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Attributing mortality from extreme temperatures
to climate change in Stockholm, Sweden

Daniel Oudin Astrém'*, Bertil Forsberg!, Kristie L. Ebi' and Joacim Rocklév?

A changing climate is increasing the frequency, intensity, duration and spatial extent of heat waves. These changes
are associated with increased human mortality during heat extremes. At the other end of the temperature scale,
it has been widely speculated that cold-related mortality could decrease in a warmer world. We aim to answer
a key question; the extent to which mortality due to temperature extremes in Stockholm, Sweden during 1980-
2009 can be attributed to climate change that has occurred since our reference period (1900-1929). Mortal-
ity from heat extremes in 1980-2009 was double what would have occurred without climate change. Although
temperature shifted towards warmer temperatures in the winter season, cold extremes occurred more frequently,
contributing to a small increase of mortality during the winter months. No evidence was found for adaptation

over 1980-2009.

duration and spatial extent of some extreme weather events,

particularly heat waves, with further increases projected'.
The numbers of more persistent and more severe heat waves
are increasing faster than the number of days with extreme
temperatures’. During the summer of 2012, many parts of the globe
experienced extreme heat waves, resulting in an all-time record of
globally averaged land surface temperature for June-August’. The
increase in the number of extreme temperature events is further
illustrated by heat waves in Europe in 2003, 2007 and 2010, with the
2010 event surpassing the 2003 heat wave in terms of temperature
and spatial extent!. Temperatures in 2010 broke twentieth and
twenty-first century records, with an 80% probability the record
heat would not have occurred without climate change’.

All temperature-related mortality is potentially preventable,
making mortality during extreme temperature events a public
health concern. Extreme heat is well recognized to adversely
affect human health and performance, with potentially fatal
consequences®. The negative effects of heat and heat waves on
human health cover the spectra from relatively mild symptoms
such as heat syncope and fainting to more serious effects such as
cramps, heat exhaustion and heat stroke’. When exposed to high
ambient temperatures, the human body attempts to regulate its
interior temperature by increasing perspiration and by increasing
heart rate and cardiac output to redistribute blood to the skin,
where heat is dissipated®.

Cold extremes are also associated with adverse impacts on
human health. Mortality due to cold is mainly attributed to
arterial thrombosis due to cold-induced haemo-concentration
and hypertension, and to respiratory disease attributable to
infectious disease”!’.

It has been proposed that reductions in cold-related mortality
may partially compensate for the additional burden of heat-
related mortality projected with climate change''. Although
there is a physiological basis for increased cardiovascular and
respiratory disease mortality during winter months, the limited
evidence does not suggest a significant shift in the balance

Climate change has increased the frequency, intensity,

of deaths between winters and summers because of lower
cold-related mortality'?.

Human adaptation to a changing climate can, over time,
occur through changes in the body’s physiology and through
behavioural and health system changes>™*. These changes are
used to explain declining mortality from heat and cold extremes
in historic registers'>'®!7. However, the extent of physiological
acclimatization cannot be easily separated from changes in
population demographics and the built environment, and from the
changing prevalence of susceptibility factors during the twentieth
century'®. Therefore, adaptation to past temperature changes may
not be predictive of the ability of societies to adapt to future changes
in the frequency, intensity and duration of heat waves, particularly
when they are outside the range of common expectations.

A key policy-relevant question is the extent to which changes in
climate-sensitive morbidity and mortality can be attributed to his-
toric climate change'®. Factors contributing to this research gap in-
clude the complexity of attributing a temporal change within mul-
tiple drivers of health outcomes, and the lack of long-term quality
health data. To help fill this gap, we determine the extent to which
mortality related to temperature extremes in Stockholm, Sweden
can be attributed to climate change across the twentieth century.

Using temperature data from the beginning of the twentieth
century (1900-1929) in Stockholm, Sweden, we define extreme
cold/heat events and then use these thresholds to calculate the
number of extreme events in 1900-1929 and 1980-2009. The
temperature distribution in 1900-1929 was used as the reference
and we assumed constant exposure—response relationships. The
population in 1980-2009 was used to show how changes in the
occurrence of temperature extremes over the twentieth century
affected mortality. Long-term temperature and recent health data
sets allow us to attribute recent deaths from extreme cold and heat
temperatures to observed climate change.

