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A B S T R A C T   

Human health can be negatively impacted by hot or cold weather, which often exacerbates respiratory or car-
diovascular conditions and increases the risk of mortality. Urban populations are at particular increased risk of 
effects from heat due to the Urban Heat Island (UHI) effect (higher urban temperatures compared with rural 
ones). This has led to extensive investigation of the summertime UHI, its impacts on health, and also the 
consideration of interventions such as reflective ‘cool’ roofs to help reduce summertime overheating effects. 
However, interventions aimed at limiting summer heat are rarely evaluated for their effects in wintertime, and 
thus their overall annual net impact on temperature-related health effects are poorly understood. 

In this study we use a regional weather model to simulate the winter 2009/10 period for an urbanized region 
of the UK (Birmingham and the West Midlands), and use a health impact assessment to estimate the impact of 
reflective ‘cool’ roofs (an intervention usually aimed at reducing the UHI in summer) on cold-related mortality in 
winter. Cool roofs have been shown to be effective at reducing maximum temperatures during summertime. In 
contrast to the summer, we find that cool roofs have a minimal effect on ambient air temperatures in winter. 
Although the UHI in summertime can increase heat-related mortality, the wintertime UHI can have benefits to 
health, through avoided cold-related mortality. Our results highlight the potential annual net health benefits of 
implementing cool roofs to reduce temperature-related mortality in summer, without reducing the protective 
UHI effect in winter. 

Further, we suggest that benefits of cool roofs may increase in future, with a doubling of the number of heat- 
related deaths avoided by the 2080s (RCP8.5) compared to summer 2006, and with insignificant changes in the 
impact of cool-roofs on cold-related mortality. These results further support reflective ‘cool’ roof implementation 
strategies as effective interventions to protect health, both today and in future.   

1. Introduction 

Hot or cold weather can negatively impact human health, potentially 
exacerbating conditions such as respiratory or cardiovascular diseases, 
and leading to increased risk of hospitalization and death (Basu, 2009; 
Gómez-Acebo et al., 2013; Guo et al., 2014). Projections suggest that UK 
mean air temperatures could increase by between 0.7 ◦C and 4.2 ◦C in 
winter, and 0.9 ◦C to 5.4 ◦C in summer by 2070 (unmitigated emissions, 
RCP8.5), with weather extremes also projected to become more frequent 

and intense (Lowe et al., 2018). With climate change, it is estimated that 
heat-related mortality could increase from ~2000 to ~7000 deaths per 
year by 2050 in the UK (for a medium emissions scenario), while there is 
relatively little reduction in cold-related mortality, partly due to popu-
lation growth and ageing (Hajat et al., 2014; HPA, 2012). However, in 
the UK, cold effects on health currently outweigh those from heat, with 
estimates suggesting for the 2000s that cold-related deaths were around 
41,000 annually, compared with around 2,000 heat-related deaths 
(Hajat et al., 2014). Studies have shown mixed results on whether the 

* Corresponding author. 
E-mail address: Helen.Macintyre@phe.gov.uk (H.L. Macintyre).  

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2021.106606    

mailto:Helen.Macintyre@phe.gov.uk
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2021.106606
https://doi.org/10.1016/j.envint.2021.106606
https://doi.org/10.1016/j.envint.2021.106606
http://creativecommons.org/licenses/by/4.0/


Environment International 154 (2021) 106606

2

UK population might adapt to heat (Arbuthnott et al., 2016; Milojevic 
et al., 2016). 

Temperature may also be influenced by the Urban Heat Island effect 
(UHI), where urban materials such as buildings and roads can lead to 
elevated temperatures in towns and cities compared with rural areas. 
The UHI has been shown to contribute to negative heat-health outcomes 
(Heaviside et al., 2017), with the summer UHI associated with increases 
in heat-related mortality, and effects in winter being less clear, though 
studies suggest a protective effect on cold-related mortality; for the West 
Midlands, a heavily urbanised area of the UK, it has been shown that 
~40% of heat-related mortality could be attributed to the UHI intensity 
during summer 2006, and up to 50% during the heatwave of 2003, with 
increasing impacts on heat-related mortality in future (Macintyre and 
Heaviside, 2019; Heaviside et al., 2016). The winter UHI has received 
far less attention than the summer UHI, but has been shown to poten-
tially protect against up to 15% of cold-related mortality in a cold winter 
(UK, 2009–2010), with the future impacts showing little change (Mac-
intyre et al., 2021). 

