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spaces of an urban heat island

James Parker @, Martin Fletcher and Felix Thomas

School of the Built Environment, Engineering and Computing, Leeds Sustainability Institute, Leeds Beckett University, Leeds, UK

ABSTRACT

Urban green spaces are acknowledged as a vital component in a healthy city, providing a wealth of
benefits. Urban green infrastructure (UGI) can help to moderate the intensity of the Urban heat
Island (UHI), there is however a lack of high temporal and spatial ground-level data that quantifies
the impact of UGI on air temperature and human comfort within UHI areas, and particularly for
cities in temperate marine climates, which are not comprehensively understood. This paper
therefore uses data from a high-resolution monitoring campaign in the UK city of Leeds to describe
the diurnal characteristics of air temperature in grey and green spaces between May and August
2021. Average UHI intensity during this period was 0.9 °K, with a summer maximum of 3.1 °K
occurring in late evening. Although there is variation across the monitoring sites, green space was
on average 0.7 °K cooler than the grey spaces during the summer months, and up to 2.6 °K cooler
on some of the hottest days. Air temperature in urban woods was up to 4.0 °K cooler on the hottest
days. These measured data demonstrate the influence of UGI on air temperature in UHI areas, and
quantify the impact of different types of UGI, identifying the UGI types that are most effective at
regulating higher summertime air temperature. Results presented here provide valuable quanti-
tative data that can support the protection and expansion of urban green space as part of policy
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development and urban planning in practice.

1. Introduction

Urban areas often experience higher temperature than
the surrounding rural areas, a phenomenon described as
the Urban Heat Island (UHI) (Akbari & Kolokotsa,
2016; Oke, 1976; Taha, 1997; Yamashita & Sekine,
1990). Human activities such as changes in land use
and conditioning buildings have led to UHIs being
observed throughout the world. The UHI effect has
been recognised since the middle of the 20™ century
(Oke, 1976) and recent decades have seen a continual
increase in UHI focused research, driven by the avail-
ability of remote sensing data, the wider deployment of
maturing sensor technologies, growth in urban popula-
tions and the individual nature of each city’s heat island
(Mirzaei & Haghighat, 2010; Stewart, 2011). Hotter
weather in Subtropical, Mediterranean and Arid cli-
matic regions can lead to more extreme UHI intensity
(UHII) (Akbari & Kolokotsa, 2016; Q. Huang & Lu,
2018; Stewart, 2011). However, UHI effects are also
evident in cooler Maritime climates like that found in
the UK, and climate change is expected to increase the
intensity of heatwaves and the UHI in the future
(Demanuele et al., 2012; Levermore et al., 2015;

Oikonomou et al., 2012; Skelhorn et al., 2016; Taylor
et al,, 2017). The UHII in the city of Leeds during the
period 7 May to 25 August 2021 is characterised in the
first part of this paper, using measured near-ground air
temperature data from a network of 57 sensors installed
throughout the city; the Leeds UHI during the summer
heatwave of 2013 has been quantified in previous work
(Parker, 2021).

Installation and administrative requirements related
to this size of sensor network in public urban spaces are
non-trivial, and it is the authors’ long-term professional
working relationship with Leeds City Council that facili-
tated the deployment of this sensor network. Data from
the network is shared with the City Council and will be
used in future projects. It was the approval for the
overall sensor network installations that led to the
opportunity to study conditions in Leeds specifically.
This work also uses third-party data from the ERA5
Copernicus Climate Data Store as a cross-refence with
the local observations (Hersbach et al., 2023). Diurnal
patterns of the UHII during this period are presented in
the results, and the significance of the reference sites
used to calculate the UHII is evaluated.
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The UHII conditions of smaller cities in Maritime cli-
mates are not as well understood in the existing literature,
and access to high temporal and spatial resolution observa-
tions is lacking in these areas. Increased understanding of
UHIs had led to exploration of potential mitigation meth-
ods (Aflaki et al., 2017; Akbari & Kolokotsa, 2016;
Aleksandrowicz et al., 2017). Measures that can help to
mitigate the UHII include the orientation of buildings to
sun and wind, reflective coatings for buildings and land-
cover (pavements and roads), and bodies of water and
green infrastructure (Aleksandrowicz et al, 2017). The
most commonly studied mitigation method is the use of
urban green infrastructure (UGI) as the shade and evapo-
transpiration effects from trees, ground vegetation (parks
and gardens for example), green roofs and green facades
can all help to reduce urban air temperature (Aflaki et al.,
2017; Akbari & Kolokotsa, 2016; Aleksandrowicz et al.,
2017; Doick et al, 2014; Norton et al, 2015; Vaz
Monteiro et al., 2016).

Measured data from the sensor network are used in
the second part of this paper to characterise the variance
between grey and green spaces. As noted above, there is
currently a lack of high spatial and temporal resolution
data collected at ground-level that quantifies these con-
ditions. Diurnal patterns of the temperature differences
are described, along with the context of the city’s topo-
graphy. These data are also used to compare thermal
comfort in grey and green spaces using the Universal
Thermal Climate Index (UTCI) metric (Blazejczyk et al.,
2013). The UTCI has not previously been used to under-
stand thermal comfort in this range of UGI categories,
and in this type of urban climate. Ultimately, the aim of
this work is to collate high-resolution data that quanti-
fies the impact of UGI in UHI areas and provides a
robust evidence base, that can in turn, help to inform
policy development and urban planning practices; ulti-
mately, this can support the retention of existing UGIs
and incentivise the addition of new UGI areas.

2. Literature review
2.1. Urban heat island intensity

An Urban Heat Island (UHI) describes the relative warmer
conditions found in built up areas when compared with
the rural surroundings (Levermore et al., 2015; Oke, 1976).
Higher urban air temperature and surface temperature are
both associated with the UHI effect (Stewart, 2011). Study
of the UHI can be divided into three categories, the canopy
UHI (using ground level measurements), the boundary
level UHI and the land surface UHI (Azevedo et al,
2016); this paper focuses on the canopy UHI using ground
level air temperature measurements. Remote sensing data

from satellites can be used to quantify UHI effects on
surface temperature for urban areas but inferring local air
temperature from these data is a non-trivial exercise (Cui
et al., 2017; Kawashima et al., 2000; Mahdavi et al., 2016).
Inherently, satellites only provide data for specific short
periods of time as they pass over parts of the Earth during
their orbit, therefore near-ground measurements are the
most effective means of characterising UHI effects on air
temperature at a high temporal resolution (Mahdavi et al.,
2016). As the focus of this paper is to explore the impact of
UGI on air temperature and human comfort within a UHI
area, the UHI values included in this section describe air
temperature measurements within the urban canopy.
More extreme effects of the UHI have been shown to be
greatest during nocturnal hours, therefore ground level
measurements play an important role in understanding
diurnal patterns; daytime air and surface temperature can
often be similar in UHI areas, whereas air temperature
during the night can be significantly higher (Kamarianakis
et al,, 2017; Levermore & Parkinson, 2019; Levermore et
al., 2015; Oke, 1982; Zhang et al., 2005). Higher night-time
air temperature can exacerbate overheating and reduce the
efficiency of mechanical cooling (Dobrovolny & Krahula,
2015; Giridharan et al., 2005; Kawashima et al., 2000; P.
Zhang et al,, 2010). Serious health conditions such as heat
stress, heat rash and cramps, heat exhaustion, heat stroke,
aggravation of cardiovascular disease, and, in the most
seriously circumstances, premature death, have all been
linked to the hotter conditions found in UHIs
(Grimmond, 2007; Jenkins et al., 2014; Li et al, 2013;
Mavrogianni et al., 2011; O’Lenick et al., 2019; Wu et al,
2014).

