Local
Planning Authorities, 2014).

Connectivity of GI falls on the cultural UES category while flooding relief is one of the regulating UES.
Unfortunately, both UES are not directly addressed in this study due to the lack of data. Nevertheless, our result of the
pattern of recreation UES supply increasing across Cheltenham urban core to surrounding rural area supports the GI
connectivity strategies planned. On the other hand, the result of run-off retention UES also provides evidence that
improvement of impervious surface should be carried out in the urban core in order to reduce the peak runoff into the
river courses and the chance of flooding. The mapped information of current UGS components could provide further
spatial distribution and UES supply potential for detail planning and design for the enhancement.

4.4 MAES & UGS components in GI Planning

Other than supporting the current GI strategies, our MAES result would also help in the formulation of new GI
implementation strategies. In MAES framework, current UEC and UES would be assessed and mapped in accordance
with the urban ecosystem types. The relationships discovered among UEC and UES (Section 4.1) would be utilised in
the GI strategies planning using UGS components as the basic units, which are also the basic elements used in UES
quantification in this study.

According to the result form MAES, it provides background information of UEC and UES for an urban area to the
policy makers to determine the main purposes of the GI strategic planning.

Cheltenham as example, in the aspect of PMjo concentration, the demand for air purification UES is greater than
that of the supply in most areas. Therefore, the council should enhance the supply of corresponding UES by introducing
new GI.

In order to facilitate simple quantification and estimation of UES in the design and planning stage, UGS components
consisting of various vegetation are suggested to be the basic elements used to comprise the urban GI.

Inregard to different UEC, the UES needed to be enhanced for various urban ecosystem sub- areas would be figured
out easily. Therefore, policy makers would prioritise the specific needs for each area. In Cheltenham, the PM;y
concentration pressure on the urban fabric (111, 112) and industrial site (121) is the most serious while the current air
purification UES supply there is not enough to relieve the pressure. So, more UGS units should be planned in these 2
sites in priority.

Having the basic elements and proximate locations, the next step would be how these elements are being put
together in terms of composition, spatial pattern and quality according to the local contexts, i.e. site-specific
opportunities and constraints. Different combinations would also be tested to result the best synergy effect of various
UES. In the continuous urban fabric sub-area, i.e. the town centre, additional screening vegetation would be added to
road side since road traffic is one of the main sources of PMjo in Cheltenham. The vegetation should consist of more
shrubs because of its higher UES capacity rate in air purification. Planting in long and strip patterns along the road
would not only be effective in capturing PM, but also screen the noise from traffic. In the continuous urban fabric sub-
area, i.e. the town centre, additional screening vegetation would be added to road side since road traffic is one of the
main sources of PMo in Cheltenham. The vegetation should consist of more shrubs because of its higher UES capacity
rate in air purification. Planting in long and strip patterns along the road would not only be effective in capturing PMo
but also screen the noise from traffic.

Nevertheless, it is a simple and preliminary approach for policy makers to combine the MAES result with the use
of UGS components in urban GI planning while the UES enhancement would be estimated generally in the early stage
of urban planning. Economic and social factors should also be considered in the long-term and detailed GI planning
(Benedict et al., 2006; Mell et al., 2016; Vandermeulen et al., 2011).

The knowledge would also be used in establishment of local urban design or planning guidelines in the long run.
For example, the urban design guidelines for roadside or street as well as the private garden in different types of housing
development (CEDD, 2020; Department of Environment, Land, Water and Planning, 2017; San Francisco Planning



Department, 2018; Tratalos et al., 2007) would help the enhancement of UES.
4.5 Limitations
UGS component data source

In this study, although most primary data are easily accessed, there is still the lack of formal inventory for tree or shrub
information of Cheltenham, which is a typical small town comparing to those larger cities such as London or
Birmingham.

Also, due to the limited availability of multi-spectral satellite imagery and up-to-date Lidar data for further
vegetation type identification by computer processing (Ardila et al., 2012; Ellis and Mathews, 2019; Momeni et al.,
2016; Moskal et al., 2011), such as the use of multispectral threshold segmentation or normalised digital surface model
(nDSM), only visual interpretation and manual mapping of trees and shrubs are adopted in this study.

