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Climatic changes are the most apparent in the Arctic. Climatic forecasts indicate that warming is continuing on circum-

polar territories. There is a vital task to determine attributive fraction of mortality caused by exposure to non-optimal tempera-
tures within the given scenarios. We obtained a dependence of daily mortality on average daily temperatures within a non-linear 
model with a distributed lag. Daily temperature anomalies that were expected to occur by the middle and the end of the 
XXI century were calculated as per ensemble calculations of a regional climatic model by Voyekov’s Chief Geophysical Obser-
vatory; the calculations were made with applying representative trajectories for greenhouse gases concentrations built by the 
Intergovernmental Expert group on Climatic Change: RCP4.5 that led to moderate warming, and RCP8.5 that led to the maximum 
warming. Warming in Russian cities located in the sub-Arctic regions would be accompanied with a general decrease in tem-
perature-dependent mortality. A decrease in cold-induced mortality was more than enough to compensate for an increase in 
heat-induced mortality for all the examined sub-Arctic territories and warming scenarios. Therefore, the ultimate effect turned 
out to be quite favorable as mortality caused by all the natural reasons among people older than 30 would decrease by 4.5 % in 
Murmansk (95 % CI 1.1 – 7.9 %; by 3.1 %, in Arkhangelsk (1.1–5.1 %); and in Yakutsk, by 3.6 % (0.3–7.0 %) by 2090–2099 
against 1990–1999 within RCP8.5 scenario that involved strong radiation impacts on the climatic system. Expected relative de-
crease in mortality in Russian Arctic regions could be by several times higher than in the Northern Europe with confidence in-
tervals of obtained assessments being rather similar to each other. These research works complement each other thus indicating 
that benefits and risks caused by global warming are going to be distributed unevenly. 

Key words: climatic changes, climatic warming, climatic models, population mortality, the Arctic, circulatory organs 
diseases, cerebrovascular diseases, respiratory organs diseases. 
 

 
It is impossible to imagine climatic sce-

narios, in spite of all their uncertainties, with-
out concrete numerous assumptions on society 
development trajectories. Starting from 2014, 
the Intergovernmental Panel on Climatic 
Change (IPCC) have been summing these as-
sumptions up and turning them into “represen-
tative trajectories for concentrations” of green-
house gases. This work focuses on two scenar-
ios related to radiation impacts on the climatic 
system, namely RCP4.5 that results in moder-
ate warming and RCP8.5 that leads to the 
maximum warming in case there are no meas-

ures taken to impose any limitations on green-
house gases emissions [1, 2]. 

Variable direct and indirect effects pro-
duced by climate on population health are 
most intensely examined on territories where 
climatic changes are the most apparent or have 
the greatest amplitude, including Russia. Over 
1976–2018 average growth rate for average 
annual temperature in the Russian Federation 
amounted to 0.47 °С/10 years whereas glob-
ally temperature growth rate amounted to only 
0.17–0.18 °С/10 years over the same period of 
time [3]. As our country’s territory includes 
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different climate zones, regional discrepancies 
in warming forecasts are also significant. We 
can expect discrepancies also in peculiar ef-
fects produced by climatic changes on mortal-
ity as it has already been detected in other big 
countries. For example, in Brazil impacts ex-
erted by warming on mortality become more 
intense in equatorial regions as compared to 
those with moderate climate; the greatest 
growth in additional mortality is predicted in 
the former ones [4].  

Russian Arctic and sub-Arctic territories 
are expected to experience much more rapid 
growth in surface temperatures than on average 
on dry land territories all over the world or in 
the country. For example, if we compare aver-
age annual temperature anomalies over  
2000–2009 with 1951–1980, we can see there is 
a “polar amplification” effect as this anomaly in 
the Arctic already reaches 2 °С against global 
0.6 °С [5]. Obviously, the phenomenon has oc-
curred primarily due to changes in polar caps 
albedo caused by ice melting and peculiarities 
of high altitude jets in the atmosphere [6]. 

Foreign territories with sub-arctic cli-
mate are the northern Scandinavia, the big-
gest part of Alaska, and Canadian territories 
located to the north from 50° n.l. According 
to the RF legislation, natural and climatic fac-
tors are the most significant zoning criteria 
that are applied when a territory is considered 
to be a polar one (such territories include 
Murmansk and Yakutsk) or a territory is as-
sumed to have similar climatic conditions as a 
polar one (for example, Arkhangelsk), low air 
temperature being the primary natural and 
climatic factor. Overall, 8.2 million people or 
about 5.8 % of the total RF population live on 
such territories. It is quite natural to expect 
that climate warming can create certain ad-
vantages for all these people, for example, a 
decrease in number of death cases as local 
climate will cease to be so harsh, or a growth 
in agriculture due to a warm season and vege-
tation period becoming longer1.  

Our research goal was to quantitatively 
assess what consequences changes in tempera-
tures on polar territories could have for pre-
dicted mortality among population living there; 
to do that, we had to perform a direct evidential 
epidemiologic study on influence exerted by 
temperature on mortality. Such a study is possi-
ble only for a compactly living population with 
a considerable size that has been observed over 
a sufficient period of time. In other words, it is 
possible only in cities with their population ex-
ceeding 100 thousand people [7, 8].  

