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Abstract
Increasing summer temperatures in a warming climate will increase the exposure of the UK population to heat-stress and 
associated heat-related mortality. Urban inhabitants are particularly at risk, as urban areas are often significantly warmer 
than rural areas as a result of the urban heat island phenomenon. The latest UK Climate Projections include an ensemble 
of convection-permitting model (CPM) simulations which provide credible climate information at the city-scale, the first 
of their kind for national climate scenarios. Using a newly developed urban signal extraction technique, we quantify the 
urban influence on present-day (1981–2000) and future (2061–2080) temperature extremes in the CPM compared to the 
coarser resolution regional climate model (RCM) simulations over UK cities. We find that the urban influence in these 
models is markedly different, with the magnitude of night-time urban heat islands overestimated in the RCM, significantly 
for the warmest nights (up to 4 ◦C), while the CPM agrees much better with observations. This improvement is driven by 
the improved land-surface representation and more sophisticated urban scheme MORUSES employed by the CPM, which 
distinguishes street canyons and roofs. In future, there is a strong amplification of the urban influence in the RCM, whilst 
there is little change in the CPM. We find that future changes in soil moisture play an important role in the magnitude of the 
urban influence, highlighting the importance of the accurate representation of land-surface and hydrological processes for 
urban heat island studies. The results indicate that the CPM provides more reliable urban temperature projections, due at 
least in part to the improved urban scheme.

1 Introduction

In a warming climate, the proportion of the UK popula-
tion that will be exposed to heat stress and therefore heat-
related mortality risk is expected to increase (Hajat et al. 
2014; Heaviside et al. 2016; Vicedo-Cabrera et al. 2018; Lo 
et al. 2019). As well as having high population densities, 
urban areas are often significantly warmer than surround-
ing rural areas as a result of the urban heat island (UHI) 
phenomenon (Oke 1982; Arnfield 2003), meaning they are 
particularly sensitive to extreme temperatures. During the 
2003 European summer heatwave, it was estimated that there 
were 2091 excess deaths in the UK, including 616 in London 
and 130 in the West Midlands region (Johnson et al. 2005), 

of which 52% were attributable to the UHI (Heaviside et al. 
2016). By 2050, 90% of the UK population is projected to 
live within urban areas (UN DESA/Population Division 
2018). It is therefore essential to understand how climate 
change will impact urban climates, particularly temperature 
extremes.

The latest generation of climate models, such as the UK 
Climate Projections (UKCP) Local (2.2 km) projections, 
recently released by the UK Met Office (Kendon et  al. 
2019), are now being run at a similar resolution to opera-
tional weather forecast models. At km-scales, the land sur-
face atmosphere exchange in cities is much better resolved. 
This represents a step change in climate modelling capability 
and allows, for the first time, credible urban climate infor-
mation at the city-scale. This is essential to inform policy 
makers of expected changes to urban climates, and could 
be used by health agencies and urban planners to mitigate 
future climate risks.
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1.1  Urban climates

Urban areas modify their local climate by altering the sur-
face energy balance (Oke 1982; Arnfield 2003; Bohnen-
stengel et al. 2011). The convoluted form of urban surface 
areas (i.e., street canyons), results in a larger surface area in 
contact with the atmosphere, leading to additional absorp-
tion, reflection and emission of radiation, and turbulent flux 
exchanges compared to a planar area. The impact of street 
canyons can result in a lower effective albedo at canyon top 
than the urban surface material albedo. Usually, the effective 
albedo of a canyon is reduced compared to a planar surface 
with similar material properties and albedo leading to more 
effective absorption of radiation (direct and diffuse) during 
daytime (Masson 2000; Oke et al. 2017). During the night, 
a reduction in the efficiency of longwave emission leads to 
heat being trapped within the urban canopy. Urban materials 
and the urban canopy are characterised by large heat capaci-
ties and a large thermal inertia, respectively, leading to stor-
age of energy during the daytime that can be released back 
into the atmosphere at night (Bohnenstengel et al. 2011). In 
addition, non-porous urban surfaces promote surface run-off 
which, combined with reduced vegetation in some cities, 
limits the cooling effect of evapotranspiration and alters the 
timing and amplitude of sensible heat fluxes throughout the 
course of the day (Oke 2002; Bohnenstengel et al. 2011). 
The urban canopy has a larger thermal inertia than rural 
vegetated areas and maintains a positive sensible heat flux 
late into the night due to the thermal inertia offsetting the 
radiative cooling of the surfaces, contributing to the UHI 
effect. Anthropogenic heat sources, such as those from heat-
ing and air conditioning also contribute (Allen et al. 2011; 
Sailor 2011; Bohnenstengel et al. 2014).

During the day, urban areas store incoming solar radiation 
and the urban fabric warms. Once the urban fabric is warmer 
than the atmosphere, a sensible heat flux starts to warm the 
atmosphere; the phase of the sensible heat flux is moderated 
by the heat capacity of the urban fabric. The rural land sur-
face is characterised by a smaller heat capacity and therefore 
warms up more quickly during the day, leading to a positive 
sensible heat flux earlier in the day. At night, the small heat 
capacity of the rural land surface means that less energy is 
available to offset radiative cooling. In an urban environ-
ment, however, the larger heat capacity offsets the radiative 
cooling for longer which in turn leads to a prolonged positive 
sensible heat flux and higher air temperatures at night.