Due to the high fraction of the population living in urban areas (82% 
in the UK, (ONS, 2011)), climate change, and the UHI, urban pop-
ulations are at particular risk from heat. As such, interventions to limit 
urban heat (such as reflective ‘cool’ roofs, or urban green infrastructure) 
have been proposed as measures to help reduce impacts from heat in 
urban areas (Besir and Cuce, 2018; Li et al., 2014; Silva et al., 2010). 
Such interventions in the built environment would typically be in place 
year-round, yet the effects are seldom studied outside of the summer 
period, and thus their impacts over the year are poorly understood. It is 
clear that the UHI may have a protective effect against cold-related 
mortality in wintertime in the UK, although it is unclear how urban 
heat mitigation measures aimed at reducing summer heat, such as 
reflective ‘cool’ roofs, might alter this protective effect. Therefore, un-
derstanding of the wintertime impacts of such interventions is required 
to avoid maladaptation. This motivates a study on the impacts of in-
terventions for urban heat on both heat- and cold-related mortality, 
including how this might change as climate changes. 

Studies suggest that the average intensity of the UHI in summer is 
around 1–4 ◦C, being slightly larger than winter UHIs (1–3 ◦C), and with 
a larger diurnal cycle in summer (Gedzelman et al., 2003; Imhoff et al., 
2010; Kłysik and Fortuniak, 1999; Runnalls and Oke, 2000; Yang and 
Bou-Zeid, 2018). In summer, higher sun angles and longer days result in 
more solar radiation being absorbed and subsequently released from 
urban structures. This leads to a more pronounced diurnal cycle in the 
summer UHI, with the UHI being particularly strong at night-time 
(Santamouris, 2015). In the UK, the UHI for a number of cities has 
been estimated at 1–2 ◦C in winter, and 2–3 ◦C in summer (Kershaw 
et al., 2010). For Birmingham and the West Midlands, the winter UHI, 
previously estimated at 2.3 ◦C, and of similar magnitude to the summer 
UHI, has a protective effect on health in winter, through reduced cold- 
related mortality. However, studies suggest that heat-related mortality 
associated with the UHI in summer could increase significantly with 
climate change, whereas the change in cold-related mortality will be 
modest (Heaviside et al., 2016; Macintyre et al., 2021). 

Mitigation and adaptation measures in the built environment 
designed to reduce summer temperatures in cities also have the potential 
to reduce energy consumption for cooling demand as well as improve 
health (Kolokotroni et al., 2012; van Ruijven et al., 2019), potentially 
contributing to net zero emissions targets. Measures to reduce urban 
heat mostly focus on modifying the urban fabric of cities (as this is often 
the main driver of the UHI), including improved urban planning, 
modifying building materials, increasing green/blue space, and reflec-
tive ‘cool’ facades with higher albedo (U.S. Environmental Protection 
Agency, 2008). Rooftops are an effective area to target for cooling in-
terventions as they typically receive the greatest incident solar radiation 
and are often the largest area of internal heat gain to buildings; reflective 
‘cool’ roofs have a higher albedo (reflectivity) to reflect solar radiation, 
which in turn can help reduce urban temperatures (Li et al., 2014; 

Oleson et al., 2010). Simulations of such roofing interventions in cities in 
the US and Europe have shown peak reductions on summertime local air 
temperatures of around 1–3 ◦C, with effects increasing roughly linearly 
with coverage (Li et al., 2014; Morini et al., 2016, 2018; Smith and 
Roebber, 2011; Vahmani et al., 2016). A wintertime modelling study on 
US cities found cool roofs reduced 2 m air temperatures by 1.4 ◦C during 
the day (Yang and Bou-Zeid, 2018). Modelling studies on London sug-
gested that cool roofs could reduce maximum air temperature by 1 ◦C in 
summer (Virk et al., 2015), and indoor median summer temperatures by 
0.6 ◦C (Taylor et al., 2018); overall annual heating energy demand 
increased slightly (4.1%) for current climate (Taylor et al., 2018), 
however, for a 2050 climate scenario, cool roofs resulted in a net 
reduction in annual energy use (Virk et al., 2015), and have been found 
to be preferable to natural ventilation, as there was a lower winter 
penalty for heating demand (Kolokotroni et al., 2013). 

A few studies have examined the annual (as opposed to summer 
only) health impacts of building interventions for reducing urban heat, 
finding reductions in heat-related mortality (Stone et al., 2014; Susca, 
2012), however impacts on cold-related mortality were not considered. 
A recent study considered the health impacts in summer and winter of 
cool and green roofs over an urbanized area in the U.S., finding that cool 
roofs reduced heat exposure in summer, but could potentially exacer-
bate cold exposure in winter; green roofs had smaller beneficial impacts 
on summer heat, but almost no negative impact in winter (He et al., 
2020). Previous work estimated the impact of cool roofs in a UK city 
could potentially offset up to 25% of heat-related mortality associated 
with the UHI during heatwave periods, and 18% over a summer season 
(Macintyre and Heaviside, 2019). However, there is a clear gap in un-
derstanding related to how such interventions will perform in winter, 
including a potential reduction in any protective health effect of the 
wintertime UHI. It is important to assess any co-benefits/unintended 
consequences of measures aimed at limiting summer urban heat, and 
how these effects and impacts may change with climate change. 

