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There is a well-established relationship between temperature and mortality, with older individuals being most at
risk in high-income settings. This raises the question of the degree to which lives are being shortened by exposure to heat or cold. Years of life lost (YLL) take into account population life expectancy and age at which
mortality occurs. However, YLL are rarely used as an outcome-metric in studies of temperature-related mortality.
This represents an important gap in knowledge; to better comprehend potential impacts of temperature in the
context of climate change and an ageing population, it is important to understand the relationship between
temperature and YLL, and also whether the risks of temperature related mortality and YLL have changed over
recent years.
Gridded temperature data derived from observations, and mortality data were provided by the UK Met Oﬃce
and the Oﬃce for National Statistics (ONS), respectively. We derived YLL for each death using sex-speciﬁc yearly
life expectancy from ONS English-national lifetables. We undertook an ecological time-series regression analysis,
using a distributed-lag double-threshold model, to estimate the relationship between daily mean temperature
and daily YLL and mortality between 1996 and 2013 in Greater London, the West Midlands including
Birmingham, and Greater Manchester. Temperature-thresholds, as determined by model best ﬁt, were set at the
91st (for heat-eﬀects) and 35th (for cold-eﬀects) percentiles of the mean temperature distribution. Secondly, we
analysed whether there had been any changes in heat and cold related risk of YLL and mortality over time.
Heat-eﬀects (lag 0–2 days) were greatest in London, where for each 1 °C above the heat-threshold the risk of
mortality increased by 3.9% (CI 3.5%, 4.3%) and YLL increased by 3.0% (2.5%, 3.5%). Between 1996 and 2013,
the proportion of total deaths and YLL attributable to heat in London were 0.50% and 0.40% respectively. Coldeﬀects (lag 0–27 days) were greatest in the West Midlands, where for each 1 °C below the cold-threshold, risk of
mortality increased by 3.1% (2.4%, 3.7%) and YLL also increased by 3.1% (2.2%, 3.9%). The proportion of
deaths and YLL attributable to cold in the West Midlands were 3.3% and 3.2% respectively. We found no
evidence of decreasing susceptibility to heat and cold over time.
The addition of life expectancy information into calculations of temperature-related risk and mortality burdens for English cities is novel. We demonstrate that although older individuals are at greatest risk of temperature-related mortality, heat and cold still make a signiﬁcant contribution to the YLL due to premature death.
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1. Introduction
There is a well-established relationship between heat and cold and
all-cause daily mortality (Gasparrini et al., 2015; Basu, 2009) which has
been demonstrated globally, across varying climates. The relationship
typically follows a U, V or J shape with increased mortality above and
below location-speciﬁc thresholds. In general, the size of eﬀect varies

⁎

between regions and studies, in part driven by epidemiological modelling choices and diﬀerences in climate, but also by diﬀerences in local
population, such as demographic or socio-economic factors aﬀecting
vulnerability to the eﬀects of heat and cold. In the UK (and other locations), older age groups are most at increased risk of temperature
related mortality (Hajat et al., 2007), though as temperatures continue
to rise, other age-groups may become increasingly vulnerable.
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the last century (Carson et al., 2006). One recent study found little
temporal change in the heat risk in the UK over recent years (Gasparrini
et al., 2015), and a second study examining changes in heat and cold
attributable fractions (AFs) over recent years at the regional level (with
results presented at the aggregated national level) found that AFs for
heat and cold related mortality remained stable over time (VicedoCabrera et al., 2018). To our knowledge, however, there has been no
study which examines temporal changes in heat and cold related YLL or
in the UK at conurbation (rather than regional or national) level. The
introduction of heat and cold weather plans in England (operational
from 2004 and 2011 respectively), combined with a national level
commitment to understanding the risks of and adaptation to climate
change (Arbuthnott and Hajat, 2017), mean that understanding recent
temporal variation in heat and cold risk and the eﬀect of temperature
on premature mortality, are both important to inform policy in the UK.
In this paper, we aim to address the gaps in knowledge around heat
and cold related premature mortality and changes in this risk in English
conurbations over recent years. Using time series regression, we analyse
data from three major English conurbations chosen to represent the
north, south and middle of England – Greater London, Greater
Manchester and the West Midlands (including Birmingham) to determine the relationship between heat, cold and YLL and changes to this
relationship over recent years.
Speciﬁcally, this study has three main objectives: (a) to determine
the nature of the relationship between YLL and temperature in the
studied conurbations, (b) to estimate (and compare) the proportion of
total yearly mortality and YLL attributable to heat and cold and (c) to
examine whether the risk of mortality and YLL due to heat and cold has
changed over the study period.

