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ARTICLE INFO ABSTRACT

Keywords: Background: Climate change is projected to result in increased heat events and decreased cold events. This will
Spatial synoptic classification substantially impact human health, particularly when compounded with demographic change. This study
Ig:ladt employed the Spatial Synoptic Classification (SSC) to categorize daily weather into one of seven types. Here we

estimated future mortality due to extremely hot and cold weather types under different climate change scenarios
for one southern (Stockholm) and one northern (Jamtland) Swedish region.

Methods: Time-series Poisson regression with distributed lags was used to assess the relationship between
extremely hot and cold weather events and daily deaths in the population above 65 years, with cumulative
effects (6 days in summer, 28 days in winter), 1991 to 2014. A global climate model (MPI-M-MPI-ESM-LR) and
two climate change scenarios (RCP 4.5 and 8.5) were used to project the occurrence of hot and cold days from
2031 to 2070. Place-specific projected mortality was calculated to derive attributable numbers and attributable
fractions (AF) of heat- and cold-related deaths.

Results: In Stockholm, for the RCP 4.5 scenario, the mean number of annual deaths attributed to heat increased
from 48.7 (CI 32.2-64.2; AF = 0.68%) in 2031-2040 to 90.2 (56.7-120.5; AF = 0.97%) in 2061-2070,
respectively. For RCP 8.5, heat-related deaths increased more drastically from 52.1 (33.6-69.7; AF = 0.72%) to
126.4 (68.7-175.8; AF = 1.36%) between the first and the last decade. Cold-related deaths slightly increased
over the projected period in both scenarios. In Jamtland, projections showed a small decrease in cold-related
deaths but no change in heat-related mortality.

Conclusions: In rural northern region of Sweden, a decrease of cold-related deaths represents the dominant trend.
In urban southern locations, on the other hand, an increase of heat-related mortality is to be expected. With an
increasing elderly population, heat-related mortality will outweigh cold-related mortality at least under the RCP
8.5 scenario, requiring societal adaptation measures.

Mortality projection
Climate change
Sweden

1. Introduction

The global mean temperature is increasing, currently around 1.1 °C
higher than pre-industrial levels due to anthropogenic climate change
(IPCC, 2023). If greenhouse gas emissions continue at the same level
(SSP5 scenario), global temperature is projected to increase by 2.4 °C in
the period 2041-2060 compared to pre-industrial levels (IPCC, 2021).

The greatest increases are occurring in the middle and high latitudes
in the Northern Hemisphere (Gulev et al., 2021), in particular in the
Arctic. While the mean global temperatures in the period 2000-2009
were 0.6 °C higher than in the period 1951-1980, in the Arctic, this

increase was about 2 °C (NASA, 2013). In the future, Arctic and Sub-
arctic regions will again be substantially affected by climate change,
with higher temperatures during summer, milder winters, and greater
precipitation year-round (Hedlund et al., 2014).

Climate change has a substantial impact on public health (Cissé et al.,
2022). One of the most concerning aspects is the impact of extreme high
temperatures on human health (WMO and WHO, 2015). Extreme high
temperatures are becoming more common, and heat-waves are
increasing in intensity, frequency and duration (Perkins-Kirkpatrick and
Lewis, 2020; Sheridan et al., 2019; World Health Organization (WHO),
2017, World Health Organization (WHO), 2020). In this regard, in the
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majority of regions, studies project a rise in heat-related mortality and a
reduction in cold-related mortality (Gasparrini et al., 2017; Hondula
et al., 2015; Vicedo-Cabrera et al., 2018).

Among the many studies related to extreme temperatures and human
health worldwide, there have been some from Arctic and Subarctic re-
gions (Canada, Finland, Russia, Sweden) that have shown the effect of
heat and cold on hospital admissions (Wang et al., 2014), all-cause
mortality (Ruuhela et al., 2020), and cause-specific mortality (Revich
and Shaposhnikov, 2022; Rocklov et al., 2011).

