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Abstract. This paper analyzes and forecasts the influence of climatic parameters and air quality 

on the mortality of the Krasnoyarsk industrial agglomeration. The long-term climatic data for 

the city of Krasnoyarsk are studied. The diseases sensitive to climate change are considered for 

the period from 2011 to 2014. The relationship between climatic parameters, air pollution, and 

the number of deaths is established using multivariate statistical analysis. The factors with the 

greatest contribution to mortality for climate-dependent diseases are identified. The mortality 

causes associated with negative environmental factors are examined. The age groups most af-

fected by climatic parameters and air pollution are determined. As shown below, the nonlinear 

Poisson regression model predicts population mortality quite close to the factual data. 
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INTRODUCTION  

The joint influence of anthropogenic activity and 

natural factors on the population’s health increases the 

sustainable development risks of territorial entities. In 

addition, the urbanization trends of the environment 

create new types of technological and natural threats. 

Due to the economic and social conditions emerging in 

Russia, the main object of urbanization in the nearest 

future will be the territories of Siberia and the Arctic. 

Considering the uniqueness of natural systems and the 

global significance of these regions for the country’s 

sustainable development, a particularly important sci-

entific problem is studying natural and technological 

threats and development risks using new-generation 
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 information technologies. Sustainable development of 

territories is associated with a quantitative assessment 

of complex security and regional management using a 

risk-based approach [1–4].  

The territory of an industrial region is a single 

complex social-natural-technogenic (S-N-T) system. 

The elements of this system mutually influence each 

other and have interconnected types of risks [5]. The 

operation of the sociosphere as an element of the S-N-

T system is associated with individual strategic risks of 

life and health loss. The most significant factors form-

ing individual strategic risks include environmental 

pollution (primarily air pollution) and the globally 

changing climate. Specific meteorological phenomena 

affecting the health of the population are short-term; 

nevertheless, their frequency is determined by the cli-

matic characteristics of the territory. Therefore, this 

formulation involves the terms “meteorological condi-

tions” and “climatic parameters.” 
A relationship between mortality rates and climatic 

factors (temperature waves) was established in several 

studies carried out for the cities of Arkhangelsk, Ya-
kutsk, Astrakhan, Krasnoyarsk, Moscow, and others 
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assessment methodology caused by environmental factors on popu-
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[6–11]. For the city of Krasnoyarsk, the relative risk of 
mortality from the negative influence of cold and heat 

waves was assessed using the Poisson regression mod-
el; for details, see [7]. 

According to the 1999–2008 data, periods of in-
tense heat in Arkhangelsk (a temperature threshold of 

21°C) were associated with an increase in mortality 
from cardiovascular diseases and all-natural causes 

among the over-65s (the people aged 65 and elder) and 
from all external causes among the over-30s. During 

that period, 110 additional deaths were recorded due to 
heat waves and 179 additional deaths due to cold 

waves [6]. 
Temperature waves were first identified and stud-

ied in 1881–1884 and were described as an area of 
high or low temperatures of atmospheric air not stay-

ing in one place for a long time [12]. Temperature 

waves are associated with serious environmental and 
health problems and may even incur significant eco-

nomic damage. High temperatures can lead to thermal 
stress and deteriorate air quality, causing adverse 

health effects, especially for more vulnerable groups of 
population (including those with cardiovascular or res-

piratory diseases and the elderly) [13].  
Extremely low and high temperatures in winter and 

summer, respectively, are characteristic of the climate 
of Central Siberia, Yakutia, and other regions. They 

are associated with sharply continental weather. With 
these unique climatic characteristics of industrial ag-

glomerations, there is a need to analyze the synergistic 
effect of environmental factors on mortality. This 

problem can be partially solved by developing a meth-
odology for assessing the risks of a multifactorial in-

fluence on the population’s mortality using statistical 

regression models and elaborating measures to protect 
the population from the negative influence of envi-

ronmental factors. The methodology should consider 
the structural characteristics of the population and the 