An average UHI intensity of between 1 °K and 3 °K has
been estimated for large cities across the globe, but values
differ from city to city as a range of local factors can
influence how the UHI manifests (Guattari et al., 2018).
Meteorological features such as wind speed and direction
and cloud cover influence the UHI directly (Bernard et
al., 2017; Oke, 1982) as do changes in landcover, with low
albedo manmade materials and increased thermal mass
leading to less heat being reflected and more heat being
stored in the city as a whole (Mohajerani et al., 2017; Oke,
1982). In European cities, a mean UHI intensity of
approximately 2.5 °K has been recorded, with summer
peak intensities being much higher during nocturnal
hours, measured data showing this can reach 8 °K in
Barcelona and 16 °K in Athens (Santamouris, 2007).
Similar peaks have been recorded in China and the
USA, with nocturnal peaks of 8 °K and 5 °K recorded in
Beijing and New York respectively (Cui et al, 2017;
Gaffin et al, 2008). The daytime UHI in New York
study has been shown to often be much lower and this



has been reflected by observations in the UK, where the
UHI is principally a nocturnal issue (Kolokotroni et al.,
2012; Levermore & Parkinson, 2019; Levermore et al.,
2015; Taylor et al., 2017). An average daily UHI of 2 °K
has been measured in London, however, night-time peaks
in UK cities can be significantly higher, peak summertime
values of 8 °K have been recorded in London and
Manchester, and a peak value of over 7 °K has been
observed in Birmingham (Azevedo et al, 2016;
Levermore & Parkinson, 2016; Levermore et al., 2015;
Tomlinson et al., 2013).

Whilst the focus of this work is on ground-level air
temperature conditions, land surface temperature has
been widely used to quantify the surface temperature
UHII, with remote sensing data now being readily avail-
able (Kamarianakis et al., 2017; Zhang et al., 2005; Zhou
et al., 2014); the density and physical layout of cities are
strongly linked with high UHII conditions.
Traditionally, landscape indicators have been used to
characterise the spatial pattern of land use, but recent
work has identified morphological spatial pattern ana-
lysis (MSPA) as a more effective means of characterising
the morphology or urban areas in the context of UHII
conditions, and the potential for green space to mitigate
these effects (Lin et al., 2024). This study demonstrated
that the quantity, compactness and spatial complexity of
urban areas were highly related to increased land surface
temperature, and that improving the quality of blue and
green infrastructure and that these should be as ‘orderly
as possible’ to most effectively mitigate against high
levels of urban heat (J. Lin et al., 2024). Ideally, in the
long-term, this would mean reducing the proportion of
built up area through careful urban planning, if possible,
as the density and area of built up areas is strongly
connected to high land surface temperatures, a signifi-
cant contributor to the overall UHIL

2.2. Green infrastructure mitigation of urban heat
island intensity

Green infrastructure, including parks, trees, green roofs,
and green fagades can all help to reduce UHII, along
with other measures such as reflective coatings (Akbari
& Kolokotsa, 2016; Aleksandrowicz et al., 2017). It is
important to note that different heat mitigation strate-
gies introduced to urban areas (for example green roofs,
reflective surfaces and street trees) can cause indirect
impacts. These can be positive, for instance, green roofs
can reduce urban heat and also reduce cooling energy
demand of buildings (Huang et al., 2023). Hedges in
urban streets can add to the evapotranspiration within
their microclimate, whilst promoting biodiversity
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(Sauerbrei et al., 2017) and mitigating against air pollu-
tion through their dense form and low height (Kumar et
al., 2022). However, some heat mitigation strategies
might have negative impacts. For example, reflective
pavements can cause glare or visual discomfort for
pedestrians and increase the heat load on human beings
are subjected to (Erell et al., 2014). Successful design of
heat mitigation strategies therefore requires careful con-
sideration of the local environment.

In drier climates reflective pavements can have sig-
nificant impacts as well; a study in Greece has shown
that 4500 m* of cool pavements within a park in Athens
helped reduced surface and air temperatures by 12 °K
and 1.9 °K respectively (Santamouris et al., 2012). Most
research suggests that UGI helps to reduce local air
temperature but the complex biological processes of
plants can sometimes lead to warming during different
parts of the day and in different seasons (Meili et al.,
2021). Meili et al cite global examples of daytime cooling
effects from trees being between 0.5 °K and 3.5 °K,
which is reduced to between 0.3 °K and 0.5 °K over-
night, but also cite examples of warming during noctur-
nal hours of up to 0.6 °K (Meili et al., 2021). Warming
effects from trees during springtime and summertime
daylight hours have been observed between 0.2 °K and a
maximum of 0.7 °K, partly due to the evapotranspira-
tion process and latent heat transfer (Meili et al., 2021).

Research based upon both measurement and model-
ling has been carried out to help quantify the extent to
which UGI can help mitigate the UHII. Measurement of
grey and green space at a high resolution can be resource
intensive, therefore physical modelling approaches pro-
vide a useful means to understand the mitigation poten-
tial of green space. Physical law-driven models can
theoretically quantify the influence of green infrastruc-
ture on microclimates, these have been used to predict
that green roofs can reduce discrete local air temperature
by between 0.4 °K and 1.7 °K, and green fagades by 1.6 in
tropical climates; modelled data also predicts peak reduc-
tions as high as 4 °K for green roofs alone (Chandramathy
& Kitchley, 2018; Herath et al., 2018a, 2018b; Ng et al.,
2012; Santamouris, 2014). Modelled results agree with
measured data, monitored green roofs have been shown
to reduce air temperature by 0.3 °K and 2.4 °K in tropical
climates (Konasova, 2017; Sun et al., 2012). A UK study
measured an average local reduction from green roofs of
1.1 °K (Speak et al., 2013).

2.3. Mitigation of urban heat island intensity from
green spaces

Larger UGI areas, including trees, small parks and larger
parks containing a mixture of UGISs, can be modelled to
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simulate wider impacts. Small groups of trees have been
modelled with results indicating a reduction of air tem-
perature by between 0.8 °K and 1.5 °K, similar models
suggest parks can reduce air temperature by between 1 °
K and 1.8 °K (Herath et al., 2018a; Ng et al,, 2012). A
data-driven model that combines remote sensing and
ground level observations estimates UGI in European
cities cools them by an average of 1.07 °K, and up to 2.9 °
K in hotter climates (Marando et al., 2022). Some smal-
ler scale studies comparing localised air temperature
within a microclimate have demonstrated significant
impact on temperature. A study in Oregon, USA,
showed that the air temperature in a campus park was
a mean of 5.8 °K cooler than the nearby asphalt car
parking area during July and August (Taleghani et al.,
2014). The same study reports the cooling impact of
vegetation and water within a bare courtyard as 1.6 °K
and 1.1 °K respectively (Taleghani et al., 2014). A similar
study in Salford, UK, carried out between May and
October 2017, measured air temperature differences
between a park and an asphalt car parking area. On
the hottest summer day, the maximum air temperature
difference was 3.6 °K during mid-afternoon. On aver-
age, the park was 1.1 °K cooler than the parking lot
during three days of a heat wave episode (Taleghani et
al,, 2019).