However, results are rarely presented using a metric which takes the
length of life shortening into account. This is important, both to better
understand the current impact of temperature on population health and
also to appreciate the potential impacts of climate change in an ageing
population, where some degree of mortality displacement may account
for a proportion of temperature related mortality.
Potential years of life lost (YLL) is a composite indicator, which
summarises information on both mortality and life expectancy, providing information on potential life lost as a result of premature mortality. First used as a concept in the 1940s (Dempsey, 1947), YLL gives
greater weight to deaths occurring at younger ages. Taking life expectancy and age of death into account gives a metric which is a more
instructive summary statistic, allowing for comparison of how health
risks and conditions can shorten life. YLL can therefore be helpful to
deﬁne policy and research priorities (Romeder and McWhinnie, 1977).
In the area of environmental health, YLL are widely used to assess the
burden of air pollution (e.g. (Broome et al., 2015; Cohen et al., 2005;
Huang et al., 2018) and more generally have been used as an outcome
metric to reﬂect premature mortality in the Global Burden of Disease
studies (Lopez et al., 2006; Murray and Lopez, 2013). In England, the
National Institute for Health and Care Excellence (NICE) uses a metric
for health technology assessment which combines information both
about the length and quality of life (the QALY) to make funding decisions (Sassi, 2006).
Despite the large number of studies that have described the association between temperature and mortality, there are relatively few
studies that have used YLL as an outcome measure (Baccini et al., 2013;
Egondi et al., 2015; Huang et al., 2012a, 2012b; Yang et al., 2015; Sewe
et al., 2018; Bunker et al., 2017; Luan et al., 2017; Zhang et al., 2018,
2017; Urban et al., 2020). For high income settings speciﬁcally, Huang
et al. demonstrated a relationship between YLL due to cardiovascular
disease and heat in Brisbane, Australia (Huang et al., 2012), and more
recently Sewe et al. (2018) demonstrated a relationship between YLL
and temperature across a range of settings including low income
countries (Burkina Faso), low-middle income countries (Kenya and
India) and high income countries (the US and Sweden). To our
knowledge, there have been no studies that have focused on the eﬀect
of temperature on YLL in the UK, and this represents a gap in knowledge that may be useful to inform policy decisions. Further, understanding temperature related health risks in cities is important. In
England, recent estimates indicate that over 80% of the population live
in cities (Oﬃce for National Statistics. Rural population, 2014). Cities
are likely to be at greater risk from the negative health impacts of increased temperatures under climate change, due to factors such as the
Urban Heat Island (UHI) (Heaviside et al., 2016) (the phenomenon
whereby temperatures in cities or urban areas are generally higher than
those in surrounding rural areas) and much adaptation planning in
relation to climate change in the UK is starting at city level (e.g. C40,
Greater London, Manchester and Birmingham climate change plans
(Mayor of London, 2018; Manchester City Council, 2010; Birmingham
City Council, 2012).
A second concept, which has important implications for understanding potential impacts of climate change and policy, is that of
changing susceptibility of populations to the eﬀects of heat and cold. It
is often assumed that populations will ‘adapt’ to some extent to the
eﬀects of heat and/or cold and therefore be less vulnerable to temperature eﬀects in the future. There is some evidence that in a number
of locations, populations have become less vulnerable to the eﬀects of
heat due to a potential number of inﬂuences – some of which may be
planned adaptive measures (such as heat wave plans, air conditioning)
and some unrelated to climate such as improved healthcare (leading to
decreased susceptibility to heat) (Arbuthnott et al., 2016; VicedoCabrera et al., 2018). However, changes in the mortality risk associated
with cold over time are less well studied and eﬀects are less consistent
between studies (Arbuthnott et al., 2016). For the UK speciﬁcally, reductions in vulnerability to temperature were in evidence throughout

2. Methods
2.1. Data
We used two main health outcomes: YLL (primary outcome) and allcause mortality (for comparison). Mortality data were obtained from
the Oﬃce for National Statistics (ONS). All deaths occurring in England
on each day between 1st January 1996 and mid December 2013 were
used. YLL for the same period were derived by matching each death to
the age speciﬁc yearly life expectancy for males and females obtained
from period lifetables provided by the ONS (Oﬃce for National
Statistics, 2017) based on the years in the mid-point of our time-series
(2004–2006) and extended up to age 110 years. For example, according
to these 2004–2006 tables, a 90-year-old male had a life expectancy
(and hence YLL in the event of death) of 3.89 years and a 70-year-old
female had a life expectancy of 15.88 years.
Data were aggregated by conurbation, as deﬁned by the ONS Builtup Area codes from the 2011 census (Oﬃce for National Statistics.,
2011). We created time-series of total daily deaths and potential YLL for
Greater London, the West midlands and Greater Manchester by summing the individual deaths and/or numbers of YLL for all male and
female deaths on any given day. As life expectancy is sex-speciﬁc, the
time series were also stratiﬁed by sex.
We used daily mean temperature (the average of the daily maximum and minimum temperatures) as our main exposure variable, since
this has been shown in previous UK studies to be an eﬀective predictor
of temperature related health eﬀects (Hajat et al., 2016). Daily mean
temperature was obtained from the UK Met Oﬃce UKCP09 gridded
observation datasets (UK Met Oﬃce, 2017). This dataset was created
using input from all available temperature stations within the UK, interpolated using inverse-distance weighting (based on a regression
model with information on longitude, latitude, coastal inﬂuence, altitude, and urban land use) by the UK Met Oﬃce to provide daily temperatures for 5 km2 gridded areas (Perry, 2009). We took the value
represented by the 5 km2 gridded cell that overlapped with the centre of
each conurbation (identiﬁed using ArcGIS) to provide the daily mean
2
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thresholds ﬁxed at the 35th and 91st percentiles of the temperature
distribution for the whole time period (rather than allowing thresholds
to vary with each time band).