region. 
Methods for assessing public health risks have 

been developed for three decades. The negative influ-
ence of high-level air pollution on the population’s 

morbidity and mortality has been demonstrated by 
many studies. Children and adolescents are most sus-

ceptible to the influence of chemical pollution of the 
atmospheric air [14–16]. The child’s respiratory sys-

tem is a prime target for air pollutants. They cause a 
wide range of acute and chronic effects, either as a 

single risk factor or, most often, in combination with 
other external agents and (or) characteristics of the 

child’s susceptibility. Age plays an important role dur-

ing exposure to inhaled pollutants [17–19]. Infants are 
more susceptible to lung damage from the same-type 

toxins than adults, even at doses below the latter’s op-
timal value [20, 21]. 

According to the population data for the city of 
Krasnoyarsk for the period 2000–2018, the total mor-

tality rate decreased until 2009 (by 17%) and increased 
until 2018 (by 9%) with a population growth of more 

than 20%; see Fig. 1. (The data are provided by the 
Krasnoyarsk Regional Body of the Federal State Sta-

tistics Service.) 
From 2006 to 2015, mortality from cerebrovascular 

diseases decreased by 9.9% (Fig. 2). By contrast, the 
proportion of deaths from ischemic heart disease in-

creased from 18% in 2000 to 30% in 2018. 
The Poisson regression model is recommended to 

identify the relationship between mortality and envi-
ronmental factors [22]. In foreign epidemiological 

studies, the application of the Poisson model goes back 
to the second half of the 20th century. This model was  

 

 
 

Fig. 1. Dynamics of mortality and average annual number of 

population: city of Krasnoyarsk and Krasnoyarsk Region. 

 

 
 

Fig. 2. Dynamics of mortality from ischemic heart and cerebrovascular 

diseases: city of Krasnoyarsk. 
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adopted to study the relationship between mortality 

and different environmental factors: air pollution [23], 
average temperature [24], and temperature waves [25–

27]. 

Some studies identified the relationship between 

cancer incidence and polluted air and bad habits [28, 

29]. The research where this model was applied to 

Moscow included three influence factors: the average 

daily air temperature, ozone concentration, and the 

concentration of suspended particles PM10. Higher 

mortality from all causes, except for external ones (ac-

cidents, conditions, and circumstances due to an inju-

ry, poisoning, and other adverse effects) was discov-

ered under increasing the number of days with abnor-

mally low and high temperatures [30]. 

This paper assesses the relative risks of the soci-

osphere of the S-N-T system for the city of Krasno-

yarsk. We consider the characteristics of climatic pa-

rameters and levels of air pollution as influence fac-

tors. We predict the risk of population’s premature 

mortality from the combined influence of climatic and 

environmental factors. The main problem includes es-

timating the relationship between climatic parameters, 

air pollution, and population mortality using multivari-

ate statistical analysis methods. In addition, we analyze 

the significance of the contribution of each factor men-

tioned to mortality rates for the main groups of cli-

mate-dependent diseases. 

1. DATA AND METHODS 

We studied mortality rates in the city of Krasno-

yarsk from the initial causes with the greatest sensi-

tivity to climatic factors, according to the International 

Classification of Diseases (ICD-10) [22] in two age 

groups (60–74 years old and the over-75s), divided by 

sex for the period from 2011 to 2014: 

– ischemic heart disease (I20–I25), 

– cerebrovascular diseases (I60–I69), 

– respiratory diseases (J00–J22, J30, J40–J44, and 

J45). 

The climatic characteristics were determined and 

estimated using data from state observation networks 

of meteorological stations [31, 32]. To normalize the 

time series, we divided them by the standard deviation 

[33]. Missed values of these factors were restored us-

ing the moving average method. 