In order to determine potential wintertime effects of UHI mitigation 
measures implemented primarily to reduce hot summer temperatures, 
we use a regional weather forecasting model to simulate the effect of 
reflective ‘cool’ roofs on urban temperatures in winter, and quantify the 
subsequent impact on temperature-related mortality (cold-related 
deaths avoided) using a health impact assessment based on application 
of an existing exposure-response relationship (Section 2.2). We also 
include climate change projections to investigate how the impacts of 
such interventions may change in future. 

2. Methods 

To determine the impact of cool roofs on ambient temperature, we 
simulate 2 m ambient air temperature across the West Midlands using a 
regional configuration of a mesoscale meteorological model (Section 
2.1). The output from this model gives us high-resolution gridded daily 
temperature which is used as input to the Health Impact Assessment 
(HIA) to calculate temperature-related mortality. To quantify the impact 
of cool roofs on urban air temperatures, we adjusted roof albedo in the 
urban model during a winter period (mid-November 2009 to the end of 
March 2010). This winter was chosen as a particularly cold winter to 
compare with the impacts of cool roofs examined for hot summers in 
previous studies (Macintyre and Heaviside, 2019). Our HIA is based on 
application of an existing exposure-response relationship derived for the 
population in question in the West Midlands of the UK (Vardoulakis 
et al., 2014) to the temperature (exposure) data; the exposure response 
coefficient we use quantifies the relationship between daily ambient 
temperature and increased risk of all-cause mortality. Our Health Impact 
Assessment (HIA) assesses the potential impact cool roofs on cold- 
related mortality in winter, and we compare this with previous results 
for cool roofs in summer. Finally, we use the latest climate change 
projection data for the UK to see how the impact of interventions might 
change in a future scenario. 
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2.1. Urban temperature modelling 

In order to estimate the impacts of interventions on temperature and 
health, temperatures must be compared between scenarios with and 
without the intervention. Modelling is a useful tool for this as we can 
alter the properties of the built environment in a model to see what 
theoretical change in temperature might occur, while holding all other 
properties constant in order to isolate the impact of the intervention 
alone. We use modelled gridded 2 m temperatures as simulated by the 
WRF (Weather Research and Forecasting) model (Chen et al., 2011), 
which is a comprehensive analysis model that has previously been used 
to study the impact of building interventions to modify the UHI at urban 
and regional scales. To facilitate comparison with a previous study 
which examined the impact of cool roofs in a summer season (Macintyre 
and Heaviside, 2019), we use the same model set up as detailed in that 
study and also in Macintyre et al. (2021). We use WRF model version 
3.6.1 and include a multi-layer urban canopy scheme (BEP – the 
Building Energy Parameterization scheme) configured with 3 separate 
urban land classifications, specifically for Birmingham and the West 
Midlands, which allows us to capture the effect of the built environment 
on the lower atmosphere (Martilli et al., 2002). The model has been 
previously run and evaluated against available observations for this 
specific set up and time period; a summary of the model set up, urban 
category details, and model evaluation statistics are presented in the 
supplementary materials (Table S1-2). The model was evaluated against 
hourly data from available Met Office Integrated Data Archive System 
(MIDAS) (Met Office, 2012) stations in the inner domain, using bilinear 
interpolation from the nearest four grid points. The model is able to 
capture the diurnal variation in temperature, with correlation being 
0.90 or higher, with comparison being slightly better for urban sites 
(Table S2). 

We simulated hourly 2 m air temperature across the model domain 
(Fig. 1a) for 14 November 2009 to 28 February 2010 (first day discarded 
as spin-up) with detailed categories of urban surfaces included (the 
‘URBAN’ simulation). The model domain and urban categories across 
the inner domain (at 1 km horizontal grid resolution) are shown in 
Fig. 1. To give a reference for 2 m temperature for a non-urban setting, 
we ran the same model again, but replaced the urban categories with 
rural types (the ‘RURAL’ simulation). 