Data and methods. Predictive study lay-
out. In our research we applied conditional 
predictions of expected changes in average 
daily temperatures in Murmansk, Yakutsk, and 
Arkhangelsk in the 21st century; those predic-
tions were obtained via ensemble calculations 
with a regional climatic model by A.I. Voye-
kov’s Chief Geophysical Observatory of Ros-
gidromet. This regional climatic model has 
more significant resolution (25 km) against 
global ones and, therefore, is able to provide 
better insight into meso-scale climate change-
ability and its contribution into uncertainties in 
local estimations of future climatic changes. 
We took 1990–1999 decade as our basic pe-
riod for a climate forecast; to describe dynam-
ics of expected changes, we took two predic-
tion periods, 2050–2059 (the middle of the 21st 
century) and 2090–2099 (the end of it). So, we 
examined two scenarios, RCP4.5 resulting in 
moderate warming and RCP8.5 leading to the 
maximum warming, and two prediction hori-
zons for which we calculated expected 
changes in mortality caused by temperature 
changes on all days. We applied daily tem-
perature anomalies with a relevant intra-
ensemble standard deviation as our initial data 
when modeling future changes in mortality. 
Ensemble included 25 members for RCP4.5 
scenario and 50 members for RCP8.5 scenario.  

Mortality. Mortality was analyzed as per 
“climate-dependent” causes of death. 10 mor-
tality parameters were taken into account in 

__________________________ 
 
1 The second estimate report given by Rosgidromet on climatic changes and their consequences on the RF territory. The 

technical summary. Moscow, the Federal Service for Hydrometeorology and Environmental Monitoring, 2014, pp. 69–85. 
Available at: http://downloads.igce.ru/publications/OD_2_2014/v2014/pdf/resume_teh.pdf (date of visit November 03, 2019). 
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each city: five groups comprising possible 
causes of death (all natural reasons, all respira-
tory organs diseases, all circulatory system dis-
eases with separately analyzed infarctions and 
strokes) in two age groups (people aged 30–64 
and people aged 65 and older). Elderly people 
aged 65 and older are especially sensitive to 
changes in temperature caused by warming [9]. 
Overall number of examined death cases in 
both age groups is given in Table 1. 

Table 1 
Description of initial data applied to model 
mortality. Minimum and maximum average 
daily temperatures, internal nods in tempe-

rature splines (°С), overall examined number 
of deaths caused by all natural reasons 

over 1999–2016  
City/parameter Murmansk Arkhangelsk Yakutsk
Тmin -38 -37 -51 
T10% -10.9 -13.3 -37.9 
T75% 8.5 10.3 12.0 
Т90% 12.9 16.3 18.6 
Тmax 25 27 28 

Number of examined deaths caused  
by all natural reasons 

People aged 
30–64 28,435 26,427 13,554 

People aged 
65+ 33,137 44,213 14,597 

 
Temperature curve for mortality and at-

tributive risk. When working out a prediction 
for additional temperature-dependent mortal-
ity, we determined a correlation between eve-
ryday mortality and average daily tempera-
tures during the basic period and an optimal 
temperature in case of which expected mortal-
ity is minimal (ММТ, minimum mortality 
temperature). MMT value is a significant 
property of a population that depends not only 
on a local climate but also on peculiarities of 
people who live there (including ethnic ones). 
In some cities (Norilsk, for example) consider-
able migration makes determination of this 
value impossible.  

To quantitatively describe impacts exerted 
by population exposure to non-optimal tem-
peratures, we applied a relative increase in 
mortality or attributable fraction (AF) and an 

absolute increase in mortality or attributable 
number (AN). Both these values measure at-
tributable risk and they have been calculated in 
this work because AF allows comparing dif-
ferent cities whereas AN gives data on absolute 
number of deaths in each city (for example, 
over a year). Attributable risk was determined 
on a reference day i with temperature T rela-
tive to a hypothetical situation should a tem-
perature on this day being equal to MMT:   

 AFT = 1 – exp (–βT);   ANT = n AFT, (1) 

where βT is a “log-risk” or a logarithm of a 
relative increase in mortality caused by a tem-
perature rise from MMT to T, and n is overall 
mortality on a reference day i; let us give it as 
Mi under exposure to T. This definition can be 
generalized for delayed dependencies as they 
exactly occur in our case when average daily 
temperature in any preset “reference” day ex-
erts its influence on daily mortality in a given 
city during a finite period with its duration be-
ing L+1 days (1 appears here due to a lag be-
ing calculated from a zero day, that is, a refer-
ence one). This generalization is obtained via 
considering a vector of past exposures Ti...Ti-L 
and accordingly a “trail” of partial risks β (Ti-l, l), 
l  [0; L] which collectively characterize 
a delayed impact exerted by temperature on 
mortality during the overall period. Such gen-
eralization was first performed in the work 
[10] together with suggesting a technique to 
calculate attributable risk values. Therefore, 
a risk depends on two variables, namely tem-
perature and lags, so the task is solved via 
building up a two-dimensional risks surface 
within a space of possible temperatures and 
lags. As here we speak about acute effects on 
health, the maximum possible lag doesn’t ex-
ceed 2–3 weeks.  

A model for mortality with a distributed 
lag. To calculate β (T0)... β (TL) values, we ap-
plied a non-linear mortality model with a dis-
tributed lag [11]. The model has become con-
ventional for examining delayed dependencies 
between mortality and meteorological parame-
ters and concentrations of pollutants. Our ini-
tial data were data on daily mortality provided 
by the Federal State Statistic Service; the data 
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were taken for each examined city and distrib-
uted as per causes of death and ages over 
1999–2016; we also took meteorological data 
on average daily temperatures over the same 
period collected by the All-Russian Scientific 
Research Institute of Hydrometeorological In-
formation.   