Despite the high accuracy, the method is relatively time-consuming and tedious for larger cities.

UES quantification method

UES in this study is calculated as the sum of product of the coverages of individual UGS and corresponding UES supply
rates within different urban ecosystem sub-areas. The UES supply rates resulted are based on the literature review
method from Derkzen et al. (2015) with corresponding adjustments specific to the UK situation.

However, it may cause an imbalance in some literature data. UES supply rate of carbon storage as an example, the
data mainly referenced from 2 literatures of the UK studies; while for that of air purification, since there is lacking
former research for some UGS units in the UK, more literature data from other countries’ studies are used. Nonetheless,
countries with similar characteristics with the UK are chosen in priority.

5  Conclusion

In this study, it shows the contribution of using UGS as the basic components in GI strategy planning for urban EC and
ES.

1. Using UGS as the basic units during planning process, policy makers can stimulate different GI strategy by
changing the composition (coverage and type) and spatial arrangement of UGS (Andersson et al., 2014;
Derkzen et al., 2015). Synergy or trade-off of UES due to various UGS planning would be estimated more
easily for policy decision making.

2. Integrating the UEC and UES results help avoid the potential mismatches between supply and demand of UES
by identifying which UES is in priority in the target area (Andersson et al., 2015; Fachnle et al., 2015; Pulighe
et al., 2016). The assessment and mapping of UEC gives some insights for the demand side of UES of which
only few studies are found (Grét-Regamey et al., 2012; Haase et al. 2014; McPhearson et al., 2013). It gives
evidence and support to the new GI implementation approach based on UGS components respective to their
specific UES capacities and spatial characteristics.

3. The small scale of UGS components allows detail planning in local urban GI strategy. Using the same basic
units, it also fosters the comparison as well as the formation of GI networks among different towns and cities.

4. The UGS component coverage and UES supply rate from literature data as well as high-resolution data are
easily available to policy makers for evaluating UEC and UES. A set of simple supply rates for specific UES
by different UGS components is summarised and incorporated in other future studies.

Furthermore, future research should assess provisioning UES such as the food production by urban edible green
UGS, such as roof garden (Russo and Cirella, 2019; Russo et al., 2017). Urban ecosystem disservices should also be
taken into consideration in the trade-off with UES supply by various UGS (Lyytiméki and Sipild, 2009; Speak et al.,
2018). Last but not least, engagement and participation of local stakeholders are absolutely essential elements in building
strong visions and aims for local GI strategies and planning (Pulighe et al., 2016; Luederitz et al. 2015; Nahuelhual et
al. 2015).
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Table 1 UES classes & indicators

CICES Section
Regulating and
maintenance
ecosystem service

CICES Class Type

Regulation of air quality by urban vegetation
Climate regulation by reduction of CO2
Noise mitigated by urban vegetation

Water flow regulation and run off mitigation
Urban temperature regulation

Nature-based recreation

Indicator (unit)

Air PM purification (g/m* year)
Carbon storage (kg/m?)

Noise reduction (dB(A)100/m?)
Run-off retention (L/m?)
Cooling (UGS fraction: weight)
Recreation (Index value/m?)

Cultural ecosystem
service

Table 2 Description for UGS components

UGS component Description

Tree Individual trees or single row of trees, mostly street trees

Woodland Clustered trees, urban forest (coniferous, non-coniferous and mixed)

Tall shrub Shrub or hedge height 2-5 m

Short shrub Shrub or hedge height <2m

Herbaceous Low vegetation consisting of non-woody plants, mostly grasses and herbs
vegetation