However, it is not only high and low temperatures but also their
combination with other weather components such as wind speed and
humidity, air pressure, and cloudiness, that can have adverse health
effects (Hondula et al., 2014; Sheridan and Kalkstein, 1998; Sheridan,
2002; Steadman, 1984).

One approach to holistically assess the impacts of the atmosphere on
human health is to use a synoptic categorization, in which multiple
meteorological variables are considered together. The Spatial Synoptic
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Classification (SSC; Sheridan, 2002) has been utilized in a number of
studies to assess the collective impact of meteorological conditions on
health outcomes (Vanos et al., 2014). The SSC uses the meteorological
variables of air temperature, dew-point temperature, sea-level pressure,
wind speed, and cloud opacity, measured every 6 h. It classifies the daily
weather into one of seven categories — dry polar (DP), dry moderate
(DM), dry tropical (DT), moist polar (MP), moist moderate (MM), moist
tropical (MT), and transition (TR) (Sheridan, 2002). Additional sub-
categories can be constructed to represent extreme weather types — dry
tropical plus (DT+), moist tropical plus (MT+), dry polar plus (DP+)
and moist polar plus (MP+) (Fonseca-Rodriguez et al., 2021; Kalkstein
et al., 2018; Lee et al., 2018; Sheridan, 2002; Urban and Kysely, 2018).

So far, most projections of future climate-change related weather
effects on human health have used mean daily temperature as the
exposure variable (Aboubakri et al., 2020; Gasparrini et al., 2017; Hajat
et al., 2014; Lee and Kim, 2016; Rodrigues et al., 2019b). Few studies
have projected weather-related mortality considering the effect of dry

68°N ﬁ

66°N 1

64°N -

Latitude
S
Z

60°N

e
A
1.3

58°N 1

>
o

0y
56°N - A

@

=
S
Ay e
e
7

¥
e
(2 5L
LN
i
o

A

2K
o
]

Sweden

[] Jamtland
|| Stockholm

0 150 300km

10°E

20°E 25°E

Longitude

Fig. 1. Study locations. Main weather stations in each study area are represented by black stars (Bromma—BMA in Stockholm and Ostersund—OSD in Jamtland).
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and humid heat based on the SSC climatology (Greene et al., 2011;
Psistaki et al., 2020; Sheridan et al., 2012a, 2012b; Urban and Kysely,
2018; Vanos et al., 2015b).

Our previous studies demonstrated the role of hot and cold SSC
weather types for all-cause mortality (Fonseca-Rodriguez et al., 2019)
and cardiovascular and respiratory mortality (Fonseca-Rodriguez et al.,
2020) and hospitalizations (Fonseca-Rodriguez et al., 2021) in Sweden.
Here, based on these previous results, we use projected climate data and
demographic changes to estimate the future mortality burden in the
population aged 65 years and older in Sweden due to extremely
oppressive weather types, considering the length of heat or cold
sequences.

2. Material and methods
2.1. Study locations

Our study was performed in two Swedish locations: Stockholm
County and Jamtland county (Fig. 1). The study locations differ in
several aspects: Stockholm is in the southern part of the country
(Bromma weather station, 59.35°N, 17.95° E), a large urban area with a
high population density (336.9 inhabitants/km?) and a total population
of 2,196,188 inhabitants (2014). On the other hand, Jamtland is situated
in northern Sweden (Ostersund weather station, 63.19°N, 14.49°E), a
mountainous, predominantly rural region with a population of 126,580
in 2014 with only 2.6 inhabitants/km?2.

2.2. Historical data

We used baseline mortality data of the study areas between January
1st, 1991, and December 31st, 2014, from the Linnaeus database at the
Center for Demographic and Ageing Research (CEDAR), Umed Univer-
sity, Sweden (Malmberg et al., 2010). The information on daily deaths
was based on the place of residence and included the death date and age
at death. The total yearly population per study location from 1991 to
2014 was obtained from Statistics Sweden (SCB) (Statistics Sweden,
2020b).

Meteorological data were obtained from the Swedish Meteorological
and Hydrological Institute (SMHI), recorded at the weather stations
located in each study location (Bromma for Stockholm County,
Ostersund for Jamtland County (Fig. 1). The data consisted of hourly
temperature, wind speed, precipitation, cloud cover, dew point, and air
pressure.