Let us determine time series of average 
daily temperature and mortality over a period 
during which we model a temperature-
dependent component in mortality as vectors 
consisting of 6,576 (a number of days in 
1999–2016) time-ordered observed average 
daily temperatures obsT 

 and daily mortality 

obsM  . The first vector is an ‘exposure vector”, 
and the second one, accordingly, is a “re-
sponse”. In this case, dependence between 
mortality and temperature taking into account 
that exposure is delayed and distributed over 
time is given with a two-dimensional surface s 
in a space of temperatures and lags:  

log ( )obsE M     = 
=  + s ( ;obsT   ) + f (i; β) + I (dow; ). (2) 

The equation (2) is supposed to contain 
Poisson’s function for everyday mortality dis-
tribution; hence, there is a log-link function, 
and the rest two summands indicate that mor-
tality apparently depends on time, that is, on a 
number of day i and a day of the week dow 
with relevant vectors for regression parameters 
 and . Two-dimensional basis concept is 
fundamental here as a risk function s is de-
composed on it. In case of two-dimensional 
parameterization the parameter-vector  is co-
efficients for the function s decomposition as 
per this basis, or tensor product of two one-
dimensional bases, in a space of temperature 
and a space of lags. It is necessary to introduce 
basic functions in order to reduce degrees of 
freedom in the regression mortality model so 
that an arbitrary dependence is decomposed as 
per a finite, and a rather small, set of basic 
functions. In this case the basis in the space of 
temperatures was a natural cubic spline with 
three internal nods that corresponded to spe-
cific percentiles in historical distribution of 

average daily temperatures in each city (Ta-
ble 1), namely Т10%, T75% and T90%. Asymmet-
ric choice on the nods (T75% instead of T50%) 
reflects fundamental asymmetry in tempera-
ture dependence of mortality. Cubic spline 
nods in the space of lags were on days 1, 3 and 
9, that is, we chose only three internal nods so 
that they would be approximately linearly lo-
cated on the logarithmic time scale with its 
maximum lag L = 21 days. This suggestion 
means that the beginning of the period gives 
more data on a response in mortality than the 
end of it. 

Attributable risks calculation. The model 
(2) takes into account all days in the examined 
period, not only cold or warm seasons; there-
fore, this model cal allow obtaining estimated 
values for mortality  iM  and attributable mor-
tality  iAN  for all the days in the examined pe-
riod. If we sum up  iAN , we get total attribut-
able mortality  totAN  which can be further di-
vided into two summands that correspond to all 
the days with temperatures being higher than 
optimal and all the days with temperatures be-
ing lower than optimal. These two summands 
characterize impacts exerted by heat and cold 
and are given as  heatAN  and  coldAN . After it, 
according to the definition (1), we determine 
attributable fractions for heat and cold: 

    
; .cold heat

cold heat

tot tot

AN ANAF AF
M M

   (3) 

A similar calculation can be accomplished 
for various predicted scenarios for future aver-
age daily temperatures fT


, using the same mor-

tality model which is given with the equation 
(2). The model allows determining “dose – re-
sponse” function (a dose is a deviation in a 
temperature from the optimal one, and a re-
sponse is a relative increase in mortality). As 
this function is supposed to be invariable during 
the whole 21st century, model in the equation 
(4) for future attributable fraction AFf depends 
only on observed temperatures Tobs: 

AFf =  
= attrdl ( fT


, crossbasis, obsM


, model ( ...obsT


)). (4) 
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In the equation (4) T


f  =  obsT


 +ΔT


, ΔT


 
there is a vector for daily temperature anoma-
lies, a periodical function with its period being 
equal to 1 year (Figure 1) during the prediction 
decade; “…” mean other parameters in the 
model (2); crossbasis is a two-dimensional 
basis as per which risk surface β (Ti-l, l), is de-
composed; this basis is obtained via direct 
(Cartesian) multiplying of two one-dimensio-
nal bases in the spaces of temperatures and 
lags. User function attrdl.R applied to calcu-
late attributable risks in R was developed for 
R-package dlnm2.2.0 and is available in online 
application to the work [10].  

Building up confidence intervals for at-
tributable risk. Since relative precision of cli-
matic prediction remains several times (5–6) 
higher in all scenarios and prediction horizons 
than precision of AF and AN basic estimations, 
we can approximately calculate ultimate con-
fidence intervals for predictive estimates in 
two steps. At the first step, three temperature 
scenarios are created on the basis of a preset 
emission scenario; they correspond to the cen-
tral estimate and upper and bottom limits of 
confidence intervals for predicated average 
daily temperatures. Attributable numbers of 
death cases AN and fractions AF are calculated 
for each of these temperature scenarios. Let us 
give these fractions as AFf(Tl.b.), AFf(Tmean), 
AFf(Tu.b.). Here l.b. and u.b. stay for an upper 
and bottom limit of 95% confidence interval 
(CI) for predicted temperatures, Tmean stays for 
the central estimate for each day. Each attrib-
utable function is calculated with its own con-
fidence intervals. At the second step, the ulti-
mate confidence intervals for AN and AF are 
constructed; these intervals take into account 
both errors (in a climatic model and an epide-
miologic one). The bottom limit of the ulti-
mate CI is chosen out of minimum three bot-
tom limits of confidence intervals around 
AFf(Tl.b.), AFf(Tmean), AFf(Tu.b.). Similarly, the 
ultimate upper limit of the confidence interval 
for AFf is chosen as a maximum out of three 
upper limits of the same confidence intervals. 
This assumption is conservative as it combines 
confidence intervals of results obtained via 
two independent model calculations and it re-

sults in ultimate confidence intervals being 
insignificantly wider than they should be. In-
significance of this discrepancy with true con-
fidence intervals around prediction estimates 
AFf is provided exactly due to a considerable 
difference between uncertainties of climatic 
and epidemiologic models.  

 
a 

 
b 

 
c 

Figure 1. Daily temperature anomalies, a forecast  
for 2090–2099 against 1990–1999, RCP8.5 scenario. 