Results
In central Stockholm, temperature distributions for the winter
period (January, February and March) and summer period (June,
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Figure 1| Temperature distribution of 26-day moving average of mean
temperatures during winter months. Grey distribution, 1900-1929; black
distribution, 1980-2009; white, overlapping distributions.

July and August) shifted to warmer temperatures over the twentieth
to twenty-first century. The 26-day moving average of daily mean
temperatures warmed overall during the winter months (Fig. 1)
in the period 1980-2009 compared with 1900-1929. As would be
expected, cold extremes of the same intensity (or colder) continued
to occur in 1980-2009. The total number of annual observations
below the second percentile is roughly the same across the century,
although the more recent period had more extremely cold days.

The distribution of the 2-day moving average of daily mean
temperature during the summer months (Fig. 2) showed a positive
shift, with more warmer days and heat extremes in 1980-2009
compared with 1900-1929.

These data were corrected for the effect of urbanization and
the heat island effect®.

Supplementary Fig. 1 shows the 26-day moving average of
daily mean winter temperatures uncorrected for the effect of
urbanization and the heat island effect. Substantial warming is
present along with more cold extremes. Supplementary Fig. 2 shows
the 2-day moving average of daily mean summer temperatures
uncorrected for the effect of urbanization and the heat island effect.
An even more substantial warming during the summer months can
be detected compared with the corrected data.

Mortality risk during cold and heat

Cold extremes were defined as days colder than the second
percentile of the 26-day moving average of daily mean temperatures
(lag0-25). Heat extremes were defined as days warmer than
the 98th percentile of the 2-day moving average of daily mean
temperatures (lag0-1). The second percentile for cold corresponds
to temperatures below — 6.3°C and the 98th percentile for
heat corresponds to temperatures above 19.6°C. Using the
temperature distribution during 1900-1929 as the reference period,
Fig. 3 shows the number of temperature extremes occurring
per decade over the century, into the twenty-first century.
Supplementary Table 1 presents descriptive statistics for the periods
1900-1929 and 1980-20009.

The relative risks (RRs) of mortality from cold and heat extremes
remained stable over the period 1980-2009 in a decade-by-decade
comparison (B trend cold = 0.0063; 95% CI: —0.043, 0.056, S
trend heat =0.0077; 95% CI: —0.024, 0.039) adjusting for general
time trends of mortality for the total population as well as for
those 65 years of age and older (Fig. 4). Extreme cold, compared
with normal winter days, significantly increased daily mortality
by 5.6% (95% confidence interval (CI) 2.9%, 8.2%). There was
a 4.6% (95% CI: 2.6%, 6.7%) increase in mortality for extreme
heat compared with normal summer days. The estimates for adults
65 and older were consistently higher; for cold extremes there
was a 6.8% increase in mortality (95% CI: 4.1%, 9.6%) and for

hot extremes, there was a 5.5% (95% CI: 3.4%, 7.7%) increase in
mortality. Supplementary Table 2 presents the results for different
lags; the results are overall consistent.

Adaptation to more frequent extremes

To determine whether the number of temperature extremes affected
the relative risks associated with cold or hot extreme temperatures
(for example, whether adaptation occurred), the estimated annual
RRs were regressed on the number of extremes occurring the
same year. The ranges of extremes per year were 0-57 for cold
extremes and 1-38 for hot extremes. The RR associated with cold
extremes showed a slight and non-significant negative relationship
with the number of cold extremes within each year (8 # cold
extremes = —0.0003; 95% CI: —0.0023, 0.0017). The relationship
between the RR of mortality during a heat extreme and the number
of heat extremes was weakly negative and non-significant (8 # heat
extremes = —0.0033; 95% CI: —0.0066, 0.00091).

These results suggest that significant short-term adaptation
to more frequent cold and hot extremes in Stockholm did not
occur during 1980-2009. This suggests that any new temperature
extreme could cause the same magnitude of additional mortality
independent of the number of such events occurring over a year.
In addition, the overall relative risks associated with heat and cold
extremes were stable between decades. We therefore conclude that
any short-term adaptation to more frequent temperature extremes
that occurred during the period 1980-2009 was probably too
insignificant to reduce mortality, despite the sharp increase in the
frequency of heat extremes (Fig. 3).

