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Abstract—According to the conclusions of the UN Intergovernmental Panel on Climate Change, to deter-
mine the main causes of the global warming caused by an increase in the content of greenhouse gases in the
atmosphere, an accurate assessment of their emissions and sinks is required. However, there are still signifi-
cant uncertainties in the estimation of their budget. The present work studies the mesoscale inhomogeneities
in the distribution of their fluxes and sinks based on hourly measurements at three air monitoring posts near
Tomsk: TOR station, Fonovaya Observatory, and Basic Experimental Complex (BEC). This approach seems
promising considering the significant role of soil in gas exchange processes. The differences in long-term
(2013—2017) average concentrations between stations are shown to be within the ranges 116—195 ug/m3 for
CO, 3.3—8.3 ppm for CO,, 0.4—0.8 pg/m? for NO, 4.6—15.5 pg/m? for NO,, 8.1—14.3 ug/m?* for O, and
2.3—6.9 pug/m? for SO,. Annual and daily variations in the concentration differences have been revealed for
the first time. The results expand our knowledge about the dynamics of greenhouse and oxidizing gases in the
atmosphere and can be useful in developing requirements for their measurement accuracy.
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INTRODUCTION

According to the UN Intergovernmental Panel on
Climate Change (IPCC), an increase in the atmo-
spheric concentrations of greenhouse and other gases
coming from both anthropogenic and natural sources
is among the main causes of the global warming [1].
Therefore, accurate estimation of their emissions and
sinks and their redistribution between the atmosphere,
ocean, and terrestrial biosphere is of crucial impor-
tance for developing climate policy and predicting
future climate changes. Despite many studies of the
budget of greenhouse gases on the planet, there are
still significant uncertainties in its assessment [2—4],
which is rather because not all sources and sinks are
considered in the related calculations. In search of
causes of this circumstance, a number of scientists
draw attention to mesoscale [5, 6] and even microscale
[7, 8] inhomogeneities of the distribution of the fluxes
and sinks of greenhouse gases. Considering a signifi-
cant role of soil in gas exchange processes and its sig-
nificantly different properties on both scales [9], this
seems a promising approach.

The distribution of gas composition of the atmo-
sphere can be also affected by vegetation. On the one
hand, it determines surface albedo and heat inflow
[10]. On the other hand, grass and trees can be sources

or sinks of gases [11] or their precursors, for example,
of ozone [12]. In addition to the heterogeneity of soil
and vegetation properties, the distribution of gas com-
position can be affected by the surface roughness and
wind parameters [13, 14].

Another possible cause of the mesoscale heteroge-
neity of the atmospheric composition distribution is
circulation [15], which is induced by two underlying
surface heterogeneity types: orographic (relief) and
thermal. The orographic heterogeneity causes slope
and mountain-valley winds, foehns (including the
famous bora), Karman vortex path, and leeward
rotors. The thermal heterogeneity is produced by dif-
ferences in radiative (albedo), thermophysical (ther-
mal conductivity and heat capacity), and aerodynamic
(roughness) properties between contrasting underly-
ing surface types. These differences cause different
rates of heating and cooling of these surfaces during
the day and, hence, different daily amplitudes of the
surface temperature. A classic example of mesoscale
circulation developing over a thermally heterogeneous
underlying surface is breeze circulation (breeze).
Thus, there are all prerequisites for mesoscale inho-
mogeneity of atmospheric composition distribution in
the nature.

The study of this mesoscale inhomogeneity is com-
plicated by the fact that gas concentration monitoring

704



MESOSCALE (f and y) INHOMOGENEITIES OF ATMOSPHERIC COMPOSITION 705

Fig. 1. Monitoring posts in the region of Tomsk.

stations are extremely unevenly distributed over land
and located far apart from each other. For example,
according to [16], variability of greenhouse gas con-
centrations in the surface air layer is analyzed in the
Russian Federation only at four observation stations,
which are part of the Global Atmosphere Watch
(GAW) program of the WMO. Teriberka (Kola Penin-
sula, Barents Sea coast) and Tiksi (Arctic coast,
Laptev Sea, Sogo Bay) stations are located in back-
ground conditions; Novy Port (Yamal Peninsula, Ob
Bay coast) and Voeikovo stations (suburb of St. Peters-
burg) are in regions of large-scale anthropogenic
sources of greenhouse gases. That is, there are only
two state background stations on the large Russian ter-
ritory.