Thick line shows an average estimation, thin lines show 
95% CI limits. Vertical axis shows temperature in °C;  
а) for Arkhangelsk, b) for Murmansk, c) for Yakutsk 
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Results. A temperature rise is predicted in 
all three examined cities all year round and it 
will be almost linear in time, that is, by the end 
of the 21st century temperatures will grow by 
approximately two time more than by the mid-
dle of it. Temperature anomalies are appar-
ently seasonal. Figure 1 shows maximum 
warming under the most aggressive scenario of 
radiation exposure RCP8.5 by the end of the 
century. To make comparisons between cities 
easier, all three diagrams in this Figure are 
given in the same scale. An order in which cit-
ies are located moving from sea climate to 
continental one corresponds to a growth in 
winter anomalies. Predicted winter warming in 
Murmansk is smaller than in Arkhangelsk as T 
anomaly is equal to about +8 °С in Murmansk 
and to more than +9 °С in Arkhangelsk. Sum-
mer temperature anomalies are almost the 
same in these two cities and are approximately 
+5 °С. In Yakutsk warming is even more sea-
son-dependent as a difference between sum-
mer and winter temperature anomalies is al-
most four times under the same emissions sce-
nario; in summer it will get warmer by 3 °С, 
but in November and December temperatures 
will rise by 12 °С. Under “moderate” radiation 
exposure scenario RCP4.5 warming amplitude 
will approximately be two times lower. Let us 
draw your attention to the extremely narrow 
confidence intervals around central estimates 
in temperature anomalies. For example, in 
Arkhangelsk a relative standard error in pre-
dicted temperature anomalies varies from 
1.5% in April to 3.5% in mid-summer and 
mid-winter for the scenario shown in Figure 1. 

Baseline of temperature-dependent mor-
tality. We calculated population attributable 
fraction of mortality and attributable number 
of death cases separately for all days with av-
erage temperatures being lower than optimal 
(AFcold) and higher than optimal (AFheat) as per 
the formulas (3) for those mortality parameters 
for which we established a typical U-like de-
pendence of mortality on temperature.  As a 
time series for everyday mortality obsM


 is a 

random function, we can determine this de-
pendence only provided that an initial sam-
pling for assessing mortality has sufficient sta-

tistical power. For example, we couldn’t estab-
lish this dependence in any of three examined 
cities for mortality caused by cerebrovascular 
diseases (strokes) among people aged 30–64 due 
to a small number of such death cases. Natu-
rally, authenticity of AF assessments is influ-
enced not only by statistical power of a sam-
pling but also by a sensitivity of mortality it-
self to changes in temperature as well as by 
local climate and local population’s peculiari-
ties. For example, there is a peculiarity in Ya-
kutsk as its population has been growing fast; 
over the examined period it has increased from 
195 thousand in 1999 to 304 thousand in 2016. 
Despite population number being quite compa-
rable in Arkhangelsk, Murmansk, and Yakutsk 
(348, 316 and 250 thousand in 2007, the mid-
dle of the period considered in the basic 
model), a number of examined death cases was 
more than 2 times lower in Yakutsk (Table 1). 
It probably became a reason for a small num-
ber of authentic results obtained via risk as-
sessment in this city. In Arkhangelsk ten ex-
amined mortality parameters allowed obtain-
ing eight authentic (0.05) AF assessments (six 
for cold and two for heat); in Murmansk, four 
(three for cold and one for heat); in Yakutsk, 
only one (for cold). This result already allows 
us to stress that cold produces greater effects 
on mortality in all cities as well as that local 
peculiarities also have considerable influence. 

Comparison between absolute values of 
basic AFcold and AFheat assessments which we 
obtained in our work is the most informative 
for those mortality parameters for which both 
assessments were statistically significant. It is 
possible only for two parameters, namely mor-
tality caused by strokes and all circulatory sys-
tem diseases in Arkhangelsk among people 
aged 65 and older. For the first of them,  
AFcold =0.240; AFheat =0.010; that is AFcold 
value is 24 times higher than AFheat value; for 
the second, AFcold=0.236; AFheat =0.007; that 
is, AFcold value is 34 times higher than AFheat 
value. Such a discrepancy between these val-
ues allows us to assume that future changes 
ΔAFcold will also be higher than ΔAFheat in 
their absolute value as warming increases. 
This discrepancy is probably due to both
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T a b l e  2  
Minimum mortality temperature (ММТ), °С and percentile of long-term average daily 

temperatures distribution 
City Murmansk Arkhangelsk Yakutsk Age Cause of death °С percentile °С percentile °С percentile 
IHD – – 17.1 92 25.0* 99 
CVD – – – – – – 
CSD – – 18.0 93 – – 
ROD – – 16.9 91 17.3 87 30

–6
4 

Natural 12.4 89 17.1 92 – – 
IHD 16.4 96 17.5 92 16.2 85 
CVD – – 16.1 90 – – 
CSD 17.7 98 16.6 91 19.5 92 
ROD 12.8 90 11.3* 77 17.8 88 

65
+ 

Natural 14.8 94 16.6 91 18.8 90 
Mean value 14,8 93 17.0 91 17.9 88 

 
Note: * means outliers. Mean values are calculated without them.  
IHD is ischemic heart disease;  
CVD are cerebrovascular diseases;  
CSD are all circulatory system diseases;  
ROD are all respiratory organs diseases;  
Natural means all natural reasons.  
Dash means a value was not determined. 

