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Introduction

Urban areas are affected by the urban heat island (UHI) effect, whereby ambient temperatures
of towns and cities are generally warmer than in the surrounding rural environments (Oke,
1976). The UHI effect is associated with detrimental effects on human health (e.g. Heaviside,
Macintyre, & Vardoulakis, 2017; Heaviside, Vardoulakis, & Cai, 2016), increased energy
consumption for air conditioning (Santamouris, Cartalis, Synnefa, & Kolokotsa, 2015),
increased occupational heat stress (Casanueva et al., 2020; Kjellstrom, Freyberg, Lemke, Otto,
& Briggs, 2018), and changes to ecological cycles (Yow, 2007). Moreover, maintaining
thermal comfort of urban inhabitants within public spaces has been proven essential for
stimulation of physical activity and public life within cities (Elliott, Eon, & Breadsell, 2020).
The incidence of heatwaves is expected to rise in frequency and intensity this century (Perkins,
Alexander, & Nairn, 2012; Wouters et al., 2017), which, together with the anticipated growth
of urban inhabitants to 68% of global population by year 2050 (United Nations, 2019),
highlight the need for rapid implementation of heat mitigation measures across cities in order

to avoid or reduce their negative impacts.

The urban thermal environment is often described in the context of the formation of the UHI
or surface urban heat islands (SUHI). The UHI is a phenomenon originally conceived as
occurring at night, moderated through radiative fluxes of sensible and latent heat, the former
characteristic of the urban built environment and associated with increased air temperatures
and the latter — of vegetated surfaces, associated with cooling properties (Lin, Gou, Lau, &
Qin, 2017; Oke, 1988). The formation and intensity of the UHI effect is governed by complex
interactions between multiple factors that include decreased long-wave radiation loss from and
multiple reflections of short-wave radiation between buildings, increased storage of sensible
heat in the urban fabric, decreased evapotranspiration due to low vegetation coverage as

compared to rural areas, anthropogenic heat sources, and air pollution (Oke, Johnson, Steyn,
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& Watson, 1991). The SUHI relates to the temperature of the urban land surface and is
associated with the UHI through modulation of air temperature at the lowest layers of the
atmosphere (Voogt & Oke, 2003), however, with differences induced through air advection
(Wang, Yao, & Shu, 2020), and being more prominent during the day (Roth, Oke, & Emery,

1989).

In urban planning, excess heat mitigation is primarily concerned with regulation of
microclimates at pedestrian or building scales (Erell, 2008) that could be related to the street
or site (micro-scale) levels (Norton et al., 2015). Whilst pedestrian scales mostly relate to the
creation of outdoor spaces providing thermal comfort to humans, building scales focus on
measures leading to energy conservation in buildings. Multiple typologies of (S)UHI
mitigation methods exist (Aleksandrowicz, Vuckovic, Kiesel, & Mahdavi, 2017; Kleerekoper,
van Esch, & Salcedo, 2012; Meng, 2017; Sung, 2013), and include introduction of strategically
distributed vegetation and water bodies across the landscape, termed green and blue
infrastructure (European Commission, 2013; Gunawardena, Wells, & Kershaw, 2017), which
reduce surface and air temperatures through shading, evapotranspiration, and evaporation.
These effects are detectable at a distance away, both in the case of air as well as surface
temperatures (Aram, Higueras Garcia, Solgi, & Mansournia, 2019), with distances dependant
on specific morphologies of the neighbourhoods, among other factors. Incorporation of green
infrastructure as a (S)UHI mitigation measure into urban plans generates an opportunity to
introduce ecosystem services, i.e. benefits humans derive from nature (Millennium Ecosystem
Assessment, 2005), other than local temperature regulation into the urban landscapes, which
requires assessment of benefits derived from them, both in biophysical and economic terms

(Cortinovis & Geneletti, 2019).

Biophysical assessments of heat mitigation capacity of vegetation can be carried out through

air temperature measurements (Bowler, Buyung-Ali, Knight, & Pullin, 2010), analysis of
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remotely sensed land surface temperature (LST) imagery (Zhou et al., 2019), or simulations of
urban thermal environment (Tsoka, Tsikaloudaki, Theodosiou, & Bikas, 2020) — approaches
that require substantial academic expertise that is rarely available in many planning
departments (Bherwani, Singh, & Kumar, 2020; Norton et al., 2015). An example of a recently
developed model dedicated to a simplified assessment of the UHI mitigation capacity of
vegetation, which has a potential to bridge this gap, is the Urban Cooling model available from
a wider suite of ecosystem services modelling tools called INVEST (Integrated Valuation of
Ecosystem Services and Trade-offs) developed by the Natural Capital Project (Sharp et al.
2020). InVEST comprises a suite of spatially-explicit ecosystem services models covering
terrestrial, freshwater, marine and coastal ecosystems that are aimed at the assessment of
synergies and trade-offs between different management options of natural resources leading to
the determination of areas where investment can enhance both human development and

environmental conservation.

The Urban Cooling model calculates the heat mitigation index (HMI) based on
evapotranspiration from vegetation, cooling distance of large urban parks, and albedo assigned
to a land cover (LC) map, which is then used to estimate average cooling capacity on air
temperature and monetary value associated with the vegetative cooling, and as such is the key
model output determining the accuracy of subsequent evaluations. Consequently, the goal of
this study was to validate the representativeness of the HMI returned by the INVEST 3.8.7
Urban Cooling model of urban thermal environment as depicted by LST imagery captured on
a warm summer day, at spatial resolutions relevant to micro- and broad-scale assessments: 2
and 30m. We therefore hypothesised that the HMI generated by the INVEST 3.8.7 Urban
Cooling model can be used as a substitute for LST mapping in assessment of the cooling
capacity of urban greenspaces under an assumption that low HMI values should correspond to

highest temperatures in the LST image with the opposite being true for the high values of HMI.
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We next estimated the amount of change in LST due to gradual change in the HMI for model
outputs with the highest resemblance to the LST data as indicated by the highest value of R2.
Our analysis was carried out using an example of three sub-urban towns collectively
characterised with a high variety of urban form, and is one of the first studies aiming at

validation of the INVEST 3.8.7 Urban Cooling model.
Materials and Methods

Study Area

The study area comprises three towns located in a relatively close proximity in England: Milton
Keynes (52°0'N, 0°47'W, appr. 122 km?), Bedford (52°8'N, 0°27'W, appr. 60 km?), and
Luton/Dunstable (51°52'N, 0°25'W, appr. 86 km?) (Figure 1) with population of 229,941,
106,940, and 258,018 (Office for National Statistics, 2013) respectively and a temperate
oceanic climate according to the Koppen—Geiger climate classification system with the highest
monthly average air temperatures of approximately 22 °C in July and lowest temperatures of
approximately 1 °C observed in February, and the average annual precipitation of 598, 657,
and 712 mm for Bedford, Milton Keynes and Luton respectively. The three towns are
characterised with contrasting histories: modern-day garden-city, medieval, and industrial,
respectively, collectively representing a wide range of urban form patterns representative of
British towns (Grafius et al. 2016) and allowing for evaluation of Urban Cooling model’s
performance in towns with various morphologies. Milton Keynes is a recently designed
Garden City abundant in parks, greenspaces and water bodies, characterised by a grid of dual-
carriageways dissecting the town into clearly defined neighbourhoods. Bedford is a medieval
market town characterised with densely built-up city centre with several parks and residential
areas located at the outskirts. Luton, on the other hand, is an industrial-era town characterised

with a modern densely built-up city centre and residential areas composed of terraced housing.
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The differing histories and urban form patterns of the three towns reflect on their land cover
distribution (Table 1). Major differences in LC composition of the towns, as assessed from the
high-resolution land cover maps available in this study and described in more detail in Section
2.2.2, comprise the lowest abundance of greenspaces and the highest of impervious areas in

Luton, and the largest extent of greenspaces and water bodies in Milton Keynes.

Table 1 Land cover composition and patch size (mean and standard deviation) of main land
cover types within Bedford (BD), Luton (LT) and Milton Keynes (MK) summarised for the

built-up area extents of the towns from the land cover maps available in this study.

LC area [% of total town area] | Patch size [m?]

LC BD LT MK
BD LT MK

Mean  Std. Mean  Std. Mean  Std.

Buildings B 18.8 16.1 121 160 529 | 154 918 178 896
Grass - Short <0.5m G 284 213 28.5 49 823 | 48 1108 | 68 1327
Shrub/Tall Grass/Hedge (0.5 -2m) | SGH | 9.9 7.7 7.7 13 24 13 26 14 37
Broadleaf Trees >2m tall Th 24.7 18.0 22.7 49 462 | 52 935 69 1174
Coniferous Trees >2m tall Tc 0.3 N/A 4.0 84 255 N/A N/A 55 267
Paved P 35.6 36.8 34.1 122 7648 | 156 45672 | 124 44987
Water W 12 0.1 3.0 283 2115 | 96 432 640 9899
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Figure 1 Land cover in (a) — Milton Keynes, (b) — Bedford, (c) — Luton/Dunstable. The insert
depicts location of the towns within Great Britain. B — buildings, G — grass, P — paved, SGH -

short trees/tall grass/hedge, Tb — broadleaf trees, Tc — coniferous trees, W — water.

Materials and Methods

The following sections explain the main assumptions of the InVEST 3.8.7 Urban Cooling
model leading to the generation of raster maps of the heat mitigation index (HMI) as well as
steps undertaken to assess the strength of the relationship between the HMI and land surface
temperature data available for the three towns. The map of the HMI is the key output of the
model from which tabular estimates of average cooling capacity, average air temperature and
air temperature anomaly together with the value of the heat reduction services by urban green

infrastructure are derived by the model.
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INVEST Urban Cooling model

The InVEST 3.8.7 Urban Cooling model generates maps of the heat mitigation index (HMI)
that estimates the cooling capacity of urban greenspaces on all LC classes present in the study
area by taking into account the cooling capacity of larger urban parks extending beyond their
boundaries (INVEST 3.8.7 User Guide). The functionality of the model is based on and expands
upon the methodology for the estimation of cooling capacity of urban green infrastructure,
encompassing LC features such as grass, trees, green walls/roofs and water, in the planning

context proposed by Zardo et al. (2017).

In the Urban Cooling model, cooling capacity (CC) is calculated as a weighted function of
shading (S), evapotranspiration index (ETI) and albedo (A) (Equation 1), the latter constituting
an extension to the method presented by Zardo et al. (2017). Albedo expresses the proportion
of solar radiation reflected by land surface, and is therefore representative of the amount of
solar heat than can be absorbed by surface materials, with lower absorption, i.e. higher albedo,

associated with lower land surface temperature (Phelan et al., 2015).

Equation 1

CC=06-S+0.2-ETI+0.2-A4,

Where: CC — cooling capacity index, ranging from 0 to 1, with 0 as no cooling capacity, and 1
maximum cooling capacity within the study area, S — capacity of trees to provide shading, set
to 1 for trees taller than 2 metres or O for trees below the 2 metre cut-off,
ETI — evapotranspiration index, calculated from Equation 2, A — albedo, ranging from 0 to 1,

with 1 indicating maximum reflectance of solar radiation, and 0 — maximum absorption.