Private garden Land enclosed and associated with private residences and private uses, usually consisting of a

mix of vegetation, water and sealed surface

Agricultural land Arable and horticulture
Water Inland waterway body, pond, lake
Others Allotments or community growing spaces, bowling green, camping or caravan parks,

cemeteries, golf courses, other sports facilities, playing fields, tennis courts

Table 3 Overview of UES supply rates for individual UGS components

UES type
A Carb Noise R . Cooling™ R tion™
UGS component ir - arbon reduction” un-of o (UGS ecreation
purification storage retention . (Index value
) > (dB(A) 100 2 fraction: 2
(g/m*/yr) (kg/m®) /m?) (/m*) weight) /m*)
Tree 3.9920 28.46" - 9.41 1.00 2.15
Woodland 2.73b 28.46" 1.125" 9.85 1.00 2.90
Tall shrub 2.06°4 14.19° 2.000M 8.08 1.00 2.55
Short shrub 2.06°4 10.23° 1.125" 8.08 1.00 2.55
Herbaceous 0.913¢ 0.15f 0.375" 8.77 0.50 2.55
Private garden 0.83* 0.79f - 6.45 0.50 -
Agricultural land | 0.74* 0.10¢8 0.375% 8.30 0.38%* 2.35
Water - - - 10.00 - 2.20
Other 0.83*% 0.79* 0.375" 6.45 0.50 2.35

*McDonald et al. (2007); *Tallis et al. (2011); °Escobedo and Nowak (2009); ‘Baumgardner et al. (2012); *Fowler
et al. (2004); Davies et al. (2011); €Ostle et al. (2009); "Fang and Ling (2003); ‘Aertsens et al. (2012); ‘Bolund
and Hunhammar (1999); ¥Tratalos et al. (2007); 'Whitford et al. (2001); ™Derkzen et al. (2015)

*The rate calculation is based on assumptions of private garden, agricultural land and others (Appendix III).
*The rate calculation is weighted on specific buffer zones or boundaries.



Table 4 UES supply capacities in Cheltenham per UGS component type

Relative contribution of UGS components to UES capacities
UGS Area (ha) % area of | Ajr . f
component total UGS | purificatio Carbon | Noise Run-o Cooling | Recreation
n storage reduction | retention
Tree 237.32 6.32 21.91 41.01 - 7.46 11.21 7.67
Woodland 278.92 7.43 16.85 48.20 37.91 9.18 13.18 12.17
Tall shrub 7.43 0.20 0.33 0.64 1.53 0.20 0.35 0.28
Short shrub 28.10 0.75 1.32 1.75 5.11 0.76 1.33 1.06
Herbaceous 1,495.45 39.81 29.01 1.36 42.12 43.81 35.33 57.60
Private
garden 1,092.40 29.08 20.53 5.24 - 23.54 25.81 -

l ﬁﬁﬂcumal 260.42 6.93 4.10 0.16 7.24 7.22 4.68 8.94
Water body 12.81 0.34 - - - 0.43 - 0.51
Others 343.54 9.15 5.94 1.65 6.10 7.40 8.12 11.79

Appendices

Appendix I - Table A1-1 Data source and description of UGS components

UGS Description Database Source file name Data Year Remarks
component type
Tree Individual tree or High Resolution | 5s09020-9023 rgb 250 JPG Oct Delineation by
single row of trees, | (25cm) Vertical | s09120-9124 rgb 250 2018 visual
mostly street trees | Aerial Imagery $09120-9124 rgb 250 interpretation and
© Getmapping $09217-9226 rgb 250 cross-checking
Plc $09319-9326 rgb 250 with Google
$09418-9425 rgb 250 Street View

$09518-9525 rgb 250
$09617-9625 rgb 250
$09717-9724 rgb 250
$09818-9822 rgb 250
$09920-9922 rgb 250

Woodland Clustered trees, OS Open Map — | SO_Woodland Polygon | Oct Further update
urban forest Local 2019 made during the
(coniferous, non- © Crown mapping of tree
coniferous and copyright and
mixed) database rights
2020 Ordnance
Survey
Tall Shrub Shrub or hedge High Resolution | 5s09020-9023 rgb 250 JPG Oct Delineation by
sized 2-5 m (25cm) Vertical | s09120-9124 rgb 250 2018 visual
Aerial Imagery $09120-9124 rgb 250 interpretation and
© Getmapping $09217-9226 rgb 250 cross-checking
Plc $09319-9326 rgb 250 with Google
$09418-9425 rgb 250 Street View

$09518-9525 rgb 250
$09617-9625 _rgb 250
$09717-9724 rgb 250
509818-9822 rgb 250
$09920-9922 rgb 250