temperature for each conurbation.
In our analysis, we also included regional data on weekly laboratory
conﬁrmed inﬂuenza A counts, obtained from Public Health England, as
a potential time-varying confounding factor of cold eﬀects. Daily mean
PM10 and ozone counts for London from the UK-AIR (Air information
resource data archive) were also collected as confounding factors
(DEFRA, 2018).

2.4. Sensitivity analysis
We undertook a number of analyses to determine the sensitivity of
our main modelling approach to certain methodological choices. In
addition to using lifetables from the middle of the time period to calculate YLL, we used lifetables based on years at the beginning and end
of the times period to calculate YLL as part of our sensitivity analyses.
We also carried out analyses using lifetables adjusted for regional differences in life expectancy. As we did not have air pollution data for all
three conurbations (series for Greater Manchester and the West
Midlands contained large sections of missing data), we used a model
which included PM10 and ozone as a sensitivity analysis for London. We
also carried out year by year (June-May to include a summer/whole
winter season) analysis of heat and cold risk to ensure that the overall
trend observed using 4 year bands was not sensitive to the time bands
chosen for analysis and a sensitivity analysis using absolute thresholds
(see Section 2.3 above).

2.2. Statistical analysis
We undertook an ecological time series regression analysis to determine the risk of YLL and mortality for each 1 °C temperature rise or
fall above or below a given heat or cold threshold.
We assumed a Poisson distribution for the outcomes, corrected for
over-dispersion and autocorrelation. It is well established that the effects of heat and cold on health can be delayed (lagged), and we used
previously published lag periods of 0–2 days for the heat eﬀect and four
weeks for cold. We controlled for the eﬀect of season and secular trends
using a cubic spline function with 7 degrees of freedom per year
(Bhaskaran et al., 2013) and included a term for day of the week. Relationships were visualised using natural cubic splines of the average
temperature function, having controlled for time varying factors and
confounders. These indicated the presence of heat and cold thresholds,
above or below which the risk of YLL (and mortality) increased.
Therefore, in order to quantify the eﬀects of heat and cold, a distributed
lag double-threshold model was used. Best model ﬁt was used to select
the heat and cold thresholds: the model was run across the three conurbations with the heat and cold thresholds ﬁxed separately at temperatures corresponding to all percentiles of each conurbation’s annual
mean temperature distribution. The percentiles with the lowest
summed model deviance across the three conurbations were selected as
the heat and cold thresholds for the primary analysis. This corresponded to the 91st percentile of the annual temperature distribution
for heat eﬀects (18.9 °C for London, 17.6 °C for the West Midlands and
16.8 °C for Greater Manchester), and the 35th percentile of the year
round temperature distribution for cold eﬀects (9.0 °C for London,
8.0 °C for the West Midlands and 7.9 °C for Greater Manchester). These
thresholds are consistent with those seen when the data are represented
graphically.
Results are presented as the relative risk (RR) or percentage increase
in risk for each 1 °C rise or fall above or below the speciﬁed threshold
and attributable burdens of heat and cold related YLL and mortality
(calculated using previously published methods) (Vardoulakis et al.,
2014; Hajat et al., 2014) as a proportion (%) of total YLL and mortality
over the time-period studied. We used STATA v 15 for all statistical
analyses. To aid interpretation of results, heat and cold related mortality analysis was also undertaken by age categories (0–65 years,
65–74 years and 75 years and over) and is included in the supplementary materials (Table S1).

3. Results
3.1. Descriptive statistics
Table 1 summarises the descriptive statistics for our dataset. Greater
London had the highest number of all-cause daily deaths and YLL,
followed by Greater Manchester, then the West Midlands. We analysed
over a million deaths in Greater London and more than 400,000 deaths
in each of the West Midlands and Greater Manchester. This is equivalent to more than 15 million YLL analysed for Greater London and more
than 5 million YLL each for the West Midlands and Greater Manchester.
The mean temperature over the time series was highest in Greater
London and similar in the West Midlands and Greater Manchester. For
each conurbation, the number of days above and below the heat and
cold thresholds respectively are summarised in Table 1. Of note, there
was no consistent increase in temperature over the time period analysed (see Fig. S1), which is consistent with temperature trends over
this time period published elsewhere (Brohan et al., 2006). In all the
conurbations, the number of daily male YLL is greater than daily female
YLL (but daily female all-cause mortality is higher than male all-cause
mortality in all conurbations) (Table 1).
3.2. Results from regression models
3.2.1. Risk of heat and cold related YLL and mortality: Pattern across the
conurbations and diﬀerences in risk by sex
For all conurbations, there was an increased risk in total mortality
and YLL for each 1 °C rise or fall in temperature above or below the
threshold value (Table 2). The relationship between the RR of YLL and
daily mean temperature is shown in Fig. 1. This illustrates that the RR
of YLL associated with mean temperature follows a similar pattern to
that seen using mortality as an outcome.
The RR of YLL per degree above threshold temperature was higher
in London than for the West Midlands or Manchester (Table 2). The RR
of heat related mortality also varied between conurbations, and was
also higher for London, compared to the West Midlands and Manchester
(Table 2). In all conurbations, the RR for total heat-related YLL was
lower than for total heat-related mortality (though conﬁdence intervals
for YLL and mortality risk estimates overlap). In Greater London and
Manchester, the RR of heat related YLL and mortality was higher in
females compared to males. This diﬀerence was signiﬁcant for the risk
of heat related mortality in Greater London. In the West Midlands,
however, the risk of both heat related YLL and mortality were higher in
males compared to females (but not substantially) and in males the RR