ETI is the normalised value of evapotranspiration across the study area calculated as actual
evapotranspiration (ETa,) divided by the maximum value of ETo within the study area (ETmax)

(Equation 3). ETa is calculated as potential evapotranspiration ETo modified by the value of
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crop coefficient K¢ determining the fraction of ETo evaporated by specific type of land cover

(Equation 3).
Equation 2
ETI = —
ETmax
Equation 3
ET, = ET, - K.

Potential evapotranspiration ETo was calculated from the modified Hargreaves equation

(Equation 4) (Droogers & Allen, 2002).
Equation 4
ET, = 0.0013-0.408-RA - (Tavg +17) - (TD — 0.0123 - P)%7¢,

Where: ETo — reference evapotranspiration, [mm d?], RA — extra-terrestrial radiation,
estimated as 41.6 MJ m2d?, equivalent to RA of the 15" day of June at 52°N in Allen et
al.(1998), P — Precipitation [mm], Tavg — the average of the daily minimum and daily maximum
temperatures [°C], TD - the difference between daily maximum and mean daily minimum

temperatures [°C].

The HMI is equivalent to cooling capacity derived for each grid cell of the land cover map
submitted to the model based on several conditions. These conditions distinguish between grid
cell location within a large greenspace (over 2ha in size), location within a cooling distance
away from large greenspaces, and location outside of the cooling zone of influence, indicated

by the cooling distance, of large greenspaces on temperature (

Equation 5).
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Equation 5
HMI, = CCi if CC; = CCpgry, 07 GA; < Zfla |
CCParki otherwise

Where: HMI; — heat mitigation index value at grid cell i, CCi — cooling capacity of grid cell i,
calculated from Equation 1, CCparki — cooling capacity calculated as distance weighted average
of the CC values from green spaces (Equation 7), GAi — the amount of green areas within a

search distance dcoor around each pixel (Equation 6).

Equation 6

GA; = cellgreq - Z}'Ed radius 9j,
fromi

where: GAi — the amount of greenspaces around grid cell i within a radius defined by cooling
distance dcool, Cellarea — area of grid cells j within the input raster land cover map, expressed in
hectares, gj — a switch assuming the value of 1 if a grid cell located within the cooling distance

radius represents greenspaces, otherwise set to 0.

Equation 7

(—d(i,j))
CCParkl- = Yjed radius gj-CCi-e dcool /?
fromi

Where: CCparki — co0ling capacity assigned to areas located within the cooling distance radius
deoort from large greenspaces (>2h in size), calculated as the weighted average of the distance
between cells i and j, d(i;) — distance between cells i and j located within the cooling distance

radius.
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The Urban Cooling model can also be used to estimate night-time heat mitigation for buildings,
air temperature anomalies as well as economic value of heat mitigation by urban greenspaces,

however, these functions are derivative from the HMI and are not covered in this study.

Model parameterisation and data sources

The primary input required by the InVEST 3.8.7 Urban Cooling model is a land use/land cover
map, classes of which are attributed with parameters required for the calculation of the HMI.
In this study, a 2m spatial resolution LC map in a raster format was used. The map was collated
for the purpose of previous studies (Grafius, Corstanje, Siriwardena, Plummer, & Harris, 2017,
Grafius et al., 2016, 2019) from three datasets: NDVI-derived locations of grass and trees

generated from colour-infrared aerial photography at 0.5m spatial resolution available from

LandMap Spatial Discovery project (http://learningzone.rspsoc.org.uk/) and captured between
2007 and 2010, footprints of buildings and paved areas captured by a large-scale topographic
map (Ordnance Survey MasterMap with the latest updates applied in December 2011), and
feature heights acquired from a LiDAR data survey of the three towns in 2012. The parameters
assigned to each LC class include potential evapotranspiration ETo, evapotranspiration
coefficient (Kc), albedo, cooling distance away from large greenspaces, as well as greenspace
and shading switches (ble 2). Precipitation and temperature data needed for the ETg estimation
were obtained from the HadUK-Grid Gridded Climate Observations on a 1km grid over the
UK (MetOffice, 2019) for 8 June 2013 and calculated as a mean value for each town.
Evapotranspiration coefficients assigned to the main LC classes present in the study area were
approximated from existing guidance on crop evapotranspiration calculation (Allen et al.,
1998) whose use is advised by the INVEST User Guide. In all cases, mid-season values of Kc
were selected, which aligned well with well-developed vegetation in the three towns in early
June. K. for grass, coniferous trees and water could directly be estimated from the guidance as

values for turf grass, coniferous trees and temperate climate water bodies respectively. The
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guidance did not include the evapotranspiration coefficient for broadleaved trees and therefore
it was approximated by K. for apple orchards without ground cover, which was deemed
appropriate due to the very high resolution of the LC map available in this study capable of
depicting single trees without their surrounding land cover. Buildings and paved areas were
assigned a very small value of K¢ (0.001) to avoid creation of empty grid cells in the
intermediary outputs of the model — a setting recommended for other models included in the
INVEST tool, such as the Seasonal Water Yield model. Albedo values for each LC class were
estimated from the list of typical values in Taha et al. (1988), assuming highest absorption of
solar radiation by water followed by paved areas due to dark colour of asphalt roads, and lowest
for buildings, with vegetated areas taking intermediary values. Following the methodology for
cooling capacity estimation presented by Zardo et al. (2017) that included evaporative cooling
of water bodies as well as vegetation, the greenspace switch was assigned not only to grassed
and treed LC classes but also water, resulting with model runs capturing cooling capacity of
vegetation only (V) or water and vegetation (W&V) (Figure 2). Three cooling distances away
from large greenspaces were considered: 100m, 200m, and 300m, which approximated
distances reported in literature regarding the cooling capacity of urban parks, ranging between

20 and 440m (Aram et al., 2019; Vaz Monteiro, Doick, Handley, & Peace, 2016).

ble 2 Key parameters assigned to each land cover class within the study area submitted to the
model as the biophysical table.*Separate runs of the model were carried out were water was
treated as the greenspace to include its evaporative cooling capacity in the calculation of the

HMIx for each town.

LC Description Shade Ke Albedo Greenspace

B Buildings 0 0.001 0.25 0

G Grass - Short <0.5m 0 0.95 0.16 1



247

248

249

250

251

252

253

254

255

13

SGH Shrub/Tall Grass/Hedge (0.5 - 2m) 0 0.95 0.18 1
Th Broadleaf Trees >2m tall 1 0.95 0.2 1
Tc Coniferous Trees >2m tall 1 1 0.15 1
P Paved 0 0.001 0.14 0
W Water 0 0.6525 0.09 Oorl*

Land cover 2m:

1 - Buildings
| TR = \ + Grass
___________ + Shrub
-~ ~ rE——
i : | — « Trees (broadleaf
! Potential | _ _ | and coniferous)
I Evapotranspiration I l « Paved
- T R = i » Water
P e = l l
! Shading L 77777 e T
L | § InvEST Heat mitigation Heat mitigation
R | oo Urban job index at 2m i Resampling :-* index at30m
| Cooling features: I | Cooling resolution E 3 resolution
' v i I %, model i :
| W&V | : d
| R N T - | T
7 Cooling distance: -
I 100m | !
4 o ¢ — — & -
| 200m I
.. . 300m_ . {  Regression
Legend: " i
4 h

........... Y Validation Change

i Model - 4 statistics estimates

| parameter : Rlzcee

Figure 2 Schematic of the methodology undertaken to assess the representativeness of the heat
mitigation index derived from land cover maps with different cooling distance and cooling
features  settings in relation to land surface  temperature (LST).

V - vegetation, W — water.

Additional settings required by the model included the air temperature reference value and the
UHI magnitude, which were set to the minimum air temperature observed within a 10km radius

away from each town and the difference between maximum air temperature value within each
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town and the reference value, all captured from the HadUK-Grid Gridded Climate
Observations on a 1km grid over the UK (MetOffice, 2019) dataset. Air mixing distance was
kept as the default value of 2000m. Whilst these settings were required for the model to run,

they did not affect the HMIvalues returned by the model that are subject of this study.

Verification of model outputs

The heat mitigation maps obtained from InVEST 3.8.7 Urban Cooling model were compared
to LST data available for 8 June 2013 for the three towns. LST maps were available at two
spatial resolutions: 2(4)m and 30(100)m, for simplicity referred to as 2 and 30m throughout
the manuscript. The coarser resolution LST image was obtained from Landsat 8 thermal infra-
red bands using split-window algorithm (Jimenez-Munoz, Sobrino, Skokovic, Mattar, &
Cristobal, 2014). Its mixed spatial resolution stems from the fact that the Landsat 8 thermal
infra-red data are captured at 100m resolution and are subsequently resampled to 30m
resolution by the data provider (USGS). The finer resolution image was generated from the
Landsat 8 LST map through a downscaling procedure (Reference removed for anonymity)
whereby coarse resolution LST was related through a multivariate adaptive regression splines
algorithm to spectral indices at 2 and 4m resolution to produce the fine resolution images across

the three towns.

The comparison between the HMI and LST data was carried out with the use of the ordinary
least squares (OLS) linear regression for the area encompassed within the built-up area
boundary (Figure 1) that was manually digitised from aerial imagery used to generate the LC
maps available in this study and representing a distinction between areas considered as urban
and the rural background of fields and pastures. Whilst the HMI maps that were generated at
2m resolution by the model could directly be compared to the 2(4)m resolution LST images,

the comparison to 30(100)m LST data required that the HMI datasets were resampled to match
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the mixed spatial resolution of the satellite-derived LST maps. This was done through the
reproduction of the post-processing procedure for the Landsat 8 TIR bands captured by the
sensor at 100m resolution by first upscaling of the 2m HMI to 100m using a mean function
within a 100m x100m focal moving window and subsequent resampling, using the cubic
convolution method, to 30(100)m with GIS procedures implemented in ESRI ArcGIS 10.6.
Resampling of the 2m resolution HMI maps to 30m resolution allowed for direct comparisons
with 30(100)m resolution LST datasets using linear regression as both maps carried signals of
thermal response of all land cover types present within the coarse-resolution pixels without the
need for multiple regression accounting for each land cover type located within the pixels.
Ultimately, twelve HMI maps were generated for each town, accommodating for three
different cooling distances away from large vegetated patches: 100, 200, and 300m; two sets

of cooling features: V or W&V; and two spatial resolutions of the outputs: 2 and 30m.

Results

Validation with LST data

City-wide assessment

Ordinary least squares regression analysis between spatially distributed values of the HMI
index and LST revealed that the Urban Cooling model managed to reflect some portion of

variation in thermal response of the land surface, however, the strength of the association

depended on various factors considered in this study (
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Table 3 and Figure 3). The largest differences in the coefficient of determination R? were
observed for regressions at different spatial resolutions, with associations between datasets at
30m being at least twice as strong as at 2m in Bedford and Luton, however, very similar in
Milton Keynes. Whilst the generally higher R? values at 30m resolution could be attributed to
the introduction of a greater variance of values into the HMI maps during resampling from 2m
to 30m resolution, the different behaviour in Milton Keynes could potentially be caused by the
distinct morphology of this town, being designed as a Garden City and consequently containing

distinctly larger patches of grass, trees and water than the remaining towns.