Short Shrub | Shrub or hedge High Resolution | 5s09020-9023 rgb 250 JPG Oct Delineation by
sized <2m (25cm) Vertical | s09120-9124 rgb 250 2018 visual
Aerial Imagery $09120-9124 rgb 250 interpretation and
© Getmapping $09217-9226 rgb 250 cross-checking
Plc $09319-9326 rgb 250 with Google
$09418-9425 rgb 250 Street View

$09518-9525 rgb 250
$09617-9625 rgb 250
$09717-9724 rgb 250
$09818-9822 rgb 250




UGS Description Database Source file name Data Year Remarks
component type
$09920-9922 rgb 250
Herbaceous | Low vegetation Land Cover LCM2015_GB Geodata | May For urban
consisting of non- Map 2015 Layer [Grassland (acid, base 2017 peripheral
woody plants, © NERC (CEH) | calcareous, improved,
mostly grasses and neutral)]
herbs
OS MasterMap S09015_GreenspaceArea | Polygon | Sep For urban core,
Greenspace S09020_GreenspaceArea 2019 excluding those
Layer S09025_GreenspaceArea with primary form
S09515_GreenspaceArea of woodland,
S09520 GreenspaceArea inland water,
S09525 GreenspaceArea beach or foreshore
Layer of primary and manmade
function: [Public park surface
and garden, Amenity —
residential or business,
Amenity — transport]
Garden Land enclosed and | OS MasterMap | SO9015_GreenspaceArea | Polygon | Sep
associated with Greenspace S09020_GreenspaceArea 2019
private residences | Layer S09025 GreenspaceArea
and private use, © Crown SO9515_GreenspaceArea
usually consisting copyright and S09520 GreenspaceArea
of a mix of database rights S09525 GreenspaceArea
vegetation, water 2020 Ordnance | Layer of primary
and sealed surface | Survey function: [Private garden]
Agricultural | Arable and Land Cover LCM2015_GB Geodata | May
land horticulture Map 2015 base 2017
© NERC (CEH)
Land Cover lcem-2018 Geodata | Dec
plus: Crops base 2018
(2018)
© NERC (CEH)
Water Inland waterway OS Open Map — | SO_SurfaceWater_Area Polygon | Oct
body, pond, lake Local 2019
Others Allotments or OS MasterMap | SO9015_ GreenspaceArea | Polygon | Sep
community Greenspace S09020 GreenspaceArea 2019
growing spaces, Layer S09025_ GreenspaceArea
bowling green, S0O9515_GreenspaceArea
camping or S09520 GreenspaceArea
caravan park, S09525 GreenspaceArea
cemetery, golf Layer of primary
course, other sports function: [Allotments or
facility, playing community growing
field, tennis court spaces, bowling green,
camping or caravan park,
cemetery, golf course,
other sports facility,
playing field, tennis
court]
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Appendix II - Table A2-1 Urban ecosystem sub-areas of Cheltenham

Code | Urban ecosystem type Sub-area | Ward Area (ha)
111 Continuous urban fabric 111-01 209.92
112-01 Warden Hill Ward 132.36
112-02 Charlton Kings Ward 141.62
112-03 Battledown Ward 172.20
112-04 All Staints Ward 50.06
112-05 Oakley Ward 100.25
112-06 Prestbury Ward 168.14
112-07 Pittville Ward 96.07
112-08 Swindow Village Ward 123.40
112 Discontinuous urban fabric 11209 Lansdown Ward 9694
112-10 Park Ward 141.89
112-11 Up Hatherley Ward 115.84
112-12 Leckhanpton Ward 171.01
112-13 Springbank Ward 143.68
112-14 St. Peter's Ward 86.86
112-15 Hesters Way Ward 124.09
112-16 St. Mark's Ward 128.14
112-17 Benbhall and the Reddings Ward 166.06
112-18 Charlton Park Ward 197.83
121 Industrial or commercial units 12101 12521
121-02 29.55
141-01 60.07
141 Green urban areas 141-02 42.28
141-03 28.56
142-01 36.92
142 Sport and leisure facilities 142-02 32.45
142-03 112.85
211-01 26.16
211 Non-irrigated arable land 21102 2042
211-03 54.80
211-04 159.73
231-01 44.73
231-02 470.10
231-03 21.58
231 Pastures 231:04 >4.93
231-05 30.55