The UHI effect is most pronounced during calm and 
clear nights when local effects dominate the boundary layer 
structure (Oke 2002). The magnitude of the UHI is often 
quantified in terms of the urban heat island index (UHII), an 
estimate of the urban increment on local climate. In the UK, 
night-time UHIIs up to 7 ◦C have been observed for London 

(Watkins et al. 2002; Wilby 2003) and 5 ◦C for Birmingham 
(Heaviside et al. 2015). In Manchester, daytime UHIIs of 
3 ◦C and night-time UHIIs of 5 ◦C for summer days have 
been observed (Smith et al. 2011). In general, the intensity 
of urban heat island effect is largest for night-time minimum 
temperatures, which is important for public health because 
warm nights limit relief and inhibit recovery from heat stress 
during the daytime [e.g., Fischer and Schär (2010)].

A number of studies have attempted to quantify changes 
in UK urban climates under climate change, with mixed 
results. By coupling a simple urban scheme to a regional 
climate model, McCarthy et al. (2012) investigated future 
changes in rural and urban temperatures in a regional climate 
model and found that rural and urban temperatures increased 
by similar amounts during both the daytime and night-time, 
with the daytime London UHII decreasing by 0.1 ◦C or less 
by 2050 and the nocturnal UHII unchanged. However, by 
incorporating a parameterisation for urban surfaces into the 
Community Land Model as part of the Community Climate 
System Model, Oleson et al. (2011) examined changes in 
global urban and rural temperatures out to the end of the 
21st century. They found that although both urban and rural 
areas warm substantially, rural areas warm slightly more 
than urban, particularly at night due to different responses 
of rural and urban areas to increased long-wave radiation 
from a warmer atmosphere, resulting in a decrease in the 
UHII. Using the UKCP18 12 km regional climate projec-
tions, Lo et al. (2020) estimate 1981−2079 trends in summer 
daytime and night-time urban and rural temperatures for the 
10 largest UK cities by population. They find that night-time 
temperatures are set to increase more rapidly, and daytime 
temperatures more slowly, for urban areas compared to rural 
areas. This net effect is an enhancement of the night-time 
UHI by 0.01–0.05 ◦C per decade in all cities, in contrast to 
the decrease in urban and rural contrast found by Oleson 
et al. (2011). The opposite is found for daytime temperatures 
with rural temperatures warming more than urban tempera-
tures, leading to decrease in the daytime UHI intensity of 
between −0.004 and −0.05 ◦C per decade for all but one city.

There is a lack of consensus on future changes in rural and 
urban warming and the urban influence on those changes. 
In this paper, we analyse the latest UK Climate Projections 
to investigate the urban influence on extreme temperatures, 
and how it is expected to change in future.

2  The UK climate projections

UKCP18 are the latest set of climate projections for the 
UK, recently released by the UK Met Office and include 
probabilistic projections, new global projections and higher 
resolution Regional (European) projections (Lowe et al. 
2018; Murphy et al. 2018). These were designed to replace 
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the previous UKCP09 scenarios (Jenkins et al. 2010). In 
addition, a new set of Local (UK) “convection-permitting” 
model (CPM) projections were released in September 2019, 
providing even higher resolution and new capability in terms 
of local extremes. The Global projections consist of 28 reali-
sations, 15 of which are from a perturbed parameter ensem-
ble (PPE) of the Hadley Centre coupled model HadGEM3-
GC3.05 and 13 of which are selected members from the 
CMIP5 set (Murphy et al. 2018). The UKCP Regional pro-
jections consist of 12 PPE members at 12 km horizontal res-
olution over a European domain, driven by members of the 
Hadley Centre global model PPE. The UKCP CPM projec-
tions consist of a 12-member ensemble at 2.2 km horizontal 
resolution, driven at the boundaries by the 12 km Regional 
Climate Model (RCM). The CPM is based on the operational 
UKV model used for weather forecasting, and due to its high 
resolution is able to better represent small scale processes 
in the atmosphere (Kendon et al. 2019). This includes con-
vection, which is represented explicitly in the CPM without 
the need for a parameterisation scheme, leading to a better 
representation of hourly rainfall including extremes [e.g., 
Kendon et al. (2014)]. The 2.2 km grid spacing also allows 
surface features to be better resolved including mountains, 
coastlines and cities. The CPM ensemble gives a first esti-
mate of uncertainty in future changes at local and hourly 
scales. Specifically, it samples uncertainty in the large-scale 
conditions arising from uncertainty in the driving global and 
regional models and uncertainties arising from internal cli-
mate variability, but not uncertainty in the convective-scale 
model physics itself. The projections analysed here are based 
on the RCP8.5 scenario (Murphy et al. 2018).

2.1  Key differences between the CPM and RCM 
configurations

While the RCM and CPM share the majority of their main 
physical components, there are some notable differences 
between the model configurations. One of these is their 
representation of the urban surface. Both use the Joint UK 
Land Environment Simulator [JULES, Best et al. (2011)] 
to model land surface and sub-surface soil processes. This 
uses a land-surface tiling scheme, where the surface energy 
balance is calculated separately for each surface tile and then 
aggregated using the blending height concept (Essery et al. 
2003) to give grid box averaged fluxes. The grid box average 
flux then provides the lower boundary condition to the first 
atmospheric model level. The RCM uses a single slab tile to 
represent urban areas using the Best (2005) urban scheme. 
Here, the standard surface energy balance equation for veg-
etative surfaces is used but with modified parameters that 
are appropriate for an urban surface, such as reduced albedo 
and increased heat storage capacity. In contrast, the CPM 
takes a more sophisticated approach, using the Met Office 

