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Abstract: Climate change and climate-sensitive disasters caused by climatic hazards have a significant
and increasing direct and indirect impact on human health. Due to its vast area, complex geographical
environment and various climatic conditions, Russia is one of the countries that suffers significantly
from frequent climate hazards. This paper provides information about temperature extremes in
Russia in the beginning of the 21st century, and their impact on human health. A literature search
was conducted using the electronic databases Web of Science, Science Direct, Scopus, and e-Library,
focusing on peer-reviewed journal articles published in English and in Russian from 2000 to 2021.
The results are summarized in 16 studies, which are divided into location-based groups, including
Moscow, Saint Petersburg and other large cities located in various climatic zones: in the Arctic, in
Siberia and in the southern regions, in ultra-continental and monsoon climate. Heat waves in cities
with a temperate continental climate lead to a significant increase in all-cause mortality than cold
waves, compared with cities in other climatic zones. At the same time, in northern cities, in contrast
to the southern regions and central Siberia, the influence of cold waves is more pronounced on
mortality than heat waves. To adequately protect the population from the effects of temperature
waves and to carry out preventive measures, it is necessary to know specific threshold values of air
temperature in each city.

Keywords: climate change; heat and cold waves; human health; Russia

1. Introduction

It is well documented that climatic and weather extremes – heat and cold waves, floods,
droughts, etc., are associated with human-induced climate change, and reflect the growing
climatic variability [1–41]. Long-term changes in the Earth’s energy balance increase the
frequency, intensity and duration of temperature extremes [3,14,16,19,26–28,33,35,36,40,41],
the probability of compound and cascading events [1,2,6,13,16,17,20,22,24,29,35,41], includ-
ing wildfires [17,32,34]. Their accelerating trends are predicted under certain scenarios of
greenhouse gas emissions [2,10,16,27,33,38,40]. Historically, extreme weather and climate
events are generally rare across the globe, with a time interval between events that allow
human and natural systems to recover from the impacts experienced [30,37,39].

Significant and increasing direct and indirect impacts of extreme temperature events
on human health – excessive morbidity and mortality [2,8,42–128], negative effects on men-
tal health [8,53,124,129–136], human and community well-being [1,8,30,76,86,120,126,129,130],
and health care systems [57,125,137] – are becoming an increasingly urgent global prob-
lem. Much is known about health consequences of heat and cold waves [1,42–44,46–
49,51,55,56,62,69–74,79,81,83,86,93–101,107–112,118,121,122], wildfires associated with ex-
treme heat events and their health outcomes [78,108], on a global and regional scale.
Children, the elderly, and people with cardiopulmonary disease are recognized as the
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most vulnerable groups of the population to the effects of episodes with extreme tempera-
tures [45,53,57,62,64,73,78,81,91,104,116,121,124,127,129].

The variety of publications on the effects of temperature waves on the health of the population
is rapidly growing, both in the northern and the southern regions [47,68,73,74,83,105,117,124,125].
Research on the relationship between human health and ambient temperature focuses
mainly on the effects of extreme heat. As an example, the danger of heat extremes for public
health was particularly evident in August 2003 in Western Europe, when the heat wave had
caused over 70,000 additional deaths [1,27,28,47,68,83,119]. In 2010, a “mega heatwave”
with maximum temperatures up to 40 ◦C and the combined effect of heat and smoke from
numerous wildfires, covered Eastern Europe, the European part of Russia and southern
Siberia [47]; estimates for the death toll were 55,000 in Russia and 11,000 in Moscow,
with 15 billion USD of total economic loss, which was near 1% Russian gross domestic
product [5,10,20,21,23,24,28,35,42,47,51,61,93,108,114,128,138]. According to World Health
Organization, in the European region (43 countries) in the period from 2071 to 2099, heat
waves could lead to 47–117,000 additional deaths annually [77].

Nevertheless, it has been repeatedly shown that the effect of cold influence on human health,
including extremely cold weather, is often stronger than heat [43,48,68,75,105–107,116,123,139–141].
In a review for southern countries, including South Korea, Thailand, Australia, Brazil, etc.,
significant damage to health was demonstrated due to cold, rather than heat: additional
mortality during cold waves was 7.3% (95%, CI: 7.02–7.49%) compared with heat waves:
0.42% (95%, CI: 0.39–0.44%) [68]. A study for Illinois, United States, for the period from 2011
to 2018, showed 23,834 cases of hypothermia and 24,233 cases of over-heating; 1935 deaths
as a result of hypothermia and 70 of the influence of high temperatures [139]. The most
vulnerable groups of the population were adults in the age cohort over 65 years of age and
African-Americans – their mortality was twice as high. People who sought inpatient care for
hypothermia often had much comorbidity, including electrolyte disorders, cardiovascular
diseases and kidney failure [139].

The purpose of the current research is to review studies on heat and cold waves
and their impact on human health in Russia at the beginning of the 21st century. In the
Introduction below, we provide the definitions for heat and cold waves used worldwide and
in Russia; general information about the impact of temperature extremes and temperature
waves on human body; and a brief introduction to the latest events with temperature
extremes in Russia. In Section 2, materials and methods are described. Section 3 provides
results of the review. The combined effect of a heat wave, urban and wildfire air pollution
in Russia was described in separate Section 3.7 of the Results. Section 4, Concluding
Comments, includes some additional aspects: the combined effects of temperature waves
and COVID-19 on human health are discussed in Section 4.1; the effects of Urban Heat
Island (UHI) is considered in Section 4.2; and measures which could work for mitigating
the impact of heat (cold) waves on human health in Russia are proposed and compared
with those worldwide in Section 4.3. Section 5 gives the main conclusion.

1.1. Definition of Heat and Colds Waves

The Russian Hydrometeorological Encyclopedia defines a heat (cold) wave as a sharp
increase (decrease) in temperature associated with the advection of a warm (cold) air
mass [142]. Sudden departures of temperature from optimal values are understood as
dangerous weather phenomena with a strong impact on various aspects of human life:
energy, agriculture, water resources, etc. [38,143,144]. At the same time, in the world
scientific literature, when studying their influence on human health, extreme temperature
changes observed for several days and sometimes for a longer time, are called heat (cold)
waves [48,82,106,126,145].

A significant number of definitions for ‘temperature wave’ as a collective term that
combines events with extreme temperature in(de)crease, both heat and cold waves [99,107],
can be divided into absolute and relative ones [69,71,90,102]. In the former, fixed deviations
(for example, 5 or 7 ◦C) from the threshold air temperature are examined. For example, the
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Russian Federal Hydrometeorological Service uses a very high temperature threshold to
determine extremely hot weather as a dangerous phenomenon. They define a heat wave
as a period with a mean daily air temperature exceeding the climatic norm for 1961–1990,
by 7 ◦C and more, lasting five or more consecutive days [146]. In relative definitions, a
wave is calculated as a certain deviation (±2σ or ±3σ, where σ is the standard deviation)
or percentile (1%, 2.5%, 3%, 5%, and 95%, 97%, 97.5%, 99% percentile for cold and heat
waves, respectively) of the temperature distribution. In contrast to absolute definitions,
relative definitions allow to compare the results for different areas and averaging periods,
which is especially important in a changing climate [147].