231-06 80.01
231-07 119.54
231-08 30.96
Land principally occupied by 243-01 27.86
243 agriculture, with significant areas | 243-02 75.96
of natural vegetation 243-03 365.96
311-01 24.70
311 Broad-leaved forest
311-02 9.62
313 Mixed forest 313-01 7.72

Appendix III - Detailed calculations of UES supply rates of UGS components
General methodological assumptions on the calculation of UES supply rate in the absence of specific data

1. The calculation of EUS supply rate for private garden is made according to the fraction of woodland (9%),
shrub (11.5%), herbaceous (38%), impervious surface (37%) and other (4.5%) stated in Smith et al. (2005)
and Tratalos et al. (2007).

2. The composition of others is also assumed to be the same as the private garden since both types have mixed
vegetation (Derkzen et al., 2015).

3. As the types of crop in the UK are mainly short shrub and herbaceous, such as winter/spring wheat & barley,
oilseed rape, maize and grass etc. (CEH, 2018), the rate of agricultural land is calculated as the mean of that
of short shrub and herbaceous. A further factor of 0.5 is applied to the final rate because most crops would be
harvested annually.

4. Water is assumed only providing the UES of runoff retention and recreation.

Air purification

The air purification UES supply rates for different UGS components used in this study are summarised and calculated
as shown in the Table A2-1 below.

Table A3-1 Literature data and calculation of air purification UES supply rate

g PMi¢ captured per m? of UGS per year (g/m*/year)
Literature Tree Wood | Tall shrub Short Herbaceo | Private | Agricul | Wat | Other
study land shrub us garden | tural er s
land
a | McDonald 4.6 (West
etal. (2007) | Midlands)
4.4
(Glasgow)
b | Tallis et al. 2.96 2.73
(2011)
¢ | Escobedo & 3.50 Same as
Nowak [adjusting tall
(2009) value 20 shrub
(=5.8+5.7+8.5
) to tree]
d | Baumgardn 0.63 Same as
eretal. [adjusting tall
(2012) value 4.81 shrub
(=1.43+1.45+
0.66+0.73+0.5
4) to tree]
e | Fowler et al. 0.91
(2004) [1/3 of
rate of
woodland]
Mean 3.99 2.73 2.06 2.06 0.91 0.83T 0.743 - 0.83?




Carbon storage

The carbon storage UES supply rates for different UGS components used in this study are summarised and calculated
as shown in the Table A2-2 below.

Table A3-2 Literature data and calculation of carbon storage UES supply rate

kg carbon stored per m? of UGS (kg/m?)
Literat | Tree Woodla Tall shrub Short Herbaceo | Priv | Agricult | Wat | Othe
ure nd shrub us ate ural er rs
study gard | land
en
f | Davies | 28.46 Same as 14.19 10.23 0.15 0.79
et al. [(28.06+28 | tree [(12.35+16. [(13.79+6.6 | [(0.14+0.1
(2011) .86)/2] 03)/2] 6)/2] 5)/2]
g | Ostle et 0.1
al.
(2009)
Mean 28.46 28.46 14.19 10.23 0.15 0.79 | 0.1 - 0.79%

Noise reduction

The noise reduction UES supply rates for different UGS components used in this study are referenced and calculated as
shown in the Table A2-3 below.

Table A3-3 Literature data and calculation of noise reduction UES supply rate

Reduced environmental noise dB(A) per 100m? of UGS (dB(A)100/m?) (range)
Literature Tree | Woodland Tall Short Herbaceous Private | Agricultural Water | Others
study shrub | shrub garden | land
h Fang &
Ling (2003) v v v v v
. | Aertsens et
1 al (2012) v
Bolund &
j | Hunhammar v
(1999)
1.125 2.000 | 1.125 0.375
0.375 0.3753
Mean - (0.75- (1.50- | (0.75— - - (0.00-
1.50) 2.50) | 1.50) (0.00-0.75) (0.00-0.75) 0.75)

v: sourced from literature
Runoff retention

The run-off interception and infiltration by vegetations and water bodies are estimated by the technique adapted from 2
UK studies, Tratalos et al. (2007) and Whitford et al. (2001) whose studies are based on that by Pandit & Gopalakrishan
(1996) originally from the Soil Conservation Service (SCS) (1972). The equation for calculating surface run-off (Pe):