Reading Urban Surface Exchange Scheme (MORUSES). 
Two urban tiles are used to represent street canyon and roof 
facets (Porson et al. 2010a, b), allowing the surface energy 
balances to be calculated separately for the street canyon 
and roof, including differences in their heat storage capac-
ity. The surface energy balance for the canyon and for the 
roof depends on effective surface parameters calculated from 
the morphology and material properties of different cities 
(Porson et al. 2010a). Using this approach, the radiative 
exchange within the street canyon is represented by bulk, 
effective values of the albedo and emissivity, accounting for 
shadowing and multiple reflections (Harman et al. 2004b; 
Porson et al. 2010a). Turbulent scalar fluxes are represented 
with a resistance network, which accounts for the recircu-
lating flow set up in the street (Harman et al. 2004a), while 
storage of heat by building surfaces is represented by a ther-
mal reservoir that depends on urban geometry and surface 
properties (Porson et al. 2010a). Unlike the Best (2005) 
scheme, anthropogenic heat emissions are included, rang-
ing from a minimum of ≈ 17Wm

−2 in August to a maximum 
of ≈ 26Wm

−2 in December, scaled by the urban fraction 
(Hertwig et al. 2020).

Land cover in the CPM is defined from the high-resolu-
tion (25 m) Centre for Ecology and Hydrology (CEH) land 
cover dataset (Fuller et al. 1994), which uses Institute of 
Terrestrial Ecology Landsat-derived cover types over Great 
Britain and 1 km resolution International Geosphere-Bio-
sphere Programme (IGBP) dataset (Walters et al. (2019) and 
references therein) for the rest of the UK. The RCM uses the 
IGBP land-cover for all of the UK. The difference between 
the urban fractions in these datasets is shown in Fig. 1. In 
general, IGBP urban fractions for cities in the UK are larger 
in magnitude and extent than in the CEH dataset. Land use 
varies through time in both the CPM and RCM, although the 
urban fraction is held constant. In particular, the fractions 
of grasses and trees vary as prescribed by a time-varying 
component, and given differences in the baseline land cover 
dataset this can lead to differences in the land use changes 
between the CPM and RCM, as described in Kendon et al. 
(2019). Full details of model differences can be found in 
(Kendon et al. 2019). 

3  Summer daily temperature extremes

First, we examine how well each model represents daily tem-
perature extremes of the present-day climate (1981–2000). 
Figure 2 shows the 99th percentile of summer (JJA) daily 
maximum temperatures for the UK in the CPM and RCM, 
compared to National Climate Information Centre (NCIC) 
gridded climate observations for the UK, HadUK-Grid (Hol-
lis et al. 2019). While the NCIC temperatures are available 
on 1 km grid, they, and the 2.2 km CPM data have been 
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regridded to 12 km for like-for-like comparisons between 
the datasets. The 99th percentile corresponds to approxi-
mately the hottest day in a typical summer, so are referred 
to as hot days hereafter. Both models accurately represent 
the spatial distributions of hottest day temperatures, how-
ever, temperatures in the RCM are too cool across the whole 
UK, particularly Scotland, while in the CPM they are too 
cool in northern England and Scotland and too warm in the 
southern and eastern England. Hottest day temperatures in 
the RCM and CPM are similar across northern England and 
Scotland, but the CPM is warmer by 1−2 ◦C across southern 
and eastern England.

Figure 3 shows the same as Fig. 2, but for the 99th 
percentile of JJA daily minimum temperatures (warm 
nights). As expected, the urban heat island effect is more 

pronounced in the minimum temperatures (Oke 2002). 
Urban areas are significantly warmer in the RCM than 
both the observations and the CPM, with most major 
UK cities clearly visible against their surrounding rural 
temperatures. RCM biases over London are in excess of 
2 ◦C , while Birmingham, Manchester and Leeds are > 1 
◦C warmer than observations. The CPM has a slight warm 
bias ( ≈ 0.5 ◦C ) in hot summer nights across most of the 
country, while hot nights in the RCM are typically cooler 
( ≈ 1 ◦C ) across rural areas in all but the south east of Eng-
land, where it is ≈ 0.5 ◦C warmer. In the CPM, London is 
too warm by ≈ 0.5−1 ◦C compared to observations. Warm 
summer nights are warmer across the whole UK compared 
to the RCM, except over major UK cities where they are 
up to 1 ◦C cooler.

Fig. 1  Urban fractions in the 
IGBP (left) and CEH (middle) 
land cover datasets, and differ-
ence between them (right)

Fig. 2  a 99th percentile of sum-
mer (JJA) daily maximum tem-
peratures in the NCIC observa-
tions and ensemble mean 
99th percentile for the b RCM 
and c CPM for 1981−2000. 
Panels d–f show the difference 
between the CPM and RCM, 
and the RCM and CPM biases 
respectively
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In order to investigate the urban influence on hot summer 
days and warm summer nights, a new technique has been 
developed that enables the extraction of the urban signal in 
gridded datasets.

4  Urban signal extraction

In this section, a new method is described that allows the 
urban influence on temperature to be extracted for all grid 
boxes by producing an estimate of the rural temperature at 
the locations of urban areas across the UK. The process is 
as follows: 

1. Urban areas are identified as grid boxes where the sub-
grid scale impervious urban land cover fraction (from 
the respective land cover information i.e., IGBP or CEH) 
exceeds a certain threshold. Here, we use a threshold 
of 0.1, as it was found to accurately identify major UK 
urban areas (the sensitivity to this choice is discussed in 
Sect. 7). These urban areas, as well as sea points are then 
masked.