For constructing a nonlinear Poisson regression 

model describing the dependence of mortality on envi-

ronmental factors, we adopted the daily mortality data 

for the city of Krasnoyarsk for the period from 2011 to 

2014. (The data are provided by the Krasnoyarsk Re-

gional Body of the Federal State Statistics Service 

[22].) The model has the form 

  0 1 1, , 1lo β β β β ,t t L k k t L kg X X Z        

1 1, ,0β β
tμ ,t L k k t L k

X X Z
e e e e  

   

where μt  is the predicted parameter, i.e., the Poisson 

independent (output) variable; 1, ,,   ,t k tX X  are the ex-

planatory (input) variables; Z is the short-term time 
trend by day of the week; L denotes the negative effect 

delay (lag); 1 1β , ,βk  are the model parameters; 0β is 

the free term.  

Epidemiological studies determine the relationship 
between the concentration of air pollutants in one day 

and the health effects on some lag days. Lag means 
time delay: when exposed to a negative phenomenon, 

its effect may appear only after some period [22]. In 
this study, we chose a lag of 1 to 15 days. 

      For interpreting the regression coefficient, we used 
the relative risk (RR). This indicator measures the rela-

tionship between an independent variable (e.g., the 
concentration of air pollutants) and the risk of a partic-

ular result (e.g., the number of people with respiratory 
injury). It shows how many times the population’s 

mortality increases due to a negative environmental 
factor relative to background mortality (mortality of 

people not exposed to the negative influence). For the 
Poisson regression, the relative risk is defined as fol-

lows [13, 34]: 

  exp β ,iRR   

where βi  denotes the regression coefficient.  

Table 1 presents the dynamics of the studied envi-

ronmental factors from 2000 to 2018. For the city of 
Krasnoyarsk, the daily concentration data on air pollu-

tants are provided by the Central Siberian Department 
for Hydrometeorology and Environmental Monitoring. 

The pollutants were chosen based on the evidence 
of their influence on the morbidity and mortality rates 

of the population; see Table 2. Ozone (О3) is one of the 
most dangerous air pollutants. This substance belongs 

to the first hazard class and represents the main com-
ponent of photochemical smog. An increased level of 

ground-level ozone is observed only in hot sunny 
weather. The inhalation effect of the substance on the 

body is accompanied by irritation of the respiratory 
system, a reduction in lung functions, the development 

of asthma and allergies, and a significant decrease in 

immunity to infections [22, 35–37]. Ozone concentra-
tions are not measured within the state observation 

network of the Krasnoyarsk Region. Therefore, we 
used the concentrations of nitrogen dioxide and for-

maldehyde as precursors of ozone. 
When processing the data and performing a numer-

ical experiment, we analyzed the collinearity or multi-
collinearity of the factors and correct short-term time 

trends (by days of the week) by adding another coeffi-
cient into the model. 
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Table 1 

Dynamics of environmental factors 

Y
ea

r 

Hot waves Cold waves 

T
em

p
er

at
u

re
, 
°C

 

R
el

at
iv

e 
h

u
m

id
it

y
, 

%
 

Extreme temperature 
drops during the day 

Average concentration  
of pollutants 

N
u

m
b

er
 o

f 
w

av
es

 

D
u

ra
ti

o
n

 o
f 

w
av

es
, 
 

d
ay

s 

A
m

p
li

tu
d

e 
o

f 
 

w
av

es
, 

°C
 

N
u

m
b

er
 o

f 
w

av
es

 

D
u

ra
ti

o
n

 o
f 

w
av

es
, 

 
d

ay
s 

A
m

p
li

tu
d

e 
o

f 
 

w
av

es
, 

°C
 

N
u

m
b

er
 o

f 
ev

en
ts

 

R
an

g
e,

 °
C

 