The meteorological data were used to classify the daily weather into
one of the SSC weather types (DP, DM, DT, MP, MM, MT, and TR)
(Sheridan, 2002) in each of the study locations. When hourly data were
missing, values from adjacent hours were interpolated. In addition to the
seven standard SSC weather types, we identified days with extreme hot
weather (DT+ and MT+) in summer and with extreme cold weather
(DP+ and MP+) in winter. These were days on which both the morning
and afternoon apparent temperature was at least one standard deviation
above respectively below the mean apparent temperature of the base
weather type (DT/MT and DP/MP) (Sheridan, 2002).

2.3. Estimation of the baseline exposure-response relationship

As with our previous studies (Fonseca-Rodriguez et al., 2019, 2020),
we assessed the effect of weather types on mortality stratified by season,
considering an extended summer from May to September and an
extended winter from November to March.

We estimated the effect of extreme hot weather types (DT+ and
MT+) in summer and extreme cold weather types (DP+ and MP+) in
winter on mortality, taking into account the length of heat and cold
waves, defined as the number of consecutive extreme hot days in sum-
mer and cold days in winter, respectively (Sheridan and Lin, 2014). We
created categorical variables for extreme hot days in sequence (HDIS)
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ranging from one to four days in summer, and for extreme cold days in
sequence (CDIS) from one to five days in winter. By this, not only was
the effect of single extreme hot or cold days captured, but also their
effect when occurring in sequence. Days with all other weather types
(including the non-extreme cold (DP and MP) and non-extreme hot (DT
and MT) types) served as the reference category.

For the extended summer period, we estimated the cumulative effect
over 6 days lag period after each day of the heat event from 1 to 4 HDIS;
extreme hot days in sequence >4 in summer were categorized as 4. For
the extended winter period, the cumulative effect over 28 days of CDIS
from 1 to 5 was calculated; extreme cold days in sequence >5 in winter
were categorized as 5. In summer, shorter maximum lags were consid-
ered than in winter because the heat has been shown to have a more
immediate effect on health than cold (Ye et al., 2012).

Time series analysis was implemented using a generalized linear
model with quasi-Poisson regression accounting for overdispersion. We
used a distributed lag non-linear model (DLNM) to estimate the
exposure-response function. The relationship between hot and cold DIS
and mortality was modeled using the dinm package (Gasparrini et al.,
2010), separately for each study location.

The model used is as follows:

Y, ~ quasi — Poisson(u,,0)
Var (Y,) =6u

log(u,) = a + p crossbasis(DIS) + ns(year) + ns(DOY) 4+ y DOW
+ Offset(log of Population)

The outcome was daily deaths (Y,). The cross-basis matrix for vari-
ables of HDIS in summer and extreme CDIS in winter were constructed.
The cross-basis is a bi-dimensional function representing the exposure-
response relationship and its lag dimension (Gasparrini, 2011, 2014;
Gasparrini et al., 2010). For both locations, a natural spline (ns) was
used to control for long-term trends (year), with three degrees of
freedom (df) in summer and seven df in winter. We accounted for sea-
sonality using a natural spline fitted to the day of the year (DOY), with
three degrees of freedom in both locations and seasons. The day of the
week was controlled by the categorical variable DOW (day of the week).
The estimated daily population at risk was used as the offset variable. a
is the intercept, f is the coefficient for the DIS, and y for the DOW. The
values of df for seasonality and long-term trends were chosen based on
previous studies (Fonseca-Rodriguez et al., 2019, 2020, 2021) and on
the minimum quasi-Akaike information criterion. We computed relative
risks (RR) for each extreme weather type with 95% confidence intervals
(CD of all-cause mortality cumulative over six days for extreme HDIS in
summer and over 28 days for CDIS in winter.

