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Abstract—The relevance of studying the dynamics of ozone concentration in the troposphere is due to the fact
that in high concentrations it is a strong poison and a powerful oxidant that extremely negatively impacts both
biological structures and the environment. Therefore, the dynamics of ozone concentration require urgent
study in different areas of the Earth. Based on monitoring data, the paper examines the distribution of tropo-
spheric ozone in Russia in 2023 in the surface air layer, as well as its vertical distribution based on the results
of aircraft sensing. It is shown that the maximum permissible daily average concentrations established by the
national hygienic standard, including maximal one-time, daily average, and annual average, were exceeded
at all measurement sites. The current situation necessitates widespread public awareness of the results of
monitoring and the development of environmental protection measures to reduce the concentration of ozone
and its precursors in the surface air layer. The results of the work can be useful to specialists in the fields of
atmospheric physics, climatology, and environmental protection, as well as to administrative bodies of differ-
ent responsibility levels.
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INTRODUCTION

Ozone in the troposphere is ranked worldwide as
the number one pollutant. Owing to its physicochem-
ical properties [1—3] and impact on environmental
structures. Primarily, ozone causes the morbidity and
premature mortality of population [4] and damages
the vegetation by impacting the crops and forestry [5].
Ozone introduces a marked contribution to the radia-
tion effect, exceeding 8% of the total air heating due to
absorption of solar radiation by greenhouse gases [6].
By modern estimates, the ozone concentration is most

likely to grow in the troposphere under the conditions
of global warming [7].

Ozone is a secondary pollutant because none of the
technogenic sources emits it directly to the air [8].
Ozone is formed in a natural way in the upper layers of
the Earth’s atmosphere; ozone concentrations in the
lower tropospheric layers are a result of balance
between downward transport from the stratosphere,
photochemical production in the troposphere, and
destruction and deposition on the Earth’s surface.
Mechanisms of ozone production in the troposphere
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should be distinguished. In the background areas, the
ozone reaction chain starts with the photolysis of
ozone, either already existing there or being trans-
ported from the stratosphere. The excited oxygen
atom, formed in the reaction process, interacts with
water vapor to give hydroxyl which oxidizes carbon
oxide or organic gases. Ozone is formed in the course
of this reaction chain. In polluted areas, photochemi-
cal ozone formation results from chemical reactions
between nitrogen oxides (NO,) and volatile organic
compounds exposed to solar illumination.

The variety of possible negative effects from
increased tropospheric ozone concentrations had a
consequence that many countries launched long-term
programs aimed at reducing the concentrations of
ozone and its precursor gases. For example, the Euro-
pean Union defined a few standards for characteriza-
tion of ozone-caused pollution episodes: a threshold
of information and warning; and the AOT40 index for
protection of vegetation [9]. Moreover, a special index
is proposed to estimate the health effect of O,
(SOMO352). The world community carried out a
series of studies devoted to analyzing the long-term air
quality tendencies. On the global scale, the emissions
of pollutant precursors have been reduced since 2000
in North America and Europe and increased in India
and Africa. In Asia, the emissions, which rapidly
increased in 2000s, have been decreasing since 2012
[10].

No proper attention had been paid to ozone moni-
toring and efforts to reduce the ozone content in the
former Soviet Union and present-day Russia [11]. At
present, Roshydromet, designated to be responsible
for monitoring the quality of the atmosphere, initiated
measurements of surface ozone in a number of big and
industrial cities after a technological modernization of
the observational network. For the first time, data on
surface ozone are included in the yearly review of the
state of urban atmospheric pollution on the territory of
Russia for 2022 [12], indicating that ozone monitoring
is carried out at 53 stations in 17 cities. On the rest of
the territory of the Russian Federation, the ozone
observations are carried out on an initiative basis,
mainly by scientific organizations or universities,
except at the Mosecomonitoring observation network
in Moscow. The informal consortium of these organi-
zations thus formed started publishing yearly reviews,
providing information on ozone content in the tropo-
sphere in certain regions of Russia [13—16].