In all towns, the cooling distance of 100m resulted in higher R? values, however, inclusion of
water bodies as cooling features had a varied effect on the strength of associations between the
HMI and LST. The highest increase in R? values was observed in Milton Keynes, followed by
Bedford, and no increase was observed in Luton, which can be explained by the decreasing
proportion of water in LC of these cities, respectively. Whilst the changes in R? are only
marginal at 2m resolution, they are distinct for data at 30m resolution, which could be attributed

to the increased variance of HMI values resulting from the resampling.

The HMI values derived at 100m cooling distance were distinctly lower than for the distances
of 200m or 300m tested here (Tables 1 and 2, Supplementary Materials). Although increasing
HMI values with increasing cooling distances of large greenspaces is expected, the difference
observed in our study stems also from the fact that the cooling distance parameter set within
the model by the user is also used to determine the radius of a circular search window used to
calculate the sum of the greenspace area to detect large greenspaces. Consequently, increasing
cooling distance corresponded to a growing abundance of greenspaces classified as large,
defined by size over 2ha, which in the case of the three towns considered here meant that all
patches of grass or trees were classed as large for the 200 and 300m distances (Figure 3

Supplementary Materials). Nevertheless, large greenspaces determined by models run for the
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100m cooling distance were realistically distributed across the three towns, assuring validity

of the presented results.

The differences in the HMI due to various model parameterisation explored in this study are
easily discernible visually (Figure 4 and Figures 1-3 in Supplementary MaterialsError!
Reference source not found.). Maps created for the 100m cooling distance away from large
greenspaces depict lower HMI values in buildings and paved areas than maps generated with
larger cooling distances displaying greater variability of HMI values within those LC classes.
The sharper delineations of the HMI at 100m than 200 or 300m distances are resultant from
the overestimation of the abundance of large greenspaces by the model (Figure 4
Supplementary Materials). Whilst maps at 2m resolution generated with 200m cooling distance
showed very little variation in HMI values within areas covered by grey infrastructure as
compared to the 2m resolution LST map, resampling to 30m resulted in a greater variability of
the HMI values and an overall greater resemblance to the LST map at this resolution. HMI
maps generated with 200m and 300m cooling distances appeared similar regardless of spatial
resolution, however, depicting a lower contrast in HMI values between green, blue and grey
LC with increasing cooling distance. Moreover, inclusion of cooling capacity of water bodies
in the calculation of the HMI significantly increased their resemblance to LST maps at all
cooling distances and spatial resolutions by increasing its values in areas corresponding to low
LST of water bodies. Finally, portions of the HMI maps extending beyond the built-up area
boundaries marking the area subjected to the regression analysis depicted high heat mitigation
values, which corresponded well to the lower observed LST in maps at 30m resolution.
Inclusion of the LC data margin extending beyond the built-up area boundary in the model runs
allowed for quantification of cooling effects of the vegetation growing in the rural background

of the towns.
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Table 3 The outcomes of linear regression between HMI and LST data for three towns (Bedford
—BD, Luton — LT and Milton Keynes — MK) between HM index and LST obtained at various

spatial resolutions, cooling distances and cooling features (V — Vegetation, W&V — water and

vegetation) settings. All coefficients were statistically significant at p value of 0.

Cooling  Cooling Rsq adj Rsq Std Error Intercept a Coefficient b Std Error a Std Error b
Town
distance  features 2m 30m 2m 30m 2m 30m 2m 30m 2m 30m 2m 30m  2m 30m
\% 024 048 024 048 175 229 3145 3228 -287 -7.29 0.00 0.02 0.00 0.03
100m
W&V 0.28 0.63 0.28 0.63 1.71 194 3156 3297 -3.08 -8.05 0.00 002 0.00 0.03
\Y 0.16 0.44 0.16 044 184 237 3381 3861 -548 -1486 000 005 0.00 0.07
BD 200m
W&V 0.18 059 0.18 059 1.81 203 3421 4059 -599 -1711 000 0.04 0.00 0.06
\% 0.12 046 0.12 046 1.88 234 3388 4154 -547 -1911 000 0.06 0.01 0.09
300m
W&V 0.14 058 0.14 058 186 2.05 3439 4386 -6.13 -21.71 000 006 0.01 0.08
\Y 024 064 024 064 159 184 3170 3219 -281 -7.86 0.00 001 0.00 0.02
100m
W&V 025 0.64 025 064 158 1.83 31.70 3220 -2.83 -7.85 0.00 001 0.00 0.02
\% 0.19 0.63 0.19 0.63 1.64 1.87 3342 3787 -460 -1466 000 0.03 0.00 0.04
LT 200m
W&V 0.19 0.63 0.19 063 1.64 1.87 3344 3787 -463 -1463 000 0.03 0.00 0.04
\Y 0.14 0.63 0.14 063 1.70 1.85 3347 40.67 -454 -19.06 000 0.03 0.00 0.05
300m
W&V 0.14 0.63 0.14 063 1.70 1.85 3350 40.69 -458 -19.06 000 0.03 0.00 0.05
\Y 031 030 031 030 157 233 29.05 29.25 -3.04 -5.65 0.00 001 0.00 0.02
100m
W&V 0.33 048 033 048 154 201 2912 30.02 -3.09 -6.80 0.00 001 0.00 0.02
\Y 022 022 022 022 167 244 3160 3409 -6.06 -1153 000 0.04 0.00 0.06
MK 200m
W&V 024 044 024 044 164 207 3193 37.18 -642 -1569 000 0.03 0.00 0.05
\Y 0.18 0.26 0.18 026 1.71 239 31.79 3756 -6.28 -16.83 000 005 0.00 0.08
300m
W&V 020 045 020 045 169 206 3221 40.68 -6.76 -2085 000 0.04 0.00 0.06
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Figure 3 Results of OLS regression between the HMI and LST at 30m resolution for models

(@) excluding and (b) including cooling capacity of water.

HMI 2m LST 2m HMI 30m LST 30m

HMI [-]
m 1
-,

LC BD y LCLT

LST [°C]
m 15
M 45

D Built-up area

Figure 4 Heat mitigation index (HMI) maps at 2m and 30m resolution for Milton Keynes (MK),
Bedford (BD) and Luton (LT) at 100m cooling distance and both vegetation and water set as
cooling features. Land surface temperature (LST) at 2m and 30m resolution as well as 2m
resolution land cover maps (LC) are shown for comparison and interpretation purposes. Whilst
the regression between the HMI and LST maps was carried out for the extent of the built-up

boundary only, the Urban Cooling model was run over the entire available extent of the LC
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data, accounting for any thermal effects exerted by the rural background on the built-up area

of the towns.

Assessment within individual LC types

Analysis of R? values obtained from the comparison between spatially distributed HMI and
LST values, summarised by LC type (Figure 5 and Tables 3-5 Supplementary Materials)
revealed more complex trends of associations than in the city-wide assessments. First of all,
the strength of associations varied simultaneously with LC type and spatial resolution as
comparisons at 2m resolution yielded higher R? values for buildings, paved and grass than for
trees and water whilst the opposite was true for the 30m resolution, where HMI for trees
appeared to have a stronger association with LST than that for buildings, paved and grass.
Moreover, R? differed also with the cooling distance of large greenspaces with the highest R?
for buildings and paved classes observed for distance of 200m at 2m spatial resolution as well
as at 30m resolution for buildings in Luton, with the HMI for the remaining LC classes having
the strongest relationship to LST at 100m cooling distance. Inclusion of cooling capacity of
water into the assessment increased the strength of the relationship between HMI and LST in
all LC classes at 30m resolution in Bedford and Milton Keynes and had no effect in Luton. At

2m resolution, small improvements in R? were observed in all LC classes apart from water in
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Bedford and Milton Keynes.
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Figure 5 Adjusted R squared values obtained from ordinary least squares regression between
HMI and LST values at 2m (green) and 30m (blue) resolutions with cooling features set as
vegetation (V) or vegetation and water (W&V) and three different cooling distances of large
greenspaces for ALL as well as individual land cover classes. B — buildings, G — grass, P —
paved, SGH - short trees/tall grass/hedge, Th — broadleaf trees, Tc — coniferous trees, W —

water.
Changes of LST due to changes in the HMI

Validation of the HMI revealed that it most accurately represented LST after resampling to
30m resolution with model parameterisation including water as a cooling feature and when the
100m cooling distance away from large vegetated patches was considered. Consequently,
linear regression equations obtained from the comparison for these parameters were used to

calculate the amount of change in LST due to gradual change in the HMI for all three towns
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and LC types (Table 4). On average, across all towns, the change in LST due to 0.1 change in
the HMI was 0.76 °C, with the largest change of 0.96°C attributed to water, followed by trees
(app.0.9 °C), and lowest amount of change occurring within paved (0.65°C). Differences in
observed changes in LST could be attributed to the range of LST values observed within the
LC types in each town, with lower ranges of LST yielding a smaller degree of change (Figure

4 Supplementary Materials).

Table 4 The amount of change in LST due to 0.1 change in the HMI for ALL and separate LC
types in each town derived with inclusion of cooling capacity of water and cooling distance
away from large greenspaces of 100m, resampled to 30m resolution. B — buildings, G — grass,

P — paved, SGH - short trees/tall grass/hedge, Th — broadleaf trees, Tc — coniferous trees, W —

water.
Average
Change in
Town LC change Std [°C]
LST [°C]
[°C
BD ALL 0.81
LT ALL 0.78
MK ALL 0.68 0.76 0.07
BD B 0.76
LT B 1.05
MK B 0.82 0.88 0.15
BD G 0.81
LT G 0.75
MK G 0.61 0.72 0.10
BD P 0.64

LT P 0.72
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MK P 0.58 0.65 0.07
BD SGH 0.82

LT SGH 0.79

MK SGH 0.66 0.76 0.08
BD Th 0.99

LT Tb 0.93

MK Tb 0.82 0.91 0.08
BD Tc 0.99

LT Tc

MK Tc 0.81 0.90 0.12
BD w 0.88

LT w 0.84

MK w 1.17 0.96 0.18

Discussion

The InVEST 3.8.7 Urban Cooling model is aimed at describing the cooling capacity of urban
greenspaces on air temperature at their location as well as at a distance away and opens
possibilities for testing thermal effects of diverse urban form patterns, such as for example in
(Ronchi, Salata, & Arcidiacono, 2020), on excess heat mitigation without carrying out on-site
measurements or complex analyses of remotely sensed thermal data, and, at the same time,
enabling analysis of synergies and trade-offs between other ecosystem services supplied by
these greenspaces. The model incorporates information on key properties of land surface that
have been shown to determine air and surface temperatures, and these include evaporative
cooling of vegetation, shading by tall trees, and albedo. Whilst consideration of these factors
by the model yielded HMI that represented some trends in LST, as demonstrated by the inverse
relationship in linear regression, there was 40 to 50% of variation in LST across the three towns,

as determined by regression coefficients, that remained unexplained. It has to be noted here



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

25

that we only used an LST image representing a warm summer day conditions captured at
approximately 11 a.m. and the strength of the relationship could be different for LST captured
later during the day or a heatwave, when the surface temperature is expected to be higher.
There are several further factors that could have influenced the strength of the observed

relationship between LST and the HMI and these are discussed below.