Attribution of mortality

As mortality due to cold and heat extremes differs by age,
cause of death???, and years of life lost?’, results are presented
separately for cold and heat.

Adjusting for urbanization and the urban heat island effect, there
were 220 cold extremes over the period 1900-1929 compared with
251 extremes in the period 1980-2009. The increase of 31 cold
extremes in the past 30 years translated into 75 (95% CI: 40, 112)
lives lost owing to more frequent cold extremes.

There was an increase in the number of heat extremes between
1900-1929 (220) and 1980-2009 (381). This increase, together with
the shift in the 2-day moving average of daily mean temperatures,
suggests that these excess extreme events occurred owing to climate
change. This is consistent with recent conclusions about the impacts
of climate change on the frequency and intensity of extreme weather
and climate events'. On the basis of this increase, the number
of deaths attributable to climate change over the past 30 years
due to excess heat extremes in Stockholm is estimated to be 288
(95% CI: 161, 417).
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Figure 2 | Temperature distribution of 2-day moving average of mean
temperatures during summer months. Grey distribution, 1900-1929; black
distribution, 1980-2009.
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Figure 3 | Number of cold/heat extremes per decade 1900-2009. Filled
circles, number of cold extremes; open triangles, number of heat extremes.

Not accounting for urbanization and the urban heat island
effect would yield a net reduction of 12 cold spells and 33
(95% CI: 18, 49) lives saved owing to fewer cold extremes. The
increase of the number of heat extremes would be even more
remarkable with 273 excess heat extremes occurring in 1980-2009,
resulting in 447 (95% CI: 252, 646) excess deaths attributable to
changes in the frequency of heat extremes. The estimates derived
from the observed data would increase the excess number of
heat related deaths due to climate change by as much as 55% as
compared with the adjusted data.

Discussion

Over the century, there was a shift in the temperature distributions
of winter and summer seasons, including the number of cold and
hot extremes in Stockholm, Sweden. This finding is consistent with
changes in other European regions>?*. The relationship between
temperature and mortality is well established?>*>%, and assuming
that these relationships do not change over time (for example, are
robust to changes in the number of extremes), the number of deaths
associated with those extremes can be calculated. We estimated a
large increase in mortality from heat extremes due to the warming
associated with climate change, with a smaller increase in deaths due
to slightly more frequent cold extremes.

There was an observed shift in the temperature distribution
towards warmer temperatures in the winter season. The number
of cold extremes increased slightly during 1980-2009 as compared
with 1900-1929, contributing to increasing mortality during the
winter months. As fewer winter deaths increase vulnerability to
heat extremes, a warming climate also could increase heat-related
mortality through this mechanism?*?’. Therefore, the extent to
which the balance of heat- and cold-related mortality would
shift owing only to warmer winters is confounded by how much
heat-related mortality could increase owing to warmer summers.
Separating future winter mortality into a seasonal effect and
a temperature effect, seasonal mortality would remain elevated
during the colder months, as most winter mortality is not strongly
associated with temperature?.

A significant proportion of deaths during heat waves could
be attributed to urban heat island effects, on the basis of the
estimated 288 excess deaths attributed to the increase in heat
extreme exposure in the data adjusted for urban heat island effects
and the estimated 447 excess deaths in the unadjusted data. From
a public health perspective, both factors are potent risk factors
for future heat-related mortality under scenarios of population
growth and climate change.

In the data adjusted for urban heat island effects, there
was limited evidence of acclimatization during the past three
decades, suggesting that projections of heat-related mortality with

climate change not considering adaptation may not significantly
overestimate mortality impacts.