2.3. Changes in YLL and mortality risk over time
A number of approaches have been used previously to analyse the
change in risk of heat and cold related mortality over time, each with
advantages and disadvantages (Arbuthnott et al., 2016). In order to
assess whether the risk of heat and cold exposure on YLL and mortality
had changed over time we divided our data into discrete 4 year bands
(summer 1996-winter 1999/00, summer 2000-winter 2003/4, summer
2005-winter 2008/9, summer 2008-winter 2011/2). Within each band
we estimated the risk of YLL and mortality above and below the given
temperature threshold. Cold and heat thresholds were maintained at
35th and 91st percentiles (see above) of the temperature distribution
for each particular 4 year band within each given conurbation, to allow
the best model ﬁt with the data and the number of hot and cold days
contributing to the analysis to remain consistent between time periods.
However, we also undertook a sensitivity analysis using absolute
3
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of heat related YLL was greater than for heat related mortality.
The RR of cold related YLL and mortality varied across conurbations, though not substantially (Table 2). The RR was highest in the
West Midlands where the RR of YLL per degree Celsius below the
threshold was 1.031 (1.024, 1.037). The RR for cold-related YLL and
mortality was most similar in the West Midlands. In general, the RR of
cold-related mortality in females was slightly higher than in males
(though conﬁdence intervals overlapped). However, in Greater Manchester for cold-related YLL, the RR was lower in females compared to
males.
3.2.2. Risk of heat and cold related YLL and mortality: Diﬀerences in heat
and cold related burdens depending on metric (YLL vs mortality) used
We hypothesised that the proportion of total YLL attributable to
heat or cold would be lower than for mortality, due to older people
being more vulnerable to the eﬀects of heat and cold. The percentage of
year-round YLL attributable to heat was 0.391% for Greater London,
0.309% in the West Midlands and 0.206% in Greater Manchester
(Table 2). By comparison, the percentage of year round mortality attributable to heat was 0.498% for Greater London, 0.301% for the West
Midlands and 0.262% for Greater Manchester. The results for cold related YLL and mortality are shown in Table 2 and similarly indicate a
lower proportion total YLL attributable to cold compared to mortality.
In the West Midlands, however, the percentage of total YLL attributable
to heat and cold were similar for mortality and YLL. Results for heat and
cold related mortality analysed by age category are included in the
supplementary materials (Table S1 – some results have lower precision
due to the small number of daily deaths in some categories). In contrast
to London, where as expected the risk of heat and cold related mortality
is signiﬁcantly higher in the oldest age group compared to the youngest,
the risk of cold related mortality appears more consistent across the age
categories in the West Midlands. This may in part explain the smaller
diﬀerence in temperature related risk and burdens between mortality
and YLL in this conurbation.
3.2.3. Changes in temperature related YLL and mortality over time
We divided the time series into four discrete time periods to investigate whether the eﬀect of cold and heat on YLL and mortality
changed between 1996 and 2012. The RR of heat and cold related YLL
and mortality for each of these time periods are illustrated in Fig. 2a
(heat risk) and Fig. 2b (cold risk) and Table S2 (see supplementary
materials). Graphs of the sensitivity analysis performed on time periods
obtained by dividing data at yearly intervals are included in the supplementary Figs. (S2a and S2b), but overall patterns observed did not
change depending on whether yearly series (less precise estimates) or
each of the four year bands were used and there was no diﬀerence in
patterns observed when thresholds were ﬁxed across the entire time
period for analysis (Table S3 supplementary materials).
The RR of heat related YLL and mortality did not show any consistent increase or decrease over time within or between the conurbations, both for results of analysis in 4 yearly time bands (Fig. 2a) or by
yearly time bands (see Supplementary materials Fig. S2a). For Greater
London, the RR of heat related YLL and mortality followed the same
path, with no discernible increase or decrease in heat related risk over
time. There was, however, a spike in risk for the years 2000–2003 for
both YLL and mortality (where the temperature series includes the 2003
heatwave which had a large impact on mortality over Western Europe
and particularly London and the South East in the UK (Johnson et al.,
2005; Kovats and Kristie, 2006). This spike in risk is also clearly seen in
the yearly series in 2003 but over the entire time period there is no
increasing or decreasing risk over time (Fig. S2a, supplementary materials). In Greater Manchester and the West Midlands there is no clear
spike in risk for the period containing the 2003 heatwave, likely reﬂecting both that the 2003 heatwave was less severe outside the south
of England and also that the 2006 heatwave had greater health impacts
in the West Midlands (National Statistics, 2006).
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West Midlands