Firstly, our approach focussed on the determination of the effects of the cooling distance and
spatial resolution of the model outputs without calibration of the weights that are given to
albedo, evapotranspiration and shading in the calculation of cooling capacity of urban
greenspaces. Whilst INVEST Urban Cooling model calibration carried out by Bosch et al.
(2020) over 100 permutations yielded weights that very closely approximated the model default
values of 0.2, 0.2 and 0.6 respectively, these weights should be modified to account for specific
climatic or weather conditions affecting a given study area. Evaporative cooling of vegetation
in regions experiencing large precipitation, such as for example South East Asia, is of lesser
importance and UHI mitigation strategies should focus on maximising shading and ventilation
(Manoli et al., 2019). Conversely, the weight for evaporative cooling should be reduced under
the expectation of water stress, induced by prolonged hot weather, causing plants to close their

stomata, bringing transpiration to a halt (Wloczyk, Borg, Richter, & Miegel, 2011).

Inclusion of water as a cooling feature provided a small improvement in the strength of the
relationship between HMI and LST data, especially in Milton Keynes characterised with a
higher abundance of water bodies. The role of blue infrastructure in the reduction of the UHI
effect is well recognised (Hathway & Sharples, 2012; Peng et al., 2020; Yu et al., 2020) and
consequently inclusion of evaporation from water could be considered by the model user,
especially when the objective of a study is to estimate air temperatures across a city under non-
heat stress weather conditions rather than to quantify the ecosystem service of temperature

regulation from vegetation only.
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Cooling distance of large greenspaces was another factor that impacted HMI magnitudes and
its strength of the relationships with the LST data. Whilst some of the observed differences in
HMI driven from different cooling extents of large vegetated patches were expected, it is
important to note that the model uses the cooling distance set by the user as the radius of the
circular moving window within which the total area of greenspaces is calculated and assigned
to each grid cell of the LC map submitted to the model. Consequently, the amount of
greenspace considered as large (>2ha in size) will increase with the increasing cooling distance,
resulting in an unrealistic representation of the HMI, which in the case of this study manifested
in decreasing R? values for 200m and 300m cooling distances. Moreover, the minimum radius
of a circle yielding an area of 2ha is approximately 80m, meaning that no greenspaces can be
classified as large should the model be run for cooling distances below that value, reducing the
interpretation of the heat mitigation index to the cooling capacity as presented in Equation 1
by limiting the heat mitigation capacity of greenspaces to their footprints only. Given that some
authors identified the cooling distance of urban parks or water bodies to be less than 80m
(Broadbent, Coutts, Tapper, Demuzere, & Beringer, 2018; Motazedian, Coutts, & Tapper,
2020), this could potentially weaken the accuracy of the model’s air temperature estimates
calculated based on the heat mitigation index. This instability of the model could be resolved
in future releases by separating the cooling distance setting from the size of the search window
within which to calculate the amount of greenspace, allowing for parameterisation of the model

to better represent specific morphologies of different towns.

Whilst at 30m resolution surface temperature of greenspaces was generally well represented
by the HMI, some improvement could be made for buildings and paved areas. This is especially
important in the context of the Urban Cooling model’s capacity to assess the economic value
of vegetative cooling by considering energy savings due to decreased use of air conditioning

requiring accurate heat mitigation estimates for buildings. The Urban Cooling model attempts
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at representation temperature of grey infrastructure through the interplay of albedo and cooling
capacity of large greenspaces at a distance away. Albedo, which corresponds to the amount of
solar radiation reflected and therefore not absorbed by the land surface, manifests in the visible
light spectrum as the brightness of colour, which can be captured through analysis of
multispectral aerial or satellite remotely sensed data, allowing for diversification of its values
within paved areas and buildings (Ejiagha et al., 2020; Hofierka, Gallay, Onacillova, &
Hofierka, 2020). Moreover, LST of urban land cover is affected not only by albedo, but also
the spatial properties of individual land cover patches, as demonstrated by W. Zhou, Huang, &
Cadenasso (2011), which is further confirmed by variable HMI magnitudes obtained in this
study for towns with different morphologies. Adaptation of the input LC map for differences
in albedo as well as spatial properties of land cover classes could offer a possibility for
improvement in representation of their temperature by the HMI, however, these would involve
a more sophisticated approach to data preparation requiring extensive expertise in spatial data
analysis that may not be available for all model users (Norton et al., 2015). Additionally, Trlica,
Hutyra, Schaaf, Erb, & Wang, (2017) have shown that clear relationships between albedo and
LST can be obtained after averaging of 30m resolution data up to 500m, which corresponds
well with the radius of the Gaussian filter kernel suggested by INVEST Urban Cooling model
developers to derive air temperature from the HMI, and implying that greater diversification of

albedo values submitted to the model might be spurious.

Another factor reducing the strength of the relationship between the HMI and LST could
involve the fact that the Urban Cooling model does not make an account of shading provided
by buildings — an effect that can provide significant cooling especially within urban canyons
appropriately oriented to the direction of incoming solar radiation (Chen et al., 2020).
Furthermore, the date stamps of LST imagery and land cover maps used in this study are

somewhat offset in time, with the LST maps having been captured approximately one and a
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half years later than the topographic maps from which the distribution of buildings and paved
areas were derived. Whilst the time difference is not large, it could have resulted in some
discrepancies between land cover and LST at the outskirts of the towns where new

development is likely to take place.

The magnitudes of the HMI and the outcomes of the comparison to LST data were impacted
by the spatial resolution of the datasets used in the assessment. Whilst associations between
these HMI and LST at 2m resolution, corresponding to the spatial resolution of the input LC
map, were modest to low, they gained in strength after resampling of the HMI to match the
mixed 30m resolution of Landsat-8 derived LST map — an effect that was observed in both the
city-wide and individual LC class assessments. This varied behaviour could be an indicator of
an under-representation of the natural variation of LST by the HMI within each LC class in 2m
resolution outputs, which was mitigated through the resampling procedure to 30m that captured
responses from different LC classes into each coarser resolution grid cell through introduction

of mixed pixels (Yow, 2007).

Furthermore, as demonstrated by higher comparability of coarse resolution HMI and LST
datasets, the model outputs are more suitable for broader assessments that are equivalent to
neighbourhood or city scales as suggested by Parsaee et al. (2019) and can therefore support
decisions aimed at mitigation of the surface urban heat island at the master plan level. This is
especially true given that the relationship between LST and air temperature in urban areas is
weak at very fine resolutions of the LST data, with LST hotspots not necessarily coinciding
with hotspots in air temperature (Coutts et al., 2016). This relationship, however, strengthened
upon coarsening the spatial resolution of the LST images and supported the conclusion of this

study of limited suitability of the HMI for micro-scale city planning.
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Conclusions

In this study, the heat mitigation index generated by the INVEST 3.8.7 Urban Cooling model
was Vvalidated by comparison to land surface temperature images captured on a warm summer
day at two spatial resolutions: 2 and 30m in three sub-urban towns. The results suggested that
the index is capable of depicting a portion of the thermal response of land surface, especially
for towns with a denser built-up structure and at a coarser spatial resolution, making the model
suitable for studies at the masterplan level. Future work should consider testing the model under
different heat scenarios that may affect the evaporative capacity of the vegetation as well as the
possibility of diversification of not only the weights for shading, evapotranspiration and albedo
but also the input LC maps according to internal variability of these factors within each LC
type. This study has also demonstrated that the inclusion of evaporation from water bodies in
the cooling capacity calculations can improve the accuracy of the heat mitigation index
computed by the model, especially in cities with higher abundance of water bodies, indicating

that cooling capacity of water can be successfully represented by the model.

We found one important limitation of the model affecting the definition of large greenspaces
and their cooling capacity estimates beyond their footprints, related to the entanglement of the
cooling distance setting with the radius of the search window used to identify large
greenspaces. Whilst the 100m cooling distance in this study returned heat mitigation index with
the highest resemblance to land surface temperature data as well as a realistic representation of
large greenspaces, the use of cooling distances lower than 80m or higher than 100m would
result in under- and over-representation of large greenspaces and their cooling capacity,
potentially leading to an erroneous estimation of the value of local temperature regulation
ecosystem service by urban greenspaces or misidentification of urban form patterns conducive
to cooler air temperatures in the cities. Consequently, authors should take extra care when

selecting the cooling distances of large greenspaces to assure that the model represents their
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abundance well within their study areas, ensuring high accuracy of the heat mitigation

estimates returned by the model.
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Figure 1 Heat mitigation (HM) index maps at 2m and 30m resolution for Bedford at various vegetation cooling distance and

cooling feature settings. For comparison, land cover (LC) map and land surface temperature (LST) maps are shown.
V - vegetation, W&V — vegetation and water.



2mV

2m W&V

30m Vv

30m W&V

100m

200m

300m

Lc LST 2m LST 30m HM LC "
-_ 1 B A
- G
e P
1_!3 ] SGH
L Tb
PP [ w
I:' Built-up area
2 0 2
| 00| km

Figure 2 Heat mitigation (HM) index maps at 2m and 30m resolution for Luton at various vegetation cooling distance and cooling
land cover (LC) map and land surface temperature (LST) maps are shown.

feature settings.

For comparison,

V — vegetation, W&V — vegetation and water.
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Figure 3 Heat mitigation (HM) index maps at 2m and 30m resolution for Milton Keynes at various vegetation cooling distance and
cooling feature settings. For comparison, land cover (LC) map and land surface temperature (LST) maps are shown. V — vegetation,

W&V - vegetation and water.
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Figure 4 Differing spatial distributions of large greenspaces resulting from varied cooling distance setting (100m, 200m 300m) of
the InVEST 3.8.7 Urban Cooling model across three towns (BD — Bedford, LT — Luton, MK — Milton Keynes). Land cover (LC)
definitions are given in description of Table 1.



Table 1 Heat mitigation means and standard deviations (in brackets) estimated for Bedford - BD, Luton - LT and Milton Keynes -
MK for Urban Cooling model outputs at two spatial resolutions: 2m and resampled to 30m, assessed for two different sets of
cooling features (V — vegetation or W&V — water and vegetation) and at three different cooling distances away from large
greenspaces (>2ha in size).

Cooling distance

Town Resolution [m]  Cooling features LST [°C]

100m 200m 300m
W&V 0.37(0.34) 0.63(0.14) 0.65(0.12)
2m 30.43 (2)
v 0.36(0.34) 0.62(0.15) 0.63(0.13)
BD
W&V 056(0.31) 0.71(0.14) 0.71(0.11)
30m 28.48 (3.18)
v 052(0.3) 0.68(0.14) 0.68(0.11)
W&V 0.29(0.32) 055(0.17) 057 (0.15)
2m 30.9 (1.83)
v 0.29(0.32) 0.55(0.17) 0.57(0.15)
LT
W&V 0.39(0.28) 0.6(0.15) 0.61(0.12)
30m 29.23 (2.81)
v 0.39(0.28) 0.6(0.15) 0.61(0.12)
W&V 042(0.35) 0.64(0.14) 0.65(0.12)
2m 27.83 (1.89)
v 04(0.35) 0.62(0.15) 0.63(0.13)
MK
W&V 0.46(0.26) 0.65(0.11)  0.66 (0.08)
30m 26.98 (2.56)

v 043(0.25) 0.63(0.11) 0.64 (0.08)




Table 2 Heat mitigation means and standard deviations (in brackets) returned by the InVEST 3.8.7 Urban Cooling models for
different types of land cover in all three towns for three different cooling distances of large vegetation patches and at two spatial
resolutions — 2m and 30m. Statistics for land surface temperature (LST) are also given. B — buildings, G — grass, P — paved, SGH
— short trees/tall grass/hedge, Tb — broadleaf trees, Tc — coniferous trees, W — water. BD — Bedford, LT — Luton, MK — Milton
Keynes.