There was a declining trend in the RR of mortality due to both
cold and hot extremes on a decadal basis from 1901 until 2009,
with a levelling off during the past three decades. This decline
was probably due to, among other factors, improvements in health
care and dwellings and behavioural changes during temperature
extremes®. The RRs of mortality during the period 1980-2009 are
stable on a decadal basis. It is difficult to judge how time trends
in disease prevalence and health have influenced the stability of
RRs of mortality. The proportions of deaths due to cardiovascular
diseases and the death rates for cardiovascular diseases have been
decreasing constantly in Sweden since the 1980s. In 1987, the death
rate per 100,000 women aged 15-74 years was 128 and was 55 in
2010. For men, the death rate decreased from 352 in 1987 to 126
per 100,000 in 2010,

We believe that results from Stockholm are representative for
most of the Swedish population. A previous study of Stockholm,
Scania (South Sweden) and Gothenburg (West Sweden) reported
the effects of warm temperatures on the elderly population
in Sweden to be rather strong and consistent across different
regions®'. These results are partially consistent with those of ref. 13,
which reports adaptation in England and Wales over time, with
decreasing mortality rates for cold-related mortality over the period
1976-2005 and slightly increasing rates for heat-related mortality
over the period 1977-2005.

The stable and constant mortality impact of cold and heat over
the past three decades, independent of the number of extreme
events, shows the difficulties in adapting to changing temperatures.
The negative effects of heat in the Stockholm region are apparent
during a short summer season and the adaptive measures taken
in, for instance, the warmer regions of the United States with an
increased use of air conditioning™, are not used to the same extent
in Sweden. There is very low awareness of the negative health
effects of heat in Sweden. Future changes in the frequency and
intensity of heat waves might be of a magnitude large enough to
overwhelm the ability of individuals and communities to adapt. The
expected increase in the number of elderly and other potentially
vulnerable groups, in absolute numbers and as a proportion of the
population, could make the impact of temperature extremes on
human health even more severe®.

Some limitations in our study need to be acknowledged. The
number of deaths attributable to cold and heat is under-reported
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Figure 4 | Mortality related to temperature extremes for 1980-2009.
Filled circles, relative risk of mortality related to cold extremes; open circles,
relative risk of mortality related to cold extremes 65+; filled triangles,
relative risk of mortality related to heat extremes; open triangles, relative
risk RR and 95% ClI of mortality related to heat extremes 65+.
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on the basis of the thresholds identified to define such extremes;
in a climate such as Stockholm’s, more so for cold than for heat.
In reality it is well known that mortality occurs over a wider
temperature range** . An added effect of heat wave duration
has been reported in addition to heat intensity*"*’. We did not
explicitly consider the duration of extreme events when estimating
mortality; however, the approach taken here incorporates duration
and corresponds to the estimates from an average duration above
the defined threshold. Analyses of changes in the number of extreme
events did not take into account changes in the intensity of these
events. Ref. 38 reports increasing risks for more extreme heat waves
but no increase for cold. We may thus underestimate the effect
of heat extremes on mortality. The impact of warmer summers
also may be underestimated because a warmer climate influences
atmospheric chemistry, thus increasing ground level ozone and
ozone-related mortality, all else being equal™®.

The approach taken does not strictly adhere to the Intergov-
ernmental Panel on Climate Change best practice for attribu-
tion of temperature-related mortality to external forcing because
temperature-related mortality was not estimated during our refer-
ence period. We could not make any direct comparisons between
mortality to temperature extremes during 1900-1929 and mortality
to temperature extremes during 1980-2009*".

This is the first study to estimate the number of deaths due to
cold and hot extreme temperatures attributable to climate change.
There was a small increase in extreme cold temperature-related
mortality and a substantial increase in extreme heat temperature-
related mortality in 1980-2009 as compared with 1900-1929. Not
adjusting for urbanization and heat island effects, there was a
small decrease in extreme cold temperature mortality in 1980-2009
compared with 19001929, with a much larger increase in extreme
hot temperature mortality. Although the number of extreme hot
temperature deaths (288) attributable to climate change is very
small compared with other public health burdens, these deaths are
only for the Stockholm region. Applying this method to attribute
the number of deaths due to climate change in the European region
or worldwide, using different regional-specific estimates of climate
change and population characteristics would probably yield much
larger estimates for both cold and heat (although the former might
be a decrease rather than increase).

Conclusion

Mortality due to heat extremes in Stockholm, Sweden was
significantly elevated in the past thirty years because of more
frequent events compared with the beginning of the twentieth
century. Cold spells occurred slightly more frequently, contributing
to increasing mortality during the winter months. Additional
changes in the frequency of extreme temperature events due
to climate change, combined with increases in the size of the
vulnerable population, will probably be associated with increased
mortality during summer extremes.