This paper expands upon the series of reviews men-
tioned above. Its objectives are: to collect into a single
publication the data on ozone content in the surface
air layer in 2023 in different regions of Russia; and
to analyze these data comparatively and to deter-
mine how they comply with national hygienic stan-
dards [17].
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1. NETWORK OF STATIONS

Table 1 presents the general characteristics of the
stations, the data from which are included in this
review. The stations became fewer in 2023 since no
ozone monitoring was carried out at two Buryat sta-
tions in view of organizational issues. Also, the review
is missing a short time series of observations from a
new monitoring station that started operating in the
General Physics Institute, Russian Academy of Sci-
ences, at the center of Moscow in late 2023. Measure-
ments mentioned in Table 1 are complimented by
average values from urban and roadside Mosecomon-
itoring sites. They are listed in [16]. Most stations,
equipment on them, and operation modes were
described in previous reviews [13—16] as the stations
had been put into operation. Thus, in this work we
present the results from monitoring at 18 stations.

From Table 1 it can be seen that the stations, mea-
suring the surface ozone concentration (SOC), are
located on the territory of just 12 subjects of the Rus-
sian Federation (RF), i.e., in less than seventh of the
total number of subjects in the RF. That number is not
enough for such a vast country as Russia.

By the type of environment, the stations can be
divided into urban (7) and background (6) sites. Two
stations refer to suburban, and one to high-mountain
sites. The OPTEC-PR is the westernmost station, and
the Listvyanka is the easternmost one. The Apatity
(Karadag) is northernmost (southernmost) of the
ground-based stations.

2. RESULTS OF MONITORING SURFACE
OZONE CONCENTRATION

2.1. Annual Average Data

Figure 1 presents the annual average ozone con-
centrations, measured at the stations in 2023. Error
bars indicate the standard deviation from the average.

From Fig. 1 it can be seen that the annual average
SOCs in 2023 differed by more than a factor of six on
the territory of Russia. The SOCs were the largest at
the stations OPTEC-PR, Kislovodsk high-mountain
scientific station (KHMSS), Karadag, Listvyanka,
OPTEC-Karelia, OPTEC-P, and Vyatskie Polyany.
The SOCs were the smallest at roadside stations in
Moscow and at the stations OPTEC-N and Troitsk.
The annual average maximum permissible concentra-
tion (MPC,,) of ozone of 30 pug/m? is exceeded at 13
out of 18 measurement sites [17]. Seemingly, under the
urban conditions, the annual average MPC is influ-
enced by ozone depletion due to vehicle engine
exhausts, manifested most strikingly at nighttime
hours.

At most stations, ozone had been monitored within
our consortium for four years. Figure 2 demonstrates
how the annual average ozone concentration varied in
2020—2023. It can be seen that the annual average
Vol. 37
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Table 1. Stations, carrying out ozone monitoring in surface air layer in Russia

851

Coordinates
No. Station Region Altitude, m Type
latitude longitude
1 OPTEC-PR Leningrad oblast 60°42'59” 30°03"24” 40 Background
2 |OPTEC-P St. Petersburg 59°56"27" 30°15"14” 8 Urban
3 OPTEC-N St. Petersburg 59°5523” 30°23’17” 1 Urban
4 |OPTEC-Karelia Republic of Karelia 63°44'41” 31°56'33” 185 Background
5 | Apatity Murmansk oblast 67°34’14” 33°23'51” 180 Urban
6 SBEM Karadag Republic of Crimea 44°56'24” 35°14'12” 180 Background
7 | Obninsk Kaluga oblast 55°05’48” 36°36"36” 175 Urban
8 |Tarusa Kaluga oblast 54°43’36” 37°10°40” 128 Urban
9 | Troitsk Moscow 55°28’37” 37°18'44” 193 Suburban
10 RUDN Moscow 55°42'37” 37°36"78” 149 Urban
11 |KHMSSIAP RAS | Stavropol krai 43°43'59” 42°39'40” 2096 High-mountain
12 | Vyatskie Polyany Kirov oblast 56°13'33” 51°03’56” 74 Background
13 | Fonovaya Tomsk oblast 56°25'07” 84°04°27” 80 Background
14 TOR Tomsk oblast 56°28’41” 85°03’15” 133 Urban
15 |LAC Tomsk oblast 56°28’49” 85°06'08” 120 Suburban
16 |Listvyanka Irkutsk oblast 51°50’48” 104°53"58” 670 Background

SOCs at most stations are variable in character. We
can see the growing tendency of concentrations at sep-
arate sites: OPTEC-PR, OPTEC-P, OPTEC-Karelia,
Listvyanka, and Obninsk. The only site, demonstrat-
ing the decreasing tendency, is OPTEC-N. The SOC
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Fig. 1. Annual average ozone concentrations in 2023.
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varies by 20—30% from year to year, reaching twofold
difference in People’s Friendship University of Rus-
sia, Moscow (RUDN). The observation time series
are still too short to make definite conclusions about
stable tendencies of concentration variations.
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Fig. 2. Annual average ozone concentrations in 2020—2023.