The solution to the air monitoring problem was
previously connected with the development of satellite
sounding systems. Thus, 15 satellite types for measur-
ing the aerosol and gas composition of the atmosphere
were already in operation in 2007 [17]. However, the
accuracy of satellite data is still insufficient [18, 19].
Numerical simulation of the distribution of green-
house gas concentrations and fluxes suggests that their
heterogeneity can be significant [20, 21], comparable
with large-scale variations [22].

We have created several stationary and mobile
complexes for measuring greenhouse gas concentra-
tions in Western Siberia with the accuracy meeting
WMO requirements. Their positions enable not only
large-scale but also mesoscale studies of greenhouse
gas distribution. The study of mesoscale heterogene-
ities of gas composition distribution is the aim of this
work. The following questions are considered: what is
the scale where significant differences in greenhouse
gas concentrations in the surface air layer are pro-
nounced? If significant differences exist, what is their
dynamics?
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1. MATERIALS AND METHODS

This study is based on data from three air monitor-
ing stations: TOR stations (56°28’ N, 85°03” E), Fon-
ovaya Observatory (56°25” N, 84°04” E), and Basic
Experimental Complex (BEC) (56°28’ N, 85°06’ E) of
V.E. Zuev Institute of Atmospheric Optics, Siberian
Branch, Russian Academy of Sciences (Fig. 1). These
posts are located under the same conditions. They are
surrounded by mixed forest and are sufficiently distant
from strong anthropogenic sources of air pollutants.
The latter allows neglecting the impact of these
sources on measurement data in most cases. One can
see in Fig. 1 that the posts are lined up, which enables
estimating the anthropogenic contribution of Tomsk
to the formation of the field of atmospheric impurities
in the presence of west-east transport of air masses.

To study the dynamics of surface air composition,
the time series of hourly average concentrations of
gases for 2013—2017 were analyzed. The choice of that
time period was due to the fact that the posts full oper-
ated during that period. In 2018, due to a lightning
strike, BEC failed and cannot be restored to its previ-
ous state for different reasons.

All three posts are equipped with automatic sys-
tems for measuring meteorological parameters and gas
and aerosol concentrations in the surface air layer.
Fonovaya Observatory and BEC are additionally
equipped with Unzha-2 masts with corresponding
sensors at several altitudes. Air is sampled at the TOR
station at an altitude of 10 m above the ground and at
Fonovaya Observatory and BEC at 10 and 30 m. Mea-
surements are taken hourly and around the clock at all
the stations.

The monitoring posts were created at different
times and within different programs; therefore, they
use different equipment. The list of devices is given in
Table 1. Twelve different devices were used to record
six atmospheric gases. At TOR station and BEC, O,
and NO/NO, concentrations were measured by gas
analyzers of the same type. Only one gas (CO) was
measured with the same device at all the posts.

An important aspect of studying mesoscale differ-
ences in air composition is the measurement accuracy
(uncertainty) of gases under study. The accuracy char-
acteristics of the devices are given in Table 2.