 

 
Figure 2. Cumulative relative mortality risk 

accumulated in a population during 21 days (RR_21) 
after exposure to average daily temperature Tcc (°C) 

obtained in Arkhangelsk for mortality caused by strokes 
among people aged 65+. A solid vertical line shows 
ММТ (+16.1 °C), vertical broken lines show 95% 

confidence interval, grey area is confidence 
intervals of relative risk 

different responses people tend to have to cold 
and heat and to fundamental asymmetry that a 
temperature curve of mortality has against av-
erage annual temperature: MMT corresponds to 
approximately 90-th percentile in average daily 
temperatures distribution. Table 2 contains ob-
tained MMT values both in °С and percentiles 
of local long-term average daily temperatures 
distribution. If we compare a temperature curve 
of mortality to a hockey stick, then its “shaft” is 

going to be approximately 10 times longer than 
its “blade” (Figure 2). 

As we can see from this table, risk as-
sessment results are more reliable in Ark-
hangelsk than in two other cities due to MMT 
values being in a very narrow range there, 
from 16.1 °С to 18.0 °С, excluding an outlier 
marked with the star. In Murmansk MMT val-
ues are within a range from 12.4 °С to 
17.7 °С; in Yakutsk, from 16.2 °С to 19.5 °С. 
Absolute MMT values grow as a climate on 
a territory changes from a sea one to continen-
tal; on the contrary, relative MMT values, that 
is, calculated in percentiles from local distribu-
tions of average daily temperatures, go down 
from the 93-th percentile in Murmansk to the 
88-th percentile in Yakutsk. This decrease is 
considerable and is probably due to a type of a 
climate. For comparison, we can indicate that 
we applied the same technique to calculate es-
timate MMT values in Rostov-on-Don and 
they were detected within a range from 
22.7 °С to 25.5 °С, that is, within a wider 
range than in Arkhangelsk, with their average 
value corresponding to the 89-th percentile [12]. 
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In this case average values are not the most 
probable ones as there are no grounds for as-
suming that MMT values in a given city should 
be the same for various mortality parameters. 
Pathophysiological mechanisms of mortality 
caused by different reasons also differ; hence, 
estimate values that are given in Table 2 are 
taken from different distributions, not from just 
one. We should also note that some of the ex-
amined daily mortality distributions are not sta-
tistically independent as CSD comprises IHD 
and CVD, and CSD account for approximately 
two thirds of all natural causes.  

Predicted dynamics of climate-dependent 
mortality separately for heat and cold. Attrib-
utable fractions AFheat and AFcold are given in 
Figure 3.  

To give an example, we took “mortality 
from infarctions among people aged 65+” 
though similar patterns were obtained for the 
rest mortality parameters included into our re-
search. But this very parameter was chosen 
because we managed to assess relevant frac-
tions for it in all three cities, and the results we 
obtained in all three cities regarding hot season 
were quantitatively similar. The Figure 3 
clearly illustrates that cold-dependent mortal-
ity is considerably higher than heat-dependent 
one in all three cities and in all warming sce-
narios. Value of the attributable fraction AFheat 
grows as a climate changes from a sea one to 
continental as a basic b

heatАF  estimate has in-
creased from 0.2% in Murmansk to 0.4% in 

Arkhangelsk and to 1.9% in Yakutsk. And 
there is a growth in not only absolute AFheat, 
values but also in their changes in different 
decades. To provide a better insight into these 
changes, let us give some comments, for ex-
ample, on the last three columns that corre-
spond to RCP8.5 scenario in Yakutsk. In the 
21st century AFheat will grow from 1.9% to 
4.3%, that is, by 2.4%. Simultaneously, AFcold 
will fall from с 33.6% to 26.3%, that is, by 
7.3%. Obviously, a decrease in cold-dependent 
mortality more than compensates for any in-
crease in heat-dependent one for all three cities 
and for both scenarios. So, a resulting effect is 
quite favorable as aggregated AFtot steadily 
decreases over time. Let us stress that per cent 
AFcold and AFheat values are specially given in 
the definition (3) in such a way so that they 
could be directly summed up due to them hav-
ing the same denominators.  