2. A linear interpolation is then performed, using the 
remaining “rural” land grid boxes to estimate the miss-
ing values (corresponding to the urban areas) to create 
a rural-reference dataset.

3. The difference between the original and rural-reference 
datasets is the urban influence on temperature at each 
grid point.

This method has several advantages over existing methodol-
ogies. Firstly, it allows for the urban influence to be extracted 
for any urban area, regardless of its size or location. It also 
avoids the requirement to choose appropriate rural and urban 
reference points, which can be situated tens of km apart and 
be affected by other local meteorological factors. Instead, 
this method provides co-located (and therefore spatially 
consistent) urban and rural temperature estimates. In what 
follows, this methodology is applied at the native resolution 
of each dataset, before the extracted urban signals are regrid-
ded to 12 km for comparison. The limitations of this method 
are discussed in Sect. 7.

5  Urban influence on present‑day 
and future extreme temperatures

In this section, we apply the above technique to extract the 
urban influence on daily maximum and minimum tempera-
tures on each day in the present-day and future (2061–2080) 
timeslices. Figure 4 shows the present-day and projected 
changes in ensemble-mean temperature on hot summer days 
(defined as days when the maximum temperature exceeds 
the 99th percentile during JJA). The rural-reference tempera-
tures are the mean of the rural-reference temperature dataset 
sub-sampled on these days. This analysis neglects the fact 
that daily minimum and maximum temperatures can occur at 
different times for urban and rural areas, with diurnal cycle 
phasing differences and their impact on UHII estimates 
explored in Sect. 6.2. Note to correct for positional errors 

Fig. 3  As for Fig. 1, but for 
summer daily minimum tem-
peratures
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in the IGBP land-use data used in the RCM (Husak et al. 
1999), a systematic shift of 3.5 km east and 3.5 km south 
(Stuart Webster, personal communication) is applied to the 
RCM. The shifted RCM data is then linearly interpolated 
back onto the original RCM grid before comparison with 
the CPM or observations. The upshot of this is that urban 
fractions and temperatures (and therefore urban signals) are 
smoothed, resulting in them likely being slightly underes-
timated in the RCM. In the RCM, in the present-day, urban 
temperatures over London, Manchester and Leeds are > 1 ◦C 
warmer than rural temperatures (panel i). In terms of future 
changes, rural temperatures are projected to increase by 
8–9 ◦C across southern and southwestern UK and between 
6–8 ◦C elsewhere. However, for the urban signal, there are 
clear local minima in the projected changes in the cities of 
Leeds, Manchester and, particularly, London, with rural 
areas warming more than urban areas by ≈ 1–1.5◦C (panel 

j). This differential warming, and associated reduction of the 
daytime UHII for these cities is consistent with the results of 
(Lo et al. 2020) which note similar behaviour in the UKCP 
RCM. However, the behaviour in the CPM is quite different. 
In the present-day, the hottest days are typically warmer than 
the RCM, potentially the result of drier soils in the CPM 
(Kendon et al. 2019). Urban temperatures are ≈ 0.5–1◦C 
warmer than rural temperatures (panel k). In future, urban 
and rural temperatures are projected to increase by simi-
lar amounts, resulting in a negligible future change in the 
urban signal (panel l). Rural-reference temperatures increase 
relatively more in the RCM than in the CPM across much 
of England, which is related to the larger drying of future 
RCM soils compared to the CPM (see Sect. 7). The UHII 
signals are larger in area and magnitude in the RCM than the 
CPM, which is likely caused by a combination of the differ-
ent land cover datasets (which explains the different urban 

Fig. 4  Present-day and future changes in summer hot days for the 
urban and rural-reference temperature datasets for the RCM and CPM 
(see text for definition). Panels i and k show the urban signal, calcu-

lated as the difference between the original and rural-reference data-
sets, and j and l future changes in the urban signal for the RCM and 
CPM respectively
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area spatial extent in the RCM over Great Britain) as well as 
the impact of the different urban schemes used in these mod-
els (see Sect. 2.1). This will be discussed further in Sect. 7.

Present-day and projected changes in daily minimum tem-
peratures are shown in Fig. 5. Small dips in the rural-refer-
ence temperatures that can be seen over some cities relate 
to the mismatch in timing between when warm nights occur 
for urban and rural points, as described above. However, in 
the context of the urban signal, these are small. In the RCM, 
night-time urban temperatures are significantly warmer than 
rural temperatures with most major UK cities between 2 
and 5 ◦C warmer than surrounding rural areas (panel i). 
Rural temperatures are projected to warm the most across 
the southern UK ( ≈ 5 ◦C ), decreasing to 4 ◦C for northern 
UK and 3.5◦C for Scotland. The projected changes in the 
urban temperatures are consistently up to 1 ◦C larger than 
the rural changes for most major UK cities (panel j). For the 
CPM, major cities in the present-day are up to 1.5 ◦C warmer 

than their surroundings (panel k). In the future, both urban 
and rural minimum temperatures are projected to increase 
by 4–5 ◦C . There is some evidence of a greater warming 
of ≈ 0.5 ◦C for central London and Manchester compared 
to rural areas, however for all other cities the change in the 
urban signal is small ( < 0.2 ◦C ). Compared to the RCM, the 
urban signal in the CPM is significantly less (approximately 
a factor of 3). Interestingly, unlike the RCM, there is not a 
strong amplification of the urban effect in the CPM in the 
future. This behaviour is likely driven by different represen-
tation of urban processes in the MORUSES urban scheme 
used by the CPM. In Sect. 6.2, the diurnal cycles of urban 
signals are investigated in order to better understand the 
underlying processes that are responsible for this behaviour. 