We performed a sensitivity analysis encompassing a range of
maximum lags from 6 to 14 days during the summer months and 21-28
days throughout the winter period. Additionally, we incorporated a
flexible approach to address long-term trends and seasonal variations,
utilizing natural cubic splines with degrees of freedom (df) ranging from
3 to 8. Models with similar maximum lag showed similar results. The
selection of these parameters was guided by the quasi-Akaike Informa-
tion Criterion (qAIC). Finally, the attributable number of deaths (AN)
and the attributable fraction (AF) were calculated. For summer, AN and
AF due to extreme heat were calculated considering the cumulative ef-
fect over six days of the length of the HDIS. Similarly, for winter, we
computed AN and AF of mortality related to extreme cold over 28 days
lag and cold spells. AF and AN were calculated using a forward
perspective; it can be interpreted as the estimated deaths in a specified
period following a specific exposure (e.g., extreme heat or cold) on a
given day, as described by Gasparrini and Leone (2014). We used the
function “attrdl” from the R package FluMoDL to calculate both attrib-
utable measures, which use the methodology developed by Gasparrini
and Leone (2014) that computes attributable risk (attributable numbers
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or fractions) from distributed lag non-linear models.

Monte Carlo simulation was used to calculate the empirical confi-
dence intervals (eCls) of AN and AF by generating 10,000 samples of the
coefficients; their 2.5th and 97.5th percentiles were defined as the 95%
eCI (Gasparrini and Leone, 2014; Vicedo-Cabrera et al., 2019).

2.4. Projection of future daily weather types based on the spatial synoptic
classification

2.4.1. Reanalysis data of weather types

Two additional data sources were needed to be able to generate
projected SSC types. First, a historical weather reanalysis data set was
needed to serve as a link between the station-based observational data
discussed above, and the gridded climate projections. This link is
necessary because previous research showed that when using gridded
data, SSC weather types are better predicted using smoother upper-
atmospheric fields than surface gridded data, in which small biases
can substantively affect classification. Hence, a reanalysis data set that
contains both the surface and upper atmospheric data is critical (Sher-
idan et al., 2012b).

In this research, data for the Uncertainties in Ensembles of Regional
ReAnalyses Harmonie V1 project (UERRA) were obtained from 1973 to
2015 (Dahlgren et al., 2016). For the nearest land grid point for each of
the study locations, daily mean values of 700-hPa geopotential height,
850-hPa temperature, 2-m temperature, 2-m relative humidity, and
mean sea-level pressure were retrieved through the Copernicus Climate
Data Store (Ridal et al., 2018).

For the historical period of 1973-2015 using the UERRA data,
multinomial logistic regression (MLR) models were run for each loca-
tion, to assess which weather variables were most suitable for the pre-
diction of SSC type. The skill of the MLR models was assessed by
calculating the percentage of days in the historical period where the
MLR correctly assigns extreme SSC types (DP+, MP+, DT+, MT+) in the
UERRA datasets that matched the historical records of SSC types at each
of the two study sites. The final model predicted the SSC type based on
values of each of the meteorological variables from the day of the SSC
type being predicted and day prior.

2.4.2. Regional climate model and SSC weather type projections

Climate projections were obtained from the Max Planck Institute’s
Earth System Model LR (hereafter referred to as MPI-ESM), which was
downscaled by the Rossby Center regional climate model (Strandberg
et al., 2014), a participating model in the Coupled Model Intercompar-
ison Project Phase 6 (Eyring et al., 2016). The downscaled regional
climate model (RCM) version was obtained for two time periods: a
historical period from 1973 to 2005 and a future period from 2026 to
2080. For the future period, we used two different realizations of
MPI-ESM simulating two major representative concentration pathways
(RCPs): RCP 4.5 and RCP 8.5. The true future emissions trajectory is
unknown, so the three scenarios are considered to span the range of
possibilities given anthropogenic variability of greenhouse gas (GHG)
forcing and the level of abatement. The RCP 4.5 scenario assumes
slightly less emissions abatement, and the RCP 8.5 scenario represents a
‘business as usual’ pathway with abatements and interventions consis-
tent with present day global policies and human behaviors.