Resulting influence exerted by warming 
on all the examined mortality parameters is 
given in Figure 4. Warming-associated 
changes over time ΔAFheat = f b

heat heatAF AF  
and ΔAFcold = f b

cold coldAF AF  will always have 
a different sign as cold-dependent mortality 
will fall and heat-dependent one will grow. 
Their arithmetic sum gives an ultimate change 
in total temperature-dependent mortality 
ΔAFtot between relevant decades that is given 
in per cent of the overall mortality in a given 
city according to the definition (3). It is more 
convenient to apply attributable fractions AF

 
Figure 3. Attributable fractions (%) for “Mortality caused by infarctions among people  

aged 65 and older” due to exposure to temperatures being higher than optimal (AFheat, given in red) 
 and lower than optimal (AFheat, given in blue). Horizontal axis shows decades applied for predicting 
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Figure 4. Changes in temperature-dependent mortality against the baseline (1990–1999) predicted by the middle  

of the 21st century (2050–2059 decade) and by the end of it (2090–2099 decade). ΔAFtot = ΔAFheat + ΔAFcold values 
show resulting influence exerted by warming an overall decade in percents to the total mortality in the basic period 

according to the formulas (4). The vertical segments are 95% confidence intervals of predicted changes. X axis shows 
the following mortality parameters: IHD is mortality caused by ischemic heart disease or infarctions; CVD is mortality 

caused by cerebrovascular diseases; CSD is mortality caused by all circulatory system diseases; ROD is mortality 
caused by respiratory organs diseases; Natural is mortality caused by all natural reasons, external reasons excluded. 

The legend also contains data on both scenarios of greenhouse gases emissions, RCP4.5 that results in moderate 
warming and RCP8.5 that leads to the maximum one. The examined cities are put in such an order that it reflects 

a change in a climate from a sea one to continental  
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(as opposed to attributable numbers AN) to make 
comparisons between cities, regions, countries, 
etc. To make comparisons between the exam-
ined cities easier, we drew all the diagrams in 
Figure 4 in the same scale as per vertical axis.  

Relative standard error (RSE) in AFcold esti-
mate is considerably greater than a standard error 
in AFheat, estimate, that is, when we calculate a 
standard error in ΔAFtot value, we can completely 
neglect an error in AFheat estimate and apply the 
following approximated correlation: 

 RSE(ΔAFtot)≈RSE(AFcold) (5) 

This correlation is based on the assump-
tion that a change in ΔAFТ fraction is linear as 
per a log-risk βT from the equation (1) at βT<< 1, 
that is true for any temperature and remains 
valid till relative precision of temperature 
anomalies calculations (shown in Figure 1) 
remains considerably higher than relative pre-
cision of basic AFcold estimate calculation that 
should be assessed as per confidence intervals 
of relative risks in Figure 2. Approximated 
equality (5) allowed avoiding a necessity to 
empirically calculate confidence intervals of 
ΔAFtot differences in the given situation. Nu-
merical modeling of confidence intervals with 
Monte Carlo technique is usually applied in 
such tasks due to AFb and AFf fractions in 
equation (4) not being statistically independent 
random values. When calculating confidence 
intervals as per the formula (5), we took into 
account their asymmetry as relative error in a 
parameter AFcold to the right (RSE+) and to the 
left (RSE-) can differ greatly; we applied the 
following correlations:  
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This conclusion indicates it is necessary to 
separately calculate a positive and a negative 
error in the parameter ΔAFtot in Figure 4, and 
statistical authenticity of the obtained ΔAFtot es-
timate is determined exactly by ( )coldRSE AF  
value: if in Figure 4 the overall CI is below X 
axis, then ΔAFtot estimate should be considered 
authentic. Should CI cross X axis, we can’t re-

ject a zero hypothesis that there are no effects 
produced on mortality by warming. 

Scenario differences. For both considered 
warming scenarios, a value of attributable frac-
tion AFtot continues to decline over time in 
comparison with the basic period during the 
whole 21st century with just one exception, 
namely total mortality caused by all natural rea-
sons in Murmansk among people aged 30–64 
within RCP8.5 scenario. For this parameter, by 
the middle of the 21st century ΔAFtot = –0.9 %  
(–4.1 %; 3.3 %), and by the end of the century, 
ΔAFtot = –0.5 % (–7.0 %; 8.0 %). A growth 
rate for mortality anomalies is exactly equal 
to growth rate for temperature anomalies in 
both warming scenarios. Let us explain this 
statement. According to RCP4.5 scenario, av-
erage annual temperature anomaly in Mur-
mansk will reach ΔT = 2.4 °С by 2050–2059 
and ΔT = 3.7 °С by 2090–2099 against the ba-
sic period. If we divide ΔT2090-95 by ΔT2050-55, 
we get 1.53. The same value is equal to 1.59 in 
Arkhangelsk, and to 1.36 in Yakutsk; the aver-
age value for all three cities is equal to 1.49. 
This value can be conditionally called an aver-
age growth rate for temperature anomalies over 
the period between the middle of the 21st cen-
tury and the end of it. In the same way we can 
calculate a growth rate for anomaly AFtot, via 
dividing ΔAF2090-95 by ΔAF2050-55. For example, 
the value is (-5.2 %)/(-3.1 %) = 1.68 for “mor-
tality caused by IHD among people aged 65+ in 
Murmansk”. ΔAFtot values are negative, 
changes in mortality increase as per module 
over time. We made the same calculation for all 
mortality parameters in all three cities and then 
obtained an average estimate and dispersion. 
We excluded respiratory organs diseases in all 
three cities and overall mortality caused by 
natural reasons among people aged 30–64 in 
Murmansk from our calculations as confidence 
intervals of ΔAF estimates obtained for these 
parameters were too wide. Totally, 15 parame-
ters were included into the calculations, three in 
Murmansk, seven in Arkhangelsk, and five in 
Yakutsk. As a result, growth rate for anomalies 
AFtot in RCP4.5 scenario over the period be-
tween the middle of the 21st century and the end 
of it amounted to 1.47 ± 0.17 and it practically 
coincides with growth rate for temperature 
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anomalies. Let us draw your attention to a very 
narrow standard deviation in this estimate. For 
RCP8.5 scenario, corresponding growths are 
equal to 1.89 for temperature anomalies and 
1.91 ± 0.15 for AFtot anomaly, that is, growth 
rates are again the same. This result is signifi-
cant as we can expect no “sudden change” in 
descending mortality trend by the end of the 
21st century; annual mortality is expected to 
decline proportionate to temperature growth for 
all emissions scenarios. 