Meta studies of measured data summarise that the air
temperature at UGI sites is between 1-2 °K lower than
the surrounding grey spaces (Bowler et al., 2010; Wang
et al., 2022; Zhang et al., 2022). There are numerous
specific examples of the measured mitigating effects of
parks in particular. Ground level observations from
small parks in high-density cities have shown mean
reductions in air temperature of between 1.1 °K and
2.9 °K, with the difference being as high as 4.5 °K in
Ghardaia, Algeria, and 6 °K in Sacramento, USA (Lin et
al., 2017). UK studies have recorded a large urban park
in London being 2.5 °K cooler on average than sur-
rounding areas, and 4 °K cooler in peak summer con-
ditions (Doick et al., 2014). A relatively low measured
mean reduction was measured in Glasgow, Scotland, of
0.4 °K (Emmanuel & Loconsole, 2015). Lower values
have been reported for a park in Stockholm, with differ-
ences of 0.5-0.8 °K during the day, reaching a peak of 2 °
K at dusk (Jansson et al., 2007). Size and shape of urban
green space influence its cooling effect, and these can
reduce with distance away from the UGI (Vaz Monteiro
et al., 2016). Even air around isolated street trees has
been shown to be between 0.2-0.3 °K cooler than grey
space in central Montreal (Wang & Akbari, 2016). It has
however been calculated that at least 16% tree cover is

required before a reduction of 1 °K in average air tem-
perature can be achieved; this was quantified using the
data-driven model cited above that evaluated microcli-
mate regulation of UGIs in 601 cities across Europe
(Manes et al., 2016). The previously cited study that
used the MSPA method to characterise urban morphol-
ogy emphasised the importance of shape and quality of
green space for UHI mitigation, citing the orderly nat-
ure of the boundary shape of Central Park in New York
as an example of how the cooling effects of urban green
spaces can be optimised (Lin et al., 2024). It was also
demonstrated that land surface temperature could be
mitigated through the use of less dense ‘scattered” urban
development incorporating less dense built up areas
with moderate high-quality green areas.

3. Methodolgy

Bluetooth enabled air temperature sensors were used in
this work, that record air temperature to an accuracy of
+0.3 °C (Blue Maestro, 2021). The air temperature
sensors are manufactured by Blue Maestro using the
product name ‘Disc Mini 003’. These units house a
monolithic integrated air temperature and humidity
sensor within a polycarbonate casing. Integrated sensor
units are manufactured by Silicon Laboratories Inc.
using the product name Si7020-A20 and the modules
will operate within their defined accuracy range
between— 10 °C and 85 °C. Silicon Laboratories’
Si7020-A20 sensor modules are factory-calibrated,
with the calibration data stored in the on-chip non-
volatile memory of the module; this means that recali-
bration is not required on assembly (Blue Maestro,
2021). The Disc Mini 003 sensors were all housed inside
commercially available plastic Stevenson screens to pro-
tect the measurements from direct solar radiation,
which affects the accuracy of air temperature
observations.

Following permission from Leeds City Council
(LCC), the Stevenson Shields and sensors were either
fixed to street furniture (mainly upright poles of road
signs) or hung from trees. Sensors were divided between
city centre locations (with 1.5km of Leeds City Hall),
and then at radii of 3km, 4.5km and 6 km from this
central location. Sensors outside of the city centre were
installed near intersects of each radius and the cardinal
and ordinal directions. Wherever possible, at each inter-
sect, a sensor was installed in a grey and a green area.
Apposite locations on either street furniture or in trees
were first identified through a desktop survey using
Google Street View. The screens housing the sensors



were secured using heavy-duty plastic cable ties at a
height of between 2.5-3.5m. Co-ordinates were
recorded for each sensor location and shared with
LCC, along with a series of images illustrating the
exact location and fixing. A range of metadata for each
sensor location was also recorded to inform the analysis
presented in the results section of this paper. These
metadata are noted in Table 1 and included: the official

Table 1. Sensor locations and metadata
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land use designation; the material category of the space
(grey or green); the asset it was attached too; the radii
distance; and the sector of the city (for example North-
East at 6 km).

Relative locations of each sensor and images of typi-
cal installs are shown in Figure 1, with sensor locations
detailed in Table 1; example images have been anno-
tated for city centre suburban and rural locations. As the

