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Abstract—Community-acquired pneumonia is among the most common acute infectious diseases. Accord-
ing to official statistics, pneumonia accounted for up to 50% of respiratory-disease mortality in the Russian
Federation in 2005–2017. Ground-level ozone, being a key component of urban smog, is one of little-studied
risks of community-acquired pneumonia. This work studies the effect of ground-level ozone on the rate of
community-acquired pneumonia among Moscow residents in the warm season over a five-year period
(2006–2009 and 2011). The study results have enabled us to conclude that ground-level ozone contributes to
an increase in the community-acquired pneumonia rate among Moscow residents in summer. Daily average
concentrations of ground-level ozone of 60–80 μg/m3 can increase the community-acquired pneumonia rate
by 30% compared to low-ozone periods, especially in combination with unfavorable weather conditions, such
as high air temperature and low humidity. The results will help human ecologists and health care professionals
to make the urban air safer.
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INTRODUCTION
Air pollution is one of leading global risk drivers of

premature mortality [1]. Tropospheric ozone is a key
component of urban smog; it is a secondary photo-
chemical pollutant, and a strong oxidant. Ozone as a
gaseous pollutant affects mainly human lungs.
According to World Health Organization recommen-
dations [2], the standard daily maximum 8-hr average
(MDA8) ozone is 100 μg/m3. Until March 2021, daily
average maximum permissible (MPCda) concentra-
tion of 30 μg/m3 and maximum permissible one-time
concentration of 160 μg/m3 were accepted as ground-
level ozone concentration (GOC) standards in the
Russian Federation [3]. In March 2021, a new GOC
standard was added to the existing ones according to
WHO recommendations [4].

Compliance with MPC of harmful substances in
the atmosphere ensures the necessary health protec-
tion. A number of studies have shown that even slightly
increased ozone concentrations can result in disorder
and injure of the respiratory system, for example,
decreased lung function [5], epithelial lesion [6], air-
way hyperreactivity [6, 7], and inflammatory reactions
[8]. Moreover, people with asthma [9, 10] and chronic
obstructive pulmonary disease [11] usually experience
disease exacerbation. Thus, stable positive correlations
between GOC and bronchial asthma exacerbation

were observed in all seasons in Simferopol [12]. It has
been found that ozone can damage tissues and oxida-
tive modify proteins, which can decrease the protec-
tive function of lungs and increase the susceptibility to
respiratory infections [13]. Work [14] showed a signif-
icant correlation between GOC and the SARS-CoV-2
rate and mortality. Work [15] proved the positive effect
of ozone on the dynamics of the COVID-19 pan-
demic, before a person is infected with SARS-CoV-2,
since ozone is a disinfectant against airborne viruses,
and an increase in its concentration is accompanied by
a decrease in the amount of viruses in the surface air
layer. An increase in ozone concentration negatively
affects infected people, ultimately increasing morbid-
ity and mortality. Taken together, these observations
suggest that some people are particularly susceptible to
this oxidizing gas.

Pneumonia is a group of acute infectious (mainly
bacterial) diseases of different etiology, pathogenesis,
and morphology, which are characterized by focal
lesions of the respiratory system of lungs with obliga-
tory intra-alveolar exudation [16]. Community-
acquired pneumonia (CAP) is diagnosed if the disease
develops outside a hospital or within the first 48 hours
of hospitalization. It is one of the most common acute
infectious diseases. According to official statistics, the
average overall incidence of CAP was 433.8 cases per
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100 thousand people in Russia in 2005–2017 [17]. The
rate of pneumonia is small as compared to all respira-
tory diseases; however, the share of pneumonia in the
mortality from respiratory diseases in the Russian
Federation was up to 50% in the above period [18].
The causative agents of viral infections are different
microorganisms: bacteria, viruses, fungi, and proto-
zoa.