1.2. Temperature Waves and Human Health

Many epidemiological studies have proven the influence of long periods with ex-
tremely hot weather and heat waves on various health outcomes: daily hospital emergency
transports, morbidity, general mortality and mortality from certain causes – diseases of
the circulatory system, respiratory diseases, digestion, nervous system, including mental
illness and suicides, etc. During heat waves, when the body is exposed to extremely
high temperature, dehydration and microcirculation disorders occur, which could lead
to thrombosis and chance of having strokes, exacerbations and mortality increase from
ischemic heart disease and other causes. The most at-risk groups include young chil-
dren, pregnant women, the elderly, people with disabilities and limited mobility, people
whose professional activity is associated with outdoor activities, and people with low
income [81,85,86,91,106,117,118,120,121,125,131,134,139,148–156]. People living in urban
areas of large cities with heavy traffic, where Urban Heat Island (UHI) is developed, can
also be attributed to high-risk group [85,128,140,157,158]. For example, high temperatures
annually cause from 1% to 10% of deaths among elderly in Europe, although there is a lot
of uncertainty in the calculation of years of life lost [46].

In cold exposure, the maintenance of temperature homeostasis in the human body,
it’s ability to keep the core temperature of the body at a normal level, is provided by
compensatory and adaptive reactions of the thermoregulatory, cardiorespiratory and
immune systems. Primarily, an increase in heat production and (or) a decrease in heat
transfer, is manifested in a decrease of body and skin temperature and an increase in the
level of basal metabolism. Adaptive shifts in the respiratory system are expressed in an
increase in pulmonary ventilation. The adverse effects of cold and cold waves lead to the
occurrence and (or) exacerbation of many diseases, primarily of the circulatory system
and respiratory organs; children and the elderly are considered to be the most vulnerable
groups of the population [59,91,99,105,117,139,159–165].

1.3. Russia and Temperature Extremes

Due to its vast area, complex geographical and ecological environment and various
climatic conditions, Russia is one of the countries that suffer the most from frequent climatic
and weather extremes [166,167]. Climatic extremes in Russia are characterized by various
types of events with high frequency, strong seasonal and regional differences and a wide
range of effects [95,168,169]. In vulnerable regions, including the Arctic, the Far North and
Siberia, extreme weather and climate events can lead to disasters with a significant impact
on the health of the population, ecosystems, and various sectors of the economy [167].
For example, hot days, determined by the Federal Hydrometeorological Service as 95%
extremes, were observed in 2018 in various regions [169]. An excess of up to 9 ◦C of the
mean daily temperature in June compared to the base period of 1961–1990 was observed
in a vast area between the rivers Ob and Lena, where a large number of settlements are
located, including the large cities Novosibirsk, Krasnoyarsk, Kemerovo, Novokuznetsk,
etc. The temperature anomaly in June in Central Siberia was +4.48 ◦C. High summer
temperatures were also observed in the Caucasus (anomalies up to +4 ◦C) [169]. Excess
elderly mortality in Russia during the hot days in summer 2018 was 18,600 cases, with
similar indicators obtained in Germany (20,200) and the United States (19,000) [124].
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The estimation of the frequency, intensity and duration of heat waves based on the
analysis of the maximum daily temperatures for June–August using the 95% percentile
threshold by the middle of the 21st century compared to a 20-year period from 1980 to
1999 in Russia was considered in detail by Vinogradova [38]. An increase in the number
of days with maximum temperatures exceeding the threshold values is predicted by the
middle of the 21st century for some regions of Russia, including the southern parts of
the European Russia and Western Siberia, Yakutia, the northern parts of Chukotkskyi
Autonomous Okrug and Primorsky Krai. It is expected the maximum temperature during
the heat wave will reach 40 ◦C [38]. In the next 30–40 years, the rate of climate change
in Russia will significantly exceed the average rate of global warming [170]. In 2020 long
heat wave in Siberia recorded at +38 ◦C in Verkhoyansk, the world’s pole of cold, being
the major Arctic event [3,171], causing melting permafrost and wildfires over the vast
area [172]. The extreme heat of summer 2021 has broken almost all temperature records
since the beginning of the 21st century over the whole of Russia; temperatures in the
Russian Arctic for several days at the end of June were above 30 ◦C, and 15 ◦C higher than
normal (base period 1961–1990) in some parts of Siberia [173]. Wildfires in taiga forests
covered Siberia and the Far Eastern regions with smoke reaching the North Pole [174]. The
consequences of these extremely hot events for human health have yet to be assessed.

On the other hand, cold is a rather serious health problem. Russia is a cold country
with an average annual temperature of −5.4 ◦C and mean temperature in January of
−25.2 ◦C, ranging in different regions from +6 to −50 ◦C. The Siberian part of Russia is
known for its extreme weather with very cold winters. The coldest place in the central
part of Siberia is Oymyakon, located in the Republic of Sakha (Yakutia), where the winter
temperature in January can be below −55 ◦C. Prolonged exposure to extremely cold tem-
peratures during winter can lead to death from hypothermia, which is regularly recorded in
Russia [167]. A significant inter-annual variability of air temperature during the cold period
was shown in Russia over the past 50 years, with increase of mean winter temperature but
simultaneous decrease in the frequency of extremely cold days [175]. At the beginning of
the 21st century, significant increasing trends for mean winter temperatures were noted
for Saint Petersburg and Murmansk (about 0.9 ◦C/10 years), for Arkhangelsk (more than
1.5 ◦C/10 years) [100]. At the same time, the frequency of frosty days, defined as days with
an air temperature below 95% of the percentile of the distribution of the minimum daily
temperature for the period from 1970 to 2015, increased in the south of Siberia [175]. The
estimation of the frequency, intensity and duration of cold waves, based on the use of the
5% percentile of the distribution of minimum daily temperatures for December-February
for the 20-year period 1990–2010 compared to 1961–1990, showed that the decrease in the
number of waves was followed by an increase in minimum temperatures. For the period
at the beginning of the 21st century, regions with a pronounced increase in the number
of long cold waves, their duration and a decrease in the minimum air temperature have
been identified in the south of Siberia, the southern and central parts of the European
Russia [144], which may indicate an increase in climatic extremes as an evidence of modern
climate changes. For Moscow and the central regions of the European part of Russia
for the period from 1976 to 2018, the decrease of temperature extremes and cold waves,
expressed by the 10% percentile and 5% percentile of continuous episodes for 5 days or
more, respectively, was shown [176].

2. Materials and Methods

A literature search was conducted using electronic databases Web of Science, Pubmed,
Science Direct, Scopus, and e-Library, focusing on peer-reviewed journal articles published
in English and in Russian from 2000 to 2021. Hand searching of the applicable literature
was also performed in relevant journals and bibliographies of included studies. Three
conceptual categories were used: “extremely hot weather”, “extremely cold weather”,
and “human health”, revealing a total of 189 records. We were seeking the key words
“heat wave”, “hot weather”, “high temperature”, and/or “cold wave”, “cold spell”, “cold
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weather”, “extremely low temperatures”, and “human health”, “cardiovascular mortality”,
“respiratory mortality”, “cardiovascular disease”, “respiratory disease”, “mental health”,
or “ambulance calls”, and also looked for studies cited in the recognized articles. The
papers with duplicate and overlapping results were excluded from the review and were
not included into final table placed at the end of the Results section. Finally, the search
identified 16 studies that were selected for the review. We did not impose any restrictions
on study design.

3. Results

First, it was shown that heat (cold) waves were mainly defined as periods with
abnormally high (low) temperatures compared to current values, often combined with
high humidity (strong wind), which have an adverse effect on human body, expressed
in a statistically significant increase in mortality or morbidity [69,71,72,93–101,107–111].
Based on long-term research, it was determined that heat (cold) waves incorporate periods
with an excess of the 97(3)% percentile of the distribution of mean daily temperature in the
summer (winter) months [145,177]. This threshold value is included in the Methodological
Recommendations of Russian Rospotrebnadzor [178].