In accordance with WMO requirements, to reduce
the uncertainty of CO, and SN, measurements, daily
calibrations were carried out using calibration gas mix-
tures of Deuste Steininger GmbH at Fonovaya Obser-
vatory and of the National Institute for Environmental
Studies (NIES, Japan) at TOR station and BEC. The
NO, NO,, and SO, gas analyzers were calibrated daily
using microflow capsules manufactured at D.I. Men-
deleyev All-Russian Scientific Research Institute of
Metrology, by introducing the flow of impurities gen-
erated by them into purified air. The OPTEK 3.02-P
and Model 49 ozone analyzers were calibrated using
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Table 1. Devices used at the atmospheric composition monitoring posts

Gas TOR station BEC Fonovaya Observatory
CO, LGR FGGA Model 907-0010 LI-COR LI-820 Picarro G2301-m
CH,4 LGR FGGA Model 907-0010 Figaro TGS-2611 Picarro G2301-m
(OR OPTEK 3.02-P OPTEK 3.02-P Thermo Model 49
NO/NO, Teledyne API 200E Teledyne API 200E Model 42i-TL
CcoO OPTEK K-100 OPTEK K-100 OPTEK K-100
SO, Teledyne API 100E ME 9850B Model 43i-TLE

Table 2. Specification of the devices

Device Gas Concentration measurement range Uncertainty
LGR FGGA Model 907-0010 CO,, ppm 20—10000 +0.2 ppm
LGR FGGA Model 907-0010 CHy, ppm 0.005-50 +0.001 ppm
Picarro G2301-m CO,, ppm 0—1000 <0.2 ppm
Picarro G2301-m CH,, ppm 0—20 <0.0015 ppm
LI-COR LI-820 CO,, ppm 0—1000 <0.2* ppm
Figaro TGS-2611 CH,, ppm 1-10 <0.007* ppm
OPTEK 3.02-P 0;, ug/m? 0—500 +20%
Thermo Model 49 O3, ppb 0—1000 *1 ppb
Teledyne API 200E NO/NO,, ppm 0-20 10.5%
Model 42i-TL NO/NO,, ug/m? 0—10/500 +1%
OPTEK K-100 CO, mg/m> 0-50 +20%
Teledyne API 100E SO,, ppm 0-20 +0.5%
ME 9850B SO,, ppm 0-20 +1%
Model 43i-TLE SO,, ug/m? 0—20/2000 +1%

* When calibrating with test gas mixtures.

the GS-024 ozone generator (OPTEK JSC) once a
month.

The WMO has specified unambiguous require-
ments for the measurement uncertainties for many
hydrometeorological parameters already in the 20th
century. These requirements were based on long-term
studies of their spatiotemporal variability summarized
in [23]; they are still in force and are presented in [24].
There are no such clear requirements for the uncer-
tainties of measuring atmospheric gas components,
with the exception of recommendations for monitor-
ing greenhouse gases [25]. As follows from Table 2,
most of the gas components under study were mea-
sured with uncertainties close to WMO recommenda-
tions. At two posts, the uncertainties of CO and O,
concentrations significantly exceed the recommended
values.

ATMOSPHERIC AND OCEANIC OPTICS

It is also important to consider the peculiarities of
the study of the difference in the atmospheric param-
eters noted in [23]. The difference in two series with
the periodic variability characteristic of the atmo-
sphere has different signs in the corresponding time
intervals under normal distribution of the parameter.
The average difference in the concentrations of one
gas tends to zero. Therefore, when analyzing meso-
scale differences, the comparison should be made with
the absolute values of their averages in the correspond-
ing period. Let us explain this using Fig. 2 as an exam-
ple.

Figure 2a shows the daily variation in SO, concen-
tration over Fonovaya Observatory to be opposite to
those over TOR station and BEC. The corresponding
differences in the concentrations in Figs. 2a are 2b
show completely different behavior. Thus, the TOR —
BEC difference is negative during the day, and the
No. 6
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Fig. 2. (a) SO, concentrations and (b) their differences at the TOR station, BEC, and Fonovaya Observatory on July 1, 2013.

TOR — Fonovaya and BEC — Fonovaya differences
are positive in the first half and negative in the second
half. This results in significantly different estimates of
daily average differences and standard deviations
(Table 3).

Table 3 shows that the average differences in con-
centrations between the stations calculated with con-
sideration of the sign are underestimated by several
(TOR — BEC and BEC — Fonovaya) and even tens
(TOR — Fonovaya) of times. If the sign is ignored,
then the standard deviations are reduced.