The variables downloaded for the RCM include daily values for 700-
hPa geopotential height, 850-hPa temperature, and 2-m specific

Table 1
Coordinates for the extracted grid points of the three data sources.
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humidity. For each variable and emissions pathway, only the time slice
of the nearest land-based grid point to each of the two SSC stations was
retained. Table 1 lists the coordinates for the extracted grid points of the
three data sources.

Using the coefficients from the MLR analysis with the historical
UERRA data, MLR models were used to assign an SSC type for each day
in each of the regional climate model emissions scenario simulations
from 2026 to 2080.

2.5. Projection of future mortality

Projected annual mortality counts of those 65 and older per location
from 2030 to 2070 were obtained from Statistics Sweden (SCB) (Sta-
tistics Sweden, 2020a). Projections were based on assumptions
regarding future mortality, fertility, and migration trends (Statistics
Sweden, 2018; Statistics Sweden, 2020a). The future annual mortality
data were interpolated to the daily level, based on the observed mean
death counts per calendar day during the historical period 1991 to 2014,
in order to reproduce the seasonal pattern for the future period as pro-
posed by Vicedo-Cabrera et al. (2019).

The projected time series of extreme weather type occurrence and
persistence, based on daily SSC weather types, was used as the future
exposure variable. The weather-related mortality projection was carried
out under the assumption of no adaptation to climate change, which
means no modification of the exposure-response function of the baseline
period (Gasparrini et al., 2017). Hence, in our study, we projected the
future impact of extreme hot and cold weather in summer and winter,
respectively, if the current population would be exposed to the future
frequency of extreme hot and cold weather types. Future demographic
change was taken into consideration by using the projected mortality
and age composition projected for each study area from 2020 to 2070
(Statistics Sweden, 2020a). We projected AN and AF for the projected
daily weather based on the GCM and two RCPs and the estimations of
future weather-related mortality by decades in each location.

3. Results
3.1. Observed period

In Stockholm, the cumulative effect of heat and cold events on
mortality was increased during day 1 to day 3 or 4 in sequence (Table 2).
The heat effect in Jamtland could not be assessed for longer DIS because
of their scarce occurrence. Cold-related effects were high in Jamtland
and increased up to four DIS. The lag-distributed relative risks of HDIS
and CDIS during summer and winter in both locations are shown in
Supplementary Fig. 3.

3.2. RR: relative risk, CI: confidence interval

In Stockholm during the observed period, the average annual num-
ber of deaths (AN) attributed to heat was 27.66 (95%eCI: 16.09-37.5),
while cold caused approximately three times more deaths (AN 82.02;
18.37-139.89) than heat. The attributable fraction (AF, %) represented
0.55 (0.32-0.75) and 1.44 (0.35-2.41) of heat- and cold-related deaths,
respectively.

In Jamtland, both heat (AN 0.75; —3.26-3.17) and cold (AN 4.72;
—21.46-20.33) caused very few or no deaths per year. Those numbers

SSC UERRA MPI-M-MPI-ESM-LR
Location R . B . . . .
Weather station Latitude Longitude Latitude Longitude Latitude Longitude
Ostersund Are Ostersund Airport 63.1984 14.4979 63.1835 14.5381 63.0855 14.4486
Stockholm Bromma Stockholm Airport 59.3548 17.9427 59.3419 17.9011 59.3850 18.0097
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Table 2

Cumulative relative risk of SSC-based hot days in sequence over seven days in
summer and of cold days in sequence over 28 days in winter during the observed
period 1991-2014 among people aged 65+.

Days in Stockholm Jamtland
Season sequence Cumulative Cumulative
RR (95%CI) over 6 RR (95%CI) over 28
days days
Summer Heat
1 1.12 (1.00-1.25) 0.93 (0.57-1.54)
2 1.18 (1.07-1.32) 1.02 (0.72-1.44)
3 1.18 (0.97-1.44)
4+ 1.11 (0.96-1.28)
Winter Cold
1 1.06 (0.93-1.19) 0.83 (0.54-1.27)
2 1.11 (1.03-1.19) 1.19 (0.93-1.52)
3 1.13 (0.98-1.30) 1.85(1.11-3.07)
4 1.10 (0.92-1.31) 1.96 (1.04-3.70)
5+ 1.00 (0.94-1.07) 0.90 (0.67-1.23)

RR: relative risk, CI: confidence interval.

also correspond to very small AFs for heat (—0.06, —0.69-0.34) and cold
(—0.34, —3.82-1.83).