LC Town Cooling Cooling distance LST
features 100m 200m 300m
Sp. res. 2m 30m 2m 30m 2m 30m 2m 30m
B BD \Y 0.26 0.13 0.58 0.53 0.6 0.56 31.28 31.82
(0.18) (0.21) (0.12) (0.13) (0.09) 0.2) (1.94) (1.15)
V&W 0.27 0.13 0.59 0.55 0.62 0.58 31.28 31.82
(0.18) (0.22) (0.12) (0.13) (0.09) 0.1) (1.94) (1.15)
LT \Y 0.2 0.08 0.5 0.45 0.54 0.49 3111 31.85
(0.12) (0.14) (0.14) (0.15) (0.1) 0.2) (2.21) (1.18)
V&W 0.2 0.08 0.5 0.46 0.54 0.49 3111 31.85
(0.12) (0.14) (0.14) (0.15) (0.1) 0.1) (2.21) (1.18)
MK \Y 0.23 0.11 0.56 0.52 0.59 0.55 28.92 29.52
(0.14) (0.18) (0.12) (0.12) (0.08) (0.08) (2.25) (1.07)
V&W 0.24 0.11 0.58 0.54 0.6 0.57 28.92 29.52
(0.15) (0.19) (0.12) (0.12) (0.08) (0.09) (2.25) (1.07)
G BD \Y 0.7 0.47 0.75 0.62 0.73 0.62 27.31 29.42
(0.25) (0.27) (0.12) (0.12) (0.1) 0.1) (2.92) (1.94)
V&W 0.73 0.48 0.77 0.63 0.76 0.64 27.31 29.42
(0.25) (0.28) (0.12) (0.11) (0.1) 0.2) (2.92) (1.94)
LT \Y 0.6 0.4 0.68 0.55 0.67 0.55 27.7 29.87
(0.29) (0.25) (0.14) (0.12) (0.11) 0.1) (2.86) (2.01)
V&W 0.6 041 0.68 0.56 0.67 0.56 27.7 29.87
(0.29) (0.26) (0.14) (0.12) (0.11) 0.1) (2.86) (2.01)
MK \Y 0.58 0.5 0.67 0.61 0.66 0.61 26.26 27.02
(0.24) (0.27) (0.09) 0.1) (0.07) (0.09) (2.28) (1.83)
V&W 0.6 0.53 0.69 0.64 0.68 0.63 26.26 27.02
(0.24) (0.28) (0.09) (0.11) (0.07) (0.09) (2.28) (1.83)
P BD \Y 0.3 0.13 0.6 0.55 0.62 0.57 30.28 31.19
(0.22) (0.23) (0.14) (0.12) (0.1) 0.2) (2.26) (1.38)
V&W 0.31 0.14 0.62 0.57 0.64 0.6 30.28 31.19
(0.23) (0.24) (0.14) (0.12) (0.1) 0.2) (2.26) (1.38)
LT \Y 0.23 0.09 0.53 0.48 0.56 051 30.25 31.48
(0.16) (0.18) (0.14) (0.14) (0.1) (0.11) (2.13) (1.25)
V&W 0.23 0.09 0.53 0.48 0.56 051 30.25 31.48
(0.16) (0.18) (0.14) (0.14) (0.1) (0.11) (2.13) (1.25)
MK \Y 0.30 0.17 0.59 0.55 0.61 0.57 27.81 28.57
0.2) (0.27) (0.11) (0.12) (0.08) (0.09) (2.21) (1.5)
V&W 0.31 0.18 0.61 0.57 0.63 0.59 27.81 28.57
(0.21) (0.28) (0.12) (0.13) (0.08) 0.1 (2.21) (1.5
SGH BD \Y 0.44 0.38 0.65 0.61 0.66 0.62 29.44 30.3
(0.25) (0.28) (0.11) (0.13) (0.09) (0.12) (2.65) (1.69)
V&W 0.46 0.39 0.67 0.63 0.68 0.64 29.44 30.3
(0.27) (0.28) (0.11) (0.12) (0.09) (0.11) (2.65) (1.69)
LT \Y 0.33 0.32 0.59 0.55 0.6 0.56 29.68 30.82
(0.21) (0.25) (0.11) (0.14) (0.09) (0.13) (2.09) (1.53)
V&W 0.33 0.32 0.59 0.55 0.6 0.56 29.68 30.82
(0.21) (0.25) (0.11) (0.14) (0.09) (0.13) (2.09) (1.53)
MK \Y 0.40 0.40 0.63 0.61 0.63 0.61 27.3 27.86
(0.22) (0.29) (0.08) (0.12) (0.07) (0.12) (2.22) (1.64)
V&W 0.42 0.42 0.65 0.63 0.65 0.63 27.3 27.86
(0.23) (0.3) (0.09) (0.12) (0.07) (0.11) (2.22) (1.64)
Tb BD \Y 0.56 0.72 0.70 0.78 0.70 0.78 28.04 29.79
(0.26) (0.24) (0.11) 0.1) (0.1) 0.2) (3.23) (2.1)
V&W 0.59 0.73 0.72 0.78 0.72 0.78 28.04 29.79
(0.27) (0.24) (0.12) 0.1) (0.1) (0.09) (3.23) (2.1)
LT \Y 0.45 0.72 0.64 0.77 0.64 0.77 28.6 30.11
(0.25) (0.24) (0.12) (0.12) (0.11) (0.12) (2.77) (2.18)
V&W 0.45 0.72 0.64 0.77 0.64 0.77 28.6 30.11
(0.25) (0.24) (0.12) (0.12) (0.11) (0.12) (2.77) (2.18)
MK \Y 0.5 0.73 0.67 0.78 0.67 0.78 26.34 26.96
(0.22) (0.24) (0.08) 0.2) (0.07) 0.1) (2.5) (1.85)




LC Town Cooling Cooling distance LST
features 100m 200m 300m
Sp. res. 2m 30m 2m 30m 2m 30m 2m 30m
V&W 0.53 0.73 0.69 0.78 0.69 0.78 26.34 26.96
(0.23) (0.23) (0.09) 0.1) (0.07) (0.09) (2.5 (1.85)
v 0.7 0.79 0.75 0.81 0.74 0.81 26.08 28.26
BD (0.21) (0.13) 0.1) (0.06) (0.08) (0.06) (2.84) (2.11)
VaW 0.75 0.8 0.78 0.81 0.77 0.81 26.08 28.26
(0.21) (0.13) (0.09) (0.06) (0.07) (0.06) (2.84) (2.11)
v 0.52 0.74 0.67 0.78 0.67 0.78 26.47 26.86
Te MK (0.21) (0.21) (0.08) 0.2) (0.07) 0.1) (2.3) (1.79)
VaW 0.54 0.75 0.68 0.78 0.69 0.78 26.47 26.86
(0.21) (0.21) (0.08) 0.2) (0.07) (0.09) (2.3) (1.79)
v 0.41 0.29 0.63 0.56 0.65 0.56 24.48 24.89
BD (0.26) (0.25) (0.14) (0.13) (0.09) (0.11) (2.28) (2.07)
VaW 0.82 0.65 0.79 0.67 0.76 0.65 24.48 24.89
(0.18) (0.26) (0.1) (0.14) (0.09) (0.13) (2.28) (2.07)
v 0.57 051 0.65 0.6 0.63 0.58 27.67 26.8
LT (0.23) (0.28) 0.1) (0.13) (0.08) (0.12) (2.54) (2.91)
VaW 0.57 0.56 0.65 0.61 0.63 0.59 27.67 26.8
W (0.23) (0.28) 0.1) (0.13) (0.08) (0.12) (2.54) (2.91)
v 0.31 0.25 0.52 0.49 0.58 0.54 22.83 22.74
MK (0.22) (0.22) 0.17) (0.16) (0.09) (0.09) (2.58) (2.01)
VaWw 0.79 0.79 0.76 0.75 0.73 0.71 22.83 22.74
(0.17) (0.19) (0.08) (0.09) (0.06) (0.08) (2.58) (2.01)




Table 3 OLS regression statistics between heat mitigation index and land surface temperature at 2m and 30m spatial resolution across Bedford (BD), Luton (LT) and Milton Keynes (MK).

Town gg?;::;ge %?Jlrgg Sp. Res Rsq Adj. Rsq SE Intercepta b SEa SEb tvalue a tvalueb Probta Probtb f statistic
2m 0.24 0.24 1.75 3145 -2.87 0.00 0.00 32261 -1450 0.00 0.00 2102379
v 30m 0.48 0.48 2.29 32.28 -7.29 0.02 0.03 1652 -228 0.00 0.00 51856
100m 2m 0.28 0.28 171 31.56 -3.08 0.00 0.00 32931 -1621 0.00 0.00 2628327
wav 30m 0.63 0.63 194 32.97 -8.05 0.02 0.03 1943 -306 0.00 0.00 93892
v 2m 0.16 0.16 1.84 33.81 -5.48 0.00 0.00 11033 -1134 0.00 0.00 1286748
BD 200m 30m 0.44 0.44 2.37 38.61 -14.86 0.05 0.07 778 -210 0.00 0.00 43954
2m 0.18 0.18 181 34.21 -5.99 0.00 0.00 10895 -1235 0.00 0.00 1526390
wav 30m 0.59 0.59 2.03 40.59 -17.11 0.04 0.06 925 -283 0.00 0.00 80073
v 2m 0.12 0.12 1.88 33.88 -5.47 0.00 0.01 9410 -979 0.00 0.00 957845
30m 0.46 0.46 2.34 4154 -19.11 0.06 0.09 677 -217 0.00 0.00 46941
300m Wav 2m 0.14 0.14 1.86 34.39 -6.13 0.00 0.01 9043 -1062 0.00 0.00 1126840
30m 0.58 0.58 2.05 43.86 -21.71 0.06 0.08 783 -279 0.00 0.00 77795
2m 0.24 0.24 1.59 31.70 -2.81 0.00 0.00 53360 -2031 0.00 0.00 4124672
v 30m 0.64 0.64 1.84 32.19 -7.86 0.01 0.02 2890 -388 0.00 0.00 150887
100m 2m 0.25 0.25 1.58 31.70 -2.83 0.00 0.00 53478 -2053 0.00 0.00 4215599
wav 30m 0.64 0.64 1.83 32.20 -7.85 0.01 0.02 2904 -391 0.00 0.00 152986
2m 0.19 0.19 1.64 33.42 -4.60 0.00 0.00 21959 -1740 0.00 0.00 3027020
v 30m 0.63 0.63 1.87 37.87 -14.66 0.03 0.04 1501 -379 0.00 0.00 143534
LT 200m WEV 2m 0.19 0.19 1.64 33.44 -4.63 0.00 0.00 21951 -1754 0.00 0.00 3077919
30m 0.63 0.63 1.87 37.87 -14.63 0.03 0.04 1502 -379 0.00 0.00 143805
v 2m 0.14 0.14 1.70 3347 -4.54 0.00 0.00 17823 -1416 0.00 0.00 2004458
30m 0.63 0.63 1.85 40.67 -19.06 0.03 0.05 1272 -384 0.00 0.00 147763
300m Wav 2m 0.14 0.14 1.70 33.50 -4.58 0.00 0.00 17775 -1428 0.00 0.00 2040157
30m 0.63 0.63 1.85 40.69 -19.06 0.03 0.05 1273 -385 0.00 0.00 148322
2m 0.31 0.31 157 29.05 -3.04 0.00 0.00 55879 -3089 0.00 0.00 9544094
v 30m 0.30 0.30 2.33 29.25 -5.65 0.01 0.02 2259 -233 0.00 0.00 54064
100m 2m 0.33 0.33 154 29.12 -3.09 0.00 0.00 56226 -3248 0.00 0.00 10551109
wav 30m 0.48 0.48 2.01 30.02 -6.80 0.01 0.02 2650 -343 0.00 0.00 117488
2m 0.22 0.22 1.67 31.60 -6.06 0.00 0.00 19956 -2445 0.00 0.00 5975877
v 30m 0.22 0.22 244 34.09 -11.53 0.04 0.06 871 -193 0.00 0.00 37298
MK 200m WEV 2m 0.24 0.24 1.64 31.93 -6.42 0.00 0.00 19713 -2593 0.00 0.00 6724289
30m 0.44 0.44 2.07 37.18 -15.69 0.03 0.05 1111 -320 0.00 0.00 102082
Vv 2m 0.18 0.18 171 31.79 -6.28 0.00 0.00 17036 -2162 0.00 0.00 4672386
300m 30m 0.26 0.26 2.39 37.56 -16.83 0.05 0.08 723 -212 0.00 0.00 44803
WEV 2m 0.20 0.20 1.69 3221 -6.76 0.00 0.00 16534 -2286 0.00 0.00 5225048
30m 0.45 0.45 2.06 40.68 -20.85 0.04 0.06 929 -323 0.00 0.00 104460