Gaps in long-term data series can be due to power
outages, equipment failure, or equipment repair or
calibration. If more than 20% of the data was missing
in any period, this period was excluded from the pro-
cessing.

2. RESULTS AND DISCUSSION
2.1. Long-Term Differences

Table 4 shows the average differences in concentra-
tions between the three posts throughout the period
under study (2013—2017) and the maximal and mini-
mal differences between individual hourly readings
over that time period. Plus (minus) means that the
concentration is higher at the first (second) post.

It is evident that the long-term average differences
in concentrations are significantly higher than the
uncertainties of single measurements given in Table 2.
Depending on the measurement site, they can differ
by up to three times for certain components. This can
reflect the effect of local factors: properties of the
underlying surface and characteristics of vegetation on
it, local air circulation, the presence of sources and

Table 3. Daily average values + SD of the difference in SO, concentrations at the three stations with and without taking

into account the sign

Calculation TOR — BEC TOR — Fonovaya BEC — Fonovaya
Taking into account the sign —3.84 £2.65 0.25 £ 8.06 4.09 +9.04
Without taking into account the sign 3.87 £2.60 717 £ 3.37 8.49 +4.90
ATMOSPHERIC AND OCEANIC OPTICS Vol.38 No.6 2025
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Table 4. Long-term average (2013—2017) differences in gas concentrations at the TOR station, Fonovaya Observatory,

and BEC
TOR — Fonovaya BEC — Fonovaya TOR — BEC

Gas average = SD range average = SD range average = SD range

CO, pg/m’> 195 + 146 2638 116 + 135 1887 155 + 134 1819
+2457 +1670 +2394

CO,, ppm 8.3+9.2 -7 55475 -1 3.3+3.0 164
217 +165 +136

21 20 —29

NO, ug/m’ 0.8+0.9 3 0.7+ 1.1 115 0.4+ 1.0 1
NO,, pg/m> 7.4+ 6.5 _igz 4.6+ 6.0 ;1101; 15.5+ 7.6 ;S;
05, ug/m? 13.4 £ 10.7 e 8.1+7.0 =9 14.3+10.6 —94
+116 +88 +117

SO,, pg/m? 6.9+3.5 —7 23424 —92 57428 —40
+63 +32 +84

Table 5. Long-term average gradients of gas concentrations (C/km) at the TOR station, Fonovaya Observatory, and BEC

Gas TOR — Fonovaya BEC — Fonovaya TOR — BEC
CO, ug/m? 3.48 1.93 38.75
CO,, ppm 0.15 0.09 0.83
NO, ug/m? 0.014 0.012 0.100
NO,, ug/m?3 0.13 0.08 3.88
0;, ug/m? 0.24 0.14 3.58
S0O,, ug/m? 0.12 0.04 1.43

sinks of individual gases or their precursors, etc. This
witnesses real mesoscale differences in the atmo-
spheric composition in the region under study. Since
hourly data over a five-year period were used for the
assessment (>43000 values), the standard deviations
are quite large and comparable with the averages. This
is also characteristic of other atmospheric parameters
[23, 24]. The maximal and minimal deviations of con-
centrations from the averages are almost symmetrical,
which indicates the absence of a constant difference
between the measurement sites. The differences in
concentrations are higher than the average values by
an order of magnitude or more. However, it should be
taken into account that we did not exclude from the
analysis the situations of frontal passages over the city,
which abruptly and significantly increased the con-
centrations of impurities [26]; fires, etc.