2.2. Annual Behavior

The daily average values and the 8-hour daily max-
ima are used to analyze the dynamics of the annual
behavior. They are presented in Fig. 3. Stations are
arranged in the order of decreasing annual ozone con-
centration in the surface air layer in accordance with
data in Fig. 1. Horizontal lines indicate the levels of
the limiting daily average concentrations (MPC,,) to
estimate the periods when hygienic standards are
exceeded. Below, we will present the quantitative
characteristics of these exceedances.

In the hygienic standard [17] the daily average
MPC is replaced by the new index, i.e., 8-hour aver-
age ozone concentration. It is adopted by the World
Health Organization (WHO) and widely used in for-
eign countries. At the same time, the national stan-
dard does not indicate how this quantity is defined. If
the 8-hour average concentration is calculated using
sliding average, then the relevant question to ask is
which of the 24 values obtained should be used? Based
on the WHO global air quality guidelines [18] the
ozone level is conventionally calculated using maximal
value of the 8-hour average concentrations, and not
the 24-hour averages, because ozone shows strong
daily oscillations. Thus, the maximum is selected out
of 24 values for a specific day. It is usually denoted as
MDAS (daily maximum 8-hr average).

The annual average ozone concentration in 2023
was maximal in St. Petersburg at OPTEC-PR station

ATMOSPHERIC AND OCEANIC OPTICS

(Fig. 3). In annual behavior, the values were maximal
at the end of spring and during summer, exceeding
MDAS by more than a factor of two. The SOC values
were minimal in late fall—early winter. Though indi-
cated as a background station in Table 1, the OPTEC-
PR shows annual behavior very close to the urban

type.

The Kislovodsk High Mountain Scientific Station
(KHSS) is located high and, as such, shows specific
annual behavior of surface ozone. The station is
exposed to the free atmosphere air most of the time
[13] because the mountain-valley circulation on the
northern slope of the vast Shadzhatmaz Mountain
Plateau, in the south of which the KHSS is located,
creates no noticeable air rising from the valley. Moun-
tain relief favors transport of ozone-rich air from the
upper tropospheric layers. From the beginning of sur-
face ozone measurements in 1989, there were usually
two local (spring and summer) maxima of the monthly
average ozone concentration and a minimum
observed in fall—early winter at the KHSS [19]. A
salient feature in 2023, as in 2022, was poorly defined
springtime maximum. In the period of 2022 and 2023
summer maxima, the absolute hourly average ozone
concentrations reached 117 ug/m?, lower than the
2020 and 2021 maxima, which exceeded 140 ug/m?
[13—16]. The observed high ozone concentrations can
be due to stratospheric intrusions to the free tropo-
sphere and a subsequent mixing in the zone of oro-
Vol. 37
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graphic disturbances [20, 21]. Usually, these events are
short-term, lasting from one to few hours. Moreover,
the increased concentrations can be due to advection
of ozone and its production in polluted air during
long-range transport.

Trajectory analysis of air masses arriving at KHSS
was carried out to determine the contribution of long-
range transport to the observed extreme values. The
method for calculating the 7-day back trajectories was
described in [14]. The trajectories with humidity
higher than 85% at the end point were excluded from
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the analysis. From this array, we selected two sets of
the trajectories corresponding to extreme negative and
extreme positive ozone anomalies, respectively, in the
first and last deciles of the distribution function of
ozone anomalies. For extreme ozone values of both
signs, we estimated the probability fields (P, %) of the
air particle transport to KHMSS through spatial cells
1° X 1°in size. Figure 4 shows the fields of the annual
average probability of air particle transport for
extremely low and extremely high ozone concentra-
tions at the KHMSS.
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Fig. 4. Probability of passage of elementary air masses associated with (a) 10% of the lowest and (b) 10% of the highest anomalies
of surface ozone concentrations at KHMSS in 2023 and over different territories.