The literature describes many risk drivers for the
development of CAP, including HIV, smoking, alco-
hol abuse, underweight, regular contact with children,
poor oral hygiene, drugs, sedentary lifestyle, etc. [19–
22]. However, the number of studies of the impact of
air pollution, particularly with ozone, on the inci-
dence of CAP is very few. Thus, the authors of work
[23] estimated the short-term impact of air pollution
on hospitalization of residents of Qingdao (China)
with pneumonia and identified vulnerable groups.
The results of the study showed that short-term
increases in GOC were associated with increases in
the cases of hospitalizations of urban residents for
CAP compared with rural population. Work [24]
showed the impact of air pollutants on acute respira-
tory diseases in outpatients. High O3 concentrations
positively correlated with outpatient visits due to
asthma exacerbations and negatively correlated with
visits due to acute respiratory viral infections, pneu-
monia, and bronchiectasis exacerbations was negative
associated. Experiments with mice [25] showed hat
ozone inhalation increased the degree of oxidation of
surfactant protein A in the bronchoalveolar f luid of
lungs, which deteriorated the immune protection and
increased the susceptibility of the mice to experimen-
tal pneumonia.

The aim of this work is to estimate the effect of
ground-level ozone on the rate of community-
acquired pneumonia in a metropolis over a long time.

1. MATERIALS AND METHODS
The study was performed for Moscow and the

Moscow region over a five-year period (2006–2009
and 2011); 2010 was excluded due to unprecedented air
pollution in Moscow with smoke from forest and peat
fires caused by very high air temperatures. The rela-
tionship between ozone air pollution and the CAP rate
was studied in detail in [26] for summer 2010. GOC
was measured out every 20 min at four Mosecomoni-
toring stations [27]: Mar’ino, Zelenograd 16,
Spiridonovka, and Zvenigorod. Based on the data
from each station, the daily average (O3_day_av) and the
daily maximal (O3_20 min/max) ground-level ozone con-
centrations were calculated and averaged over four sta-
tions, thus providing the daily average and maximal
one-time GOCs for the Moscow territory.

The number of cases of CAP was determined based
on data from A.S. Puchkov Emergency and Urgent
Medical Care Station of the Moscow Department of

Health [28]. The network consists of 60 substations
and 42 posts uniformly distributed over the city
(including 20 posts on major highways and the Mos-
cow Ring Road). In this work, we examine all cases of
CAP in the adults (over 15 years old) without division
by gender and age.

Meteorological data were provided by weather sta-
tion no. 27612, VDNKh, Moscow [29]. The daily val-
ues of the following meteorological variables were
analyzed: minimal (tmin), mean (tmean), and maximal
(tmax) air temperature, difference between the maximal
and minimal air temperatures (dt), relative air humid-
ity (Rh), dew point (Td), air pressure (P), wind speed
(V), and total cloud amount (N).

2. RESULTS AND DISCUSSION
2.1. General Characterization of the Period Under Study

Figure 1 shows the annual variation in GOC and
the total number of cases of CAP in Moscow residents
averaged over the period under study. It is impossible
to study the correlation between GOC and CAP over a
long period of time, such as a year or even an individ-
ual season, because their annual courses are almost
opposite, and a false positive or false negative correla-
tion can be found. The only season when this study is
justified is summer, when the rate of CAP is minimal,
a seasonal trend does not show a clear increase or
decrease, and GOC is maximal. In other seasons, the
effect of air pollution on CAP rate is not so significant,
although a short-term increase in CAP rate with along
with the ozone concentration is pronounced even in
average data series. In this work, we focus on summer
months.

Table 1 includes average values of meteorological
variables and GOC over June–August of each year.
The average over the period O3_day_av was slightly above
1MPCda. High temperatures and maximal air pollu-
tion were observed in 2011. In summers 2006, 2008,
and 2009, air temperatures and GOCs were lower than
the averages over the period under study. The values in
summer 2007 were close to the average over the
selected period.