The average differences in concentrations given in
Table 4 do not contradict literature data. According to
[27], the annual average difference between CO, con-
centrations at four background China stations attained
13 ppm in 2011. The difference in CO, concentrations

ATMOSPHERIC AND OCEANIC OPTICS

at five Finnish stations averaged 5—10 ppm in winter
[28]. The annual average difference between CO, con-
centrations at six posts in Western Siberia was equal to
11 ppm in 2016 [29]. The winter (summer) differences
in atmospheric gas concentrations at points spaced
50 km apart were 157 (47) ug/m?® for NO, 43
(31) ug/m? for NO,, 11 (12) ug/m? for SO, [30]. The
differences in o0zone concentrations can attain
50 ug/m? at points spaced 50 km apart, and the ratio
of their monthly averages can vary by two to four
times [31].

The differences in the concentrations given in
Table 4, like in the cited works, have been calculated
with neglect of the distances between TOR station and
Fonovaya Observatory (56 km), BEC and Fonovaya
(60 km), TOR and BEC (4 km), which complicates
their comparison. Therefore, these data are reduced to
a single distance in Table 5. Let us recall that the
mesoscale is divided into three categories: meso-o
(200—2000 km), meso-f (20—200 km), and meso-Yy
(2—20 km) [15]. Therefore, the first two differences
Vol. 38
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Fig. 3. Long-term average annual variations in the difference in the concentrations (a) CO, (b) CO,, (c) NO, (d) NO,, (e) O3,
and (f) SO, at the TOR station, BEC, and Fonovaya Observatory.

(TOR — Fonovaya and TOR — BEC) relates to meso-
scale B, and the difference TOR — BEC relates to
mesoscale .

Table 5 shows that the gradients of the concentra-
tion differences are comparable on mesoscale 3 and
sharply increase on mesoscale . It is difficult to say
whether this obeys some law. We found only one pub-
lication devoted to this issue [32], where an ozone gra-
dient of 8—23 ppb was obtained. But this result relates
to special conditions, that is, a decrease in the concen-
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tration with distance from the shore within the breeze
system.

2.2. Annual Dynamics

Temporal variations in the differences in gas con-
centrations between observation posts near Tomsk are
shown in Fig. 3. Figure 3a shows two maxima, winter
and summer, and two minima, spring and autumn, in
the annual dynamics of the differences in CO concen-
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trations, which is significantly different from the
annual dynamics of surface CO concentration. Works
[33—35] show its maximum in spring and minimum in
summer. It is difficult to explain this behavior of con-
centration differences on the mesoscale. It can only be
noted that the differences in concentrations and the
amplitude of deviations do not depend on the distance
between sites. It is possible that TOR station is affected
by anthropogenic sources, since it is located in a sub-
urban area. We hope to answer this question in the
next study.

The CO, concentrations vary the strongest in sum-
mer because of active absorption of CO, by vegetation
during photosynthesis in daytime and its significant
emission during respiration at night [29]. This is also
manifested in the differences in its concentrations in
Fig. 3b. The differences are evidently maximal in sum-
mer. Different amplitudes can be explained by differ-
ent plants growing around the observation sites.

Before analyzing the differences in concentrations
of the following gas components, let us recall that
NO—-0;—NO, photochemical equilibrium is usually
established in the clear troposphere [36—38]:

ATMOSPHERIC AND OCEANIC OPTICS
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Our previous study [39] found low NO concentra-
tions in the region due to very weak N,O fluxes from
the soil to the atmosphere [40]. Under these condi-
tions, a small amount of released N,O is converted
into NO in the atmosphere and is quickly converted
into NO, during photochemical processes. As a result,
very low NO concentrations are recorded in back-
ground regions, since most of NO is converted into
NO,, and the amount of ozone is determined by the
release of hydrocarbons mainly of natural origin.
During a year, the concentration of NO has a maxi-
mum in the cold season, while NO, and O; concentra-
tions peak in spring/summer, when photochemical
processes are the most active.

All of the above said is confirmed by Figs. 3c—3e.
Thus, the differences for NO (Fig. 3c) are small in the
warm period and increase in the cold period. Maximal
differences in NO, (Fig. 3d) and O; (Fig. 3¢e) concen-
trations are seen in spring or summer.
Vol. 38
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Fig. 6. Long-term average daily variation in the difference in the

and (f) SO, at TOR station, BEC, and Fonovaya Observatory.