In addition to the air temperature measured at a weather station, some papers exam-
ined the thermal stress expressed in terms of perceived temperature, i.e., the temperature
adjusted for the complex influence of air humidity, wind, clouds and atmospheric pressure
on the human body [179,180]. In papers [99,110,111] the bioclimatic indices such as the
Wind-Chill Index (WCI) [181], the Temperature-Humidity Index (HUM) [182], the Ap-
parent Temperature (AT) by Steadman [183], the Physiologically Equivalent Temperature
(PET) [184], the Universal Thermal Climate Index (UTCI) [185], are used. It was suggested
that to be called a wave, the period with extreme deviations of the selected indicator should
last continuously for several consecutive days; according to the duration criterion, the
waves were classified as short (duration from 5 to 7 days) and long (from 8 days and
longer) [107,110].

When analyzing temperature waves, in addition to their duration, other indicators
were described: the wave intensity, i.e. the sum of degrees above (below) the base temper-
ature [72]; the “wave fraction” defined as the ratio of the number of days in the wave to
the total number of days with temperatures above (below) the temperature threshold, for
heat and cold waves, respectively [94,99]; the time shift between the beginning of the wave
and the impact on the human body as the lagged effect [55,70,97,98,100,101]. In addition,
increased (decreased) temperature background in summer (winter) [69,71,72,107] and air
pollution [73,108] were analyzed, which contribute to the exacerbation of diseases during
heat and cold waves.

In Figure 1, the main weather stations (WS) mentioned in the studies reviewed, are
shown as red dots on the map of the Russian Federation.

Table 1 provides information at these WS with World Meteorological Organization
(WMO) Station Number, geographical coordinates and climate characteristics according to
the Köppen-Geiger classification [186]. WS are listed here according to the WMO numbers.

The results of the review of the Russian studies on the assessment of the impact
of heat and cold waves on human health were systematized geographically: mortality
of the population in capital cities (Moscow, Saint Petersburg); other large cities located
in various climatic zones in the Arctic (Arkhangelsk, Magadan, Murmansk, Yakutsk), in
Siberia (Krasnoyarsk, Tomsk), southern (Astrakhan, Krasnodar, Rostov-on-Don, Volgograd)
and Far-Eastern (Khabarovsk, Vladivostok) parts of Russia, areas with continental and
monsoon climate. Other health outcomes were illustrated, such as ambulance calls during
periods with heat (cold) waves. Combined effects of a heat wave, urban and wildfire air
pollution in Russia were described in separate subsection of the Results.
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Figure 1. Map of Russia, where red dots show location of weather stations mentioned in the study.

Table 1. General information on Weather Stations mentioned in the study.

Weather
Station Name

WMO Station
Number Latitude, ◦N Longitude, ◦E Altitude, m above

Sea Level
Climate Classification

[186]

1. Murmansk 22,113 68◦58′ 33◦03′ 57 Dfc (Continental Subarctic)

2. Arkhangelsk 22,550 64◦30′ 40◦44′ 8 Dfc (Continental Subarctic)

3. Yakutsk 24,959 62◦01′ 129◦43′ 98 Dfd (Extremely cold
Continental Subarctic)

4. Magadan 25,913 59◦33′ 150◦47′ 115 Dfc (Continental Subarctic)

5. Saint
Petersburg 26,063 59◦58′ 30◦18′ 3 Dfb (Warm Summer

Humid Continental)

6. Moscow 27,612 55◦50′ 37◦37′ 147 Dfb (Warm Summer
Continental)

7. Tomsk 29,430 56◦30′ 84◦55′ 141 Dfb (Warm Summer
Continental)

8. Krasnoyarsk 29,570 56◦02′ 92◦45′ 277 Dfc (Continental Subarctic)

9. Khabarovsk 31,735 48◦31′ 135◦10′ 75

Dwb/Dwa
(Monsoon-influenced

warm/hot summer humid
Continental)

10. Vladivostok 31,960 43◦48′ 131◦56′ 187
Dwb (Monsoon-influenced

warm summer humid
Continental)

11. Volgograd 34,561 48◦40′ 44◦27′ 118 Dfa (Hot Summer
Continental)

12. Rostov-on-Don 34,730 47◦15′ 39◦49′ 88 Dfa (Hot Summer
Continental)

13. Astrakhan 34,880 46◦17′ 47◦59′ 22 BSk (Cold semi-arid
Steppe)

14. Krasnodar 34,929 45◦03′ 39◦02′ 28 Cfa (Humid Subtropical)
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3.1. Moscow and Saint Petersburg

Over the past 60 years, there has been a pronounced positive trend of air temperature
in Moscow: +0.04 ◦C/year for the period from 1981 to 2010 [187]. It was proposed that
extremely high maximum temperatures in July, which were previously recorded once every
10 years [188], would become the norm, aggravated by a decrease of greenery and the
raising of new buildings in urban areas [189].

A significant increase, by more than 5%, of mortality rate in Moscow during heat
waves was shown for a threshold mean daily temperature of 23.6 ◦C [94,108]. During
the period from 2000 to 2012, 14 heat waves were identified in Moscow [94,145]. These
results were found with the exception of a strong heat wave in 2010. Since the influence
of the abnormal extremely long and intensive heat wave of 2010 on health outcomes,
including mortality, was too strong, the inclusion of this wave in the study sample along
with “normal” heat waves largely misrepresented the results [109]. That is why the heat
wave of 2010 was examined in separate papers [108,145]. In July–August 2010, the increase
in mortality during the heat wave was largely due to the gradual accumulation of thermal
stress as a result of many days of continuous heat exposure. The “accumulated” effect
depended on the number of days in a continuous sequence of hot days, as a “wave additive”
to the main heat effect [108,145]. Economic losses from excessive mortality as a result of
exposure to prolonged heat and high level of atmospheric air pollution in the summer
of 2010, was 97–123 billion RUB, or 1.23–1.57% of Moscow’s Gross Regional Product
(GRP) [190].

Using the 3% percentile of mean daily temperature threshold, nine cold waves were
identified in Moscow in the period from 2000 to 2012 [94]. The highest risk of additional
mortality was determined for coronary heart disease and cerebrovascular diseases both
in the cohort of people of working age (30–64 years), and for the elderly, as well as for
respiratory diseases in the older age cohort [94], confirming the thesis about the high
sensitivity of the elderly to the negative effects of low temperatures.

In Saint Petersburg over the years from 1986 to 2015, the average annual temperature
has increased by 1.7 ◦C, and the number of days with hot weather—by 30% [191]. The
average duration of heat waves for the period 1999–2016 was 9 days [100]. In the hot
summer of 2010, during an intermittent heat wave, all-cause mortality increased by 30.2%
compared to the summer of 2009. The relative increase in mortality per day of the 2010
heat wave was significantly higher than the increase per day in the ensemble of heat waves
in other years [100].