8.0
Total: 2280 days
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17.6
Total: 591 days
Average: 33 days
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35
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420
(106, 336, 409,
484, 1113)
10.2
(-6.5, 6.3, 14.3, 24.3)
Greater Manchester

7.9
Total: 2288 days
Average: 127 days

16.8
Total: 600 days
Average: 33 days

461
(132, 372, 451,
540, 1117)

881
(299, 747, 867,
998, 2055)

32
(13, 27, 32, 36,
85)

186
(107, 164, 182,
203, 412)
96
(49, 82, 94, 105,
227)
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(541, 966,
1120, 1286
2580)
11.5
(−3.2 ,7.3, 16.0, 28.2)

9.0
Total: 2276 days
Average: 126 days

18.9
Total: 604 days
Average: 34 days

1277
(563, 1098,
1263, 1437,
2599)

2416
(1261, 2112,
2391, 2677,
5016)

90
(44, 79, 89, 99,
197)

Daily all -cause
mortality
Daily female allcause mortality
Daily male allcause mortality
Daily total YLL
Daily female
YLL
Daily male YLL

Greater London

Table 1
Descriptive data.

Mean temperature (°C)
(min, 25th percentile,
75th percentile, max)

Cold threshold (°C)
Days below threshold: total over
whole time period and average
number per year

Heat threshold (°C)
Days above threshold: total over
whole time period and average
number per year

Average (mean) daily values for daily YLL and all-cause mortality (minimum, 25th percentile, median, 75th
percentile, maximum)

K. Arbuthnott, et al.
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Table 2
Results from time series regression analysis (with control for time varying factors and confounders).
Mortality
RR (95% CI)
Greater London
Heat
(Threshold
18.9 °C)

Total
Male
Female

Cold
(Threshold
9.0 °C)

Total
Male
Female

Greater Manchester
Heat
(Threshold
16.8 °C)

Total
Male
Female

Cold
(Threshold
7.9 °C)

Total
Male
Female

West Midlands
Heat
(Threshold
17.6 °C)

Total
Male
Female

Cold
(Threshold
8.0 °C)

Total
Male
Female

1.039
(1.035, 1.043)
1.029
(1.024, 1.035)
1.049
(1.043, 1.054)
1.029
(1.026, 1.033)
1.027
(1.022,1.032)
1.032
(1.027, 1.037)
Mortality
1.020
(1.014, 1.027)
1.017
(1.008. 1.026)
1.024
(1.015, 1.032)
1.026
(1.019, 1.032)
1.026
(1.017, 1.035)
1.026
(1.017, 1.035)
1.025
(1.018,
1.025
(1.014,
1.021
(1.012,
1.031
(1.024,
1.028
(1.019,
1.034
(1.025,

Percentage (%) of total mortality attributable to
heat or cold
(%)

Years of Life Lost (YLL)

0.498

1.030
(1.025,1.035)
1.026
(1.019, 1.032)
1.035
(1.027, 1.042)
1.025
(1.020, 1.030)
1.022
(1.016, 1.029)
1.028
(1.021, 1.035)

0.377
0.619
3.266
2.991
3.521

RR (95% CI)

YLL
1.015
(1.007,1.024)
1.0140
(1.003, 1.025)
1.017
(1.005, 1.029)
1.021
(1.012, 1.030)
1.028
(1.016, 1.040)
1.014
(1.004, 1.026)

0.262
0.220
0.303
2.685
2.658
2.703

0.301

1.024
(1.016,
1.030
(1.018,
1.017
(1.004,
1.031
(1.022,
1.030
(1.019,
1.032
(1.019,

1.031)
0.310
1.037)
0.256
1.031)
3.298
1.037)
2.921
1.036)
3.706
1.042)

Percentage (%) of total YLL attributable to heat
or cold
(%)

0.391
0.338
0.454
2.675
2.370
3.000

0.206
0.188
0.228
2.150
2.761
1.436

0.309
1.033)
0.387
1.043)
0.218
1.030)
3.213
1.039)
3.142
1.042)
3.295
1.043)

counts. Tables S2 and S3 (supplementary materials) detail the relative
risks and burdens of heat and cold related mortality and YLL (as a
percentage of mortality or YLL for each time period). The increased
percentages of cold related deaths and YLL attributable to cold in later
time periods (Tables S2 and S3) are likely due to the colder winters
during these times (reﬂecting the contribution of greater extremes in
cold temperatures where the threshold temperature is exceeded by a
greater amount, to the attributable mortality for these time periods).