Methods

We collected daily mortality during the period 1980-2009 and daily temperature
data for the period 1900-2009 for Stockholm County, Sweden. Temperature
observations have been made at the same place since the 1750s. Urbanization at this
location has led to a warming of about 0.7 °C on average. The temperature data thus
incorporated changes due to urbanization and the heat island effect®.

For the reference period 1900-1929, heat extremes were defined as days when
the temperature rose above the 98th percentile of daily mean temperature (2%
warmest days) for a 2-day moving average of mean temperature (lag0 to lagl).
Cold extremes were defined as days when the temperature fell below the second
percentile of daily mean temperature (2% coldest days) for a 26-day moving
average of mean temperature (lag0 to lag25). The percentiles were derived
from daily observations across the years. These lags were chosen on the basis
of previous research?*%!,

For the reference period 1900-1929, the second percentile for cold corresponds
to temperatures below —6.3 °C and the 98th percentile for heat corresponds to

NATURE CLIMATE CHANGE po1:10.1038/NCLIMATE2022 ‘

temperatures above 19.6 °C. Changes in the number of temperature extremes
during this period and in 1980-2009 were investigated using these thresholds.

Statistics. The analysis of the relationship between cold and heat extremes and
mortality during 1980-2009 assumed the daily counts of mortality followed

an overdispersed Poisson distribution. A generalized linear model was fitted*?.
The time trends over the period were described by a smooth function with 120
degrees of freedom (df; for example, 4 df per year of study). This function allowed
the baseline mortality to vary depending on demographic changes and other
slowly changing and time-varying extraneous factors. The short-term variability
of daily deaths is due to factors in addition to daily temperatures. Potential
confounding variables varying over a shorter time span, such as day of week and
national holidays, were included as categorical and binary variables respectively,
yielding the final model:

Mortality, ~ Poisson(u,)

log(it,) = intercept+ weekday + holiday + S(time, df
=4 per year) + heat extreme + cold extreme

To validate the approach taken attributing the surplus/deficit of heat/cold extremes
to the difference in climate between the two study periods, we assessed whether
adaptation (or maladaptation) occurred over the past 30 years (for example, the
stability of the RR estimates). We investigated whether the number of cold/heat
extremes occurring during a year influenced the relative risk of mortality. If the RR
was sensitive to the number of extreme events per year, this would be subtracted
from the RR when attributing deaths to the difference between the two study
periods. This was analysed using linear regression with the RR of mortality during
an extreme event as the dependent variable and the number of extreme event each
year as the independent variable.

The RRs for each year during the period 1980-2009 were calculated using

the following model:

Mortality, ~ Poisson(,)

intercept + weekday + holiday + S(trend, df

4 per year) + heat extreme + heat extreme s year

log(u+)

+cold extreme + cold extreme * year

The estimated annual coefficient related to heat and cold extremes were
then regressed on the number of extreme events occurring each year over
the period 1980-2009.

Linear regression with the decadal estimates of the RRs as the response

variable and decade as the explanatory variable was used to analyse any potential
time trend in the RRs over time using weights inversely proportional to the
variance of each RR.

We quantified the number of deaths that could be attributed to climate change

through a change in the frequency of extreme heat and cold events. If the numbers
of extreme events were roughly the same during the reference period as during

1980-2009, it would not have been possible to attribute any change in the extremes

or their associated mortality to climate change.

Attributed mortality was calculated as: AEE Mg * (RRgg — 1), where
AEE is the difference between the number of extreme events occurring in
1980-2009 and 1900-1929, M, is the seasonal baseline mortality in 1980-2009 and
(RRgg — 1) is the increase in risk during every excess extreme event estimated from
1980-2009 mortality data.

Owing to seasonality in mortality patterns, we used appropriate

baseline mortality for winter (January, February and March) and summer

(June, July and August).
We do not estimate the temperature—mortality relationship or quantify the

number of deaths attributable to extreme temperatures during the reference period.

SAS version 9.2 was used for the creation of data sets and variables. R version

2.13.1 was used for the statistical models and creation of outputs.
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