(P — 0.25)2
Pe=—-—"2
P +0.8S

Where P denotes the precipitation and S the maximum potential retention of catchment of which S is given by:

S="—_-254
CN

Where CN represents the curve number calculated by the SCS for each combination of land cover and soil type.
CNs of all UGS are referenced to that used in Tratalos et al. (2007) except the agricultural land. CN for agricultural land
is calculated according to the USDA (1986), the mean CN for the row crops and small grain with straight row and crop
residue cover treatment.

A common average run-off occurrence in the UK cities from a 12mm rainfall event is adopted while the run-off



coefficient Q is calculated as Pe/P; and then the run-off retention is given out by P X Q (Tratalos et al., 2007; Whitford
et al., 2001).

The run-off retention UES supply rates for different UGS components used in this study are calculated as shown
in the Table A2-4 below.

Table A3-4 Literature data and calculation of runoff retention UES supply rate

Curve Runoff

Number Precipitation | Max Potential Surface Runoff | coefficient Runoff

(CN) P) Retention (S) (Pe) Q Retention

(mm) (mm) (mm) (L/m2)
Tree 58.0 12.00 18.39 2.59 0.22 9.41
Woodland 55.0 12.00 20.78 2.15 0.18 9.85
Tall shrub 66.0 12.00 13.08 3.92 0.33 8.08
Short shrub 66.0 12.00 13.08 3.92 0.33 8.08
Herbaceous 62.0 12.00 15.57 3.23 0.27 8.77
Private
garden 74.5 12.00 8.69 5.55 0.46 6.45
Agricultural
land 64.8 12.00 13.83 3.70 0.31 8.30
Water - - - - - 10.00
Others 74.5 12.00 8.69 5.55 0.46 6.45
Cooling

The cooling UES supply rates for different UGS components used in this study are referenced and calculated as shown
in the Table A2-5 below.

Table A3-5 Literature data and calculation of cooling UES supply rate

Relative cooling potential per m? UGS surface area (UGS fraction: weight)
Literature | Tree | Woodland | Tall Short | Herbaceous | Private | Agricultural | Water | Others
study shrub | shrub garden | land
h | Derkzenet | 1.00 | 1.00 1.00 1.00 0.50 0.50 - 0.50
al. (2015)
Mean 1.00 | 1.00 1.00 1.00 0.50 0.50 0.38° - 0.50
Recreation

A recreation index is developed by Derkzen et al. (2015) after a comprehensive literature review and the related
generalization of people’s preference on different UGS (Table A2-6). Derkzen et al. (2015)’s generalization suggests
that people give higher preference on

(1) A vegetation landscape over a water landscape;
(i1) higher degree of naturalness; and

(iii) variations and an open structure.

Table A3-6 Recreation index score by Derkzen et al. (2015)

Characteristic Score

Landscape Vegetation 2.8
Water 2.2

Naturalness Urban woodland 3.0
Park, low vegetation 2.3
Tree avenue, plaza L.5

The recreation UES supply rates for different UGS components used in this study are calculated as shown in the
Table A2-7 below according to the above index.



Table A3-7 Calculation of recreation UES supply rate

Recreation Recreation
Mean of index value index value in
UGS type Landscape Naturalness Landscape and
(Index park (Index
Naturalness
value/m2) value/m2)
Tree 2.8 L.5 2.15 2.15 4.3
Woodland 2.8 3.0 2.90 2.90 5.8
Tall shrub 2.8 2.3 2.55 2.55 5.1
Short shrub 2.8 2.3 2.55 2.55 5.1
Herbaceous 2.8 2.3 2.55 2.55 5.1
Private garden - - - - -
Agricultural land | 2.8 1.9* 2.35 2.35 -
Water 2.2 - 2.20 2.20 4.4
Others 2.8 1.9* 2.35 2.35 4.7

*Mean score of ‘park, low vegetation’ and ‘tree avenue, plaza’ (see Table A2-6)
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