To simulate the effect of cool roofs being introduced across the West 
Midlands, we altered albedo of all roofs in the URBAN set up from the 
default values (~0.2, Supplementary Table S1a) to a value of 0.7 
(‘COOLROOF’) within the BEP scheme (with walls and ground surfaces 
unchanged). The value 0.7 was chosen as a compromise between the fact 
that higher albedos are achievable, but reflect the fact that cool roofs 

may degrade with time (see supplementary material for details for other 
standard model settings). We quantified the impact of cool roofs in 
winter by taking the difference in temperature (population-weighted, as 
described below in Section 2.2) between the URBAN and COOLROOF 
simulations. 

To estimate the impacts of cool roofs on winter and summer UHIs in 
future climates, we used the central estimate (50th percentile) of sea-
sonal temperature projections from the UKCP18 suite of probabilistic 
projections over land for RCP8.5 (at 25 km), extracted for the West 
Midlands region. The values (Table 1) are applied as a simple temper-
ature increment to the hourly modelled values from the WRF model for 
all scenarios as a sensitivity study for a future climate scenario. Winter 
values are applied to the model simulations described in 2.1, and sum-
mer values are applied to simulated data for 1 June–31 August 2006 
using the same modelling set up (described in Macintyre and Heaviside 
(2019)). To aid comparison of overall temperature-related mortality for 
each of the seasonal periods, we considered the HIA over the same 
number of days in each season (14 June–31 August 2006 for summer, 
and 12 December 2009–28 February 2010 here for winter). Population 
size and demographics are held constant at present day levels, and daily 
mortality counts are not adjusted for future scenarios. 

2.2. Health impact calculations. 

We estimate the health impacts (mortality) associated with high or 
low temperatures by combining a published exposure-response coeffi-
cient which relates daily mean temperature and the increased risk of 
mortality, with modelled ambient temperature (Section 2.1), and 
applying to daily all-cause mortality counts. Effects are calculated based 
on the difference between ambient temperatures and the relevant 
thresholds for effects (calculated in the epidemiological study). In the 
UK, pooled estimates show that for heat effects, mortality increases by 
2.5% for every 1 ◦C above a daily mean threshold temperature of around 

Fig. 1. (a) Modelled domains in the WRF simulation. The central (red) box is the innermost domain, which is expanded in (b); (b) Urban categories used in the inner 
domain; the area covered is ~80 × 80 km. Lettered points refer to observation stations within the domain (refer to Table S2). 

Table 1 
Mean seasonal projected temperature changes from the UKCP18 probabilistic 
projections (25 km) for RCP8.5. Each time horizon is based on 30-year time 
slices (2050s is based on 2040–2069 and 2080s is based on 2070–2099), relative 
to a 1981–2010 baseline. Data is extracted via the Met Office user interface web 
portal for the West Midlands administrative region (https://ukclimateprojecti 
ons-ui.metoffice.gov.uk).   

2050s 2080s 

Summer 2.22 ◦C 4.66 ◦C 
Winter 1.65 ◦C 3.01 ◦C  
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18 ◦C, and for cold effects, there is a 2.0% increase in mortality for every 
1 ◦C below a daily mean threshold of ~12 ◦C (Hajat et al., 2014; Var-
doulakis et al., 2014). We calculated the cold-related mortality over the 
winter period, under the COOLROOF and URBAN scenarios, by calcu-
lating daily cold-related mortality, Mi, and summing over all days, i, 
using the following method: 

Mi = Di × AFi  

AFi =

(
RRi − 1

RRi

)

RRi = e(bΔTi)

where Di is the all-cause mortality count for day i, AF (attributable 
fraction) is the fraction of daily mortality that can be attributed to the 
effects of cold exposure, defined by RR, which is the relative risk, 
depending on b, the slope of the exposure-response relationship, and ΔTi 
is the difference between the mean daily population-weighted temper-
ature for day i and the threshold temperature for effects. We use the 
exposure-response coefficient derived in Vardoulakis et al. (2014), for 
the West Midlands region, which is approximately a 1.8% (95% CI: 
1.6%, 2.1%) increase in mortality for every 1 ◦C decrease in daily mean 
temperature below the threshold of 11.7 ◦C (representing the 60th 
centile daily mean temperature for this region); the daily mean tem-
perature is the mean temperature over that day and the preceding 27 
days, representing the longer lag period for cold effects (as opposed to 
the 0–1 day lag for heat effects (Vardoulakis et al., 2014)), and so health 
effects are calculated from 12 December 2009 to 28 February 2010. 
Exposure is calculated based on gridded hourly 2 m air temperature 
output from the WRF model to calculate daily mean temperatures, and 
population weighting is by using a gridded 100 m residential population 
database (ONS, 2011, 2015). Age-stratified exposure-response co-
efficients were available for the following age groups: 0–64, 65–74, 
75–84, and 85+ years; for age-group population weighted temperature, 
demographic information at Output Area1 (OA) level from the most 
recent census (ONS, 2011) was combined with the gridded population 
data above, following the method described in Macintyre et al. (2018). 
Daily all-cause mortality counts were obtained from the Office for Na-
tional Statistics. Differences between daily mean population weighted 
temperatures between the temperature scenario simulations (URBAN, 

RURAL, COOLROOF), and the estimated total daily cold-related mor-
tality values were tested for significance at the 95% level using a t-test 
(two-sample, testing for equal variances). 