The 2023 probability fields for extremely low values
are similar to the 2020—2022 fields and associated with
northwesterly air transport. The trajectories associated
with extremely low surface concentrations passed with
the largest probability over Krasnodar krai, the Azov
Sea, and the Azov region every year. As in 2020—2022,
the extremely high surface ozone concentrations at
KHMSS in 2023 were mainly due to southerly air
transport. In 2023, the southwestern cluster of air
masses from Turkey and Middle East was more clearly
manifested; while the southeastern cluster from Azer-
baijan and South Caspian Sea turned out to be more
poorly defined. Both clusters are the regions with
active extraction and processing of oil and gas, in the
plume of which, under the conditions of high tem-
peratures and solar illumination, volatile organic com-
pounds oxidize to give ozone. Passage of air masses
over these regions, in addition to mixing in the zone of
orographic disturbances, can explain the recorded
high values [16]. Moreover, the cluster of the north-
westerly trajectories from the region of Donbass
appeared in 2022, and became even more pronounced
in 2023 [16]. Possibly, this is due to increased forma-
tion of combustion products in this zone.

In addition to trajectory analysis, the processes in
this region were numerically simulated. The calcu-
lations were performed using WRF-Chem regional
chemistry-climate model with the chemical mod-
ule GEOS-Chem (WRF-GC 2.0); this model is a
two-way coupling of the meteorological WRF
model version 3.9.1.1 (Weather Research and
Forecasting model,
https://www.mmm.ucar.edu/models/wrf) with
chemistry-transport GEOS-Chem model version
2.7.2 (Goddard Earth Observing System chemical
model, http://acmg.seas.harvard.edu/geos/). The
anthropogenic and biogenic emissions, as well as
emissions from wildfires, were specified using CEDS,

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 37
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MEGAN 2.1, and GFED 4.2 data, respectively. The
initial and boundary conditions were specified using
GDAS data and calculations from global chemistry-
transport model GEOS-Chem. The calculations were
performed for the summer (July, Fig. 5a) and winter
(December, Fig. 5b) months of 2023 in the North
Caucasus region for two nested domains. It is note-
worthy that the horizontal resolution was 20 km
(5 km) for larger (smaller) domain. Choice of this grid
was dictated by the need to estimate the effect of the
spatial resolution of the model on the calculations and
by the efficiency of the computations.

The ozone concentrations calculated for July are
close to measurements. The correlation coefficient of
hourly averages is 0.40. This marked matching of data
time series primarily indicates that the emissions used
in the model are close to actual values, and that these
emissions insignificantly influence the simulation
results. However, it should be noted that the calcula-
tions for the 20- and 5-km domains almost coincide.
This fact and the high correlation for the station char-
acterized by complex orography are because the site is
located on a plateau in the upper part of the atmo-
spheric boundary layer, the boundary of which in this
area at summertime is at altitudes of 2000—2500 m
according to data of aerologic sensing. The local
admixture sources are insignificant; even if regional
emissions from underlying populated territory of
North Caucasus reach the KHMSS, they are smeared
in space and time due to advective and vertical mixing.
Thus, there are reasons to state that the KHMSS is a
background station featuring the regional and, possi-
bly, latitude-belt-characteristic ozone regime in the
lower troposphere.

The model-based and measured ozone concentra-
tions match much worse in December, with a correla-
tion coefficient of 0.27. The model/measurements

2024
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mismatch is primarily because the model insuffi-
ciently accurately; accounts for the dynamic process
they are activated in winter, including orographic dis-
turbances, and short-term jumps in ozone concentra-
tion due to extreme weather conditions, work of snow
blowers, and switch-on episodes of a diesel power sta-
tion. All above effects can obviously be mitigated by
correcting the meteorological data and applying stan-
dard procedures of checking the quality of ozone mea-
surements.

Data in Fig. 3 indicate that SOCs from the back-
ground environmental monitoring station (BSEM)
Karadag show distinct seasonal variations. The SOCs
were maximal on July 5 and August 5, 2023 (134 and
143 ug/m?3, respectively), when there were clear sky
and no wind, and minimal on November 22 and
December 8 (16 and 11 ug/m?, respectively), when the
weather was rainy and air humidity was 88%. The sur-

ATMOSPHERIC AND OCEANIC OPTICS

face ozone concentrations in summer were maximal
when air masses were blown from southeast relative to
the SBEM Karadag, i.e., from direction of the sea. It
should be noted that the SBEM Karadag in our review
is the southernmost station out of those measuring
surface ozone, except the high-mountain station Kis-
lovodsk.