(a)

(e)

(i)

(b)

(f)

(j)

(c)

(g)

(k)

(d)

(h)

(l)

Fig. 5  As for Fig. 4, but for daily minimum temperatures
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5.1  Urban influence on present‑day and future hot 
days and warm nights

Figure 6 shows a comparison of the annual frequency of occur-
rence of hot summer days and warm nights in both the urban 
and rural-background datasets for the three largest UK cit-
ies by population: Greater London, Birmingham and Greater 
Manchester. Hot days are defined as days that the city-average 
daily maximum temperature exceeds the 99th percentile of the 
city-average 1981–2000 rural-background daily maximum tem-
peratures, produced using the method in Sect. 4. Warm summer 
nights are defined similarly but against daily minimum tem-
peratures. City grid boxes are extracted using city boundaries 
defined by the Office for National Statistics (Office for National 
Statistics 2013), where there is an overlap between the city’s 
shapefile and the model grid box of more than 0.5. Since the ITE 
land-use dataset used in the CPM is known to be more accurate 
than IGBP, we use the CPM urban fractions to derive observed 
estimates of the UHII (NCIC-cpm). NCIC daily maximum and 
minimum temperature datasets were remapped from 1 km to 
the 2.2 km CPM grid, before extracting the urban signal and 
remapping that to the 12 km RCM grid.

By definition, the number of rural hot days and warm nights 
is 1 for the present-day, so is not shown. The number of hot 
days is correctly reproduced by both models for rural and 
urban areas to within 1 per year for all cities. The greatest 
increase in the number of hot days is in the RCM over London, 
with rural and urban hot days increasing from 1 to 25 and 2 

to 29 respectively. In terms of future changes, the number of 
hot days increases by a similar number for both urban and 
rural areas in the CPM for all three cities. The increase in the 
number of hot days is larger over urban areas for London and 
Manchester, while for Birmingham the increase in the number 
of rural hot days is larger (+ 1) than urban hot days. For all 
cities, the number of hot urban and rural days increases more 
in the RCM than the CPM.

For all cities, there are too many warm nights over urban 
areas in the RCM compared to observations by a factor of 2–3, 
whereas the CPM correctly captures the number of warm nights. 
In future, the number of warm urban and rural nights increases 
considerably. The increase in warm nights is always greater 
over urban than rural areas, and urban warm night frequency 
increases are always greater in the RCM. The largest increases 
are seen in London with an increase of 29 and 31 rural warm 
nights and 39 and 50 warm urban nights in the CPM and RCM 
respectively. This indicates that between one- and almost two-
thirds of future summertime nights will be warm nights. Inter-
estingly, despite the large difference in the frequencies of warm 
urban nights in the RCM and the CPM, the absolute increase 
in the number of warm rural nights is similar. Given the bet-
ter agreement of both models with observed estimates of warm 
rural nights and the CPM with observed estimates of warm 
urban nights, this suggests that urban areas in the RCM are too 
strongly influencing local temperatures.

Fig. 6  Average annual frequency of hot days and warm nights for 
London, Birmingham and Manchester for NCIC observations (black), 
RCM (blue) and CPM (red). Lighter colours indicate frequency of 

occurrence of rural hot days/warm nights. See text for hot day and 
warm night definitions
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6  Understanding the urban influence

6.1  Variation of the UHII with daily temperature

To further investigate this model behaviour, in this section 
we study the urban influence not only during temperature 
extremes, but in a climatological sense as a function of city 
temperature. To obtain city-average estimates of the UHII, 
a time-series of city-average daily maximum or minimum 
temperatures is first created for each city (extracted using 
shapefiles, as described in Sect. 5.1). Then, on days on 
which the city-average temperature falls within each cli-
matological percentile bin, the corresponding city-average 
UHII values on those days are subsampled. For the model 
estimates, this is done for each member, and the ensemble 
mean is taken.

Figure 7 compares observed and UKCP daytime and 
night-time UHII estimates for Greater London, Birming-
ham and Greater Manchester. As indicated by Fig. 2 and 3 
, the daytime UHII (top) is significantly lower compared to 
the night-time UHII (bottom). For the present-day daytime 
over London and Manchester, there is a gradual increase 
in the UHII with increasing city temperature in the RCM 
up to ≈ 1 ◦C for the 99th percentile. Meanwhile, for all 

cities, the CPM daytime UHII is less than 1 ◦C for all tem-
perature percentiles, slightly overestimating compared to 
NCIC-cpm estimates. However, the CPM correctly repre-
sents the consistent strength of the urban influence with 
increasing city temperature. In future, CPM UHII esti-
mates are unchanged for all London and Birmingham city 
temperature percentiles, but exhibit a slight decrease for 
the warmest days over Manchester. This is in contrast to 
the RCM, where, particularly for London and Birming-
ham, the UHII decreases with increasing city temperature 
(as much as 1 ◦C for the hottest days). The urban influence 
on night-time city temperature extremes (top panels) is 
markedly different in the RCM compared to the CPM and 
observations. For the present-day in all three cities, the 
UHII is overestimated in the RCM for all city temperature 
percentiles, but this overestimation rapidly increases above 
the 90th percentile of night-time temperatures. For Lon-
don, the UHII for the warmest nights is 4.5 ◦C for London, 
3.5 °C for Birmingham and 4 ◦C for Manchester, compared 
to observed estimates closer to 0.5 ◦C . While the UHII is 
largest for the hottest nights in the CPM, the increase in 
UHII with temperature is smaller and more similar in mag-
nitude to observed UHII estimates. In future, the behav-
iour of the RCM is amplified, with a further increase in 
the UHII with increasing city temperature for all cities 

Fig. 7  Daytime (top) and night-time (bottom) observed (NCIC, red open squares), CPM (TS1, red squares; future changes, red triangles) and 
RCM (TS1, black squares; future changes, black triangles) estimates of the UHII
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by up to 1 ◦
C . While there is a slight reduction in future 

CPM UHII for the hottest days over Manchester, for both 
London and Birmingham it is unchanged. These figures 
provide strong evidence that the RCM is not correctly rep-
resenting the urban influence, particularly for the warmest 
nights.