Sensor Radius Sector Co-ordinates Elevation Asset Space Land use
LBUOO1 <1.5 km City Centre 53.791, —1.554 29m Road sign Grey Urban
LBU002 <1.5 km City Centre 53.792, —1.548 31m Road sign Grey Urban
LBU003 <1.5 km City Centre 53.800, —1.549 52m Road sign Grey Urban
LBUOO4 <1.5 km City Centre 53.798, —1.551 42 m Tree (Park) Green Park
LBUOO5 <1.5 km City Centre 53.798, —1.549 46 m Road sign Grey Urban
LBU006 <1.5 km City Centre 53.795, —1.544 46 m Road sign Grey Urban
LBU0O07 <1.5 km City Centre 53.795, —1.534 30m Road sign Grey Urban
LBU0O8S <1.5 km City Centre 53.803, —1.537 47 m Tree (Park) Green Park
LBU009 <1.5 km City Centre 53.796, —1.547 52m Tree Green Urban
LBUO10 <1.5 km City Centre 53.797, —1.543 48 m Tree Green Urban
LBUO11 <1.5 km City Centre 53.801, —1.556 52m Tree (Park) Green Park
LBUO12 <1.5 km City Centre 53.800, —1.557 46 m Road sign Grey Urban
LBUO13 >1.5 km, <3 km North 53.815, —1.545 45m Road sign Grey Urban
LBUO14 >1.5 km, <3 km North 53.816, —1.547 65 m Tree (Wood) Green Woodland
LBUO15 >3 km, <4.5 km North 53.828, —1.546 119 m Road sign Grey Urban
LBUO16 >3 km, <4.5 km North 53.824, —1.553 106 m Tree (Park) Green Park
LBUO17 >4.5 km, <6 km North 53.840, —1.548 128 m Tree (Park) Green Park
LBUO18 >6 km North 53.851, —1.545 151 m Road sign Grey Urban
LBUO19 <1.5 km North-West 53.811, —1.562 86 m Tree (Park) Green Park
LBU020 >3 km, <4.5 km North-West 53.819, —1.581 84 m Road sign Grey Urban
LBUO021 >3 km, <4.5 km North-West 53.823, —1.594 92 m Tree (Park) Green Park
LBU022 >4.5 km, <6 km North-West 53.830, —1.586 97 m Road sign Grey Park
LBU023 >4.5 km, <6 km North-West 53.827, —1.589 1M1 m Tree (Wood) Green Woodland
LBU024 >6 km North-West 53.836, —1.619 83 m Road sign Grey Urban
LBU025 >1.5 km, <3 km West 53.802, —1.570 34m Road sign Grey Urban
LBUO26 >1.5 km, <3 km West 53.802, —1.582 51m Tree (Wood) Green Woodland
LBU027 >3 km, <4.5 km West 53.800, —1.592 75m Tree (Park) Green Park
LBU028 >4.5 km, <6 km West 53.799, —1.620 96 m Road sign Grey Urban
LBU029 >6 km West 53.803, —1.641 97 m Road sign Grey Urban
LBUO30 >1.5 km, <3 km South-West 53.790, —1.563 3m Road sign Grey Urban
LBUO31 >1.5 km, <3 km South-West 53.793, —1.569 35m Tree (Park) Green Park
LBU032 >3 km, <4.5 km South-West 53.786, —1.581 72m Tree (Park) Green Park
LBUO33 >4.5 km, <6 km South-West 53.766, —1.603 78 m Road sign (Farm) Grey Urban
LBU034 >6 km South-West 53.755, —1.622 156 m Road sign Grey Urban
LBUO35 >1.5 km, <3 km South 53.787, —1.552 34m Road sign Grey Urban
LBUO36 >1.5 km, <3 km South 53.787, —1.558 40 m Tree Green Urban
LBUO37 >3 km, <4.5 km South 53.772, -1.548 52m Road sign Grey Urban
LBUO38 >3 km, <4.5 km South 53.770, —1.552 57 m Tree (Park) Green Park
LBU039 >4.5 km, <6 km South 53.750, —1.555 141 m Tree (Park) Green Park
LBUO40 >6 km South 53.738, —1.547 129 m Road sign Grey Urban
LBU041 >1.5 km, <3 km South-East 53.788, —1.526 28 m Fence Grey Urban
LBU042 >1.5 km, <3 km South-East 53.790, —1.525 38 m Fence Grey Urban
LBU043 >4.5 km, <6 km South-East 53.768, —1.503 25m Road sign Grey Urban
LBU044 >6 km South-East 53.763, —1.470 40 m Tree (Park) Green Park
LBUO45 >1.5 km, <3 km East 53.799, —1.527 42 m Road sign Grey Urban
LBUO46 >3 km, <4.5 km East 53.800, —1.503 73 m Road sign Grey Urban
LBU047 >3 km, <4.5 km East 53.795, —1.507 61 m Tree (Park) Green Park
LBU048 >4.5 km, <6 km East 53.799, —1.480 40 m Road sign Grey Urban
LBU049 >4.5 km, <6 km East 53.798, —1.471 76 m Tree (Park) Green Park
LBU050 >6 km East 53.807, —1.452 80 m Road sign Grey Urban
LBUO51 >1.5 km, <3 km North-East 53.811, -1.523 40m Road sign Grey Urban
LBUO52 >1.5 km, <3 km North-East 53.814, —1.524 52m Tree Green Park
LBUO53 >3 km, <4.5 km North-East 53.818, -1.516 52m Road sign Grey Urban
LBUO54 >3 km, <4.5 km North-East 53.820, —1.522 75m Tree (Park) Green Park
LBUO55 >4.5 km, <6 km North-East 53.824, —1.507 85m Road sign (Wood) Grey Urban
LBUO56 >4.5 km, <6 km North-East 53.823, —1.505 95 m Tree (Wood) Green Woodland
LBUO57 >6 km North-East 53.836, —1.501 M7 m Tree (Park) Green Park
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Figure 1. Sensor locations and example installation sites (Contains OS data © crown Copyright and database rights 2023 Ordnance

survey [100025252]).

sensors used Bluetooth technology to transmit data to a
nearby device, it was necessary to visit each sensor to
download data at scheduled periods. Sensors recorded
air temperature at 15-miute intervals, and these read-
ings are averaged per hour to produce the hourly dataset
used in this work. Unfortunately, there were multiple
failures at various sites during the intended monitoring
period. Analysis of data collected between the dates of 7
May 2021 and 25 August 2021 is described in this paper.
This represents the only period for which a full inter-
rupted dataset for all sensors was available, periods
before and after these dates were excluded due to the
extent of missing data at numerous sites. It is however a
significant sample, with measurements taken every hour
across the 57 sites, producing 151,848 data points. These
data for the defined period did not include any missing
observations, and boxplots were used to visually check
for obvious erroneous outlying observations, although
no outliers were detected in the reported period. This
represents a unique type of dataset at this spatial and
temporal resolution that is designed specifically to
understand this range of UGI in a city of this scale.
Previous work in Manchester and Birmingham used
networks of 59 and 82 sensors respectively, to measure
UHI effects only, without a specific focus on the UGI
areas (Azevedo et al., 2016; G. Levermore & Parkinson,
2016). Numerous studies of green space microclimate

are reported in review papers but reported studies do
not use the same scale and resolution of the network
described in this work (Bartesaghi Koc et al., 2018;
Bowler et al., 2010).

Elevation of the sensor site ranged from between 156
m above sea level at the highest point to the north-west
of the city, down to 25 m within the river valley to the
south-east of the city centre. In total, 32 of the sensors
were attached to street furniture, all of these were areas
categorised as grey due their proximity to at least one
road and one building. However, one of these sites was
largely surrounded by farmland, and another was on the
edge of a small wood. Another 25 sensors were hung
from trees, 17 of these were in parks, 4 were in urban
woods and the remaining 4 were in individual trees
within the city centre. The last 2 of the 57 sensors were
installed on fences in private gardens. Therefore, in
total, 25 sensors were installed in green spaces spread
across the city centre and suburbs.

The UHII was calculated by determining a mean
hourly value for all sites within a 1.5km radius of
Leeds City Hall, which represents the densely built-up,
compact city centre area. Mean hourly values were then
calculated for the eight rural reference sites located out-
side of a 6 km radius from the city centre; these sites are
also outside of the Leeds city council boundary. For each
hourly timestep, the mean air temperature value from



the rural sites was subtracted from the mean value for
the city centre to calculate the UHII. The UHII values
for lower resolution time steps, including the daily,
monthly and full monitoring period, were quantified
by calculating a mean from the hourly UHII values.

Observations made using the air temperature sensors
were analysed in the context of local meteorological con-
ditions from the same period of time. These data were
acquired from the Copernicus Programme ERAS5 hourly
datasets (Hersbach et al., 2023). The air temperature data
included in this dataset were used in the comparison of air
temperature within the different areas of the UHI; to
provide a comparison with the ground-level observations,
the ERA5 UHII using The weather data published uses the
reanalysis technique that combines modelled weather data
with historic observations. This allows for original esti-
mates of hourly weather conditions to be refined to pro-
vide complete datasets across the globe (Hersbach et al,
2023). Solar radiation, cloud cover and wind speed taken
from the dataset for the grid square Latitude 53.75 North—
Longitude — 1.5 East (which cover the city of Leeds) have
been used to interpret the hourly data measured using the
previously described network of air temperature sensors.