3. Results 

3.1. Impact of cool roofs in winter 

The effect of cool roofs (the difference in 2 m temperature between 
COOLROOF and URBAN simulations) is shown in Fig. 2, with the 
average over all times (Fig. 2a), day (Fig. 2b) and night time (Fig. 2c) 
averages. 

A small cooling effect during the daytime is seen (Fig. 2b), but the 
effect on mean population-weighted 2 m air temperatures is modest, 
0.05 ◦C (daytime, Table 2), which corresponds to ~3% of the UHI in-
tensity (difference in daily mean population-weighted 2 m temperatures 
is not statistically significant, p = 0.96). Previous simulations of the 
effect of cool roofs showed a larger effect of cool roofs in summer, being 
an order of magnitude greater (mean population-weighted temperature 
difference up to − 0.6 ◦C) in the city centre (Macintyre and Heaviside, 
2019), compared with winter values of − 0.08 ◦C here for daytime city 
centre (Fig. 2). Maximum cooling reached − 3.1 ◦C in the city centre in 
summer, compared to − 0.5 ◦C and occasionally − 0.7 ◦C in winter (not 
shown). During summer, the greater solar insolation, higher sun angles, 
and often less cloud means incoming solar energy is the main driver of 
the UHI, and thus there is more opportunity for cool roofs to influence 
the UHI by reflecting sunlight, leading to their larger impact on ambient 
temperatures in summer rather than winter. Due to this smaller impact 
of solar insolation on air temperatures in wintertime, other sources of 
heat such as from inside buildings are likely to have more influence on 
urban ambient temperatures than in summer. We find that in our study, 

Fig. 2. Impact of cool roofs for 15 November 2009 – 28 February 2010 in terms of reduction of 2 m temperature. (a) Average temperature difference for the whole 
period; (b) daytime average (8am – 8 pm); (c) night-time average (8 pm – 8am). City centre in this figure is − 0.04 ◦C (− 0.08 ◦C daytime, − 0.01 ◦C at night). Letters 
refer to observation stations (refer to Fig. 1b and Table S2). 

Table 2 
Temperature statistics for different model simulations for the ~11 week winter 
period (15 November 2009–28 February 2010). Values are population weighted 
averages across the whole modelled domain, and broken down for day and night 
times. Numbers have been rounded from calculations with exact figures.  

Population 
weighted 

‘URBAN’ 
run T 2 m 
(◦C) 

‘COOLROOF’ UHI 
(‘URBAN’– 
‘RURAL’) 
(◦C) 

% of 
UHI 
offset 
by cool 
roofs 

T 2 
m 
(◦C) 

ΔT (◦C) 
(‘COOLROOF’– 
‘URBAN’) 

Mean  3.28  3.26 − 0.024  1.48  1.6% 
Day  3.50  3.45 − 0.047  1.36  3.5% 
Night  3.01  3.01 − 0.000  1.54  0.0%  

1 Output Areas (OA) are the lowest geographical level at which census esti-
mates are provided. There are a total of 181,408 Output Areas in England and 
Wales, with an average population of 309 per OA. 

H.L. Macintyre et al.                                                                                                                                                                                                                           



Environment International 154 (2021) 106606

5

cool roofs have a negligible effect on cold-related mortality (4 additional 
cold-related deaths; 0.23% of overall cold-related deaths) in winter, 
which corresponds to 1% of those avoided due to the UHI (Fig. 3a). 

To contextualise our results, for the same winter period and region, 
we previously showed that the regional population-weighted mean UHI 
intensity was +1.5 ◦C (+1.54 ◦C at night, +1.36 ◦C during the day), with 
the mean UHI intensity being highest in the city centre, at +2.4 ◦C on 
average over winter, and +2.5 ◦C at night. In contrast to the typical 
summer UHI, which tends to be more intense during the night than the 
day, the UHI was more similar between day and night in winter (Mac-
intyre et al., 2021). 

3.2. Impacts in the context of climate change 

The HIA for the COOLROOF simulation was repeated with the same 
modelled data as described above, with addition of the temperature 
increment of projected changes across the West Midlands for a high 
emissions scenario (RCP8.5), compared to the 1981–2010 baseline 
(Table 1); for ease of comparison we refer to previous results for the 
URBAN simulation (Macintyre et al., 2021). 