At the station Listvyanka, the average ozone con-
centration in 2023 and its annual behavior were the
same as in 2021—2022, with the maximum (80—
90 ug/m?) in spring and minimum (40—60 pug/m?) in
summer and fall, typical for annual behavior in most
regions of Siberia. The MPC,, was exceeded in the
period of maximal concentration. No significant
interannual differences in the average ozone concen-
tration over the three years were revealed. The short-
period (day-to-day and daily) variations were strong
and associated with both natural (weather) processes
Vol. 37
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and chemical reactions of ozone, primarily with nitro-
gen oxides. In particular, ozone concentration regu-
larly decreased, sometimes to zero, due to periodic
outflows to the region of the station of plumes from big
regional coal-fueled heat and power plants with high
nitrogen and sulfur oxide concentrations.

The observation time series from the OPTEC-
Karelia station has large gaps, so that the annual
behavior is difficult to determine (see Fig. 3), though
this station is ranked fifth by the level of annual aver-
age concentration.

On the whole, the SOC dynamics at OPTEC-P
station is identical to time variations at the OPTEC-
PR measurement site (see Fig. 3). The difference lies
in the amplitude of annual variations and by how
many times the measurements exceeded the MPC, ,.

At the Vyatskie Polyany station, we recorded an
annual behavior typical for background regions, with a
maximum in spring and a minimum in fall. A salient
feature at this station, not observed at other stations, is
that the MPC, , is exceeded as early as January—Feb-
ruary. It is noteworthy that the MPC,, was again
exceeded in summer and even in fall.

At Apatity, Murmansk oblast, in 2023, the SOCs
were maximal in April (see Fig. 3), which corresponds
to long-term annual behavior of ozone, with a well-
defined spring maximum and a minimum in the sec-
ond half of summer. The maximal SOC (130 pug/m?)
was recorded at afternoon hours on April 16, which
exceeded the 99th percentile (110 pig/m?) of the hourly
average SOCs in April. The trajectory analysis of air
motion showed that the episode with SOC atypical for
the region was due to air advection from more south-
ern regions (Leningrad oblast, southern Karelia),
where higher ozone concentrations are usually
recorded at this time of the year. We note that the SOC
recorded in Apatity (130 pg/m?) is not the maximum
possible for Murmansk oblast: a little larger SOCs
(130—132 pg/m?) were noted in background region
(Lovozero) in Aprils of 1999—2012; based on data
from Finnish monitoring stations located at these
same latitudes, maximal SOCs can reach 160 pug/m?in
this area. The SOCs in the warm period are usually
minimal in the second half of summer and somewhat
increase in fall due to more vigorous cyclonic activity
in this area. In December in Apatity, there is tradition-
ally a minimum in the annual ozone variation: in calm
weather and during weak wind, ozone depleting sub-
stances accumulate in urban air against the back-
ground of round-the-clock stable stratification, and
SOC often decreases to near zero. We note that no
analogous December minimum is observed in back-
ground regions.

Three stations in Tomsk oblast (Tropospheric
Ozone Research (TOR), Large Aerosol Chamber
(LAC), and Fonovaya station), though being mem-
bers of different (urban, suburban, and background)
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groups, showed similar annual variations in 2023 (see
Fig. 3). There are small differences in ozone concen-
tration, to be considered separately in subsection 2.4.
The MDAS were exceeded at all three stations for dif-
ferent numbers of days. This behavior of ozone in the
region indicates a minor contribution of anthropo-
genic sources of precursors.

Though belonging to urban stations, the Obninsk
station exhibited the ozone behavior close to back-
ground regions, with spring maximum and fall mini-
mum, in 2023. We can note few concentration bursts
in summertime, probably associated with heat waves,
which favored ozone production from vehicle engine
exhausts. Also, the MPC, ,was exceeded.

The other six stations shown in Fig. 3 refer to urban
and show minimal annual average ozone concentra-
tions.

In the first half-year, a strong increase in daily
average SOCs in May and June, characteristic for the
spring—summer period, was observed in the Moscow
region: at the People’s Friendship University of Russia
(RUDN) station (center of Moscow), Troitsk, and
Tarusa. It is noteworthy that the spring—summer max-
imum was well defined in Troitsk and Tarusa. A period
of strong SOC decrease was noted in midsummer at all
these stations; a secondary minimum was in late sum-
mer and September. This was due to cooling in July
and the passage of an anomalous heat wave that began
in August and ended in late September.