The RR of cold related YLL and mortality did not show any consistent increase or decrease over time within or between the conurbations (Fig. S2b). Whilst in the West Midlands, there is a possible increase in risk from the ﬁrst to the third time-bands for both cold related
YLL and mortality, the yearly estimates (Fig. S2b) do not demonstrate a
pattern of increasing risk and it is likely that the ﬁrst time band of the 4
yearly estimates was sensitive to the very low cold risk in the winter of
1998/1999 in this conurbation. Of note, in the yearly estimates (supplementary materials, Fig. S1b), a peak in cold related risk can be seen
in 1999/2000 in Greater London and Greater Manchester, which may
be related to high ﬂu deaths that year (Hardelid et al., 2013), not
adequately controlled for in the model using laboratory inﬂuenza A

4. Discussion
We investigated the association between heat, cold and YLL and

Fig. 1. The RR of temperature related YLL at lag 0–2 days for (a) Greater London, (b) Greater Manchester and (c) the West Midlands (including Birmingham).
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Fig. 2a. Changes in heat related RR of YLL and mortality over time.

but masked by a lack of increase in the RR, is unlikely for this time
period. Across a number of other settings, however, the risk of heat
related mortality has been shown to decrease over time, including in
studies using data over short (less than 20 years) time periods and in
recent years, though this has not been the case in all locations (Sheridan
and Allen, 2018). Trends in cold related health outcomes over time are
less well studied, and results have been more heterogeneous
(Arbuthnott et al., 2016). Some of these studies of changes in heat and
cold risks over time have included English data in their analysis. Carson
et al. (Carson et al., 2006) found that between 1900 and 1996 there was
a decrease in both heat and cold related deaths in London. The time
period for this study does not overlap with ours and by contrast includes the period over which England underwent the epidemiological
transition, meaning that temperature related deaths may have declined
rapidly due to rapid improvements in health and social care. Donaldson
et al. (Donaldson et al., 2003) also found a signiﬁcant reduction in heat
related mortality in South East England in an earlier (but similar in
length) time period to ours - between 1971 and 1996. However, our
results are broadly consistent with more recent UK studies. For example, Gasparrini et al. did not ﬁnd any attenuation in heat related
mortality risk in the UK (Gasparrini et al., 2015). A recent analysis by
Vicedo-Cabrera et al. (2018) showed no attenuation in heat and cold
related AFs over the time period 1990–2011. However the study did
ﬁnd some attenuation in the relative risk of mortality at a national level
when comparing the risk at the 99th or 1st temperature percentile with
the minimum mortality temperature, though this may highlight
changes in risk of mortality at ‘extreme’ temperatures (Vicedo-Cabrera
et al., 2018). Our study adds to this body of evidence, and contributes
information on changes in YLL over time and disaggregated by conurbation.
It is not surprising that vulnerability to heat and cold is context
speciﬁc and will depend on a number of factors from individual to
societal, city and national level inﬂuences – the age structure of the
population, potentially the rate of recent temperature change, health
and social care and also more speciﬁc factors which could be adapted to
modify the heat or cold risk (e.g. availability of air conditioning, individual behaviour, housing fabric and ventilation and urban design).
The similar pattern over time in risk of YLL and mortality would imply
that the population age structure over the period is not contributing to
an increase in risk. However, in our study, the lack of any decrease in
temperature (hot or cold) related risk in these conurbations (compared
to other global locations which have seen decreases in risk over similar

mortality and whether these associations have changed in magnitude
over recent years. We found an increased risk in YLL for each 1 °C increase or decrease in temperatures above and below identiﬁed temperature thresholds in Greater London, the West Midlands and Greater
Manchester. We demonstrate that in these conurbations, the nature of
this relationship between YLL and temperature is similar to that between mortality and temperature. We found no evidence for a trend of
decreasing risk (RR) of heat or cold related mortality or YLL over time
in the conurbations, and therefore no evidence of population adaptation
to ambient heat or cold over this time period. Heat risks were highest in
Greater London, and cold risks were highest in the West Midlands,
though variation in risk between conurbations was less pronounced for
cold eﬀects. This is broadly consistent with ﬁndings from previous
studies (Vardoulakis et al., 2014; Hajat et al., 2007; Arbuthnott and
Hajat, 2017; Hajat, 2017), though cold eﬀects have not been speciﬁcally examined at conurbation level for the UK. This geographical
variation in heat and cold eﬀects may be due to social, demographic,
built environment and economic factors. For example, the West Midlands has the highest proportion (13.5% of households) of fuel poverty
across England (Oﬃce for National Statistics, 2017) which may contribute to the increased risk in cold mortality.
Although the eﬀects of temperature on YLL have to date not been
speciﬁcally studied within England, our results are consistent with
those from other high-income settings which have used YLL as an
outcome, and have demonstrated an increased risk of YLL with increased temperatures (Huang et al., 2012; Sewe et al., 2018). The
percentages of overall YLL attributable to heat and cold related YLL
were lower compared to those for mortality in Greater London and
Greater Manchester but similar in the West Midlands. However, the
overall similarity in RR between temperature related mortality and YLL
in all conurbations may imply that the results are mostly dominated by
the large number of deaths occurring in older people. This is consistent
with existing knowledge that in the UK, older people are at increased
risk from temperature related mortality (Arbuthnott and Hajat, 2017;
Hajat, 2017).
We found that over the studied time period, there was no consistent
decrease in heat or cold related risk across the conurbations based on
four yearly and yearly estimates. Importantly, this result remained
unchanged when heat and cold related risks were analysed using an
absolute threshold value (ﬁxed at the 35th and 91st percentiles of the
temperature distribution for the entire time period). This means possible adaptation denoted by an undetected increase in heat thresholds