In addition to the UHI analysis, the ERA5 weather data
was used to calculate the UTCI conditions at the different
monitoring sites. The hourly UTCI calculation method is
described in detail in exiting work (Brode et al., 2012;
Broede et al., 2010; Jacobs et al., 2019). The UTCI takes
account of the thermoregulation of the human body to
describe physiological comfort conditions when subjected
to a range of meteorological variables including relative
humidity, wind speed and direction, and solar radiation
(Brode et al., 2012). Four weather variables are required to
calculate the UTCI: air temperature, dew point tempera-
ture or relative humidity (relative humidity is used in this
work), wind speed at 10 m above ground, and mean radi-
ant temperature (Brode et al., 2012). A UTCI calculator
was used for the hourly values reported in this work
(Lemke, 2010). All required weather variable data were
acquired through the ERA5 datasets noted above; to cal-
culate the mean radiant temperature, it is necessary to use
solar radiation data following a calculation method defined
in (Ramsey & Bernard, 2000). Results are categorised into
ten stress categories that range from extreme cold stress up
to extreme heat stress (Blazejczyk et al., 2013).

4. Results and discussion

4.1. Leeds urban heat island May 2021-August
2021

Mean diurnal profiles of air temperature within the city
centre, suburbs and rural refence sites are shown in
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Chart (a) of Figure 2, along with the air temperature
profile from the ERA5 regional dataset. The mean values
for the local sensor network were created by calculating
a combined mean hourly value of all city centre sites, the
suburban areas (between 1.5 km and 6 km form the city
centre) and the reference sites (greater than 6 km form
the city centre), independent of land use or land cover.
Although the summer of 2021 was relatively cooler in
Leeds than in other recent years, the UHI effect can be
seen between the profiles, with its greater prevalence at
night-time visible. Within this data set, the peak tem-
perature recorded was 32.8 °C, with a mean temperature
across all sites of 15.4 °C; the mean temperature for the
hottest 7-day period was 21.4 °C (15 July -21% July). In
many studies of UHIs, a single rural refence site is used
to calculate the UHI intensity (UHII—the difference
between city centre and rural temperature). This is
however simplistic and does not capture the complexity
of each city’s layout, land cover and topography. A
summary of maximum, mean and minimum tempera-
tures for all sensor locations is presented in Table 2.
When using only the reference sites that are over 6
km in distance from the city centre to calculate the
UHII, the mean for the whole monitoring period was
0.8 °K, with the peak hourly mean value of 1.4 °K
occurring at 02:00 over night. The peak individual
hour UHII for the mean of sites along the 6 km radius
over the entire period was 3.1 °K, which was recorded
at 03:00 on 16 June 2021. Profiles before and after this
peak are shown in Chart (b) of Figure 2; data for
these dates have been included to help illustrate abso-
lute values rather than mean hourly values from the
entire monitoring period. When compared to the
regional air temperature value in the ERA5 dataset,
this peak reaches 3.9 °K. Higher nighttime air tem-
perature can cause disruption to sleep and exacerbate
poor health conditions; this is particularly relevant in
a city like Leeds as domestic properties are most
commonly reliant on natural ventilation for cooling.
This problem can also be made worse by security
concerns in inner city areas, as residents may not be
comfortable leaving windows open overnight. For air
conditioned buildings, the warmer nighttime condi-
tions lead to an increase in energy consumption and
heat rejection from chillers also add to urban heating.
If all of the suburban sites outside of the city centre
1.5km radii are included in the calculation, then the
average UHII is only 0.6 °K, and the peak is 2.1 °K. The
city centre of Leeds is relatively dense and high-rise, but
then becomes more dispersed and low-rise past the 1.5
km radius from the city centre. The relative differences
between UHII intensities are therefore indicative of
these changes in land cover. The mean UHII of 0.6 °K
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Figure 2. Mean diurnal air temperature profiles.

for this period reflects the range of references sites, and
is lower than the mean value of 1.2 °K during summer
2013 reported for Leeds in previous work (Parker,
2021). The mean and peak values in this dataset are
also lower than those reported for Birmingham,
Manchester and London in the UK, with the summer-
time peak being considerably lower than the peak UHII
values of 7 °K and 8 °K for those cities respectively
(Azevedo et al., 2016; Levermore & Parkinson, 2016;
Watkins et al., 2002). There are two main likely differ-
ences between these other UK cities and Leeds, they all
have larger dense city centre areas, and the summer
period considered in this work was relatively cool com-
pared to the hottest years, which reduces the magnitude
of difference. Additionally, the morphology of the city
areas is different and future analysis would benefit from
the use of the MSPA technique cited in the literature
review section (Lin et al., 2024) as this would allow for
these differences to be quantified.

Monthly mean hourly profiles of the calculated UHII
are illustrated in Figure 3. The magnitude of UHII does
increase slightly during the warmer months of summer
2021 but the diurnal pattern of the UHII is similar for all
observed periods. During the summer of 2021, 21 July
was the warmest month with a mean air temperature of
18.2 °C in the city centre and 17.6 °C across all of the
rural reference sites. The pattern of the UHII is consis-
tent with the understanding of heat island effects in the
UK, with daytime air temperature being similar between
the urban and rural sites. Warmer air temperature is
then maintained overnight due to the thermal mass in
the denser urban areas. The consistency of the monthly
UHII patterns is reflected in the mean value for each
month being 0.8 °K for May and June, increasing
slightly to 0.9 °K for July and August. A similar propor-
tion of observed hours exceeded a UHII of 1 °K in all
months, 31 % in May, 32 % in June, 37 % in July and 38
% in August. The proportion of observed hours
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Table 2. Summary of air temperature observations for all sensor locations

Air temperature (°C)