Age-related differences can be seen 
among detected effects produced by warming 
in Figure 4. However, the research layout in-
volved studying an equal number of mortality 
parameters in both age groups, a number of 
obtained results turned out to be greater in the 
older age group in all three cities (it is espe-
cially apparent in Murmansk). Effects pro-
duced by warming can be estimated as a 
change in fraction ΔAFtot only for those mor-
tality parameters that had an established de-
pendence on temperature (Figure 2). Probably, 
it was impossible to establish such dependence 
(provided that a sampling has sufficient statis-
tical power) due to this parameter not being 
sensitive to temperature changes. But if esti-
mates of effects produced by warming are si-
multaneously obtained in a given city and for a 
given death cause in both age groups, then we 
can expect that an effect in the older group 
should be greater as per its absolute value than 
in the younger one. Such pair comparisons can 

be performed in Murmansk only for a single 
death cause, namely mortality caused by all 
natural reasons, excluding external ones; in 
Arkhangelsk, for all the death causes exclud-
ing strokes; in Yakutsk, for infarctions, respi-
ratory organs diseases and all natural reasons 
excluding external ones. Overall, we can com-
pare eight pairs; the effects were greater in the 
older age group for five of them; as for the re-
maining three (IHD in Arkhangelsk and Ya-
kutsk, and all natural causes excluding exter-
nal ones in Arkhangelsk), the effects were 
greater in the younger age group.  
Geographical differences related to established 
effects produced by warming are the most in-
teresting within the context of our research. 
Effects produced by warming were simultane-
ously detected in all three cities only for five 
out of ten examined mortality parameters. One 
out of these five parameters (mortality caused 
by all natural reasons excluding external ones 
among people aged 30–64) had outliers in 
ΔAFtot in Murmansk (Figure 4) and was there-
fore excluded from the analysis; four remain-
ing parameters are given in Table 3. 

In Murmansk, effects produced by warm-
ing are approximately two times greater as per 
their absolute value than in two other cities. In 
Arkhangelsk and Yakutsk effects are compa-
rable as per their value, but effects in Yakutsk 
as a rule tend to be stronger (for all mortality 
parameters excluding mortality caused by IHD 
among people aged 65+). 

T a b l e  3  
Changes in attributable fractions of temperature-dependent mortality AFtot  

in per cent to the baseline: parameters chosen for geographic differences analysis  
Mortality  

parameters 
Prediction scenarios  

and horizons 
RCP4.5, 
2050–59 

RCP4.5, 
2090–99 

RCP8.5, 
2050–59 

RCP8.5, 
2090–99 

Murmansk -3.1 -5.2 -4.6 -9.4 
Arkhangelsk -2.4 -3.6 -3.4 -6.5 IHD, 65+ 

Yakutsk -2.0 -2.2 -2.6 -4.9 
Murmansk -3.6 -5.9 -5.4 -10.8 

Arkhangelsk -2.0 -2.9 -2.9 -5.1 CSD, 65+ 
Yakutsk -2.3 -3.0 -3.0 -5.9 

Murmansk -3.1 -4.7 -4.5 -8.0 
Arkhangelsk -1.3 -1.8 -1.7 -2.9 

All reasons  
excluding external, 

65+ Yakutsk -1.8 -2.2 -2.4 -4.6 
Murmansk -3.9 -5.7 -5.5 -9.2 

Arkhangelsk -2.0 -2.5 -3.0 -3.8 ROD, 65+ 
Yakutsk -1.8 -1.6 -1.9 -4.0 
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T a b l e  4  
Values of attributable mortality caused by all natural reasons reduced to one year,  

totally for heat and cold (ANtot), number of death cases 
Basic RCP4.5 RCP8.5 City Age 1990–1999 2050–2055 2090–2095 2050–2055 2090–2095 

30–64 221 (–98; 424) 213 (–80; 408) 214 (–49; 408) 211 (–41; 403) 221 (–22; 392)Murmansk 65+ 434* (53; 680) 378* (11; 642) 348* (21; 578) 352* (25; 590) 287* (4; 501) 
30–64 265* (71; 423) 245* (56; 387) 235* (64; 382) 236* (62; 370) 214* (73; 343) Arkhangelsk 65+ 373* (104; 582) 343* (93; 555) 330* (76; 528) 330* (77; 524) 302* (87; 481) 
30–64 323* (29; 494) 317* (19; 475) 313* (0; 476) 315* (0; 478) 304* (8; 460) Yakutsk 65+ 198 (–74; 348) 183 (–97; 346) 179 (–79; 335) 179 (–113; 331) 161 (–113; 305)

Note: * means an estimate is statistically significant at 95 % level.  

 
Attributable numbers of deaths can be sig-

nificant in certain cases, for example, when it is 
necessary to economically estimate conse-
quences of warming or take specific managerial 
decisions. Table 4 contains estimates of ANtot 
values in dynamics under various emissions sce-
narios, but only for all the death causes exclud-
ing external ones since this parameter is integral.   