Table 4 OLS regression statistics between heat mitigation index and land surface temperature at 2m and 30m spatial resolution for individual LC classes in Bedford

LC dC_oollng Cooling Sp. Res Rsq Adj. Rsq SE Intercept a SEa SEb tvalue a tvalue b Probta Probth f statistic
istance features
2m 0.12 0.12 1.07 32.06 -1.91 0.00 0.00 26475 -389 0.00 0.00 151219
100 v 30m 0.48 0.48 1.39 33.24 -7.58 0.04 0.12 874 -64 0.00 0.00 4144
m W&V 2m 0.14 0.14 1.06 32.08 -1.93 0.00 0.00 26606 -411 0.00 0.00 168792
30m 0.52 0.52 1.34 33.29 -7.59 0.04 0.11 912 -69 0.00 0.00 4767
2m 0.19 0.19 1.03 33.88 -3.87 0.00 0.01 7896 -495 0.00 0.00 244906
v 30m 0.50 0.50 1.37 37.53 -10.94 0.10 0.16 386 -67 0.00 0.00 4443
B 200m W&V 2m 0.18 0.18 1.04 33.92 -3.82 0.00 0.01 7605 -483 0.00 0.00 233084
30m 0.50 0.50 1.37 37.74 -11.05 0.10 0.17 377 -67 0.00 0.00 4466
Vv 2m 0.15 0.15 1.06 3431 -4.44 0.01 0.01 5914 -436 0.00 0.00 189733
300m 30m 0.52 0.52 1.35 40.08 -14.71 0.13 0.21 307 -69 0.00 0.00 4736
Wav 2m 0.14 0.14 1.06 3431 -4.29 0.01 0.01 5616 -413 0.00 0.00 170585
30m 0.50 0.50 1.37 40.32 -14.73 0.14 0.22 290 -66 0.00 0.00 4413
2m 0.26 0.26 1.67 31.10 -3.61 0.00 0.00 12041 -754 0.00 0.00 567788
100m v 30m 0.40 0.40 2.25 32.46 -7.34 0.04 0.06 727 -123 0.00 0.00 15151
2m 0.29 0.29 1.64 31.23 -3.75 0.00 0.00 12122 -808 0.00 0.00 653223
wav 30m 0.49 0.49 2.08 33.23 -8.09 0.04 0.06 776 -147 0.00 0.00 21532
v 2m 0.11 0.11 1.83 33.07 -5.90 0.01 0.01 3970 -444 0.00 0.00 197356
30m 0.40 0.40 2.26 38.56 -15.05 0.09 0.12 413 -122 0.00 0.00 14989
¢ 200m 2m 0.14 0.14 1.80 33.65 -6.67 0.01 0.01 4024 -513 0.00 0.00 262964
wav 30m 0.50 0.50 2.06 40.54 -17.13 0.09 0.11 453 -150 0.00 0.00 22480
Vv 2m 0.06 0.06 1.88 3251 -4.98 0.01 0.02 3378 -325 0.00 0.00 105521
300m 30m 0.38 0.38 2.29 39.93 -17.28 0.11 0.15 368 -118 0.00 0.00 13880
2m 0.09 0.09 1.86 33.25 -5.99 0.01 0.02 3368 -392 0.00 0.00 153684
wav 30m 0.48 0.48 2.11 42.43 -20.03 0.11 0.14 397 -143 0.00 0.00 20421
2m 0.15 0.15 1.27 31.49 -2.32 0.00 0.00 30906 -606 0.00 0.00 366664
100m v 30m 0.36 0.36 181 32.08 -6.16 0.03 0.08 1121 -80 0.00 0.00 6430
2m 0.17 0.17 1.26 31.52 -2.36 0.00 0.00 31138 -653 0.00 0.00 426111
wav 30m 0.44 0.44 171 32.25 -6.42 0.03 0.07 1201 -94 0.00 0.00 8746
v 2m 0.18 0.18 1.25 33.90 -4.92 0.00 0.01 8313 -680 0.00 0.00 462553
30m 0.33 0.33 1.86 35.88 -9.47 0.08 0.13 462 -75 0.00 0.00 5565
P 200m 2m 0.19 0.19 1.25 33.96 -4.88 0.00 0.01 8200 -684 0.00 0.00 467654
wav 30m 0.40 0.40 1.76 36.64 -10.40 0.08 0.12 487 -87 0.00 0.00 7591
v 2m 0.16 0.16 1.27 34.35 -5.50 0.01 0.01 6572 -614 0.00 0.00 376892
30m 0.40 0.40 1.76 39.12 -14.28 0.10 0.16 378 -87 0.00 0.00 7546
300m 2m 0.15 0.15 1.27 34.40 -5.40 0.01 0.01 6414 -607 0.00 0.00 369008
wav 30m 0.48 0.48 1.64 40.29 -15.64 0.10 0.15 402 -102 0.00 0.00 10307
2m 0.12 0.12 1.59 3111 -2.16 0.00 0.01 8719 -282 0.00 0.00 79595
v 30m 0.57 0.57 1.74 32.92 -7.99 0.06 0.12 536 -66 0.00 0.00 4347
100m 2m 0.14 0.14 1.57 31.18 -2.28 0.00 0.01 8732 -305 0.00 0.00 92827
SGH wav 30m 0.68 0.68 1.50 33.19 -8.19 0.05 0.10 633 -84 0.00 0.00 6989
v 2m 0.09 0.09 1.62 32.74 -3.99 0.01 0.02 3065 -234 0.00 0.00 54721
200m 30m 0.50 0.50 1.87 40.90 -17.54 0.20 0.31 202 -57 0.00 0.00 3306
W&V 2m 0.11 0.11 1.60 33.06 -4.42 0.01 0.02 3027 -258 0.00 0.00 66776



LC dC_ooIlng Cooling Sp. Res Rsq Adj. Rsq SE Intercept a SEa SEb tvalue a tvalue b Probta Probth f statistic
istance features
30m 0.64 0.63 1.61 41.97 -18.62 0.17 0.25 248 -75 0.00 0.00 5657
2m 0.07 0.07 1.63 32.73 -3.90 0.01 0.02 2749 -208 0.00 0.00 43235
300 v 30m 0.50 0.50 1.89 43.11 -20.75 0.24 0.37 176 -57 0.00 0.00 3198
m 2m 0.09 0.09 1.62 33.16 -4.47 0.01 0.02 2657 -233 0.00 0.00 54117
wav 30m 0.60 0.60 1.69 44.18 -21.71 0.21 0.31 206 -70 0.00 0.00 4835
v 2m 0.05 0.05 2.04 31.20 -1.97 0.01 0.01 5835 -280 0.00 0.00 78191
30m 0.60 0.60 2.04 33.36 -9.49 0.05 0.08 675 -120 0.00 0.00 14352
100m 2m 0.06 0.06 2.04 31.27 -2.04 0.01 0.01 5788 -289 0.00 0.00 83520
wav 30m 0.70 0.70 1.75 33.87 -9.88 0.04 0.07 791 -151 0.00 0.00 22832
v 2m 0.04 0.04 2.05 33.08 -4.25 0.01 0.02 2553 -257 0.00 0.00 65869
b 200m 30m 0.54 0.54 2.18 42.69 -20.88 0.14 0.20 305 -106 0.00 0.00 11307
T 2m 0.05 0.05 2.05 3331 -4.50 0.01 0.02 2476 -264 0.00 0.00 69602
wav 30m 0.66 0.66 1.87 44.40 -22.67 0.12 0.16 368 -138 0.00 0.00 18974
2m 0.04 0.04 2.06 33.08 -4.22 0.01 0.02 2407 -242 0.00 0.00 58411
300 v 30m 0.53 0.53 2.21 45.08 -24.35 0.17 0.23 271 -104 0.00 0.00 10746
m W&V 2m 0.04 0.04 2.05 33.42 -4.63 0.01 0.02 2275 -249 0.00 0.00 61990
30m 0.62 0.62 1.98 46.94 -26.32 0.15 0.21 310 -126 0.00 0.00 15913
2m 0.02 0.02 2.09 30.17 -2.41 0.09 0.12 324 -21 0.00 0.00 435
v 30m 0.36 0.35 2.27 3191 -8.32 0.57 0.78 56 -11 0.00 0.00 113
100m Wav 2m 0.03 0.03 2.08 30.55 -2.86 0.10 0.12 317 -24 0.00 0.00 580
30m 0.51 0.51 1.97 33.46 -9.88 0.52 0.67 64 -15 0.00 0.00 217
v 2m 0.02 0.02 2.09 31.96 -4.59 0.19 0.24 166 -19 0.00 0.00 370
30m 0.38 0.38 2.23 39.73 -18.26 1.23 1.63 32 -11 0.00 0.00 126
T 200m 2m 0.02 0.02 2.09 32.54 -5.28 0.21 0.25 158 -21 0.00 0.00 432
wav 30m 0.59 0.59 1.82 45.06 -24.32 112 1.42 40 -17 0.00 0.00 293
2m 0.02 0.02 2.09 31.70 -4.25 0.20 0.25 159 -17 0.00 0.00 301
300 v 30m 0.38 0.37 2.23 42.22 -21.92 1.46 1.96 29 -11 0.00 0.00 124
m W&V 2m 0.02 0.02 2.09 32.38 -5.08 0.22 0.27 149 -19 0.00 0.00 360
30m 0.55 0.55 1.90 48.22 -28.88 141 1.82 34 -16 0.00 0.00 251
2m 0.07 0.07 1.99 25.53 -2.21 0.01 0.03 2067 -68 0.00 0.00 4596
v 30m 0.03 0.03 2.24 23.84 1.50 0.11 0.22 224 7 0.00 0.00 47
100m W&V 2m 0.07 0.07 1.99 26.24 -2.06 0.02 0.03 1217 -67 0.00 0.00 4491
30m 0.48 0.48 1.63 31.69 -8.81 0.19 0.23 166 -39 0.00 0.00 1499
Vv 2m 0.17 0.17 1.89 28.61 -6.67 0.03 0.06 832 -111 0.00 0.00 12282
W 200m 30m 0.02 0.02 2.25 23.03 2.29 0.26 0.40 90 6 0.00 0.00 33
2m 0.06 0.06 2.01 27.24 -3.49 0.04 0.06 684 -60 0.00 0.00 3610
wav 30m 0.47 0.47 1.65 36.48 -15.14 0.32 0.40 114 -38 0.00 0.00 1422
2m 0.11 0.11 1.94 28.35 -6.15 0.04 0.07 720 -90 0.00 0.00 8024
300m v 30m 0.00 0.00 2.27 25.05 -0.91 0.40 0.61 63 -1 0.00 0.14 2
2m 0.05 0.05 2.02 27.16 -3.49 0.04 0.06 645 -55 0.00 0.00 3011
wav 30m 0.40 0.40 1.75 37.25 -16.78 0.39 0.51 95 -33 0.00 0.00 1084