3.2. Arctic Macro-Region

To identify the effect of heat waves on the mortality of the population of the Arctic
macro-region, a two-stage study was conducted. At the first stage, the analysis of daily
mortality and temperature indicators in four northern cities—Murmansk, Arkhangelsk,
Yakutsk and Magadan—for the nine-year period 1999–2007 [107]; at the second stage—for
the next 10 years until 2016 [99]. At the first stage, 29 heat waves (16 short and 13 long)
were defined, and the relative risk of mortality was estimated as the ratio of the observed
mortality during the wave period to the expected value for these calendar dates. It was
shown that short heat waves in northern cities had a stronger impact on mortality than long
heat waves with the “harvesting effect” as a possible explanation. During long-term heat
waves, excess mortality at the end of a long period with excessively hot temperatures was
compensated by the “harvesting effect”—a short-term shift in mortality at the beginning of
the wave [60,67,98,106,119]. The relative risk of mortality from cerebrovascular diseases,
mainly strokes, was higher than from heart attacks, but the difference between these
diseases was statistically insignificant. The increase in all-cause mortality was slightly
less than the increase in mortality from heart attacks and strokes, and the relative risk
of mortality from external causes was statistically significant only for the age group of
30–64 years [107].
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At the second stage of the work [99], it was shown that the air temperature was more
closely related to mortality rates than the Apparent Temperature by Steadman [183]. An
additional characteristic of the local climate was a “wave fraction” calculated as the ratio
of the number of days included in the ensembles of waves lasting from 5 days to the total
number of days with temperatures above the threshold. Since the temperature thresholds
were based on percentiles, 197 days (3% of all days) over 18 years were attributed to heat
waves. However, not all of them were included in the ensembles of temperature waves
since only continuous waves lasting from 5 days were taken into account [99].

In study by B. Revich with coauthors [99] for the period 1999–2016, the cold waves
in the northern cities were identified by threshold value below the 3% percentile of the
mean daily air temperature and the Wind-Chill Index. The wave fraction ranged from 45
to 70% for Murmansk and Yakutsk, respectively, demonstrating the increasing effect of
climate continentality. As in previous studies for other regions of Russia, cold waves have a
stronger impact on the mortality of the elderly with diseases of the circulatory system. An
increase in blood pressure in patients with arterial hypertension during winter compared
to summer, as well as instability of heat transfer mechanisms in the elderly, could be the
possible explanation [156,160]. In addition, chronic infectious diseases worsen in winter,
increasing respiratory infections, which also leads to a growth in the number of pathologies
of the circulatory system [113]. At the same time, the impact on mortality in the group of
external causes was noted for the age cohort of 30–64 years, which could be explained by
the extremely cold conditions for outdoor workers and high injury risk [139,164].

Additional wind effect expressed by Wind-Chill Index [181] did not always give an
increase in exposure: in Murmansk, statistically significant results were higher for the
relationship between mortality and the Wind-Chill Index, and in Yakutsk—for the mean
daily temperature [99]. Most likely, this could be explained by the fact that in the maritime
climate of Murmansk, the severity of the weather increased with a strong wind, and in the
ultra-continental climate of Yakutsk—with frosty, but mostly calm conditions [100].

A separate study for Arkhangelsk used several predictors as the threshold tempera-
tures, including UTCI which accumulated the effect of air temperature and humidity, wind,
atmospheric pressure and cloudiness [185]. There was a statistically significant increase in
mortality rate during both heat and cold waves, depending on gender: when identifying
the wave using the mean daily air temperature for women and the minimum daily UTCI
for men [111]. Most likely, the contrasts can be explained by the different character of the
physical and social activities of men and women [100].

3.3. Southern Cities of the European Russia

The southern cities of the European part of Russia are Astrakhan, Volgograd, Krasnodar,
Rostov-on-Don, with population more than 3.5 million people. The frequency of heat waves
here increased in 2000–2010 compared to the previous decade; extremely hot days were
identified as those with temperature exceeding µ + 2σ, where µ and σ were arithmetic
mean and standard deviation of the distribution of mean daily temperature for all days
for the period from 1961 to 2010 [97]. The threshold for definition of a heat wave in July
was +29.0 ◦C in Volgograd, +28.6 ◦C in Astrakhan, +28.2 ◦C in Krasnodar and +27.7 ◦C
in Rostov-on-Don. Significant (p < 0.05) positive trends in mean annual temperature
and temperature of July were shown for all weather stations in Astrakhan, Volgograd,
Krasnodar and Rostov-on-Don. The average annual trend of the mean temperature in July
for 1961–2010 ranged from 0.02 ◦C/year (p < 0.01) to 0.09 ◦C/year (p < 0.001) in various
cities, demonstrating an increase in summer temperature everywhere. The number of
extremely hot days in each of the studied cities varied from 10 to 37 per year. In compari-
son with 1961–1990, in the next 10 years the number of extremely hot days in Volgograd
increased by three times, in Krasnodar—by one and a half times; in Rostov-on-Don the
increase was not significant.

In these cities, the impact of 22 short (lasting 5–7 days) and 19 long (lasting 8 days
or more) heat waves on the mortality was estimated. The strongest heat wave of 2010,
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manifested in all cities, was excluded from the study. Additional mortality per 100 thousand
people during heat waves was: 7.6% (95% CI: 6.7–8.5) in Volgograd, 8.1% (95% CI: 7.2–8.9)
in Rostov-on-Don, 8.5% (95% CI: 7.5–9.6) in Krasnodar and 10.8% (95% CI: 9.3–12.2) in
Astrakhan. The highest risk in Astrakhan was explained by the record number of long
heat waves. A meta-analysis of risk in four southern cities showed statistically significant
results of a combined risk assessment for 15 mortality indicators. The largest number of
additional deaths was detected in Volgograd and in Rostov-on-Don during days when the
temperature exceeded the specified heat threshold [97].

Additionally for mortality in Rostov-on-Don during the period from 1999 to 2011,
excluding the heat wave of 2010, increase in mortality from coronary heart disease cere-
brovascular diseases was shown, using air temperature (T), AT, HUM and PET as weather
parameters [110]. Similar to the study in Moscow, an abnormal wave of 21 days duration in
Rostov-on-Don in summer of 2010 was excluded from the sample. The study demonstrated
that T and PET were the best predictors for mortality from coronary heart disease at the
age of 30–64 years (RR = 1.19 (95% CI: 0.09–2.21); PET – for mortality from cerebrovascular
diseases at the age of 30–64 years (1.64 (95% CI: 0.18–4.43) with a 2 day lag; PET—for
elderly with coronary heart disease (1.51 (95% CI: 0.09–7.03) with a 3 day lag, and with
cerebrovascular diseases (1.72 (95% CI: 0.05–18.63) with a 1 day lag [110].

A comparison of the results of assessing excess mortality during heat waves in south-
ern in European Russia and northern cities in the Arctic region showed more significant
effect of hot extremes in southern cities. The relative increase in mortality from cerebrovas-
cular diseases at the age of 65+ during heat waves was 66% (95% CI: 54–78) in southern
cities compared to 35% (95% CI: 13–57) in northern cities, i.e., the relative increase in
the south was almost twice as high as in the north [97]. The possible explanation could
be the differences in demographical structure of the population in these regions: by the
age 65, people with potentially serious health problems change their permanent place
of residence, migrating from north to south, thereby increasing the risk of mortality in
southern cities [192].

3.4. Siberia, Continental Climate

The temperature thresholds for hot extremes in two cities of the Western Siberia
(Barnaul and Kemerovo) and in four cities of the Eastern Siberia (Bratsk, Chita, Krasnoyarsk,
Irkutsk) for the study period from 1999 to 2015 were homogeneous, varying in a narrow
range from 21 to 23 ◦C [98]. The longest heat wave (20 days) occurred in the summer of 1999
in Bratsk. The mortality risk during heat waves was calculated for Krasnoyarsk, the largest
of the six Siberian cities, where the heat threshold by air temperature was 23.3 ◦C, and by
Apparent Temperature −22.4 ◦C. The maximum of the mean daily Apparent Temperature
was 29.7 ◦C.