For our assessment of the impact of cool roofs, in summer we 

estimate that they could offset 17 deaths in 2006 and 34 in 2080s, a 
doubling of the beneficial effect, while the effect in winter remains 
moderate and remarkably constant for climate projections, with 4 
additional deaths due to the impact of cool roofs in current and future 
climate (Table 4, Fig. 4). Therefore, we suggest that the overall impact of 
cool roofs on temperature-related mortality remains net beneficial in 
future for this region. It should be noted that this does not account for 
demographic changes, and daily mortality counts were held constant. 
Previously, estimates showed that heat-related mortality due to the UHI 
(difference between the red and green bars in Fig. 4) would more than 
double (from 96 in 2006, to 221 in 2080s), whereas cold-related mor-
tality avoided by the UHI would change less (266 avoided in 2009, to 
280 by 2080s) (Macintyre et al., 2021). 

4. Discussion and conclusions 

In this study we looked at the impact of cool roofs on the winter UHI, 
and cold-related mortality in winter. We found that the impact of cool 
roofs on the winter UHI, and subsequently on cold-related mortality is 
negligible, and thus supports implementing cool roofs as a strategy to 
reduce heat-related mortality, without weakening the protective effect 

Fig. 3. Cold-related mortality for the West Midlands for URBAN, COOLROOF AND RURAL simulations; Total population (a) and age stratified (b). Bars represent 
95% confidence intervals on the exposure–response relationship derived by Vardoulakis et al. (2014). 

Fig. 4. (a) Cold-related mortality and (b) heat-related mortality across the West Midlands for different climate scenarios. 2050s and 2080s 50th percentile from the 
UKCP18 probabilistic projections (25 km) over land. Error bars show the range related to the 95% confidence intervals on the exposure–response coefficient 
(Vardoulakis et al. 2014). Numbers given in Table 4. 
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of the winter UHI (Figs. 2 and 3). In winter in the UK, days are shorter 
and sun angles lower, leading to less solar insolation, and other sources 
of heat dominating the UHI, such as anthropogenic and space heating 
sources. The low sun angles also account for the lower impact of cool 
roofs on ambient temperature during this winter period (Fig. 2, Table 2). 
The BEP scheme dynamically captures the effect of heat from buildings, 
and changes as the indoor-outdoor temperature gradient varies. How-
ever, the BEP model does not include an explicit anthropogenic heat 
flux, which is a limitation of our study. Anthropogenic sources of heat 
are challenging to quantify, and future work should include attempts to 
better approximate anthropogenic heat using assumptions about activity 
patterns, though detailed data is challenging to obtain (Hamilton et al., 
2009), and similar modelling studies have shown that UHI intensifica-
tion during particularly cold periods is independent of the background 
anthropogenic heat from sources other than buildings (such as vehicles) 
(Yang and Bou-Zeid, 2018). 

Modelling tools such as WRF are useful for simulating interventions 
at a city or regional scale, where practical experiments would be costly 
and time consuming to implement at scale. The multi-layer urban can-
opy scheme (BEP) captures the interaction of buildings and roads on the 
lower atmosphere at sub-grid scale, including shading and reflections 
from buildings, and the model comparison is good (R2 > 0.9), though 
some very cold periods showed less agreement, possibly due to the 
representation of lying snow or frozen ground in the land surface 
scheme. While the WRF model has been used to study interventions and 
the UHI in summer, studies considering the winter are limited. Our 
finding of a − 0.08 ◦C mean daytime population weighted change in 
exposure across the whole winter due to cool roofs, with up to − 0.5 ◦C 
and occasionally − 0.7 ◦C, is smaller than other studies that use the WRF 
model (He et al., 2020; Yang and Bou-Zeid, 2018), though these studies 
use a single layer urban canopy model (UCM) as opposed to the 

multilayer BEP used here, and there are differences in model resolution 
and choice of albedo change (He et al., 2020). Additionally, these studies 
are based in US cities at lower latitudes than the UK, so it may be that the 
lower solar insolation and even shorter day length in UK cities leads to a 
smaller impact of cool roofs on winter temperatures. Differences in sun 
angle and day length could also lead to our results for winter being about 
an order of magnitude smaller than results based on summer months 
(Macintyre and Heaviside, 2019). 