2.2. Effect of Ozone on the Incidence of Community-
Acquired Pneumonia in Moscow

The peaks of air pollution and rate of CAP in pop-
ulation are spaced in time. Therefore, we averaged the
variations in the parameters by the moving average
method over 11 days. Here, we consider the variations
in CAP rate and maximal GOC in summer 2007 as a
typical summer for Moscow in terms of all the param-
eters under study (Fig. 2). One can see that both
parameters were stable, without sharp changes, from
June 1 to August 9. After August 10, they started
sharply growing, with a 5-day delay between the O3_20

min/max and CAP rate peaks. The peak CAP rate was
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30% higher than the average over the first half of sum-
mer. The decrease in the parameters was also synchro-
nous.

Figure 3 shows the dependence of CAP cases on
the daily average and daily maximal GOCs throughout
the period under study. A nonlinear relationship
between these parameters is seen in Fig. 3a, where we
can conventionally mark out three regions: 1) O3_day_av

< 30–40 μg/m3, which corresponds to MPCda (stan-
dard until 2021), with a Pearson correlation coeffi-
cient of 0.15; 2) 40–60 μg/m3 (up to 2MPCda), where
the dependence becomes linear, but points are

strongly scattered and the number of CAP cases mod-
erately increases, by 10% on average compared to the
first region; 3) O3_day_av > 60 μg/m3, where points
group around the trend line and the number of CAP
cases significantly increases, by 30% on average com-
pared to the first region. The Pearson correlation coef-
ficient between the number of CAP cases and the daily
average GOC was 0.44 at a significance level of 0.001
for regions 2 and 3.

In Fig. 3b, the relationship between the parameters
under study is near linear. We can conventionally mark
out two regions: 1) O3_20 min/max < 105 μg/m3 (the num-

Table 1. Summer average values of used parameters

Parameter
Year

all 2006 2007 2008 2009 2011

O3_da, μg/m3 44.04 33.11 45.58 39.87 35.10 53.93

O3_20 min/max, μg/m3 92.05 73.74 97.69 81.92 69.48 112.02

tmin, °C 13.96 13.15 13.62 12.97 12.70 14.92

tmean, °C 19.01 17.90 18.86 17.43 17.26 20.40

tmax, °C 24.18 22.90 24.05 22.26 22.05 25.94

dt, ° 10.21 9.75 10.44 9.28 9.35 11.02

Td, °C 13.64 13.19 13.05 13.22 12.99 14.13

Rh, % 73.66 75.92 71.34 78.18 77.76 70.57

P, hPa 994.80 996.08 993.25 992.65 995.97 994.94

V, m/s 1.03 0.98 1.09 1.10 1.02 1.11

N 6.07 6.61 5.39 6.75 6.76 5.39

CAP, people 102.38 78.08 81.09 90.39 92.23 103.65

Fig. 1. Annual variations in the daily maximum ground-level ozone concentration (black curve) and the number of CAP cases
(gray curve) among Moscow residents averaged over the period under study.
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ber of CAP cases slight increases with ozone concen-
tration); 2) > 105 μg/m3 (the number of CAP cases is
higher by 20% than that in the first region). The Pear-
son correlation coefficient between the number of
CAP cases and O3_20 min/max amounted to 0.48 at a sig-

nificance level of 0.001. The results witness that the
MPC of ground-level ozone should not be increased
in regulatory documents.

Our results well agree with other studies. In work
[30], one of causative agents of CAP K. Pneumoniae

Fig. 3. CAP cases versus (a) daily average and (b) daily maximal ground-level ozone concentrations.
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Fig. 2. Daily maximum GOC (black curve) and CAP cases (grey curve) in summer 2007.
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was detected in a control group of patients mainly due
to their exposure to ozone with an 8-hour average con-
centration of >80 μg/m3, especially within past six
days. The authors of [31] showed a strong correlation
between ozone and the number of ambulance calls at
the daily average GOC above 60 μg/m3 in Vyatskiye
Polyany town in Kirov Oblast. In [32], upon GOC
attained 80 μg/m3, average increase of 0.5% in respi-
ratory disease incidence with every 20 μg/m3 of
increase in O3 was found in Almaty and Nur-Sultan
cities.