In Krasnoyarsk, for the period from 1999 to 2015, only 10 waves with a duration of
5 or more days, defined by Apparent Temperature, were recorded, with a total duration
of 91 days [98]. Excess mortality during heat waves in the age group of elderly (≥65)
was 22% (95% CI: 17–28), mainly due to diseases of the circulatory system (hypertension,
coronary heart disease). A comparison of mortality in Krasnoyarsk with similar indicator
in Rostov–on–Don in the south shows a significant difference in the mortality rate. Two
times more men aged 30–64 years died from respiratory diseases in Krasnoyarsk than in the
southern group; six times more—at the age of ≥65 years old; and among women, two and
nine times more, respectively. We would suppose the reason was the long-term exposure
to polluted atmosphere in Krasnoyarsk. Additionally in Krasnoyarsk, Siberian city with
an ultra-continental climate, the influence of day-to-day changes in air temperature on
mortality was estimated: no correlation was shown for the age group of 30–64 years, and
significant correlation for four causes (coronary heart disease, strokes, other diseases of the
circulatory system and all natural causes) for elderly [98].

In Tomsk, the influence of air temperature on acute myocardial infarction (AMI)
was demonstrated for 25 years from 1990 to 2015 [67]. Increase in total mortality among
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patients with AMI and in percentage of women and elderly in structure of AMI patients
during the heat wave of 2012 compared to summer 2010, was illustrated. During the heat
wave, the condition of these patients was characterized by cerebral disorders, instability of
blood pressure, and a statistically significant higher proportion of hospital mortality [67].
Additionally, it was demonstrated that adverse trends in morbidity and mortality from
AMI could be registered already a few days before the period of heat wave as a result of
sharp changes in air temperature and a high daily gradient of atmospheric pressure [67].

In Krasnoyarsk for the years from 1999 to 2015 the cold waves were defined by the
Wind-Chill index [98]. Increase in mortality during cold waves was 7.3% (95% CI: 1.1–13.8)
for the elderly and 6.3% (95% CI: 1.7–11.2) for the cohort of 30–64 years, which was
significantly less than for heat waves [98]. Elderly people with diseases of the circulatory
system were at higher risk [98]. The lagged effect was 2–3 days, which was consistent with
other research [52,140]. The strongest influence was found for short waves compared to
long ones, which could be explained by the “harvesting effect” [98,106].

In Krasnoyarsk in ten years from 2000 to 2004 and from 2010 to 2014, 59 heat waves
and 60 cold waves were identified [55]. The relative risk of mortality from diseases of
the circulatory system was higher than from other causes of death for both cold and heat
extremes. The greatest negative impact of temperature waves was found on mortality from
diseases of the circulatory system in the age group of 65 years and older with an absolute
risk value, as probability of death from heat waves, at the level of 4.41 * 10−3, and from
cold waves of 4.81 * 10−3. A comparison of time lags for different causes of death showed
that cold waves had the most delayed effect on diseases of the circulatory system. On the
contrary, the effect of heat was more rapid compared to all other causes [55].

3.5. Cities with Monsoon Climate at the Russian Far East: Vladivostok and Khabarovsk

The heat waves in Vladivostok were studied for the period from 2000 to 2015 [94].
The temperature threshold for heat waves was 21.9 ◦C for air temperature, and 22.2 ◦C
for Apparent Temperature [94]. Using air temperature, 11 heat waves were registered
in Vladivostok during 16-year period from 2000 to 2015, with an average wave length
of 10 days. Based on Apparent Temperature as indicator of exposure to heat, seven heat
waves were identified, with an average wave length of 9 days. The highest statistically
significant risk in absolute terms with an increase in mortality by +37% during heat waves
defined by Apparent Temperature was established for diseases of the circulatory system
among the elderly [94].

For the continental monsoon climate of Khabarovsk, the period from 2000 to 2015,
heat waves lasting 3 days or more with mean daily temperature above the 95% percentile
of mean daily temperatures in the warm season, increased all-cause mortality by 36% with
one day lag [70]. In general, the frequency of heat waves in the southern part of the Russian
Far East has been constantly increasing since the 1950s, with their maximum number and
intensity at the continental stations. In summer, the wave fraction as a portion of days with
a wave during all days with extreme temperatures was near 35% [72]. The hottest summer
for the period from 2000 to 2017 was in 2008, when there were two waves in June, four in
July and one in August [72]. In July 2011, a strong heat wave was caused by the stationing
of a sedentary anticyclone in the south of the Russian Far East [11], which lasted up to
25 days and covered a vast area in the north and central part of Khabarovsky Krai [70,72].

It the continental part of the southern Far East, cold waves were defined by a threshold
of 3% percentile of the distribution of mean daily temperature for the period from 1999 to
2017 and a duration of 3 days; no pronounced trend in their number was found. The winter
of 2012–2013 was the most severe, with the maximum number and cumulative effect of
cold waves [72]. In Khabarovsk, the winter of 2010–2011 was the coldest: four cold waves
were registered; one of them in January lasted continuously for 12 days. As it was found
for the continental climate of Siberia [98], the health impact of cold waves was shown to
be less than of heat waves. Nevertheless, mortality in all ages and in the older age cohort,
primarily cardiovascular disease, was much higher in the cold period of the year, especially
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in January, which confirmed the negative impact of the harsh cold environment of the
Russian Far East on the thermoregulatory system of the human body [72].

In Vladivostok for the period from 2000 to 2016, statistically significant increases in
mortality from diseases of the cardiovascular system in the cohort of the working-age
population, and without significant results for the elderly, were shown during the cold
waves [94]. In contrast to the continental part of the south of the Russian Far East, the
stronger influence of cold waves than heat waves in Vladivostok could be explained by
higher extremity of winter weather in the marine climate and higher wave fraction in
Vladivostok (64% for cold waves and 57% for heat waves) [94] compared to Khabarovsk
(40% for cold waves and 36% for heat waves) [72].

3.6. Ambulance Calls during Periods with Extreme Air Temperature

Along with excessive mortality during heat waves, the number of emergency medical
calls and the number of hospitalizations with various health disorders are also increasing.
This is proved by studies in Moscow during the heat wave of 2010, where increase in
ambulance calls was demonstrated for stroke, hypotension, angina—up to 2.5 times, for
pneumonia—up to five times, compared to the same period of 2009 [54]. In Simferopol,
the frequency of emergency calls in July was associated with high temperatures and
increased concentrations of ozone in the air [65]. Increase in cardiovascular exacerbations
in some patients with cardiovascular diseases—hypertensive crisis for hospital patients
and ambulance calls was shown for cold wave in Moscow in winter 2012–2013 [43].

3.7. Combined Effects of a Heat Wave, Urban and Wildfire Air Pollution

The main region burned by wildfires in Russia is located in the Siberian taiga; global
warming is projected to increase frequency and area covered by fires, reaching the northern
Arctic seas [17]. For example, in Khakassia, southern Siberia, grass fires in 2015 covered a
vast area, destroyed 1140 houses; the fires and smoke affected 1500 people, causing serious
health problems with 27 fatalities.

During the extraordinary events of the summer of 2010, fires and smoke spread across
17 regions of Russia, leading to heavy smoke in large cities and a significant increase in
deaths. This catastrophic wildfire has particularly highlighted the problem of the combined
impact of high temperature and increased air pollution on human health [5,61,96,108,193].
High surface concentrations of CO, PM10 and ozone [194] were detected; on several days
PM10 levels exceeded 300 µg/m3 [108]. More than 3,000,000 hectares of forest was burned
by 500 wildfires; 806 people sought for medical help, and according to different sources, the
death toll from the fires was 53 to 60 [17,193]. The combined impact of high temperature
and increased air pollution on the mortality of the Moscow population in 2007–2014 was
shown by cardiologists, with relative risk of heat wave exposure RR = 1.46 for all-cause
mortality and 1.65 for mortality from diseases of the circulatory system (Table 2), i.e.,
mortality increases by about one and a half [49].