Most results given in Table 4 are statistically 
significant, however confidence intervals are 
rather wide. An error value is primarily deter-
mined by uncertainties related to a descending 
(that is, induced by cold) section in the tempera-
ture curve of mortality (see confidence intervals 
given in Figure 2). Mortality given in absolute 
values can decline by just several dozens of death 
cases per year against the basic level. For exam-
ple, in Yakutsk according to RCP8.5 scenario that 
means strong radiation exposure mortality can fall 
by 56 death cases per year by the end of the 21st 
century, overall for both age groups.  

Discussion. Previous predictive estimates 
of temperature by 2090–2099 against 2010–2019 
[13] according to RCP8.5 scenario give compara-
tively wide confidence intervals around average 
weighted estimates of average annual tempera-
ture anomalies; they are 4.9 °С (3.2–6.3) for the 
North America and 3.4 °С (2.8–5.4) for the 
Northern Europe [13] (Table 2). Climate in the 
North America is continental and, therefore, is 
closer to sub-arctic zones than that in the North-
ern Europe. A relative standard error in the pre-
diction is rather great and amounts to 16 % and 
19 % respectively. A confidence interval for 
temperature anomalies predictions that were ap-
plied in this work is considerably more narrow 

as average annual temperature anomalies 
amount to 5.4 °С (95 % CI 5.0 °С–5.7 °С) in 
Murmansk; 5.6 °С (5.2 °С– .0 °С), in Ark-
hangelsk; and 5.7 °С (5.3 °С–6.1 °С) in Yakutsk 
for the same emissions scenarios and the same 
time periods; that is, RSE is about 3 %. We 
should also note that our central estimates are 
well in line with temperature anomaly value for 
the North America which is 4.9 °С.  

When predicting future changes in mortal-
ity, we assumed that changes occurred only in 
climatic conditions but temperature dependence 
of mortality remained the same during the 
whole 21st century as it was in the basic period 
of our climatic prediction. This assumption 
means there is no acclimatization, or individual 
or population adaptation to climatic changes. 
But in reality examinations performed on long 
time series of mortality (during the whole  
20th century) show that people adapted to cli-
matic changes that occurred in the 20th century. 
Thus, MMT value in Stockholm moved to the 
right as warming persisted, and it was apparent 
for both its absolute value (in °C), and its rela-
tive one ( as a percentile of average daily tem-
peratures distribution on a day of death). Per-
centile was calculated over 30-year periods 
from 1901 to 2009. Over the overall given pe-
riod, absolute MMT values approximately in-
creased from 11 °С to 20 °С, and relative ones, 
from 70-th to 93-th percentile [14], but at the 
same time average annual temperatures in-
creased by 1.4 °С only. The same result (on a 
gradual MMT rise over time) was obtained in 
France when experts applied data on daily mor-
tality starting from 1968 [15]. There were no 
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similar examinations in Russia, and digital data 
on daily mortality are available only for a pe-
riod starting from 1999. Bearing this in mind, 
we can state that our assumption on absence of 
adaptation which we made in this work can re-
sult in an effect being exaggerated in future. To 
be more exact, we can calculate only an upper 
limit of a sought effect, or a maximum (as per 
its absolute value) change in temperature-
dependent mortality caused by expected warm-
ing. Therefore, it is advisable to not interpret 
results obtained in the present research as a 
prediction for changes in climate-dependent 
component in mortality taking into account all 
the available scientific data; it is rather a sce-
nario that describes probable consequences that 
climatic changes night have without taking into 
account people adapting to them. 

Conclusion. Climatic warming will re-
sult in a decrease in temperature-dependent 
mortality in Murmansk, Arkhangelsk, and 
Yakutsk, and it confirms both results obtained 
in our previous research [16], and results ob-
tained in global research [13]. Mortality 
caused by all natural reasons among people 
aged 30–64 within RCP8.5 scenario that in-
volves strong radiation exposure will fall by 
4.5 % (95 % CI 1.1 %–7,9 %) in Murmansk, 
by 3.1 % (1.1 %–5.1 %)in Arkhangelsk, and by 
3.6 % (0.3 %–7.0 %) in Yakutsk by 2090–2099 
against 1990–1999. The same change in mor-
tality within RCP8.5 scenario is also expected 
by the end of the 21st century in the Northern 

Europe: –0.6 % (95 % CI –2.3 %–1.6 %) [14]. 
Nevertheless, mortality will increase during 
heat waves in sub-arctic cities, especially that 
among elderly people [8, 17, 18]. Mathematic 
techniques applied to assess influence exerted 
by such waves on population mortality are 
described in the work by D.A. Shapochnikov 
and B.A. Revich [19].   

An expected relative decrease in mortality 
in sub-arctic regions can be several times more 
considerable than in the Northern Europe, but 
at the same time confidence intervals of ob-
tained estimates are rather similar. These stud-
ies supplement each other thus proving that 
benefits and risks related to global warming 
are distributed rather unevenly. Undoubtedly, 
it is necessary to include scenario assessments 
of positive and negative consequences caused 
by climatic changes in various climatic zones 
in Russia into regional adaptation plans that 
are to be developed by executive authorities. 
And here it is important to apply economic 
parameters related to health losses, for exam-
ple, in the same way as it was done when as-
sessing consequences caused by abnormal heat 
in Moscow in 2010 [20].  
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