Previous work showed that the winter UHI may protect against 266 
deaths (2009/2010), and the summer UHI was associated with 96 
additional deaths. However, looking to a future climate projection, heat- 
related mortality is expected to increase overall, and the number asso-
ciated with the summer UHI will increase, with little reduction in 
mortality in winter (Hajat et al., 2014; Macintyre et al., 2021). This 
supports the case for focusing on interventions to reduce summer heat, 
while not worsening cold impacts in winter. We found that the impact of 
cool roofs on winter-time cold-related mortality is negligible, and thus 
supports implementing cool roofs as a strategy to reduce heat-related 
mortality (Fig. 3, Table 3). This effect also appears to be the case for 
future climate scenarios using a sensitivity study for projected future 
changes in temperature (Fig. 3), however we acknowledge that other 
factors that influence temperature-related mortality (such as population 
ageing, mortality counts, and behavioural adaptation) are not accounted 
for in this study, but should be included in future work. We note that for 
a milder winter, the protective effect of the UHI may be less pronounced, 
and as such milder winters should also be considered. 

As with effects from heat, there is a clear increase in cold-related 
mortality with population age (Fig. 3, Table 3), which is important 
when targeting interventions aimed at reducing temperature-related 
harm to health. Our HIA is based on time series regression modelling 
of ambient temperature and mortality which assumes a fixed threshold 
for temperature, and we use region-specific exposure-response co-
efficients for heat and cold effects from the same study (Vardoulakis 
et al., 2014). The epidemiological study is based on observed tempera-
tures, and we applied these results to temperatures generated by a high- 
resolution regional weather model; using different data sources could 
introduce additional uncertainty, though our model is evaluated against 
station observations, and the epidemiology is based on a gridded tem-
perature dataset at the same resolution as our modelling. Cold-exposure 
is associated with mortality over the course of a few weeks (0–27 day 
lag), which makes it challenging to identify health effects and infer 
causality, compared with heat effects which typically occur within one 
or two days (Ryti et al., 2016). In this study the threshold for health 
effects from cold-exposure was assumed at the 60th centile of the annual 
temperature distribution (daily means), which broadly corresponds to 
the highest temperature in the coldest months of the year (December- 
March), meaning that a large number of days fall within this range. Cold 
thresholds are often hard to define, as increased risk of cold-related 
death can occur throughout much of the year (as days with ambient 
temperatures below the threshold are common), and we acknowledge 
that different temperature-mortality coefficients and thresholds would 
yield different results (Arbuthnott et al., 2018). There is little evidence 
for cold-wave effects as with heatwaves (Barnett et al., 2012), and also 

Table 3 
Estimated cold-related mortality for the winter period (12 December 2009–28 
February 2010). Numbers in brackets represent the 95% confidence intervals 
based on the exposure–response coefficients*.  

Age group Estimated total number of cold-related deaths (12 Dec 2009–28 Feb 
2010) 

URBAN COOLROOF RURAL 
(95% CI) (95% CI) (95% CI) 

Total 1743 1747 2009 
(1511–1969) (1515–1974) (1745–2265) 

0–64 yrs 119 119 138 
(27–206) (27–207) (32–239) 

65–74 yrs 249 249 284 
(174–319) (174–320) (200–364) 

75–84 yrs 519 520 594 
(403–630) (404–631) (463–719) 

85 + yrs 1041 1044 1182 
(909–1169) (912–1171) (1034–1322)  

* Exposure-response relationship used from Vardoulakis et al. (2014) for the 
West Midlands region: RR 1.8% (CI: 1.6%–2.1%) increase in mortality for every 
1 ◦C decrease in daily mean ambient temperature below 11.7 ◦C (below 60th 
centile). Age graded coefficients; 0.7% (0–64 years), 1.6% (65–74 years), 1.8% 
(75–84 years), 3.1% (85 + years). 

Table 4 
Estimated cold- and heat-related mortality for the winter and summer periods in the context of climate change. Numbers in brackets represent the 95% confidence 
intervals based on the exposure–response coefficients (Vardoulakis et al., 2014). Numbers plotted in Fig. 4.  

Winter Summer  

URBAN COOLROOF RURAL  URBAN COOLROOF RURAL 

2009/10 1743 1747 2009 2006 267 250 171 
(1511–1969) (1515–1974) (1745–2265)  (218–315) (204–295) (139–202) 

2050s 1450 1454 1723 2050s 521 494 364 
(1255–1641) (1258–1646) (1494–1947)  (426–613) (404–581) (297–429) 