S
u

sp
en

d
ed

  
su

b
st

an
ce

s,
 m

g
/m

3
 

N
it

ro
g

en
 d

io
x

id
e 

 
(N

O
2
),

 m
g

/m
3
 

F
o

rm
al

d
eh

y
d

e 
(F

),
  

m
g

/m
3
 

min max min max min max 

2000 6 37 7.2 20.2 5 52 –38 –14 0.8 73 49 10 16.6 0.254 0.024 – 

2003 4 29 6.4 20.6 3 30 –14 –10 2.5 71 73 10 31 0.265 0.042 0.008 

2006 2 24 13.6 20.4 4 49 –24 –10 0.8 71 15 10.1 20 0.198 0.051 0.0043 

2009 3 19 8.3 21 9 82 –24 –7.7 0.2 73 15 10.1 22.2 0.173 0.062 0.0094 

2012 4 31 8.3 21.1 4 78 –21 –9 0.6 71 14 10.1 30.3 0.228 0.051 0.0185 

2015 7 42 7.5 20.8 1 14 –11 –11 3.8 66 16 10 13.7 0.1380 0.0360 0.0120 

2018 4 40 7.7 20.7 8 60 –20 –11 1.3 70 26 10.1 19.4 0.1063 0.0379 0.0168 

 

   
Table 2 

The effect of exposure to pollutants on the body [38]  

Substance 
Hazard 

class 
Critical organ Critical effect 

Suspended 

substances 
3 

Respiratory 

system 

– An increase in total mortality, 

– Mortality from diseases of the cardiovascular system and respiratory sys-

tem, 

– Frequent symptoms from the upper and lower respiratory tract, 

– Consulting a doctor for respiratory diseases, 

– Frequent exacerbation of bronchial asthma 

Ozone (O3) 

[22, 35] 
1 

Respiratory 

system 

– An increase in total mortality, 

– Irritation of the respiratory system, 

– Decreased lung function, 

– Development of asthma and allergies, 

– A significant decrease in immunity to infections 

Nitrogen diox-

ide (NO2) 
2 

Respiratory 

system, blood 

and hemopoi-

etic organs 

– Increased incidence and duration of diseases of the upper and lower res-

piratory tract, 

– An increased number of lower respiratory tract diseases among children, 

Formaldehyde 

(F) 
2 

Respiratory 

system, organs 

of vision, and 

immune sys-

tem 

– An increased incidence of diseases of the upper and lower respiratory 

tract, 

– Inflammatory processes in the lungs, 

– Diseases of the immune system, including allergic reactions, 

– Diseases of the organs of vision 
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2. RESULTS OF THE STUDY 

For a particular factor, the level of influence on the 

mortality rate was determined using the regression co-

efficient. It shows by how many units the result will 

change when a given factor changes by one unit [39]. 

Among females aged 60–74 years, mortality from 

respiratory diseases was most influenced by tempera-

ture waves on the ninth day of exposure (lag equaled 

9). The influence of pollutants was represented by the 

effect of formaldehyde: 

  2 12

1 12 11 9

l

,

n μ 7.4 0.9 4.9 3.3

0.9 0.9 1.3 2.8

t t t t

t t t t

F Temp Temp

Diff Diff Hum W

 

   

     

  
  (1) 

where F is the concentration of formaldehyde in the 

atmospheric air, mg/m
3
; Temp denotes temperature, 

°C; Diff is the temperature drop, °C; Hum indicates the 

relative humidity, %; W gives the number of tempera-

ture waves. 

Since the free term  0β  has a small value compared 

to the total value of the factor weights, the factors not 

included in this model are insignificant. According to 

the expression (1), the same influence factors can neg-

atively affect different lags. The influence of the aver-

age daily temperature manifested on the 2nd and 12th 

days after the inhalation exposure; the temperature 

drop during the day, on the 1st and 12th days.  

Figure 3 shows the distribution of factual mortality 

and mortality calculated using the Poisson model. 

Clearly, for an example of mortality from respiratory 

diseases among females aged 60–74, the calculated 

mortality rate describes well the factual one with a cor-

relation coefficient of 0.8.  

We processed the available statistical dataset for 

2011 to 2014 for two age groups (from 60 to 74 years 

old and over 75 years old) to obtain 12 mortality pre-

diction models for three main immediate causes be-

longing to the climate-dependent category. The rela-

tive risk of mortality from exposure to environmental 

factors, the lags, and the correlation indices for each 

model are presented in Table 3. 