3.3. Projected period

For the two areas studied, demographic changes are projected to lead
to differing population trends over time, with urban Stockholm seeing
continued population increase, while in Jamtland, population numbers
are expected to decline slightly. Therefore, also the number of daily total
deaths throughout the projected period will increase in Stockholm but
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not in Jamtland (Supplementary Fig. 2).

The frequency of hot days, especially under RCP 8.5, is projected to
increase over time, while the frequency of cold days over the years has a
decreasing tendency (Fig. 2). This is more evident in Stockholm than in
Jamtland.

In Stockholm, in the RCP 4.5 scenario, the mean annual AN due to
heat was projected to increase from 39.22 (eCI 25.05-51.76; AF =
0.54%) in the first period (2031-2040) to 86.54 (55.79-113.77; AF =
0.93%) in the last period (2061-2070), respectively. In the RCP 8.5
scenario, heat-related deaths showed a more drastic increase from AN
41.60 (25.77, 55.81; AF = 0.58%) to 113.19 (69.98, 150.79; AF =
1.22%) between the first and the last decade.

Regarding cold effects, in the first decade, 65.75 deaths
(14.54-118.97, AF = 0.85%) were attributed to cold under RCP 4.5, and
87.78 (30.56-147.74, AF = 1.13%) for RCP 8.5. During the last decade
of the projected period, the number of deaths attributed to cold events
increased in both scenarios, RCP 4.5 (AN 115.27, 34.29-202.78; AF =
1.15%) and RCP 8.5 (AN 113.18, 38.19-190.58; AF = 1.13%). Under the
RCP 8.5 scenario, the heat-attributable fraction exceeded the cold AF in
the last decade.

In Jamtland, throughout the projected periods, the number of deaths
attributed to heat and cold remained similar to the observed period.
Figs. 3 and 4 and Supplementary Tables 1 and 2 show the attributable
fraction and the mean number of annual deaths per decade in the
observed and future periods in both study locations.

4. Discussion

While there have been a number of studies that examined the im-
pacts of climate change on health outcomes, few have looked at the
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projected impact of extreme temperatures in subarctic climate regions
(Revich and Shaposhnikov, 2022; Revich et al., 2020; Shaposhnikov
etal., 2011, 2019). In this study, we projected the mortality attributed to
extreme heat and cold weather types during 2030-2070, in the popu-
lation aged 65 years and older from one southern and one northern

Swedish location, both in the subarctic region.

The effect of temperature on mortality in Europe is a well-studied
topic (Gasparrini et al., 2022; Huber et al., 2020; Rodrigues et al.,
2019a; Ruuhela et al., 2020; Urban et al., 2014, 2022). Both hot and cold
can have a negative impact on human health, particularly in older adults
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(Watts et al., 2019). During heat waves, for instance, high temperature
can lead to dehydration, heat exhaustion, exacerbation of cardiovascu-
lar strain, and heat stroke, which can be fatal (Ebi et al., 2021; Selten-
rich, 2015). On the other hand, extreme low temperature causes
hypothermia and other cold-related illnesses. Vasoconstriction increases
the cardiac workload, provoking similar cardiovascular stress as heat,
and can also be life-threatening (Seltenrich, 2015).

In line with our previous studies on the association between SSC-
based weather types and mortality in Sweden (Fonseca-Rodriguez
et al., 2019, 2020), we found in the present study (during the historical
period 1991 to 2014) that extreme hot days (DT+ and MT+) have an
immediate and delayed effect on mortality, which is most evident during
the first days of a heat-wave in Stockholm. In this region, also during and
after extreme cold days (DP+ and MP+), mortality slightly increases and
remains elevated with a significant cumulative effect over 28 days. On
the other hand, as we have seen from previous studies, the effect of heat
on mortality in Jamtland is not very clear.