2080s 1202 1206 1483 2080s 992 959 771 
(1039–1363) (1042–1368) (1283–1677)  (814–1166) (786–1126) (631–907)  
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inconsistency in what is defined as a cold spell (Ryti et al., 2016). 
Our analysis considers ambient temperatures, as exposure-response 

relationships derived for health effects are based on observed outdoor 
temperatures. Cool roofs may also have impacts on indoor temperatures, 
where people spend most of their time, and this may influence energy 
consumption within buildings (Taylor et al., 2018; Virk et al., 2014). 
Building retrofit for energy efficiency (such as cool roofs, insulation, and 
draught reduction) is a priority for governments to reduce greenhouse 
gas emissions2. With improving energy efficiency in buildings, homes 
should in theory be warmer in winter, use less energy, and people inside 
would be less exposed to cold, and thus a benefit for cold-related health 
effects. Meanwhile, the reduced energy use from insulated buildings 
would imply a smaller contribution to the winter UHI from space 
heating in buildings leaking to outdoors, which could theoretically 
reduce the winter UHI. However, for homes that are not able to improve 
insulation and energy efficiency, any reduction in the winter UHI may be 
problematic, and cold effects on health may become worse for those 
homes not able to improve insulation. Policy aimed at energy efficiency 
should therefore carefully consider the interlinked effects on health 
throughout the year, to identify potential issues that may be addressed 
with careful design, and due to the lifetime of such interventions, future 
climate projections should be considered where possible. 

We show that a roofing intervention (reflective ‘cool’ roofs) aimed at 
reducing summer warming has an insignificant impact on the protective 
effect of the winter UHI, suggesting that this type of intervention may be 
useful for reducing heat-related mortality in summer (offsetting 17 
deaths, 18% of heat-related mortality associated with the UHI) with 
little impact in wintertime (4 deaths, less than 2% of cold-related mor-
tality). Using a sensitivity study for future climate, we show that the 
beneficial impact of cool roofs increases from avoiding 17 heat-related 
deaths in 2006, to 34 by the 2080s (RCP8.5), with no change in the 
impact of cool-roofs on cold-related mortality. These results further 
support cool roof interventions as a strategy to reduce ambient tem-
peratures and reduce heat-related mortality, now and in future. 
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Gómez-Acebo, I., Llorca, J., Dierssen, T., 2013. Cold-related mortality due to 
cardiovascular diseases, respiratory diseases and cancer: a case-crossover study. 
Public Health 127, 252–258. https://doi.org/10.1016/j.solener.2009.06.007. 

Guo, Y., Gasparrini, A., Armstrong, B., Li, S., Tawatsupa, B., Tobias, A., 2014. Global 
variation in the effects of ambient temperature on mortality: a systematic evaluation. 
Epidemiology 25. https://doi.org/10.1097/ede.0000000000000165. 

Hajat, S., Vardoulakis, S., Heaviside, C., Eggen, B., 2014. Climate change effects on 
human health: Projections of temperature-related mortality for the UK during the 
2020s, 2050s and 2080s. J. Epidemiol. Commun. Health 68, 641–648. https://doi. 
org/10.1136/jech-2013-202449. 

Hamilton, I.G., Davies, M., Steadman, P., Stone, A., Ridley, I., Evans, S., 2009. The 
significance of the anthropogenic heat emissions of London’s buildings: A 
comparison against captured shortwave solar radiation. Build. Environ. 44, 
807–817. https://doi.org/10.1016/j.buildenv.2008.05.024. 

He, C., He, L., Zhang, Y., Kinney, P.L., Ma, W., 2020. Potential impacts of cool and green 
roofs on temperature-related mortality in the Greater Boston region. Environ. Res. 
Lett. 15, 094042 https://doi.org/10.1088/1748-9326/aba4c9. 

Heaviside, C., Macintyre, H.L., Vardoulakis, S., 2017. The Urban Heat Island: 
Implications for health in a changing environment. Curr. Environ. Health Rep. 4, 
296–305. https://doi.org/10.1007/s40572-017-0150-3. 

Heaviside, C., Vardoulakis, S., Cai, X., 2016. Attribution of mortality to the Urban Heat 
Island during heatwaves in the West Midlands, UK. Environ. Health 15 (Suppl 1), 27. 
https://doi.org/10.1186/s12940-016-0100-9. 

HPA, 2012. Health Effects of Climate Change in the UK 2012. Health Protection Agency. 
ISBN 978-0-85951-723-2.  

Imhoff, M.L., Zhang, P., Wolfe, R.E., Bounoua, L., 2010. Remote sensing of the urban heat 
island effect across biomes in the continental USA. Remote Sens. Environ. 114, 
504–513. https://doi.org/10.1016/j.rse.2009.10.008. 

Kershaw, T., Sanderson, M., Coley, D., Eames, M., 2010. Estimation of the urban heat 
island for UK climate change projections. Build. Serv. Eng. Res. Technol. 31, 
251–263. https://doi.org/10.1177/0143624410365033. 

Kłysik, K., Fortuniak, K., 1999. Temporal and spatial characteristics of the urban heat 
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