Sensor Radius Sector Elevation Land use Maximum Mean Minimum
LBUOO1 <1.5 km City Centre 29m Urban 31.0 16.0 2.5
LBU002 <1.5 km City Centre 31m Urban 304 15.8 2.9
LBU003 <1.5 km City Centre 52m Urban 289 157 35
LBUO04 <1.5 km City Centre 42m Park 29.2 15.7 29
LBUOO5 <1.5 km City Centre 46 m Urban 30.2 16.1 33
LBU006 <1.5 km City Centre 46 m Urban 326 16.3 35
LBU0O7 <1.5 km City Centre 30m Urban 28.7 15.8 2.5
LBU0O08 <1.5 km City Centre 47 m Park 27.9 15.2 2.6
LBU009 <1.5 km City Centre 52m Urban 304 16.0 35
LBUO10 <1.5 km City Centre 48 m Urban 293 16.2 39
LBUO11 <1.5 km City Centre 52m Park 29.2 15.5 2.1
LBUO12 <1.5 km City Centre 46 m Urban 30.6 16.0 29
LBUO13 >1.5 km, <3 km North 45 m Urban 313 15.8 0.5
LBUO14 >1.5 km, <3 km North 65 m Woodland 27.3 14.7 1.6
LBUO15 >3 km, <4.5 km North 119 m Urban 31.0 15.0 1.8
LBUO16 >3 km, <4.5 km North 106 m Park 27.7 14.5 1.5
LBUO17 >4.5 km, <6 km North 128 m Park 27.0 14.5 2.0
LBUO18 >6 km North 151 m Urban 29.9 14.9 1.9
LBUO19 <1.5 km North-West 86 m Park 285 14.8 1.8
LBU020 >3 km, <4.5 km North-West 84 m Urban 30.7 15.6 2.1
LBUO21 >3 km, <4.5 km North-West 92m Park 28.7 14.7 1.3
LBU022 >4.5 km, <6 km North-West 97 m Park 28.6 151 1.1
LBU023 >4.5 km, <6 km North-West 11Tm Woodland 28.1 14.6 1.5
LBU024 >6 km North-West 83 m Urban 30.1 15.1 -0.5
LBU025 >1.5 km, <3 km West 34 m Urban 30.2 15.9 2.0
LBU026 >1.5 km, <3 km West 5Tm Woodland 27.5 15.0 1.8
LBU027 >3 km, <4.5 km West 75m Park 28.5 14.9 1.9
LBU028 >4.5 km, <6 km West 96 m Urban 31.8 15.6 1.2
LBU029 >6 km West 97 m Urban 31.6 15.7 1.7
LBU030 >1.5 km, <3 km South-West 3m Urban 31.0 15.9 1.8
LBUO31 >1.5 km, <3 km South-West 35m Park 28.5 15.3 1.7
LBU032 >3 km, <4.5 km South-West 72 m Park 27.7 149 1.9
LBUO33 >4.5 km, <6 km South-West 78 m Urban 29.9 14.9 -0.6
LBUO34 >6 km South-West 156 m Urban 30.7 15.1 2.2
LBUO35 >1.5 km, <3 km South 34 m Urban 315 15.9 1.7
LBUO36 >1.5 km, <3 km South 40 m Urban 28.1 15.2 2.6
LBU0O37 >3 km, <4.5 km South 52m Urban 31.9 16.2 23
LBUO038 >3 km, <4.5 km South 57 m Park 28.1 151 25
LBU039 >4.5 km, <6 km South 141 m Park 273 14.4 2.0
LBU040 >6 km South 129 m Urban 29.6 14.9 24
LBU041 >1.5 km, <3 km South-East 28 m Urban 28.7 15.7 2.7
LBU042 >1.5 km, <3 km South-East 38 m Urban 319 16.1 2.8
LBU043 >4.5 km, <6 km South-East 25m Urban 31.5 15.8 1.1
LBU044 >6 km South-East 40m Park 28.4 14.5 0.6
LBU045 >1.5 km, <3 km East 42 m Urban 30.9 15.8 2.0
LBUO46 >3 km, <4.5 km East 73 m Urban 324 15.8 1.9
LBU047 >3 km, <4.5 km East 61m Park 28.2 15.2 2.7
LBU048 >4.5 km, <6 km East 40 m Urban 30.1 15.5 0.2
LBU049 >4.5 km, <6 km East 76 m Park 27.8 14.9 2.2
LBUO50 >6 km East 80 m Urban 30.9 15.6 1.4
LBUO51 >1.5 km, <3 km North-East 40 m Urban 32.8 16.1 14
LBUO52 >1.5 km, <3 km North-East 52m Park 294 15.6 1.9
LBUO53 >3 km, <4.5 km North-East 52m Urban 31.8 16.2 0.9
LBUO54 >3 km, <4.5 km North-East 75m Park 27.7 14.8 1.5
LBUO55 >4.5 km, <6 km North-East 85m Urban 31.0 15.1 0.9
LBUO56 >4.5 km, <6 km North-East 95 m Woodland 26.5 14.3 1.6
LBUO57 >6 km North-East 17 m Park 27.8 14.5 1.8

exceeding a UHII of 2 °K was greater in June at 20 %,
reflecting the trend in the early hours, with values simi-
lar for all other months (7 % in May and August, and 8%
in July). When comparing the magnitude of the UHII
with the mean daily air temperature, in most instances,
the UHII is greater on cooler days as illustrated in
Figure 4. This is due to the air temperature on hotter
days being similar in both rural and central urban areas

during the longer daylight hours. This comparison also
emphasises the need to measure a high temporal resolu-
tion where possible, so that the diurnal pattern of the
UHII can be understood.

When determining the UHII for any city, in addi-
tion to considering land cover, it is important to
consider the elevation and topology the refence sites
used in the calculation, as identified using a smaller
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sample set in previous work (Parker, 2021). The
importance of considering the site elevation is empha-
sised in Figure 5, which illustrates the average air
temperature for sites within different elevation ranges.
The data indicate a linear relationship between tem-
perature and elevation, with lower temperature at
higher elevation, although this was somewhat affected
at a local scale by land cover. Using average air
temperature over the whole monitoring period, the
sites in the highest elevation range are approximately
1.1 °K cooler than the lowest.

To provide further context for this analysis, the
average UHII compared against eight different refer-
ence sites along the 6 km radius from the centre are
shown in Figure 6. For each of the reference sites,
the location in terms of direction is noted, along

with the site elevation, land use and land cover.
Intuitively, it could be expected that the sites at the
higher elevations would result in the greatest UHII,
although this is not the case in this sample set. Some
of the higher mean UHII values were recorded at
some of the lower elevations and results shown here
also suggest that the land cover at each site influ-
ences these observations as well; it is important to
note that the two highest values shown here were
recorded in green space. Future work could also use
the MSPA method to inform further analysis based
upon the density and morphology of both the urban
and rural sites (Lin et al., 2024). These results
emphasise the importance of the reference sites
used to calculate UHII for urban canopy air tem-
perature measurements, but also indicate the
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limitations of these types of measurement in terms of
available monitoring sites, as some sites on the out-
skirts can still be in built-up areas, even though there
are not formally part of the city itself.

As noted previously, mean UHII during the
monitoring period is a little lower than those
reported in the literature for other cities in the
UK. However, Figure 6 suggests that this could be
influenced by the range of reference sites used in
this calculation. The peak UHII calculated using the
mean value from all reference sites was approxi-
mately 3 °K lower than found in Birmingham, and
4 °K lower than the measured peaks in both London
and Manchester. However, the peak UHII when
comparing between the different reference sites
shown in Figure 4 ranged from 2.9 °K for the
Eastern site and up to 6.6 °K for the North-
Western site, a summertime peak similar to those
cited in other major UK cities. This could be
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influenced by the topography of the city area and
the influence of this should be considered in future
work; the city area of Leeds encompasses higher
elevations and a much greater range of elevations
than the other major UK cities discussed in this
paper (London, Birmingham and Manchester).
Understanding this in greater detail will require
more localised instrumentation to observe other
weather conditions at the specific refences sites. It
is important to note that the outer suburbs can in
some instances be significantly warmer than the city
centre due to localised cloud cover and wind con-
ditions throughout some days (although these vari-
ables were not measured in this study). Although
much less frequent, a peak hourly difference of 6.1 °
K was recorded at the Northern site; 17 % of the
hourly observations at this site were warmer than
the average in the city centre over the monitoring
period, all of which occurred during daylight hours.
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4.2. Comparison of grey and green spaces