Anthropogenic climate change will lead in Europe to an increase of
heat waves, and a decrease in cold days (IPCC, 2021). Studies from
various European latitudes project a rise of heat attributed mortality and
a reduction of cold attributed deaths (Huber et al., 2022; Martinez-So-
lanas et al., 2021). This is in agreement with our results in Stockholm,
where heat-attributable deaths tend to increase until the last decade of
the projection period under high-emission scenario (RCP8.5).
Conversely, cold-attributable deaths will decrease over time, and during
the last decade of our projection period (2061-2070), heat-attributable
deaths will exceed cold-related deaths under the high-emission scenario
(RCP8.5). Northern Europe and other temperate regions are projected to
have a comparatively lower increase in temperature and heat-related
deaths. These areas are anticipated to maintain a higher cold compo-
nent, resulting in a lesser net change in comparison to other regions. In
contrast, all other regions, particularly those with warmer climates, are
expected to encounter a significant rise in heat-related mortality while
the cold component becomes gradually less significant (Gasparrini et al.,
2017). However, in Jamtland, which is situated much further north than
Stockholm, our projections show a small decrease in deaths attributed to
cold but no change in heat-related mortality. These shifts are expected,
considering the lower frequency of cold days over the years and a similar
frequency of hot days over time.

Our analyses took into account demographic trends projected by
Statistics Sweden, including population growth and ageing (Statistics
Sweden, 2020b). So, the large increases in mortality in the projected
period are mainly related to demographic change rather than climate
change.

Several limitations of the present study have to be acknowledged.
First, we did not consider the potential confounding effect of air pollu-
tion. The levels of certain pollutants, including NO2, SO2, CO, O3 and
particulate matter (PM10 and PM2.5) exhibit variations across diverse
weather conditions and seasons; mortality rates have been linked to
these pollutants (Vanos et al., 2014, 2015a). However, it can be assumed
that at least some of their confounding effects is captured by controlling
for seasonality in the model. Another limitation in Jamtland, the
northern location, was that the precision of the estimated effect of heat
and cold on mortality was affected by the small number of daily deaths
due to the small population in the region. This consequently affected the
further estimation of the annual number of deaths attributed to heat and
cold in the observed and future period. In addition, it is hard to assess
vulnerability in places with no significant experience of heat events,
such as Jamtland. Another important limitation is that we did not ac-
count for human adaptation to heat or cold in our models. In this regard,
we must consider that Sweden is a high-income country with a highly
resilient society that can reduce their exposure to heat by increasing the
use of air conditioning, or extending of urban green spaces, and
improving the effectiveness of heat-health action plans. These factors
could potentially be linked to the practical methods of heat adaptation.
Population-level adaptive capacities to increasing temperatures have
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been shown for Europe (Huber et al., 2022). Using the SSC has a sig-
nificant advantage as it is a classification system that is relative rather
than absolute (Sheridan, 2002). The SSC can evaluate the response to
stressful weather types at a local and seasonal level, because it classifies
weather on a spatiotemporally relative scale, which considers factors
such as thermal acclimatization and adaptation (Dixon et al., 2016;
Sheridan, 2002). In this respect, the SSC contributes with new insights
on future health effects of climate change.

5. Conclusion

In Stockholm, we project a progressive increase in heat-related
mortality in terms of attributable numbers and fractions, and an in-
crease in cold-related deaths despite the reduction of the attributable
fractions. With an increasing elderly population, heat-related mortality
will outweigh cold-related mortality, at least under the pessimistic RCP
8.5 scenario. However, in Jamtland region, a significant change in the
future mortality attributed to heat or cold is not expected through 2070.
Even in Nordic countries, with their overall cooler climate, health care
planners need to prepare for an increased health burden among the
elderly arising from prolonged heat waves, in particular under high
emission scenarios. Early warning systems, also considering relative
humidity, should be developed in the nearer future in order to protect
vulnerable population groups, such as the elderly, those with chronic
diseases and those living in densely built urban areas.
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