In 2023, surface ozone concentrations in the Mos-
cow region were routinely measured at 22 automatic
air pollution control stations (AAPCS) of Moseco-
monitoring. Seven of them are located in nearby sub-
urbs, and 15 stations are mounted on background ter-
ritories in Moscow oblast [22]. For the analysis, we
used 20-min measurements from nine urban-type and
six roadside-type AAPCSs in residential regions near
big roads of Moscow within the Moscow Automobile
Ring Road. We can highlight the following salient fea-
tures of the SOC in Moscow. The annual average
ozone concentration at the stations of urban type was
32 ug/m?, 6 ug/m? smaller than in previous year. The
ozone concentration was 40% smaller at stations of
roadside type. The springtime SOC maximum was
weaker than usual. No secondary summer maximum
occurred in June—July due to relatively cold weather
with precipitation. The daily maximal concentrations
of surface ozone averaged over the AAPCS data turned
out to be smaller than in 2022. Deficient summertime
heat was partially compensated for by a prolonged
“Indian summer” in September. The SOCs, “higher”
than normal and atypical for the season, were
observed in the last decade of September and early
October. The daily average ozone concentration aver-
aged over the roadside AAPCS data was 12% (for
44 days) larger than the Russian standard MPC, , and
51% larger (for 186 days) at urban AAPCS. This is
smaller than the 2022 values.
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Fig. 6. Maximal one-time surface ozone concentrations in 2023.

Two stations, namely OPTEC-N and Troitsk, are
located in regions where the smallest ozone concen-
trations are less than MPC,,. The OPTEC-N station
is in vicinity of a road and, hence, shows annual ozone
behavior similar to roadside stations in Moscow. On
the other hand, Troitsk is not exposed to strong
anthropogenic emissions of ozone-forming com-
pounds. This is indicated not only by low SOCs, but
also by the annual behavior typical for background
conditions.

2.3. Maximal Concentrations

Maximal ozone concentrations in the surface air
layer observed in 2023 at all stations are presented in
Fig. 6. It can be seen that SOCs exceeded the maxi-
mum one-time MPCs (MPC,, ) at only four out of
16 stations. These are two measurement sites in
St. Petersburg (OPTEC-PR and OPTEC-P), RUDN
in Moscow, and Vyatskie Polyany. Such stations were
six in 2022 [16]. In addition to the above stations, con-
centrations in excess of MPC were recorded at TOR,
LAC, and Boyarsk. Therefore, the ozone production
intensity was lower in 2023 than in 2022.

Figure 7 shows how ozone was produced and how
frequently MPC,, , was exceeded. The figure indicates
that the ozone concentrations were maximal in sum-
mertime, in St. Petersburg and were most probably
due to photochemical production from vehicle engine

ATMOSPHERIC AND OCEANIC OPTICS

exhausts on the territory of the city in the period of
heat wave arrival. In Vyatskie Polyany, the ozone max-
imum occurred in spring and seems to be of natural
origin. A few maxima at RUDN station stemmed from
the Indian summer in the Moscow region.

2.4. Mesoscale Differences in SOC Distribution

In three regions of observations (Moscow,
St. Petersburg, and Tomsk oblast), ozone measure-
ments in 2023 were carried out at few stations. In the
period of measurements, the stations were under sim-
ilar weather conditions; therefore, it would be interest-
ing to consider how strongly ozone concentrations dif-
fer at the mesoscale level.

Ifwe turn to Fig. 8, which presents the daily average
ozone concentrations in St. Petersburg and Tomsk
oblast, we can see that the weather cycles are quite
synchronous, in both regions at all stations and the
concentration oscillations differ only in amplitude.
Data of Table 2 give information on how strong these
differences are. This table shows that in Moscow the
differences in the concentrations between urban and
near-roadside stations were 12.9 ug/m? on average,
and the maximal differences during the year reached
39.2 ug/m?. The difference turned out to be small
(1.9 ug/m?) between city-average and RUDN values,
though the maximal difference was very large
(30.4 ug/m3). The differences were markedly larger
Vol. 37
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Fig. 7. Annual variation in the daily maximal SOCs: (a) OPTEC-PR; (b) OPTEC-P; (c) Vyatskie polyany; and (d) RUDN.

between RUDN and Troitsk stations, found to be 18.6
on the average and 68.6 ug/m? at the maximum. This
latter was because the Troitsk site is located near
(about 150 m apart from) Kaluga road with heavy traf-
fic; while RUDN samples are collected in the Univer-
sity’s courtyard.