Fig. 2b. Changes in cold related RR of YLL and mortality over time.
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contributes to speciﬁcally understanding urban temperature risks. Additional strengths include the use of life expectancies speciﬁc to each
individual year of age (many previous studies have used life expectancy
for 5 year age bands), which is especially important for the majority of
deaths which occur in older age categories, and the diﬀerent approaches taken to analysing changes over time. We also made use of
gridded temperature data (Perry, 2009), which is more likely to provide
an accurate reﬂection of urban temperatures than previous datasets
based on interpolations which have not taken into account urban land
use.
However, our study has a number of potential limitations. The
method of deriving YLL from the age at death and English life expectancy assumes that those dying from the eﬀects of heat and cold
have the same life expectancy as others of their age. Some evidence of
mortality displacement in high income settings has previously suggested that a proportion of deaths, due to heat at least, are likely to
have been brought forward by only a short amount of time (Hajat et al.,
2005; Baccini et al., 2013). More recently, however, methods of
quantifying mortality displacement such as those based on displacement ratios from short term Poisson regression analyses have been
shown to be unreliable (Armstrong et al., 2014) and a number of more
recent studies suggest that deaths are displaced by at least one year
(rather than a few weeks as suggested in previous analyses) (Armstrong
et al., 2017; Goggins et al., 2015). If this is the case, then the assumptions made when calculating YLL are less likely to have aﬀected
our results; the similarity between risk of mortality and YLL would
indicate the majority of deaths due to heat and cold occurring in those
with close or less than a year’s life expectancy, less than the amount by
which deaths have recently been shown to be brought forward. We used
England-wide life expectancy rather than city-speciﬁc life expectancy,
which was not available. However, to account for this, we undertook a
sensitivity analysis using YLL corrected for regional diﬀerences in life
expectancy (produced by ONS), which did not signiﬁcantly alter results.
We also matched deaths to life expectancy values from the mid-point of
the time period analysed, meaning that for the years early in the series,
life expectancies could be over-estimated, with the opposite being true
for the latter part of the study. Consequently, it is possible that upward
trends in risk of temperature related YLL may be overlooked. However,
we would expect this to be more consequential if changes in susceptibility over time were presented as total attributable burdens or if there
was an observed downward trend in risk which may have been exaggerated.
We did not include relative humidity or air pollutants as potential
confounders or eﬀect modiﬁers in our primary analysis (though inclusion of air pollution in our sensitivity analysis for London did not signiﬁcantly alter the estimates), and note that previous analyses did not
ﬁnd a signiﬁcant contribution of humidity or air pollution when assessing the relationship between temperature and health within the UK
(Hajat et al., 2006). There is also a methodological question as to
whether air pollution is indeed a confounder or in fact lies on the causal
pathway in the relationship between temperature and health – this has
been well considered for ozone (Buckley et al., 2014) and a similar
argument could be made for PM being on the causal pathway, for example combustion is likely to be higher on cold days and there may be
less dispersion of air pollution on cool still days in the winter. A limitation of our study is that the time-period over which changes in RR of
heat or cold related mortality or YLL were examined was relatively
short, which has two implications. Firstly, the period may be too short
to examine population ‘adaptation’ (and of note, no consistent increase
in temperature was seen over the time period), though it does include
time-periods over which changes in heat and cold risk have been observed in other settings. Secondly, splitting the time series into 4-year
time-bands increases the sensitivity of the analyses to particularly hot
or cold winters within each time-band. However, a sensitivity analysis
was undertaken splitting the data yearly and results from this have been
discussed and presented (supplementary materials Fig. 2a and 2b).