4.2.1. Air temperature conditions

Mean difference in air temperature (AT) between grey
and green spaces was 0.7 °K during the full monitoring
period, with an hourly peak AT of 2.5 °K occurring at
14:00 on 20 July 2021; the peak in the hourly mean value
was 1.2 °K, these being at the opposite time of day from
the peak UHII. This suggests that it is mainly the shad-
ing effects of the trees in the green spaces that are being
captured in these data. Cooler air temperature in green
spaces during daylight hours is of more benefit to the
city’s citizens as they can take advantage of these con-
ditions, especially for people who have health issues that
are exacerbated in hot weather, such as cardiovascular
and respiratory conditions. Comparing data from parks
specifically results in these values going up marginally,
with parks being a maximum of 2.6 °K cooler during the
day, and 0.8 °K cooler on average across the monitoring
period. The mean values are slightly higher than those
reported for Glasgow in the UK (Emmanuel &
Loconsole, 2015) but significantly lower than the AT of
the large park areas in London (Doick et al., 2014),
although peak reductions are closer than the mean
values. Observed lower air temperature in green spaces
during the daytime than during the night are also con-
sistent with values reported in the literature. The aver-
age diurnal air temperature profiles for all grey and
green spaces are compared in Figure 7.

Mean hourly temperature profiles for different cate-
gories of green infrastructure are compared in Figure 8.
This illustrates the average hourly temperature in the
city centre, urban grey spaces (all grey spaces in the
centre and suburbs), city centre individual trees, city
centre small parks, parks outside of the city centre,
and inside treescapes (urban woodland). The y-axis in

Air tempertaure (°C)
O

Figure 8 has been truncated at 10 to aid visualisation.
During day light hours, there is very little difference
between the city centre grey spaces, the urban grey
spaces across the city, and, notably, the individual trees
within the city centre. This suggests that in this context,
single trees have very little impact of the air temperature
on their own, and that the conditions are influenced by
the dense built environment that surrounds them, con-
sistent with one example in the literature (Wang &
Akbari, 2016) but not commonly understood. This is
important for city planning and urban design as it
negates the notion that individual trees will cool spaces
on their own. They can provide shade for individuals
from direct solar radiation but on this evidence, won’t
cool down the air around them. Although there is very
little difference between the city centre and total urban
grey space temperatures during the daylight hours, dur-
ing the night the air temperature in grey spaces outside
of the city centre is on average 0.7 °K cooler than the
centre; during the hottest week in this dataset, the peak
difference was 1.2 °K at 04:00 on 17 July 2021. These
differences between the denser urban centre and sub-
urbs could also be related to morphology as previously
discussed (Lin et al., 2024).

As noted above, the mean AT between grey spaces
and parks was 0.8 °K, with a peak hourly mean of 2.6 °K.
However, a mean AT of 1.3 °K was measured between a
large park in the South of the city along the 4.5km
radius; the peak hourly AT between urban grey spaces
and this park was 4.9 °K, occurring at 19:00 on 9 August
2021. Four small city centre parks were included in this
sample set, and the mean AT for these spaces was 0.5 °K,
with an hourly peak of 1.8 °K, within the denser urban
environment. These findings are consistent with the
work describing shape and distribution of green spaces
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Figure 7. Average diurnal air temperature in grey and green spaces.
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using the MSPA method to evaluate land surface tem-
peratures (J. Lin et al., 2024). Data reported in this paper
could also provide useful cross validation for other
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Figure 9. Comparison of mean daily UHII with air temperature differences in grey and green spaces.
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another four sensors were installed within treescapes
that fall within the city boundaries, the mean AT within
these spaces was 1.3 °K and the mean hourly peak
reached 3.5 °K. Although the vast majority of mean
hourly observations show UGI to be consistently cooler
(>93% for all categories) the magnitude of this differed
between categories. Whilst on average, 26 % of hours
were more than 1 °K cooler across all UGISs, this ranged
from just 5.5 % of hours in city centre parks to 63 % of
hours in the monitored woods. These results suggest
that the UGI provides consistently cooler spaces that
citizens can utilise during hotter periods; the implica-
tions of this in the context of heat stress are discussed in
the final subsection of this paper.

Figure 9 illustrates the mean daily air temperature
difference (AT) for the UHII (comparing city centre
with rural reference sites) and differences between
grey spaces and the categories of UGI included in
this study over the full monitoring period. During
the warmer summer months, daily AT for the parks
and woods is often greater than the UHII, this
demonstrates the extent of temperature reduction
associated with the larger UGI areas over the small
city centre parks, although at a daily resolution, these
spaces provide a reduction in heat that is comparable
with the UHII, especially during warmer summer
months. This has important implications for the pro-
tection of existing UGI areas but also for future plan-
ning and development. As heatwave periods are
forecast to become more frequent and intense in the
future, these results demonstrate that larger UGI areas
should be prioritised where possible to maximise
cooling, but also that increasing the number of smal-
ler city centre parks can also help mitigate future
overheating.

4.2.2. Influence of meteorological variables on UGI
conditions

Weather conditions have been identified as an impor-
tant factor that influences the UHI effect in previous
work on other cities in the UK (Levermore & Parkinson,
2019; Levermore et al., 2018; Levermore et al., 2015). In
particular, higher wind speed has been shown to reduce
the UHII as it encourages increased air mixing.
Increased cloud cover has also been shown to reduce
UHII as greater cloud cover limits the heat exchange
related to long-wave radiation, meaning that rural areas
cool down at a slower rate than under clear skies over-
night (Levermore & Parkinson, 2019; Levermore et al.,
2018; Levermore et al., 2015). In this work, wind speed,
solar radiation and cloud cover have all been used to
contextualise the air temperature observations. As noted

earlier, these weather data were acquired from the
ERA5 hourly datasets (Hersbach et al., 2023). Mean
AT across the full dataset are visualised in Figure 10
for the UHI AT, UGI AT, City Centre Parks (CCParks
AT) and Woods AT. The values for the UHI AT show
how much lower temperatures were in the outer sub-
urbs (at 6 km) than the city centre; the UGI AT show
how much cooler the green spaces were than the mean
for urban grey spaces; the CCParks AT how much
cooler the city centre parks were than surrounding
grey space; and the Woods AT how much cooler these
areas were than urban grey spaces.

The influence of wind speed on the UHI in this
dataset is not particularly pronounced, although it
does reduce the mean intensity slightly at higher wind
speed. All green spaces are cooler than the correspond-
ing grey spaces at lower wind speed, but this is most
pronounced for the Woods AT, with the mean AT at the
lowest wind speed being 1.8 °K, which reflects the
increased shading and cooling effect on the air within
these tree canopy areas compared with the built-up
areas around them. This relationship is further illu-
strated by the chart in Figure 11, with mean daily AT
values being greater in all UGI under lower wind speeds,
with this being more pronounced for the larger parks
and woodland. These results again underline the benefit
of protecting and expanding these larger assets where
possible. For example, new housing developments could
be planned to border existing larger UGI, and larger
developments could be intersected by smaller UGIs to
capitalise upon the inherent cooling of the existing
spaces. Similarly, these data could also support the
establishment of new smaller UGI in available city cen-
tre sites, rather than adding to the already dense built-
up environment.