Still larger differences in ozone content were
recorded on the territory of St. Petersburg in 2023. The
average concentration difference between two stations
varied from 22.5 to 56.4 pug/m?, and the maximal dif-
ference was from 84.6 to 126.6 ug/m?.

In Tomsk oblast, the SOC differences were, on the
average, 5.5 and 5.6 pg/m? between sparsely spaced
stations (separated by 52 and 56 km, respectively) and
0.2 ug/m?* between closely spaced stations. The differ-
ences on certain days, ranging from 23.9 to
38.8 ug/m?, compared well with those in Moscow.
These mesoscale differences in ozone concentration
obviously stem from the presence of the sources of
ozone precursor gases in Moscow. On the territory of
cities, these sources are mainly vehicle engine exhausts
and emissions from industrial plants [23].

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 37
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3. OZONE VERTICAL DISTRIBUTION
IN THE TROPOSPHERE

The ozone vertical distribution in the troposphere
was measured onboard the Optik Tu-134 aircraft labo-
ratory (see its description in [24]). Monthly flights
over the southern regions of Western Siberia were car-
ried out throughout the period under study. A Yak-40
performed some of the flights because the Tu-134, the
carrier of instrumentation, has flown twice its calen-
dar service life and periodically stopped for revision
and extension of its service life.

The 2023 measurements are presented in Fig. 9.
The profiles in the period of increasing ozone concen-
tration in the troposphere are presented in Fig. 9a; the
ozone vertical distribution in the period of decreasing
concentration is presented in Fig. 9b. From Fig. 9a it
can be seen that in winter and early spring the ozone
concentration was small (25—40 mg/m?) in the lower
layer and increased to 60 mg/m? in the middle and
upper troposphere. This vertical profile suggests that
the processes of exchange with the stratosphere were
strong in that period; on the contrary, ozone produc-
tion in the troposphere was not very active. The pho-
tochemical ozone production decreased in the second
half-year, under the conditions of moderate air
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Fig. 8. Daily average SOCs at the stations in (a) St. Petersburg and (b) Tomsk oblast.

exchange between the troposphere and stratosphere
(see Fig. 9b). The concentration in the lower atmo-
spheric layers decreased to 15—25 mg/m?.

Thus, if we compare the vertical ozone profiles
shown in Fig. 9 with those obtained earlier for the
same region in [13—16], we can conclude that the
ozone concentrations in 2023 were somewhat lower
than in previous years, seemingly because of the effect
of the long-term cyclicity of atmospheric processes.

4. CORRESPONDENCE OF OZONE
CONCENTRATION IN RUSSIA TO HYGIENIC
STANDARDS

We remind that, in accordance with Federal sani-
tary rules [17], Russian officials established the fol-
lowing standards:

— concentration, ensuring permissible (accept-
able) risk levels for a chronic (no shorter than one year
long) exposure, annual average maximum permissible
concentration MPC, , = 30 ug/m?

— concentration, ensuring permissible (accept-
able) risk levels for no shorter than 24-hour exposure,
MPC,,. For ozone, this is the maximal 8§-hour aver-

age concentration on a given day (100 pg/m?);

— concentration, preventing an irritant effect,
reflex responses, smells during as long as 20—30-min
exposure, MPC,, , = 160 pug/m?.

Table 3 presents the ozone monitoring stations,
where MPC was exceeded in 2023. It can be seen that
MPC,,, = 160 ug/m? was recorded at four stations in
2023. They numbered five in 2021 and six in 2022. The
maximal numbers of cases when MPC was exceeded

Table 2. Interstation differences in the ozone concentration in Moscow, St. Petersburg, and Tomsk oblast

Ozone concentration, jytg/m3

Stations
average maximal
Moscow (urban — roadside) 12.9 39.2
Moscow (urban stations) — RUDN 1.9 30.4
RUDN — Troitsk 18.6 68.6
OPTEC-PR — OPTEC-N 56.4 126.6
OPTEC-P — OPTEC-N 33.9 116.4
OPTEC-PR — OPTEC-P 22.5 84.6
TOR — Fonovaya 5.5 38.8
LAC — Fonovaya 5.6 36.8
LAC — TOR 0.2 26.9
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 37 No.6 2024