Table 2. Characteristics of studies included in the review.

Study Study Area Study Period Threshold
Temperature 1 Hot Weather Description 2 Results 3

Heat waves

Boytsov et al. [49] Moscow 2007–2014 Daily T, Tmax
HW: Tmax ≥ 28 ◦C, duration

4 days and more

Increase in all-cause mortality:
RR = 1.43% (95% CI: 1.41–1.45);
CVD = 1.65% (95% CI: 1.62–1.67)

Chereshnev et al.
[54] Moscow 2006–2011 Daily T HW in 2010

Increase in ambulance calls during
HW in 2010 compared to summer

2009: for stroke, hypotension,
angina—up to 2.5 times, for
pneumonia—up to 5 times

Chernykh, Taseiko
[55] Krasnoyarsk 2000–2004,

2010–2014 Daily T

HW: T > 97th percentile of
the year-round distribution

during the study period,
duration >5 days

Absolute risk of increase mortality:
CVD (elderly) = 4.4 * 10−3; RD

(30–64 year old) = 3.1 * 10−4; ED
(30–64) = 1.63 * 10−3
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Table 2. Cont.

Study Study Area Study Period Threshold
Temperature 1 Hot Weather Description 2 Results 3

Garganeeva et al.
[67] Tomsk Summer of 2010

and 2012 Daily T
HW: T ≥ µ + 1.25σ

(reference period 1990–2015),
duration 5 days and more

Increase in total mortality among
patients with AMI; increase in

percentage of women and elderly in
structure of AMI patients during the

heat wave of 2012 compared to
summer 2010

Grigorieva [70] Khabarovsk 2000–2015 Daily T

HW: T > 95th percentile of
the year-round distribution

during the study period,
duration >3 days

Increase in all-cause mortality by 36%
with one day lag

Revich [94] Moscow 2000–2012 Daily T

HW: T > 97th percentile of
the year-round distribution

during the study period,
duration >5 days

30–64 years old: CVD RR = 1.20 (95%
CI: 1.13–1.27), ED = 1.13% (95% CI:

1.09–1.19), NA = 1.02% (95% CI:
1.00–1.04); ≥65 years old: IHD = 1.12
(95% CI: 1.10–1.14), CVD = 1.28 (95%

CI: 1.24–1.31), RD = 1.19 (95% CI:
1.09–1.31), NA = 1.15% (95% CI:

1.13–1.16)

Revich [94] Vladivostok 2000–2015 Daily T, AT

HW: T > 97th percentile of
the year-round distribution

during the study period,
duration >5 days

IHD (30–64 years old) RR = 1.17%
(95% CI: 1.00–1.37), RD

(30–64) = 1.57% (95% CI: 1.18–2.08),
ED (30–64) = 1.22 % (95% CI:

1.02–1.47), NA (≥65) = 1.08% (95% CI:
1.01–1.16)

Revich et all. [97]

Astrakhan,
Volgograd,
Krasnodar,

Rostov–on–Don

2000–2010 Daily T
HW: T > µ + 2σ (reference

period 1961–2010),
duration >5 days

Increase in all-cause mortality:
Astrakhan RR = 10.8% (95% CI:

9.3–12.2); Krasnodar = 8.5% (95% CI:
7.5–9.6); Rostov–on–Don = 8.1% (95%

CI: 7.2–8.9); Volgograd = 7.6% (95% CI:
6.7–8.5)

Revich,
Shaposhnikov [98] Krasnoyarsk 1999–2015 Daily T, AT

HW: T > 97th percentile of
the year-round distribution

during the study period,
duration >5 days

Increase in NA (30-64 year old)
RR = 1.095, (elderly) = 1.22;

hypertension (elderly) = 1.84, strokes
(elderly) = 1.44

Revich et al. [99]

Northern cities
Arkhangelsk,
Murmansk,

Yakutsk

1999–2016 Daily T, AT

HW: T (AT) > 97th percentile
of the year-round

distribution during the study
period, duration >5 days

Increase in mortality, Arkhangelsk, T
as predictor, IHD RR = 1.14% (95% CI:

1.01–1.29), CVD = 1.27% (95% CI:
1.11–1.43)

Murmansk, T as predictor,
IHD = 1.01% (95% CI: 0.79–1.28), AT
as predictor CVD = 1.31% (95% CI:

1.05–1.64)
Yakutsk, AT as predictor, IHD = 1.12%

(95% CI: 0.92–1.36); T as predictor,
CVD = 1.61% (95% CI: 1.27–2.03)

Revich et al. [100] St-Petersburg 1999–2016 Daily T, AT

HW: T (AT) > 97th percentile
of the year-round

distribution during period
from 1961 to 2017,
duration >5 days

T as predictor: RD (≥65) RR = 1.19%
(95% CI: 1.01–1.40)

Revich et al. [100] St-Petersburg Summer 2010 Daily T, AT

HW: T (AT) > 97th percentile
of the year-round

distribution for the period
from 1961 to 2017;
duration >5 days

AT as predictor: RD (≥65 years old)
RR = 1.34% (95% CI: 1.08–1.68); NA
(≥65) = 1.26% (95% CI: 1.22–1.30)

Increase in all-cause mortality in 2010
by 30.2% compared to the summer

of 2009

Shaposhnikov,
Revich [107]

Northern cities
Arkhangelsk,

Magadan,
Murmansk,

Yakutsk

1999–2007 Daily T

HW: T > 97th percentile of
the year-round distribution

during the study period,
duration >5 days

Arkhangelsk (30–64 years old)
RR = 1.02, (elderly) = 1.13
Magadan (30–64) = 1.32,

(elderly) = 1.12
Murmansk (30–64) = 1.05,

(elderly) = 1.01
Yakutsk (30–64) = 1.04, (elderly) = 1.03

Shaposhnikov et al.
[108] Moscow 6 June–

18 August 2010 Daily T, AT

HW: T > 97th percentile of
the year-round distribution
for the period from 1980 to

2010, duration >5 days

Added deaths due to interaction
between HW and air pollution,
elevated risks for NA (elderly)
RR = 2.14% (95% CI: 2.06–2.23);

nervous system = 3.07% (95% CI:
2.52–3.92), genitourinary = 2.54% (95%
CI: 2.14–3.12), CVD = 2.37% (95% CI:

2.24–2.52), IHD = 2.29 (95% CI:
2.18–2.40), RD = 2.05% (95% CI:

1.80–2.39)
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Table 2. Cont.

Study Study Area Study Period Threshold
Temperature 1 Hot Weather Description 2 Results 3

Shartova et al. [110] Rostov–on–Don 1999–2011
(excluding 2010)

Daily T, HUM, AT,
PET

HW: T (HUM, AT,
PET) > 97th percentile of the

year-round distribution
during the study period,

duration >5 days

T as predictor for the mortality from
CHD (30–64 years old) RR = 1.19%

(95% CI: 0.09–2.21); PET for mortality
from CVD (30–64) = 1.64% (95% CI:

0.18–4.43), 2 day lag; PET as predictor
(elderly): CHD = 1.51% (95% CI:

0.09–7.03) 3 day lag, CVD = 1.72%
(95% CI: 0.05–18.63), 1 day lag

Shartova et al [111] Arkhangelsk 1999–2016 Daily T, UTCI

HW: T (UTCI) > 97th
percentile of the year-round
distribution during the study

period, duration >5 days

Increase in mortality using: maximum
daily T for women all-cause

(30–64) = 1.80; RD (elderly) = 0.66;
maximum UTCI for men with CVD

(30–64) = 0.67, (elderly) = 2.83

Smirnova et al.
[115] Moscow Summer 2010 Daily T HW

Increase in hypertensive crises,
unscheduled visits to the doctor,

cardiac arrhythmias

Cold Waves

Ageev [43] Moscow 2012–2013 Daily T

CW: T < 3rd percentile of the
year-round distribution
during the study period,

duration >5 days

Increase in cardiovascular
exacerbations in some patients with

CVD: hypertensive crisis,
ambulance calls

Chernykh, Taseiko
[55] Krasnoyarsk 2000–2004,

2010–2014 Daily T

CW: T < 3rd percentile of the
year-round distribution
during the study period,

duration >5 days

Absolute risk of mortality increase:
for CVD (elderly) = 4.81 * 10−3; ED

(30–64 years old) = 1.45 * 10−3

Revich [94] Moscow 2000–2012 Daily T

CW: T < 3rd percentile of the
year-round distribution
during the study period,

duration >5 days

≥65 years old: IHD = 1.05 (95% CI:
1.03–1.07), CVD = 1.08 (95% CI:
1.05–1.10), NA = 1.05% (95% CI:

1.04–1.06)

Revich [94] Vladivostok 2000–2016 Daily T

CW: T (WCI) < 3rd
percentile of the year-round
distribution during the study

period, duration >5 days

IHD (30–64 years old) RR = 1.30%
(95% CI: 1.12–1.51), RD

(30–64) = 1.39% (95% CI: 1.03–1.87),
ED (30–64) = 1.27 % (95% CI:

1.04–1.54).
No significant results for the elderly

Revich,
Shaposhnikov [98] Krasnoyarsk 1999–2015 Daily T, WCI

CW: T (WCI) < 3rd
percentile of the year-round
distribution during the study

period, duration >5 days

Increase in all-cause mortality
(30–64 years old) RR = 7.3% (95%, CI:
1.1–13.8), (elderly) = 6.3% (95%, CI:

1.7–11.2)

Revich et al. [99]

Northern cities
Arkhangelsk,
Murmansk,

Yakutsk

1999–2016 Daily T, WCI

CW: T (WCI) < 3rd
percentile of the year-round
distribution during the study

period, duration >5 days

Increase in mortality, T as predictor:
Arkhangelsk, IHD RR = 1.16% (95%

CI: 1.037–1.31), CVD = 1.30% (95% CI:
1.15–1.46)

Murmansk IHD = 1.24% (95% CI:
1.07–1.42), CVD = 1.10% (95% CI:

0.94–1.29)
Yakutsk IHD = 1.26% (95% CI:

1.03–1.53), CVD = 1.36% (95% CI:
1.05–1.76)

Revich et al. [101] St-Petersburg 1999–2016 Daily T, WCI

CW: T (WCI) < 3rd
percentile of the year-round
distribution during period

from 1961 to 2017,
duration >5 days

T as predictor: RD (≥65) RR = 1.19%
(95% CI: 1.01–1.40)

Shaposhnikov,
Revich [107]

Northern cities
Arkhangelsk,

Magadan,
Murmansk,

Yakutsk

1999–2007 Daily T

CW: T (WCI) < 3rd
percentile of the year-round

distribution during study
period, duration >5 days

Arkhangelsk: IHD (30–64 years)
RR = 1.18, (≥65) = 1.22; CVD

(30–64) = 1.13, (≥65) = 1.19; RD
(30–64 years) = 1.31; NA (30–64) = 1.12,

NA (≥65) = 1.18; Murmansk: IHD
(30–64) = 1.18; Magadan: IHD

(≥65) = 1.39; CVD (≥65) = 1.66;
Yakutsk: IHD (30–64) = 1.38,

(≥65) = 1.41; CVD (≥65) = 1.69; RD
(≥65) = 1.97, NA (≥65) = 1.24

Shartova et al. [111] Arkhangelsk 1999–2016 Daily T, UTCI

CW: T (UTCI) < 3rd
percentile of the year-round

distribution during study
period, duration >5 days

Increase in mortality: mean daily T for
women (30–64 years old) CHD = 0.74,

RD (≥65) = 0.58; minimum daily
UTCI for men CV(30–64) = 3.67, RD

(≥65) = 0.87
1 AT—Apparent Temperature by Steadman, ◦C [183]; HUM—Temperature-Humidity Index, ◦C [182]; PET—Physiological Equivalent
Temperature, ◦C [184]; T—air temperature, ◦C; Tmax—maximum air temperature, ◦C; UTCI—Universal Thermal Climate Index, ◦C [185];
WCI—Wind-Chill Index, ◦C [181]. 2 CW—cold wave; HW—heat wave; µ—arithmetic mean daily temperature for all days for the
period 1961–1990, σ—standard deviation of daily temperature distribution. 3 AMI—acute myocardial infarction; ED—external cause
disease; CHD—coronary heart disease; CVD—cardiovascular disease; IHD—ischemic heart disease; NA—all non-accidental causes;
RD—respiratory disease; RR—relative risk.
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A few more important points should be added. It was shown that the response to
wood smoke consisted of higher inflammatory and cytotoxic reactions than those caused
by urban solid particles, suggesting the forest fire pollution could be more dangerous than
urban pollution [195]. Although forest fires can occur only in certain regions, their smoke
plumes can spread over long distances without borders [196]. More research is needed
to assess the long-term health effects of forest fires; understanding such factors is vital to
ensure that health services are prepared for these events [73].

Significant violations of the body functions during temperature waves lead to severe
health losses, to decrease in the number of healthy years of life, which ultimately affects
economic indicators [87,88,94,190]. All results from 16 research studies mentioned above
are summarized in Table 2, where the papers are arranged alphabetically by the first author
in the included studies. The following characteristics of studies involved in the review
were extracted: study (year of publication); study area; study period—the period for which
health data were estimated; extremely hot (cold) weather description, including definition
of heat (cold) waves used in the study, as well as a referenced period, which in most cases
was the same as the study period; results with outcome and associated lag time (Table 2).

4. Concluding Comments

The results of studies of the relationships between heat (cold) waves and health
outcomes in Russian cities at the beginning of the 21st century are critically reviewed.
A more significant increase in all-cause mortality is shown for heat waves than for cold
waves in cities with a temperate continental climate, compared with cities in other climatic
zones. In southern cities, the relative increase in natural mortality during cold waves is
10% per day, which is significantly less than during heat waves. Long waves demonstrate
the greatest threat for the health.

Cardiovascular system diseases are the main causes of excess mortality during heat
and cold waves. At high temperatures, excess mortality from coronary heart disease and
strokes increased to the greatest extent in southern cities than in northern ones [94,145].
Thus, the assumption that residents of southern cities are adapted to high temperatures
has not been confirmed.

4.1. Combined Effects of Temperature Waves and COVID-19 on Human Health

It is well documented that weather and climate act considerably on the transmission
of infectious disease due to changes in transfer, host sensitivity and viability of the virus
in the surroundings [197]. Recent studies show a link between weather variables such as
air temperature, humidity, wind speed, precipitation and the transmission of COVID-19,
with temperature being the most important predictor, and the highest incidence of COVID-
19 recorded in the temperature diapason of 0–17 ◦C [197]. Much less is known about
associations with extreme temperature events. As the coronavirus disease (COVID-19)
pandemic continues in the summer of 2021, the problem is to identify overlapping risk
groups, which include elderly with pre-existing disease and medical staff due to the
use of individual protective equipment; strategies should be proposed to mitigate the
consequences of both the heat and viral threat [197–200]. Understanding the links between
thermally extreme environments and human respiratory infections in different temperature
regimes can reduce the turbulence and distribution of a new COVID-19 pandemic or any
other in the future.