4.2.3. Impact of UGI on human thermal comfort

In order to understand the relevance of air temperature
differences to human comfort, hourly UTCI values for
the different categories of UGI and grey spaces were
calculated. The UTCI metric describes how people
experience atmospheric conditions and provides an
equivalent temperature metric (°C) that defines levels
of thermal stress. Categories of thermal stress are
defined as follows: above + 46: extreme heat stress; +38
to + 46: very strong heat stress; +32 to + 38: strong heat
stress; +26 to + 32: moderate heat stress; +9 to + 26: no
thermal stress; +9 to 0: slight cold stress; 0 to—13:
moderate cold stress; —13 to—27: strong cold stress;
—27 to — 40: very strong cold stress; below — 40: extreme
cold stress (Brode et al., 2012). The UTCI is a well-
established metric commonly used in thermal comfort
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studies (DiNapoli et al., 2021; Jacobs et al., 2019).
Dynamic heat exchanges between humans and the
environment are accounted for in the calculation, con-
sidering physiological response and clothing adaptation
in different meteorological conditions (Brode et al.,
2012). Meteorological inputs required for the calcula-
tion include air temperature, relative humidity, wind
speed and solar radiation. It is important to note that
it is only the inputs for air temperature that have been
adjusted for the specific types of space in this work;
remaining inputs are taken from the ERAS5 regional
dataset for Leeds over the same period (Hersbach et
al., 2023). The UTCI values presented here are therefore
indicative of average conditions in the grey and green
spaces and could be refined further using localised
observations of relative humidity, wind speed and
solar radiation. Results are however a useful indication

of the impact of different environments on human
comfort.

The number of hours considered to be under heat
stress are illustrated in Figure 12, presenting values for
the full dataset (a) and the hottest month of July (b).
Although the summer of 2021 in Leeds was relatively
mild, it is still possible to quantify the comfort benefits
of the green spaces from these data. The mild conditions
during the monitoring period are reflected by the
majority of observed hours being categorised as being
under no thermal stress (greater than 64% for all
spaces). It is however possible to conclude that the
green spaces subject human beings to lower levels of
heat stress than the grey spaces. From the full sample
set, >8 % of monitor hours in grey spaces were consid-
ered to be under moderate heat stress, which rises to >
13 % of hours during July. This compares with 6.8 % of
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hours in small urban parks, 5.6 % of hours in larger
parks and 5.1 % of hours in woodland being under
moderate heat stress over the full monitoring period.
For July, these values increase to 11.6 % in small urban
parks, 9.4 % in larger parks and 9.1 % in woods. A
similar pattern is evident for hours under strong heat
stress, in all cases, people in woods would experience the
lowest exposure to heat stress, followed by larger parks.
A very small number of hours were considered to be
under strong heat stress (<1 %) but these only occurred
in the grey spaces. The consistency in these more ther-
mally comfortable conditions throughout the monitor-
ing period is emphasised in Figure 13, where the mean
daily difference in UTCI values between grey and green
space categories is illustrated.

These results can be used to support the promotion
of using these spaces for recreational activities and
exercise during heatwaves, especially for at-risk indivi-
duals with health issues that are exacerbated by high air
temperature. They could be used to support citizen
access to these spaces through urban public transporta-
tion systems. Using the UTCI metric provides a stronger
evidence base for this type of policy and practice infor-
mation than air temperature differences alone. Further
work can be done to measure localised conditions for
wind speed and solar radiation in particular as these can
have a significant impact on thermal comfort.

5. Conclusion

A high spatial and temporal resolution dataset for the
Leeds UHI and UGI air temperatures has been
described in this paper, covering the period May 2021-
August 2021. The average UHI intensity during the
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monitoring period was 0.9 °K which is lower than that
reported for other cities in the UK, although previous
work from other years has shown the UHII in Leeds to
be similar to that found in other major UK cities. In
contrast to previous studies, this work demonstrates the
importance of using multiple rural reference sites to
calculate the UHII, especially in cities with a significant
change in elevation across their area. The average UHII
for four of the eight rural reference sites was above 1 °K.
A summer maximum UHII of 3.1 °K was calculated
using the mean values for all city centre and all rural
reference sites, occurring in late evening. Although
there is variation across the monitoring sites, green
space was on average 0.7 °K cooler than the grey spaces
during the summer months, and up to 2.6 °K cooler on
some of the hottest days; air temperature in an urban
wood was over 4 °K cooler on the hottest days. This
work contributes to knowledge in this area as 25 of the
57 sensors were deliberately installed within UGI areas,
to quantify the differences between air temperature and
thermal comfort in grey and green urban areas.

The diurnal pattern of the UHII for Leeds during this
monitoring period was similar to other cities in that it is
higher during nocturnal hours, although these differ-
ences were not as pronounced in this dataset as they are
in other examples from the literature. There is a rela-
tively small proportion of green space in Leeds city
centre but the small areas of UGI were still an average
of 0.2 °K cooler than the surrounding grey space and
this can reach a peak of up to 2.5 °K cooler during the
hottest days of summer months. Significantly, there was
no observable difference between temperatures in grey
spaces and individual street trees in the city centre. This
shows the importance of dedicated green spaces in
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Figure 13. Mean daily UTCI difference between grey and green space categories.
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mitigating urban heat and providing relief from more
extreme conditions. The majority of hourly air tempera-
ture and UTCI values in UGI were lower than the
surrounding grey spaces, suggesting that these spaces
provide relief from heat stress for the city’s residents;
this is particularly important for people that experience
health issues exacerbated by excessive heat. During
many summer days, the mean air temperature in UGI
areas was comparative with those observed at the UHI
rural reference sites.

The main limitations of this work relate to the sen-
sors used to compile the dataset. Air temperature read-
ings are subject to an error of + 0.3 °C and future work
will aim to deploy more accurate instruments. The
Stevenson screens used in this work are commercially
available but are not subject to any independent stan-
dards and further work will investigate the efficacy of
this equipment. Although the relative size of the sensor
network is large, this could of course be increased which
is another practical limitation of this work. Another
obvious limitation to the work is that the monitoring
period is limited to the defined summertime period.
Whilst this is a specific period of interest in the context
of mitigating high summer periods, future work should
aim to collect data over longer periods of time; this has
practical implications in terms of battery life of the
sensors used. Future work will explore technological
solutions to monitor for longer periods, it will also aim
to monitor in a greater range of green spaces, for exam-
ple comparing newly established parks with older parks,
different types and sizes of urban woods and commer-
cial/private spaces, such as urban farms and domestic
gardens,

Despite the noted limitations, this dataset and the
associated analysis described here are however poten-
tially useful for a variety of further investigations. In
terms of the urban environment, these data are useful
for both the modelling and measurement of building
performance, overheating analysis, model validation
(metrological, building performance and thermal
comfort). The results for the UGI impact also have
implications for city planning and policy develop-
ment, which in turn can have long-term impacts on
public health and wellbeing. Further work on UTCI
analysis will also aim to measure localised relative
humidity, wind speed and solar radiation; all of
these factors can influence the UTCI calculation and
would refine this assessment.
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