3. DISCUSSION OF THE RESULTS 

The analysis of the population mortality from the 

negative influence of environmental factors using 

the Poisson regression model has yielded the follow-

ing outcomes. 

 According to the lag distribution, for males, 

most of the negative effects from ischemic heart dis-

ease and cerebrovascular diseases manifest within six 

days after exposure to the combination of factors; from 

respiratory diseases, after the 7th day. In contrast, for 

females, negative health effects accumulate more 

smoothly within two weeks; see Fig. 4.  

 

 

 

Fig. 3. Factual and calculated mortality from respiratory diseases in 2014: females aged 60–74 years. 
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Table  3 

The relative risk of population mortality 
 

Influence factors 

Sex 

Ischemic 

heart disease 

Cerebrovascular 

diseases 

Respiratory 

system dis-

eases 

Ischemic 

heart disease 

Cerebro-

vascular 

diseases 

Respiratory 

system dis-

eases 

Age group  

60–74 years 75 years and elder 

 Value of correlation coefficient for factual and calculated mortality  

F 0.69 0.66 0.8 0.63 0.53 0.66 

M 0.6 0.63 0.6 0.55 0.64 0.66 

                                                                                               Relative risk of mortality 

Nitrogen dioxide 
F 1.2 / L = 5 1.3 / L = 15 – – – 1.3 

М 1.1 / L = 5 1.2 / L = 13 1.4 – – 1.4 / L = 14 

Formaldehyde 
F 1.2 / L = 9 – 2.5 – 1.2 1.4 / L = 11 

М – 1.5 / L = 4 – 0.7 / L = 14 0.7 / L = 2 1.6 / L = 3 

Suspended sub-
stances 

F 1.2 / L = 5 1.3 / L = 8 – – 0.8 – 

М 1.2 / L = 15 1.3 / L = 5 – 1.2 / L = 3 – 1.4 / L = 8 

Temperature 

F 0.4 / L = 11 – 0.04 / L = 12 0.7 / L = 4 – 3.7 / L = 5 

М 0.6 / L = 15 – – – 
0.4 / L = 

12 
3.3 / L = 10 

Relative humidity 
F 1.3 / L = 6 – 3.6 / L = 11 0.8 / L = 11   1.6 / L = 2 

М 1.1 – – 1.2 / L = 5 1.5 / L = 4 – 

Extreme tempera-
ture drops 

F – – 2.5 / L = 12 – – – 

М – – 1.4 / L = 9 – 
0.8 / L = 

14 
1.4 / L = 1 

Temperature waves 
F 1.8 / L = 2 – 16.4 / L = 9 1.5 / L = 13 – 0.5 / L = 2 

М – 0.4 / L = 10 – – – – 

 

 

 

 

 
 

(a) 

  

 
 

(b) 

 
Fig. 4. Lag distribution of the negative effect: (a) females, (b) males. 
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 The climatic factors have the greatest contribu-

tion to population mortality in all age and sex groups: 

the ratio of influence is 58.1% (climatic factors) to 

41.9% (polluted atmospheric air). In addition, females 

are most exposed to the negative effects of environ-

mental factors. 

 Among the pollutants considered, formalde-

hyde has the greatest relative contribution to mortality. 

Among the climatic factors considered, the greatest 

harm is caused by temperature waves. 

 The highest correlation coefficients between 

the predicted and factual mortality rates correspond to 

mortality from respiratory diseases. 

 Among the age groups considered, the people 

aged 60–74 years are most sensitive to the effect of all 

factors. 

CONCLUSIONS 

As demonstrated in the paper, the nonlinear Pois-

son regression model predicts population mortality 

from environmental factors quite close to the factual 

data. Hence, this approach can be used to estimate the 

combined influence of climatic parameters and air 

quality on mortality. The approach to risk assessment 

will be further developed by excluding insignificant 

factors and considering in detail the influence of sig-

nificant factors by groups, depending on the direction 

of the identified relationships. 
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