6.2  Diurnal cycle of the urban influence

Until now, we have focused exclusively on daily maxi-
mum and minimum temperatures. In this section, we 
study hourly temperature, including the diurnal cycle of 
the urban influence for these cities. Figure 8 shows the 
average CPM and RCM diurnal cycles on the hottest days 
for each city, defined as when the city-average daily-max-
imum temperature exceeds the 99th percentile, coloured 
by the city-averaged urban signal for each hour on these 
days. For all cities, the CPM peak temperatures are larger 
than the RCM and the timing earlier. This is because the 
higher thermal inertia in urban areas in the RCM reduces 
the amplitude and delays the phasing of the sensible heat 
flux. There is a clear diurnal cycle of the urban signal in 
the RCM, with urban areas much warmer than surrounding 
rural areas from mid-afternoon until sunrise the follow-
ing morning. An urban ‘cool island” effect is observed 
for Greater London and Birmingham after sunrise, where 

the higher thermal inertia of the urban fabric results in 
slower warming compared to the rural surroundings. In 
the CPM, a small but positive urban heat island effect is 
observed from mid-afternoon until sunrise the following 
day for all cities, but the urban area warms at a more simi-
lar rate to rural surroundings after sunrise, resulting in a 
comparatively small urban signal. This behaviour, and the 
larger peak temperatures in the CPM are likely the result 
of the separate treatment of roofs (which have thermal 
properties more similar to rural areas) and street canyons 
in the MORUSES urban scheme, which results in earlier 
phasing and larger amplitude of the sensible heat fluxes. 
Unlike in the RCM, an urban cool island does not typically 
occur in the CPM. In general, the one-tile urban scheme in 
the RCM causes the sensible heat flux to become positive 
too late in the morning and the more flexible MORUSES 
scheme in the CPM allows an earlier increase in the sen-
sible heat flux after the morning transition due to the more 
rapid warming of the roof (Oke 2002; Bohnenstengel et al. 
2011). After reaching maximum temperatures, urban 
temperatures decrease more slowly than rural areas, but 
more rapidly compared to the RCM, resulting in a smaller 
UHI effect. The diurnal temperature range is also larger 
in the CPM than the RCM, which is mostly the result of 
the warmer maximum temperatures and the ability of the 

Fig. 8  Diurnal cycles of urban and rural temperatures on hot days 
(top panels) and future changes in urban and rural diurnal cycles on 
hot days (bottom panels) for the RCM (squares) and CPM (circles), 

for London, Birmingham and Manchester. Marker colours indicates 
the urban influence
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roof tile to warm up more quickly than the urban slab in 
the RCM.

In terms of future changes, all cities show a larger warm-
ing around peak temperatures in the CPM compared to 
the RCM. For Greater London, night-time temperatures 
(between 18:30 and 07:30 UTC) are projected to increase 
more in the RCM than the CPM. After sunrise, future 
changes in urban temperatures increase more in the CPM 
than the RCM, while the urban influence decreases in the 
RCM. Interestingly, the magnitude of the future changes in 
urban influence in the RCM are similar in magnitude to the 
differences in absolute changes between the CPM and RCM. 
This suggests that the urban influence in the RCM is damp-
ening the future diurnal cycle, resulting in smaller future 
increases of daytime temperatures and larger increases in 
night-time temperatures than in the CPM. For Birmingham, 
the RCM urban temperatures increase by similar amounts 
to the CPM, however, the urban signal is reduced for most 
hours of the day. For Manchester, the difference between the 
CPM and RCM warming magnitudes is largest, with CPM 
temperatures warming by as much as 2 ◦C more than the 
RCM during the afternoon. Similar behaviour to Greater 
London in terms of an increased urban heat island at night 
and cool-island during the early morning is observed. A 
small decrease in the future urban influence in the CPM is 
observed mid-morning (09:30 UTC) for London, but for all 
other hours and cities it is unchanged.

7  Discussion

The results presented here illustrate a clear difference in the 
urban influence on temperature extremes in the RCM and 
CPM, particularly during the warmest nights. Temperatures 
in the RCM are influenced much more strongly by urban 
areas compared to the CPM or observations. Understanding 
this behaviour is important, as correctly quantifying changes 
to the frequency and severity of temperature extremes for 
warm nights is needed in order to understand future expo-
sure of urban inhabitants to heat-stress. The better agreement 
of the urban signal in the CPM with observations during the 
hottest days and warmest nights is likely driven by a com-
bination of the improved CEH (ITE) land-cover dataset and 
the MORUSES urban scheme used, which is known to more 
accurately capture the amplitude and phase of the sensible 
heat fluxes (Bohnenstengel et al. 2011, 2014; Murphy et al. 
2018) than the simpler (Best 2005) one-tile scheme (Hertwig 
et al. 2020). The improved phasing of the sensible heat flux 
in MORUSES is driven by the separate representation of 
roofs and street canyons. Roofs are characterised by a small 
thermal inertia, meaning they warm up more rapidly than 
street canyons and at a more similar rate to rural surfaces. 
This advances the timing of the grid-box average sensible 

heat flux, reducing the urban/rural contrast hence the mag-
nitude of the urban signal. This is in contrast to the Best 
(2005) scheme, which uses a large, fixed value for the bulk 
area heat capacity of 0.28 MJK