One more consideration is air pollution as a risk factor of development of coronavirus
infection in cities. Suspended substances in the air can form clusters with coronavirus
particles and thus spread to distances of up to 10 m from the source of infection, thereby
contributing to infection. The importance of taking into account air pollution when model-
ing the spread of the COVID-19 pandemic is caused by the similarity of the mechanisms of
influence of the coronavirus and the respiratory fraction of suspended substances on the
human body—the immune response in both cases can be a cytokine storm, as a result of
which a severe form of a systemic inflammatory reaction is formed, leading to damage to
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the respiratory organs and other systems of the human body [201]. According to published
model estimates, at least 6.6% of deaths from COVID-19 in Europe, and up to deaths 11%
in China, where pollution levels are significantly high, are due to atmospheric air pollution.
In Russian cities with an increased level of environmental pollution, air quality may affect
the spread of COVID-19 [201].

4.2. Urban Heat Island Effect

It is well-known that urban temperatures increase dramatically because of climate
variability. The main reasons could be expressed as follows: artificial heat from urban
transport system, other industrial activities due to the consumption of fossil fuels; heat
flow from buildings; replacement of natural land cover by artificial with different thermal
properties; population growth and population ageing, which is manifested in Urban Heat
Island effect [63,76,85,127,128,140,157,158,202]. Whilst excessive urban heat from UHI
aggravates the effect of extremely high temperatures on human health, cold is estimated to
play an equally important role [157,158]. During cold waves, living in cold, damp or moldy
buildings without proper air filtration is considered a high-risk factor for exacerbation
of respiratory disease [203]. Adequate heating and ventilation systems for wintertime,
as well as sufficient air conditioning for summer, may be the most crucial mitigation
solution for improving the indoor environment and preventing body cooling and (or)
overheating [44,203,204].

Mortality is the most important indicator in assessing vulnerability to extreme cli-
matic events [124,127]. Since a negative correlation has been found between the level of
urbanization and heat vulnerability, it offers substantial data for future policy development
in the field of UHI effect mitigation and adaptation to climate change [123,127]. Special
regional-specific measures and emphasis should be reasonably adjusted together with the
urbanization process according to the characteristics and key factors of local heat vulner-
ability [123,127]. Planning for the development of urban areas is essential for successful
adaptation to local manifestations of climate change, since a significant part of climate
risks falls on urban areas [53,62]. Natural solutions such as blue or green strategies should
be embedded within the urban structures to help reduce thermal stress [62,205,206]. The
continuing migration of the rural population and urban residents from small towns to
larger cities, especially in the southern regions, leads to an increase in population risks
from heat waves.

4.3. Mitigation Policy and Prevention Plans

To adequately protect the health of the population from the effects of heat waves, it is
necessary to know about the air temperature thresholds, when exceeding which a set of
preventive measures should be carried out. While most of the dangerous climatic events
cannot be completely avoided, health impacts can potentially be prevented through early
warning systems and public health preparedness and response measures, establishing
climate-resilient health systems and other management structures [155,207–210]. In the
framework of evidence-based medicine, such a temperature threshold can be determined
using a numerical health risk criterion based on ecological and epidemiological studies and
the use of percentiles of the long-term distribution of mean daily temperature in summer.
The justification of temperature thresholds from the position of health risk is a step forward
compared to the purely “synoptic” approach of the World Meteorological Organization
(WMO) and the Russian Federal Hydrometeorological Service to definition of heat wave as
an extreme phenomenon. Our research shows that the choice of a heat-wave threshold at
the level of 97th percentile is reasonable for practical purposes of mitigating the effect of
temperature extremes.

Naturally, part of damage to health from thermal stress can be prevented by timely
informing the population about the onset of heat and carrying out certain preventive
measures. In different countries, public notification systems are built according to different
principles. A three-stage warning system operates in Philadelphia, and various preventive
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measures are provided, depending on the weather forecast. After the severe mortality im-
pacts of the extreme summer heat 2003 in Europe, in 2008, Germany took up the National
Adaptation Strategy on Climate Change to tackle and manage the impacts of weather
extremes, for example to protect people’s health against heat [85]. The German Meteoro-
logical service (DWD) monitors the heat load daily from May to September, publishing
warnings about the onset of extreme heat [154].

In Russia, millions of people live in megacities and other large cities, and are exposed
to heat waves, but only two adaptation action plans have been developed—in Arkhangelsk
as part of a project of the WHO European Office, and in Moscow [209]. After the heat
wave of 2010, specialists of the National Medical Center of Cardiology of the Ministry of
Health of the Russian Federation, developed a system of comprehensive prevention of
complications of cardiovascular diseases, based on a series of clinical and epidemiological
studies [42,115]. Prevention of negative health effect is necessary, despite the duration of
the expected period with hot weather: it was shown that even short heat waves lasting 3–5
days, without which almost no Moscow summer can do, lead to an increase in the number
of complications in patients with cardiovascular diseases by four and a half times [114].
The Hydrometeorological Center of Russia, together with the Lomonosov Moscow State
University and several European Meteorological organizations, are developing a new
system of meso-scale numerical weather modeling, and therefore it will be possible to
prepare in advance for temperature waves that are dangerous to public health [209].

At the same time, during the cold waves, preventive measures at the individual and
population levels should be taken to guarantee the safety of outdoor activity [159,163,164].
To work in extremely cold weather conditions, it is necessary to clearly plan and organize
the traffic depending on the perceived outdoor temperature; compliance with the work
and rest regime, including sufficient indoor heating to normalize the thermal state of the
body; providing employees with high-calorific food, proper clothing and periodic change
of clothing items (shoes, socks, and gloves). If it is impossible to change the conditions,
the harm to health from the effects of harsh frosty weather should be minimized to reduce
the potential risk of disability and exacerbation of chronic diseases. Cold weather plans,
which are critical for urban planning and design policies, should aim to reduce the health
consequences, both mortality and morbidity or disability, in a cost-effective way [59,211].

5. Conclusions

In Russia over the last 20 years of the 21st century, both mean temperature and its high
and low threshold percentiles have increased significantly compared to the previous period.
At the same time, it can be expected that during global warming, excessive mortality due
to an increase in the number of hot days can be partially compensated by a decrease in
the number of cold waves. The results of Russian studies on the assessment of the impact
of heat and cold waves on human health of population in megacities (Moscow, Saint
Petersburg) and other large cities located in various climatic zones - in the Arctic, in Siberia
and the southern areas, in an ultra-continental and monsoon climate, are systematized.
It is shown that heat waves in cities with a temperate continental climate lead to a more
significant increase in all-cause mortality than cold waves, compared with cities in other
climatic zones. At the same time, in the northern cities, in contrast to the southern regions
and central Siberia, the influence of cold waves is more pronounced on mortality than heat
waves. In general, cold waves cause much greater risks to public health in the northern
cities than in the southern ones.

To mitigate the impact of temperature extremes on human health and adequately
protect population from the effects of temperature waves, it is necessary to know about the
air temperature thresholds, which can be determined using a numerical health risk criterion
based on ecological and epidemiological studies and the use of percentiles of the long-term
distribution of mean daily temperature in summer and winter. The justification of tempera-
ture thresholds from the standpoint of health risk is a step forward compared to the purely
“synoptic” approach with definition of heat (cold) wave as an extreme phenomenon by
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World Meteorological Organization and the Russian Federal Hydrometeorological Service.
The results of our research show that in summer, for practical purposes of protecting the
population, the choice of a threshold at the level of 97% percentile is justified.

Given the fact that the response of human health to temperature waves in various
regions is different, it is important the planned and adopted countermeasures should be
adequate for various climatic and/or social conditions.
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