Table 5 OLS regression statistics between heat mitigation index and land surface temperature at 2m and 30m spatial resolution for individual LC classes in Luton

LC gg?;::;ge Eez?lzlrgg Sp. Res Rsq Adj. Rsq SE Intercept a SEa SEb tvalue a tvalueb Probta Probtb f statistic
2m 0.08 0.08 114 32.04 -2.32 0.00 0.01 34986 -412 0.00 0.00 169706
100m v 30m 0.32 0.32 1.82 33.26 -10.53 0.04 0.16 881 -66 0.00 0.00 4344
2m 0.08 0.08 1.14 32.04 -2.33 0.00 0.01 35031 -417 0.00 0.00 174085
wav 30m 0.32 0.32 1.82 33.26 -10.48 0.04 0.16 883 -66 0.00 0.00 4344
v 2m 0.34 0.34 0.96 33.99 -4.70 0.00 0.00 15528 -1024 0.00 0.00 1048442
30m 0.42 0.42 1.68 36.05 -9.89 0.06 0.12 576 -82 0.00 0.00 6767
B 200m Wav 2m 0.34 0.34 0.96 33.99 -4.70 0.00 0.00 15506 -1024 0.00 0.00 1049101
30m 0.42 0.42 1.68 36.06 -9.88 0.06 0.12 575 -82 0.00 0.00 6755
v 2m 0.22 0.22 1.04 34.48 -5.35 0.00 0.01 9897 -771 0.00 0.00 594931
30m 0.35 0.35 1.79 37.97 -12.85 0.10 0.18 381 -70 0.00 0.00 4918
300m 2m 0.23 0.23 1.04 34.50 -5.39 0.00 0.01 9851 -174 0.00 0.00 598881
wav 30m 0.35 0.35 1.78 38.02 -12.91 0.10 0.18 380 -70 0.00 0.00 4939
2m 0.32 0.32 1.66 31.67 -4.46 0.00 0.00 16670 -1120 0.00 0.00 1254211
100 v 30m 0.59 0.59 1.84 32.20 -7.54 0.03 0.04 1159 -180 0.00 0.00 32393
m WEV 2m 0.32 0.32 1.65 31.69 -4.49 0.00 0.00 16776 -1139 0.00 0.00 1298204
30m 0.59 0.59 1.84 3221 -7.54 0.03 0.04 1157 -180 0.00 0.00 32385
2m 0.09 0.09 1.92 32.74 -5.19 0.01 0.01 5692 -510 0.00 0.00 259892
v 30m 0.58 0.58 1.85 38.36 -15.59 0.06 0.09 625 -177 0.00 0.00 31416
¢ 200m oy 2m 0.09 0.09 191 32.83 -5.33 0.01 0.01 5729 -528 0.00 0.00 278525
30m 0.58 0.58 1.85 38.40 -15.63 0.06 0.09 624 -177 0.00 0.00 31505
v 2m 0.03 0.03 1.98 31.64 -3.21 0.01 0.01 4793 -274 0.00 0.00 74937
30m 0.54 0.54 194 39.95 -18.37 0.08 0.11 525 -163 0.00 0.00 26642
300m 2m 0.03 0.03 1.98 31.74 -3.37 0.01 0.01 4799 -288 0.00 0.00 82925
wav 30m 0.54 0.54 1.94 40.02 -18.44 0.08 0.11 524 -163 0.00 0.00 26723
2m 0.13 0.13 1.17 31.69 -2.47 0.00 0.00 53122 -818 0.00 0.00 669911
100 v 30m 0.29 0.29 1.79 31.93 -7.27 0.02 0.07 1518 -97 0.00 0.00 9423
m WEV 2m 0.13 0.13 1.16 31.70 -2.49 0.00 0.00 53241 -835 0.00 0.00 696582
30m 0.29 0.29 1.79 31.93 -7.24 0.02 0.07 1522 -97 0.00 0.00 9463
2m 0.25 0.25 1.08 33.57 -4.35 0.00 0.00 19140 -1239 0.00 0.00 1534545
v 30m 0.36 0.36 1.70 35.15 -9.19 0.04 0.08 788 -113 0.00 0.00 12876
P 200m WEV 2m 0.25 0.25 1.08 33.58 -4.37 0.00 0.00 19150 -1245 0.00 0.00 1550847
30m 0.36 0.36 1.70 35.16 -9.18 0.04 0.08 788 -114 0.00 0.00 12909
Vv 2m 0.19 0.19 1.12 34.06 -5.08 0.00 0.00 13478 -1042 0.00 0.00 1085690
300m 30m 0.42 0.42 1.63 37.71 -13.34 0.06 0.10 633 -127 0.00 0.00 16217
2m 0.19 0.19 1.12 34.09 -5.11 0.00 0.00 13467 -1050 0.00 0.00 1102326
wav 30m 0.42 0.42 1.63 37.74 -13.37 0.06 0.10 633 -128 0.00 0.00 16297
2m 0.12 0.12 144 31.48 -2.09 0.00 0.01 13349 -359 0.00 0.00 129224
100 v 30m 0.64 0.64 1.26 3231 -7.89 0.03 0.09 960 -92 0.00 0.00 8539
m WEV 2m 0.12 0.12 144 31.49 -2.11 0.00 0.01 13371 -365 0.00 0.00 133014
SGH 30m 0.64 0.64 1.26 32.30 -7.86 0.03 0.09 960 -92 0.00 0.00 8522
2m 0.08 0.08 147 32.52 -3.12 0.01 0.01 5355 -290 0.00 0.00 84011
200m v 30m 0.61 0.61 1.30 38.64 -15.27 0.10 0.17 373 -88 0.00 0.00 7720
W&V 2m 0.08 0.08 147 32.55 -3.16 0.01 0.01 5350 -293 0.00 0.00 86117



Cooling

Cooling

LC di Sp. Res Rsq Adj. Rsq SE Intercept a SEa SEb tvalue a tvalueb Probta Probtb f statistic
istance features
30m 0.61 0.61 1.30 38.65 -15.27 0.10 0.17 373 -88 0.00 0.00 7734
2m 0.05 0.05 1.50 32.27 -2.61 0.01 0.01 4815 -223 0.00 0.00 49790
300 v 30m 0.57 0.57 1.37 40.06 -17.46 0.13 0.22 308 -81 0.00 0.00 6505
m WavY 2m 0.05 0.05 1.50 32.30 -2.65 0.01 0.01 4799 -226 0.00 0.00 51156
30m 0.57 0.57 1.37 40.09 -17.49 0.13 0.22 308 -81 0.00 0.00 6525
2m 0.04 0.04 2.14 31.35 -1.72 0.00 0.01 7118 -297 0.00 0.00 88305
v 30m 0.72 0.72 1.46 32.81 -9.30 0.03 0.05 1238 -182 0.00 0.00 33205
100m WavY 2m 0.04 0.04 2.14 3137 -1.74 0.00 0.01 7116 -300 0.00 0.00 90238
30m 0.73 0.73 145 32.81 -9.27 0.03 0.05 1239 -182 0.00 0.00 33255
Vv 2m 0.03 0.03 2.15 3251 -3.10 0.01 0.01 3653 -272 0.00 0.00 74166
T 200m 30m 0.71 0.71 1.50 40.83 -19.21 0.07 0.11 573 -175 0.00 0.00 30580
2m 0.03 0.03 2.15 32.53 -3.12 0.01 0.01 3642 -274 0.00 0.00 74842
wav 30m 0.71 0.71 1.50 40.86 -19.22 0.07 0.11 573 -175 0.00 0.00 30637
2m 0.03 0.03 2.15 32.45 -3.02 0.01 0.01 3458 -252 0.00 0.00 63457
300m v 30m 0.69 0.69 1.55 42.58 -21.88 0.08 0.13 502 -167 0.00 0.00 27952
2m 0.03 0.03 2.15 32.47 -3.04 0.01 0.01 3444 -253 0.00 0.00 63950
wav 30m 0.69 0.69 1.54 42.64 -21.94 0.08 0.13 502 -168 0.00 0.00 28077
v
100m me
W&V 30m
Vv 2m
Tc 200m 2?nm
W&V 30m
v 2m
300m 2Omm
W&V 30m
v 2m 0.15 0.15 2.68 28.82 -4.00 0.05 0.08 627 -50 0.00 0.00 2542
30m 0.49 0.49 1.82 32.03 -8.32 0.53 0.94 60 -9 0.00 0.00 78
100m Wav 2m 0.25 0.25 2.52 29.70 -5.22 0.05 0.08 634 -69 0.00 0.00 4806
30m 0.56 0.55 171 32.42 -8.38 0.51 0.84 64 -10 0.00 0.00 100
v 2m 0.04 0.04 2.86 29.36 -4.26 0.11 0.18 259 -23 0.00 0.00 535
30m 0.61 0.61 1.59 40.91 -20.66 1.19 1.83 34 -11 0.00 0.00 127
w 200m 2m 0.05 0.05 2.83 30.00 -5.22 0.11 0.18 261 -28 0.00 0.00 810
wav 30m 0.64 0.63 1.54 41.12 -20.69 1.15 1.75 36 -12 0.00 0.00 140
2m 0.00 0.00 291 27.04 -0.41 0.12 0.20 228 -2 0.00 0.04 4
300 v 30m 0.60 0.59 1.63 44.01 -26.08 1.52 2.40 29 -11 0.00 0.00 118
m 2m 0.00 0.00 291 27.39 -1.00 0.12 0.20 225 -5 0.00 0.00 24
wav 30m 0.62 0.61 1.58 44.40 -26.46 1.48 2.33 30 -11 0.00 0.00 129




Table 6 OLS regression statistics between heat mitigation index and land surface temperature at 2m and 30m spatial resolution for individual LC classes in Milton Keynes.