−1
m−2 ; a large thermal inertia 

dampens the sensible heat flux diurnal cycle leading to a 
lower, but later peak which likely causes the strong night-
time UHII effect. The large thermal inertia of urban areas in 
the RCM is likely responsible for the producing the urban 
cool island effect seen in Fig. 8 for London and Birming-
ham. The influence of urban areas in the RCM is too strong 
despite the omission of anthropogenic heat flux in the (Best 
2005) scheme.

Another key driver of urban influence difference is the 
different land-cover datasets used by each model. Typi-
cally, city urban fractions are larger in the IGBP dataset 
compared with the CEH dataset (Fig. 1). Urban classifica-
tion within the IGBP dataset is known to be questionable 
(Loveland et al. 2000), based on outdated maps from the 
1960s to 1980s (Danko 1992), further supporting the use of 
the CPM over RCM. However, this difference in land-cover 
dataset alone does not explain the larger urban influence in 
the RCM. Figure S1 shows how, for a given urban fraction, 
the 99th percentile of both daytime and night-time UHII 
tends to be much larger in the RCM than the CPM (note 
that this is not the same metric as that described in Sect. 5 
and shown in Figs. 4 and 5). However, such a comparison 
does not account for other land cover differences between 
the two datasets that will alter the atmospheric response, nor 
differences in the boundary layer depth over which heat is 
mixed, or the effect of advection and history of an air mass 
approaching an urban area, which are important (Bohnen-
stengel et al. 2011). The MORUSES urban morphology is 
based on empirical polynomial relations (Bohnenstengel 
et al. 2011) derived from high-resolution 3D Virtual Lon-
don dataset (Evans et al. 2006). The low biases in the hottest 
days and warmest nights (Figs. 2 and 3) in the CPM over 
urban areas suggests these relationships are applicable to 
other UK cities. However, note that modelled temperatures 
are representative of temperatures somewhere above roof 
level (above displacement and roughness length) so are not 
directly comparable with observed temperatures which are 
made at 1.25 m above the ground. Note also that these simu-
lations do not take into account future urban morphology. As 
cities are projected to grow in population and size in future, 
the strength of the urban influence is likely underestimated 
in these simulations.

The similar rates of urban and rural warming and rela-
tively unchanged urban influence in the CPM agrees with the 
findings of McCarthy et al. (2012), while the amplification 
of the urban influence in the RCM corroborates the findings 
of Lo et al. (2020), who found greater rates of urban com-
pared to rural warming during night-time and greater rates of 
rural compared to urban warming during the daytime in the 
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UKCP RCM. However, the relatively unchanged urban influ-
ence in the CPM seen here lends support to their conclusion 
(when comparing their results to selected models from the 
European branch of the Coordinated Regional Downscaling 
Experiment (Jacob et al. 2014)), that these trends are specific 
to the UKCP18-regional configuration.

To better understand the causes of the different rates of 
warming for rural and urban areas in the RCM compared 
to the CPM, we have also analysed soil moisture and maxi-
mum hourly mean heat fluxes during the hottest days (Fig. 
S2). While both configurations use the JULES land surface 
scheme, the CPM uses TOPMODEL, a topography based 
rainfall-run off model to represent soil moisture heteroge-
neity throughout the soil column (Beven and Kirkby 1979), 
instead of the probability distributed model (Moore 2007) 
hydrology scheme used in the RCM. This results in present-
day soils being drier in the CPM than the RCM, in better 
agreement with observations (Kendon et al. 2019). As a 
result, sensible heat fluxes ( QH ) and Bowen ratios in the 
present-day are typically larger in the CPM than the RCM, 
which contributes to the higher UK-average CPM rural back-
ground temperature of 28.2 ◦C compared to 27.5 ◦C in the 
RCM (Fig. 4). In future, while soils become drier in both 
models, RCM soils dry out more (particularly in South-
east England) and transition into a moisture-limited regime 
(Kendon et al. 2019), exacerbating increases in the Bowen 
ratio (note Bowen ratio changes are expressed as a factor). 
However, this is coupled with a lack of an increase in Bowen 
ratio over cities in the RCM, while in the CPM Bowen ratios 
increase in both rural and urban areas. This can partly be 
explained by the more detailed ITE land cover data in the 
CPM, which better represents more sub-grid scale vegetated 
fractions in cities allowing removal of soil moisture via the 
latent heat flux. In the RCM, the IGBP land cover dataset 
assumes larger fractions of impervious land cover and under-
estimates vegetation. Consequently, the Bowen ratio changes 
less in the future in the RCM. Thus, the reduced daytime 
urban signal in the RCM in future is caused by a strengthen-
ing in the rural/urban Bowen ratio gradient, influenced by 
both soil moisture and the urban scheme. In contrast, Bowen 
ratios increase everywhere in the CPM, including urban 
areas where the two-tile urban scheme better represents the 
surface energy balance, which results in an unchanged urban 
signal. In addition, the CEH (ITE) land cover data in the 
CPM has larger sub-grid scale variability for impervious 
(urban) and vegetated grid boxes in urban areas. The larger 
fraction of sub-grid scale vegetation allows a larger change 
in the Bowen ratio compared to the RCM using IGBP data 
which has less sub-grid scale vegetation present. Despite the 
larger drying of RCM soils, UK-average rural-reference tem-
peratures still warm more in the CPM compared to the RCM 
(Fig. 4). This could be caused by differences in other vari-
ables such as cloud cover or differences in rainfall patterns 

caused by the different representations of convection, the 
study of which is beyond the scope of this paper. Although 
here we are primarily interested in urban temperatures, this 
study highlights the importance rural temperatures have in 
determining the urban influence. Improving the representa-
tion of land-surface processes (which strongly effect rural 
temperatures), such as soil-moisture precipitation feed-
backs is a key challenge and currently an area of significant 
research [e.g., Kendon et al. (2021)]. Additional improve-
ments in this area can be expected in the coming years.