time periods) may be due to several factors. For example, regarding
speciﬁc ‘heat adaptation’, a recent survey (Khare et al., 2015) indicated
that the prevalence of air conditioning is still low in the UK (< 3%) and
also that populations at high risk, such as the elderly, were less likely to
engage in personal and home-related protective behaviours. Regarding
speciﬁc ‘cold adaptation’, there have also been a number of UK housing
improvements made (12.2 million UK homes have undergone some
energy eﬃciency retroﬁt since 2000 (Hamilton et al., 2016) to reduce
energy demand, which may improve indoor air temperatures in the
winter and the proportion of energy eﬃcient homes rose from 2% in
1996 to 18% in 2012 (NICE, 2015). Despite this and winter fuel payments, one in-depth survey suggested that in the previous winter those
whose income was less than 60% of the national average had trouble
paying fuel bills (Anderson et al., 2010). The absence of any decreasing
risk of cold related mortality highlights that policies to reduce the eﬀect
of cold weather on public health (e.g. Public Health England’s Cold
weather plan and the NICE recommendations on cold homes (NICE,
2015)) in the UK remain important, and should not be overlooked in
the context of climate change.
England does, however, have heat and cold weather plans (Public
Health England, 2020), introduced in 2004 and 2011 respectively. The
time period of our analysis would mean that any beneﬁcial eﬀects of the
cold weather plan would not be adequately captured, though one recent
study suggests that since the introduction of the cold weather plan, cold
related mortality has decreased in the under 65s but increased in the
over 75s and that geographical variability in cold related mortality has
increased since the introduction of the plan (Murage et al., 2018).
Importantly, we found no reduction in mortality risk in the time periods
after the introduction of the Heatwave Plan (HWP) compared to before
its introduction. Whilst the outcomes used in this study may be too
narrowly deﬁned to adequately capture all the beneﬁcial eﬀects of the
HWP, our ﬁndings are broadly consistent with a recent evaluation of
the HWP for England. The evaluation found that although mortality
during extreme events or heatwave periods has reduced in recent years,
there was little evidence since its introduction for a reduction in the risk
of annual heat related mortality outside heatwave events (and consequently for those more moderately hot days which contribute to the
largest public health burdens) (Williams et al., 2019). It highlighted
that in accordance with previous studies, most adults at risk of heat
related mortality did not perceive themselves to be at personal risk and
that further work around public health messaging (amongst other recommendations) is needed (Williams et al., 2019). Whilst the HWP has
motivated the implementation of an alert and response system for high
temperatures, many activities could go beyond this acute response (for
example into longer term planning such as in levels 0 and 1 of the plan).
There are many interventions which may be introduced at the housing
or urban/conurbation level to reduce ambient heat exposure, such as
those which reduce the eﬀect of the urban heat island eﬀect through
reﬂecting solar radiance or increasing evaporative cooling through increased urban green and blue spaces (Heaviside et al., 2017). For example, a recent modelling study suggested cool roofs could reduce UHI
intensity and the associated mortality during heatwave events in the
West Midlands (Macintyre and Heaviside, 2019), and well-designed
urban greenspaces, have the potential for multiple and varied additional health co-beneﬁts in addition to those from reducing ambient
temperatures (though speciﬁcs depend on a number of contextual factors) (van den Bosch and Nieuwenhuijsen, 2017; Wheeler et al., 2015;
Rojas-Rueda et al., 2019; Twohig-Bennett and Jones, 2018).
To our knowledge, this is the ﬁrst study to speciﬁcally examine the
eﬀects of heat and cold on YLL in the UK, and to assess changes in these
risks over time at conurbation level. One strength is the assessment of
both heat and cold eﬀects: in the context of climate change, many
studies have focused on increased temperature eﬀects, while signiﬁcant
cold burdens remain (Almendra et al., 2019). Examining YLL in different English conurbations can reveal diﬀerences in risk and trends
over time (which may be masked in a larger scale analysis) and
7
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5. Conclusions and implications for policy and research

Appendix A. Supplementary data

We have demonstrated a positive association between YLL and
temperatures above and below a given threshold, in the three largest
conurbations in England – Greater London, Greater Manchester and the
West Midlands. The risks of YLL and mortality due to heat and cold
were largely similar, though the percentages of total YLL attributable to
heat and cold were lower than for mortality in Greater London and
Greater Manchester, likely indicating a proportion of deaths are occurring in those with less than one year of life expectancy. Despite this,
there remains a signiﬁcant burden in terms of YLL attributable to heat
and cold across all conurbations, indicating that heat and cold remain
an important public health concern, warranting attention both now and
in the consideration of adaptation to the eﬀects of further climate
change. Additional research, using further outcomes relevant to public
health and planning, such as those that take into account health losses
that are not fatal (for example Disability Adjusted Life Years) would
also make an interesting area of study. We did not ﬁnd evidence of any
changes in the risk of heat and cold related mortality or YLL over the
course of our study. This is in contrast to studies in other locations and
is important, since it has implications for assumptions that are often
made (for example in the context of climate change risk assessments)
that populations will ‘adapt’ to heat. We highlight that adaptation is
context speciﬁc, and will not occur without active policy or structural
changes in the UK. There is a growing evidence base of urban adaptation measures that can reduce heat related mortality, for example urban
greening, improved architectural and urban design. Whilst the increased use of some interventions such as air conditioning is problematic and can result in anthropogenic warming and increased GHG
emissions, many interventions at conurbation level could serve to both
reduce heat related mortality and have additional health co-beneﬁts.
Further research is needed to better evaluate the speciﬁc and contextual
adaptive measures to heat and cold which have already been undertaken within UK cities and to better understand how cities can best
adapt and mitigate the eﬀects of climate change using measures that
will be beneﬁcial to health. Improved integration of research and policy
development in this area would be of great beneﬁt.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2020.105966.
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