LC dC'oollng Cooling Sp. Res Rsq Adj. Rsq SE Intercepta b SEa SEb t value a tvalue b Probta Prob tb f statistic
istance features
2m 0.08 0.08 1.03 29.70 -1.65 0.00 0.00 38155 -443 0.00 0.00 195954
100 v 30m 0.28 0.28 1.92 30.89 -8.48 0.04 0.13 862 -64 0.00 0.00 4100
m Wav 2m 0.09 0.09 1.02 29.72 -1.71 0.00 0.00 38472 -490 0.00 0.00 239828
30m 0.29 0.29 1.90 30.86 -8.18 0.03 0.12 889 -66 0.00 0.00 4331
2m 0.17 0.17 0.98 31.49 -3.77 0.00 0.01 10931 -701 0.00 0.00 491411
v 30m 0.27 0.27 1.92 34.66 -10.18 0.09 0.16 377 -64 0.00 0.00 4052
B 200m Wav 2m 0.16 0.16 0.98 31.40 -3.50 0.00 0.01 10946 -672 0.00 0.00 452023
30m 0.27 0.27 1.92 34.58 -9.81 0.09 0.16 378 -63 0.00 0.00 3983
Vv 2m 0.14 0.14 1.00 32.10 -4.71 0.00 0.01 7505 -610 0.00 0.00 372047
300m 30m 0.26 0.26 1.94 37.21 -14.12 0.14 0.23 270 -61 0.00 0.00 3676
Wav 2m 0.12 0.12 1.01 31.85 -4.10 0.00 0.01 7565 -559 0.00 0.00 312291
30m 0.24 0.24 1.97 36.73 -12.94 0.14 0.22 269 -58 0.00 0.00 3325
2m 0.24 0.24 1.60 28.66 -3.26 0.00 0.00 20027 -1304 0.00 0.00 1700712
100m v 30m 0.35 0.35 1.84 29.53 -5.62 0.03 0.04 1108 -132 0.00 0.00 17540
2m 0.27 0.27 1.56 28.81 -3.37 0.00 0.00 20149 -1418 0.00 0.00 2012127
wav 30m 0.43 0.43 1.73 29.93 -6.08 0.03 0.04 1173 -155 0.00 0.00 24045
v 2m 0.14 0.14 1.69 31.13 -6.70 0.00 0.01 7067 -946 0.00 0.00 894403
30m 0.32 0.32 1.88 35.87 -14.28 0.08 0.12 456 -123 0.00 0.00 15147
¢ 200m 2m 0.17 0.17 1.66 3151 -7.03 0.00 0.01 7408 -1071 0.00 0.00 1146189
wav 30m 0.41 0.41 1.75 37.26 -15.87 0.07 0.10 508 -151 0.00 0.00 22890
Vv 2m 0.09 0.09 1.74 30.91 -6.41 0.01 0.01 5911 -752 0.00 0.00 564823
300m 30m 0.29 0.29 1.92 37.75 -17.35 0.10 0.15 377 -115 0.00 0.00 13321
2m 0.12 0.12 1.72 3134 -6.81 0.01 0.01 6169 -859 0.00 0.00 738367
wav 30m 0.37 0.37 1.81 39.09 -18.77 0.09 0.14 418 -138 0.00 0.00 19047
2m 0.17 0.17 1.37 28.96 -2.33 0.00 0.00 46316 -1170 0.00 0.00 1369686
100m v 30m 0.27 0.27 1.89 29.54 -5.78 0.02 0.05 1558 -109 0.00 0.00 11884
2m 0.19 0.19 1.35 29.00 -2.35 0.00 0.00 46613 -1260 0.00 0.00 1586887
wav 30m 0.31 0.31 1.84 29.62 -5.85 0.02 0.05 1625 -119 0.00 0.00 14267
v 2m 0.16 0.16 1.37 31.22 -4.84 0.00 0.00 12878 -1121 0.00 0.00 1256639
30m 0.24 0.24 1.93 33.40 -9.43 0.06 0.09 590 -100 0.00 0.00 10086
P 200m 2m 0.17 0.17 1.37 31.32 -4.86 0.00 0.00 12961 -1166 0.00 0.00 1358965
wav 30m 0.28 0.28 1.87 33.90 -10.01 0.06 0.09 614 -112 0.00 0.00 12568
v 2m 0.13 0.13 1.40 31.82 -5.74 0.00 0.01 9690 -1003 0.00 0.00 1006163
30m 0.30 0.30 1.85 36.94 -14.96 0.08 0.13 468 -117 0.00 0.00 13603
300m 2m 0.14 0.14 1.39 31.85 -5.59 0.00 0.01 9832 -1025 0.00 0.00 1051176
wav 30m 0.33 0.33 1.81 37.21 -14.98 0.08 0.12 493 -125 0.00 0.00 15736
2m 0.13 0.13 153 28.69 -2.07 0.00 0.00 13569 -484 0.00 0.00 233993
v 30m 0.41 0.41 1.70 29.94 -6.54 0.04 0.09 714 -72 0.00 0.00 5119
100m 2m 0.16 0.16 1.50 28.78 -2.21 0.00 0.00 13661 -537 0.00 0.00 288347
SGH wav 30m 0.47 0.47 1.62 30.08 -6.62 0.04 0.08 763 -80 0.00 0.00 6457
v 2m 0.07 0.07 1.58 30.01 -3.52 0.01 0.01 4674 -342 0.00 0.00 116691
200m 30m 0.40 0.40 1.72 38.30 -17.39 0.16 0.25 239 -69 0.00 0.00 4786
W&V 2m 0.09 0.09 1.56 30.40 -4.05 0.01 0.01 4651 -396 0.00 0.00 156857



LC g'oolmg Cooling Sp. Res Rsq Adj. Rsq SE Intercept a SEa SEb tvalue a tvalue b Probta Prob tb f statistic
istance features
30m 0.45 0.45 1.64 38.61 -17.48 0.15 0.23 263 -78 0.00 0.00 6015
2m 0.05 0.05 1.60 29.75 -3.08 0.01 0.01 4239 -274 0.00 0.00 75161
300 v 30m 0.37 0.37 1.76 40.19 -20.30 0.20 0.31 203 -65 0.00 0.00 4273
m 2m 0.06 0.06 1.59 30.16 -3.63 0.01 0.01 4130 -320 0.00 0.00 102372
wav 30m 0.41 0.41 171 40.29 -19.92 0.18 0.28 219 -71 0.00 0.00 5039
v 2m 0.08 0.08 177 28.58 -2.24 0.00 0.00 10635 -636 0.00 0.00 404612
30m 0.51 0.51 1.75 30.43 -8.11 0.03 0.05 1011 -148 0.00 0.00 21988
100m 2m 0.09 0.09 1.76 28.72 -2.40 0.00 0.00 10526 -677 0.00 0.00 458678
wav 30m 0.57 0.57 1.63 30.65 -8.21 0.03 0.05 1096 -168 0.00 0.00 28333
v 2m 0.06 0.06 1.79 30.37 -4.39 0.01 0.01 4782 -542 0.00 0.00 293463
b 200m 30m 0.48 0.48 1.81 40.30 -20.85 0.10 0.15 398 -139 0.00 0.00 19288
T 2m 0.07 0.07 1.78 30.80 -4.93 0.01 0.01 4577 -576 0.00 0.00 331797
wav 30m 0.55 0.55 1.67 41.14 -21.60 0.09 0.13 446 -162 0.00 0.00 26102
2m 0.05 0.05 1.80 30.31 -4.31 0.01 0.01 4561 -509 0.00 0.00 258852
300 v 30m 0.48 0.48 1.80 42.56 -24.19 0.12 0.17 363 -139 0.00 0.00 19408
m Wav 2m 0.06 0.06 1.79 30.76 -4.87 0.01 0.01 4293 -535 0.00 0.00 285733
30m 0.53 0.53 171 43.32 -24.70 0.11 0.16 394 -155 0.00 0.00 24078
2m 0.05 0.05 1.74 28.29 -1.93 0.01 0.01 3982 -209 0.00 0.00 43674
v 30m 0.51 0.50 1.62 30.61 -7.90 0.07 0.13 424 -62 0.00 0.00 3796
100m Wav 2m 0.06 0.06 1.73 28.44 -2.12 0.01 0.01 3900 -225 0.00 0.00 50697
30m 0.58 0.58 1.49 30.89 -8.13 0.07 0.11 464 -71 0.00 0.00 5085
v 2m 0.03 0.03 1.76 29.28 -3.11 0.02 0.02 1929 -161 0.00 0.00 25901
30m 0.48 0.48 1.66 39.85 -20.04 0.23 0.34 172 -58 0.00 0.00 3389
Te 200m 2m 0.04 0.04 1.75 29.65 -3.57 0.02 0.02 1821 -173 0.00 0.00 29939
wav 30m 0.55 0.55 1.55 40.73 -20.87 0.21 0.31 190 -67 0.00 0.00 4435
2m 0.03 0.03 1.76 29.14 -2.93 0.02 0.02 1865 -147 0.00 0.00 21736
300 v 30m 0.46 0.46 1.69 41.37 -22.29 0.27 0.40 155 -56 0.00 0.00 3146
m Wav 2m 0.03 0.03 1.76 29.50 -3.37 0.02 0.02 1731 -156 0.00 0.00 24348
30m 0.50 0.50 1.63 42.07 -22.77 0.26 0.37 163 -61 0.00 0.00 3709
2m 0.05 0.05 1.96 23.24 -2.00 0.00 0.01 6055 -176 0.00 0.00 30972
v 30m 0.12 0.12 2.40 21.52 4.12 0.08 0.21 266 20 0.00 0.00 385
100m Wav 2m 0.04 0.04 1.97 24.39 -2.09 0.01 0.01 2212 -154 0.00 0.00 23722
30m 0.61 0.61 1.59 32.01 -11.66 0.14 0.18 224 -66 0.00 0.00 4320
Vv 2m 0.09 0.09 1.92 24.48 -3.59 0.01 0.02 3150 -237 0.00 0.00 56223
W 200m 30m 0.23 0.23 2.25 19.00 7.28 0.14 0.26 135 29 0.00 0.00 815
2m 0.00 0.00 2.00 23.83 -1.46 0.02 0.03 1127 -52 0.00 0.00 2726
wav 30m 0.56 0.56 171 41.70 -24.76 0.32 0.42 128 -58 0.00 0.00 3410
2m 0.02 0.02 1.98 24.70 -3.61 0.02 0.03 1504 -121 0.00 0.00 14670
300m v 30m 0.24 0.24 2.23 15.12 13.33 0.27 0.46 57 29 0.00 0.00 857
2m 0.00 0.00 2.01 23.10 -0.51 0.02 0.03 978 -15 0.00 0.00 236
wav 30m 0.39 0.39 2.01 41.37 -25.37 0.45 0.61 92 -41 0.00 0.00 1718
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Figure 5 Means(points) and standard deviations (whiskers) of land surface temperature in each LC type across Bedford - BD, Luton - LT and Milton
Keynes - MK and at two spatial resolutions: 2m and 3030 m. B — buildings, G — grass, P — paved, SGH — short trees/tall grass/hedge, Th — broadleaf
trees, Tc — coniferous trees, W — water