TROPOSPHERIC OZONE CONCENTRATION IN RUSSIA IN 2023

8000 @)

7000
6000
5000
- 4000
3000
2000
1000

Month

— I
— 1
— 1V
—V
— VI
— VII

0 10 20 30

O3, mg/m’

40 50 60 70 80 90

861

8000 ®)

7000
6000
5000
4000
3000
2000
1000

Month
VIII

0 10 20 30 40 50

O3, mg/m’

60 70 80

Fig. 9. Ozone vertical distribution over the south of Western Siberia in (a) February—July and (b) August—December 2023.

were 59 and 14 in St. Petersburg and 11 in Moscow
(RUDN station) and at Vyatskie Polyany station.

The MPC,, isindicated in [17] to increase by a fac-
tor of 3.33 in Russia; nevertheless, Table 3 shows that
MPC,, was regularly exceeded at almost all sites on
the territory of Russia in 2023, except at the roadside
stations in Moscow and Troitsk. The MPC,, was
exceeded most often in Vyatskie Polyany, Listvyanka,
Karadag, at urban stations in Moscow and two stations
in St. Petersburg.

Still another new parameter in the standard is
MPC,, [17], shown in Table 3 to be exceeded on
almost all territory of Russia, except at roadside sta-
tions in Moscow and Troitsk. Thus, our research
shows that nature-protection measures to reduce the
level of the tropospheric ozone concentration should
be taken in the most regions of Russia. Table 4 com-
pares two standards: previous [25] and new ones.
Table 4 shows that, after softer standard for MPC,,
was adopted, the air quality estimate with respect to

Table 3. Concentrations in excess of the maximum permissible ozone concentration in Russia in 2023

Station Cases of exceeded Cases of exceeded | Excess over MPC,_ ,, Number
MPCyy o, number | MPCqy,, number pg/m? of measurements in 2023
Apatity 5 1.6 354
Vyatskie polyany 11 69 1.7 365
Listvyanka 56 2.0 349
KHMSS 2 2.3 340
Karadag 45 2.1 365
Moscow (urban stations) 44 1.1 365
Moscow (roadside stations) 0.6 365
Obninsk 7 1.2 362
OPTEC-N 0.6 281
OPTEC-P 14 92 1.8 349
OPTEC-PR 59 138 2.5 299
OPTEC-Karelia 18 1.9 218
TOR 8 1.5 349
LAC 7 1.5 359
Fonovaya 1.3 360
RUDN 11 11 1.0 362
Troitsk 0.4 361
Tarusa 12 1.2 365
ATMOSPHERIC AND OCEANIC OPTICS Vol.37 No.6 2024
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Table 4. Frequency of occurrence (%) of the cases with exceeded MPC, , according to previous and actual standards

Standard
Station
SS 2.1.6.3492-17 SS 1.2.3685-21

Apatity 86 2
Vyatskie polyany 98 19
Listvyanka 92 16
KHMSS 100 1
Karadag 97 12
Moscow (urban stations) 52 12
Moscow (roadside stations) 12

Obninsk 67 2
OPTEC-N 10

OPTEC-P 73 26
OPTEC-PR 89 47
OPTEC-Karelia 91 8
TOR 78 2
LAC 80 2
Fonovaya 66 1
RUDN 47 3
Troitsk 4

Tarusa 70 3
“air pollution by ozone” index has improved: by a fac- FUNDING

tor of 5—10 on average (e.g., for Listvyanka, Vyatskie
Polyany, and Karadag) and by several orders of mag-
nitude in certain regions (Kola Peninsula, Karelia,
and Kaluga and Tomsk oblasts). However, even with
the new standard, MPC, , was exceeded almost every-
where on the territory of Russia.

CONCLUSIONS

Monitoring of ozone concentration on the territory
of the Russian Federation in 2023 showed that it was
somewhat lower than in 2022. This is true for both the
surface layer and the free troposphere. In almost all
regions, where the measurements were carried out, the
MPC:s of all types were exceeded: maximal one-time,
daily average, and annual average MPCs. In this
regard, the population should be broadly informed
about the monitoring results and possible conse-
quences of exceeding the hygienic standard, and to
develop the nature-protection measures to reduce the
ozone concentration in the surface air layer.

Roshydromet started publishing the data on sur-
face ozone concentration in yearly reviews of the air
pollution state in cities on the territory of the Russian
Federation [12], which should be noted as a positive
fact.
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