2.3. Dependence of Ground-level Ozone Concentration 
on Meteorological Variables

Ground-level ozone positively or negatively cor-
relate with certain meteorological variables [33–35].
The strongest positive correlation is between ozone
and air temperature. High air temperatures lead to a
sharp increase in the amount of volatile organic com-
pounds, which participate in intense photochemical
generation of ozone, in air [36]. Let us analyze the
dependence of GOC on some available meteorologi-
cal variables (Fig. 4), particular, air temperature
(Figs. 4a–4c), relative humidity (Fig. 4d), dew point
(Fig. 4e), and the total cloud amount (Fig. 4f). Other
meteorological variables do not affect the ground-
level ozone concentration in Moscow in summer.

The total cloud amount indirectly affects the ozone
concentration. The photochemical factor is the main
one in generation of tropospheric ozone [36], and the
incoming total solar radiation increases at a low cloud
amount.

2.4. Effect of Meteorological Variables on the Incidence 
of Community-Acquired Pneumonia in Moscow

All processes in the atmosphere jointly affect the
human body, and some of them enhance the effects of
others. The question of estimation of the effect of each
individual component is of high scientific interest. To
differentiate the effects of different meteorological
factors and air pollution on the incidence of CAP in
city residents, an additional study was conducted.

Figure 5 shows the dependence of the number of
CAP cases on meteorological factors. The points are
strongly spread and, despite the presence of a trend, it
is difficult to talk about a reliable dependence, though
the points convergence of to the trend line at extreme
values of air temperature (Figs. 5a–5c), relative
humidity (Fig. 5e), and dew point (Fig. 5f).

In view of the strong correlations between these
meteorological variables and GOS, we can conclude
that adverse weather conditions in combination with
high air pollution can increase CAP incidence.
Groups of points corresponding to low air tempera-
tures and dew point, but a high number of sick citizens

Fig. 4. Dependence of ground-level ozone concentration on (a) daily minimal, (b) daily mean, and (c) daily maximal air tem-
perature, (d) relative air humidity, (e) dew point, and (f) total cloud amount.
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are seen in Figs. 5a, 5b, and 5f. Low values of these
meteorological variables in Figs. 4a, 4b, and 4e corre-
spond to high values of air pollution with ozone. Thus,
we can conclude that the main reason for the CAP
incidence among Moscow residents in the summer
was air pollution.

The comparison of our data with the results of sim-
ilar studies presented in the literature is a difficult task,
since other authors usually analyzed an annual period
neglecting account seasonal trends. For example,
work [37] studied the effect of weather factors on the
number of ambulance calls for respiratory diseases in
the city of Petrozavodsk. A significant negative cor-
relation between CAP and low cloud amount was
found for warm months. No correlation was found

between other meteorological factors and ambulance
calls. This can be due to the fact that the work exam-
ined only monthly average values of the variables.

CONCLUSIONS

Our results have shown that an increase in ground-
level ozone concentrations (especially in combination
with unfavorable weather conditions, such as high air
temperatures and low humidity) contributes to an
increase in the rate of community-acquired pneumo-
nia among Moscow residents in summer. Daily aver-
age GOC of 60–80 μg/m3 are capable of increasing
the Cap rate by 30% compared to periods with low
GOC values. We can conclude that an increase in the

Fig. 5. Ground-level ozone concentration versus (a) daily minimal, (b) daily mean, and (c) daily maximal air temperature, (d)
daily difference between maximal and minimal air temperature, (e) relative air humidity, (f) dew point, (g) air pressure, (h) wind
speed, and (i) total cloud amount.
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MPC of ground-level ozone in regulatory documents
is unacceptable. Once again, we emphasize a need in
creating a network for ground-level ozone monitoring
and controlling concentrations throughout the terri-
tory of Russia.
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