The new urban signal extraction methodology has a num-
ber of advantages over existing methodologies. However, 
care must be taken in its use. Orographic influences on rural 
temperatures are not taken into account. Many cities are 
situated in valleys, such as London, which will tend to be 
warmer than surrounding higher ground, thus interpolation 
of these temperatures will result in cooler rural estimates 
and overestimated urban signals. Also, it requires choosing a 
suitable urban fraction threshold to produce a rural-reference 
dataset. An urban threshold of 0.1 was chosen in this study 
as it was found to accurately identify major UK urban areas, 
however the urban influence will be sensitive to this choice. 
Figure S3 shows the impact of varying the urban threshold 
from 0.05 to 0.2 on the UHII during hot days and warm 
nights. The primary effect of changing the urban threshold 
is to change the areal extent of urban areas; decreasing the 
urban threshold leads to larger urban areas and typically an 
increase in the UHII, while increasing it leads to smaller 
and weaker UHII. The impact is most pronounced at the 
relatively coarse RCM resolution (particularly in the daytime 
UHII), where reducing the urban threshold tends to create 
larger contiguous urban areas, an effect further compounded 
by the generally larger urban fractions in the IGBP dataset. 
This can lead to larger sensitivity, for example by increas-
ing the influence of rural grid boxes further from the urban 
centres used to estimate the urban signal. While varying the 
urban threshold does lead to small changes to the magnitude 
of the UHII, it does not alter the interpretation or conclu-
sions of the results.

While quantifying the UHII is helpful for understanding 
model processes, it is absolute temperatures that are more 
important from a public health perspective. This study 
shows, particularly for London, future daytime increases in 
urban temperatures would be underestimated and night-time 
temperatures overestimated without the improved represen-
tation of cities offered by the CPM. This is also manifested 
in terms of future absolute temperatures, with an underesti-
mation in daytime and overestimation in night-time future 
temperatures. The implications are that the impact of hot 
days on the health of urban inhabitants would be underesti-
mated, but so too would the ability of urban inhabitants to 
recover from this extreme heat during the night. The larger 
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amplitude of diurnal cycles in the CPM could also have con-
siderable implications for future building design.

8  Conclusions

Additional heat-stress in a warming climate will increase 
the risk of heat-related mortality. In this paper, we quan-
tify the urban influence on extreme UK city temperatures 
in the latest UK Climate Projections. A new method to 
extract the urban influence on temperature has been devel-
oped, which allows urban signals to be extracted regard-
less of an urban areas size or location and without the need 
to choose appropriate rural and urban reference points.

We find that urban influence in the RCM is markedly 
different to the CPM, with present-day night-time urban 
temperatures too warm and the magnitude of night-time 
urban heat islands overestimated in the RCM, particu-
larly for the warmest nights. In contrast, both daytime 
and night-time urban temperatures in the CPM, as well as 
the magnitude of urban heat islands, are in much greater 
agreement with observations. This improvement is pre-
dominantly the result of the improved urban scheme used 
in the CPM, which uses separate sub-grid scale tiles to 
represent street canyons and roofs which leads to improved 
phasing and amplitude of the diurnal cycle of heat fluxes. 
The higher resolution will also allow better representation 
of local spatial detail, but this has not been examined here.

In terms of future changes, there is a strong amplifica-
tion of the night-time urban influence in the RCM, with 
urban temperatures warming significantly more than rural 
temperatures. This amplifies the night-time warm bias that 
exists in the present-day night-time RCM temperatures. 
Conversely, in the CPM, urban and rural temperatures 
warm at similar rates for both day and night, resulting in 
an unchanged urban influence. However, the urban tem-
peratures themselves are still warmer and warm by more 
in future compared to the RCM. We find that the future 
reduction in the urban influence on daytime temperatures 
in the RCM is caused, at least in part, by drying soils and 
corresponding changes to rural sensible and latent heat 
fluxes, highlighting the importance of the accurate rep-
resentation of soil moisture and hydrological processes 
for urban heat island studies. Further work is needed to 
fully understand the processes that are responsible for the 
difference in urban influence between the CPM and RCM. 
Nevertheless, the results here indicate that the CPM pro-
vides more reliable urban temperature projections through 
additional spatial resolution and the use of a two-tile urban 
scheme. It would be valuable in a future study to disen-
tangle the effects of increased resolution (and other con-
figuration differences between the CPM and RCM) and 
the improvement that is due to the two-tile urban scheme. 

For the next generation of UKCP, as well as other urban 
climate modelling studies, a key recommendation is to 
implement a two-tile urban scheme even in coarse resolu-
tion models (without going down to convection-permitting 
resolution). This will be aided in future by the develop-
ment of improved urban morphological datasets, poten-
tially at the global scale, which could become available in 
the next few years.
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