Low concentrations of SO, in the region cause
small differences between the stations (Fig. 3f). The
differences for this gas, as well as for NO, are charac-
terized by a decrease in the warm period and an
increase in the cold period, although no annual trend
is pronounced.

The temporal stability of the above trends can be
traced for BEC — Fonovaya difference (Fig. 4) as an
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concentrations of (a) CO, (b) CO,, (c) NO, (d) NO,, (e) O3,

example. Variations in differences both within and
between years are seen, but the general trend holds.

It is also necessary to analyze the behavior of the
differences in concentrations during a year (Fig. 5).
The increase in the monthly average differences in
CO, and ozone is evidently due to the increase in the
range of their deviations from the averages. Since no
such studies were previous performed for the atmo-

2025



712

Difference in NO
concentrations, mg/m?3
oo
T

03:00 08:00 13:00
14 (b)

18:00  23:00

[—
(e}
T

Difference in SO,
concentrations, mg/m?3

| | | | |
03:00 08:00 13:00 18:00 23:00
Local time, h
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spheric composition, it is not yet possible to compare
our data with other results.

2.3. Daily Dynamics

The atmospheric processes which determine air
composition change during the day. In the daytime,
vegetation absorbs carbon dioxide during photogene-
sis. At night, when there is no light, vegetation
switches to breathing and returns CO, back to the
atmosphere. During the day, photochemical processes
start and not only produce ozone, but also change the
balance of nitrogen oxide concentrations. Heating of
the surface during daytime and its cooling at night sig-
nificantly affect the soil—atmosphere gas exchange.
Hence, it is interesting to consider how they affect the
differences in gas concentrations, which should reflect
local features. Such data are shown in Fig. 6.

According to Fig. 6a, the differences in CO con-
centrations at the stations behave differently. Except
for TOR — Fonovaya difference, they generally tend to
increase during daytime and decrease at night. The
significant difference between TOR station and BEC
at night can be due to the effect of urban emissions.

ATMOSPHERIC AND OCEANIC OPTICS
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The differences in CO, concentrations (Fig. 6b)
increase at all the stations at night and decrease during
the day. This is especially true for closely located TOR
station and BEC. This behavior can only be explained
by the difference in plants surrounding the observation
sites, some of which release a larger amount of CO, in
respiration.

The differences in NO concentrations at all the
three stations similarly behave during the day (Fig.
6¢). The morning maximum in N,O concentration is
caused by the conversion of NO to NO, in the morn-
ing hours due to the start of photochemical ozone gen-
eration [41]. This behavior of NO concentration dif-
ferences is due to the low rate of supply of its precursor
N,O in the region [40].

Different daily variations in NO, concentration
differences (Fig. 6d) reflect, on the one hand, the
above-mentioned morning conversion of NO to NO,,
which manifests itself as a maximum. The second
maximum in the evening is caused by the sink of ozone
from the atmosphere [41]. The stable difference
between the stations during the day is most likely due
to the different power of the sources of ozone precur-
sors, in the generation of which nitrogen oxides func-
tion as “switches” of chains [42, 43].

The daily variations in the differences in ozone
concentrations in Fig. 6e show its day and night max-
ima at each point [41]. The differences in their values
are obviously due to the amount of organic precursors
emitted by different plants at each point.

The differences in SO, concentrations (Fig. 6f) at
all the points show neutral daily behavior. Actually,
the TOR — BEC difference has a small morning max-
imum, the nature of which is to be ascertained. The
difference between the three curves is stable during the
day, which might well be due to the different nature of
SO, exchange between the soil and the atmosphere.

At most stations, the above differences hold
throughout the year. Let us show this in Fig. 7. The
daily variations in the difference in NO concentrations
throughout a year in Fig. 7a are similar to the long-
term daily average variations in Fig. 6¢. The differ-
ences in SO, concentrations behave in a similar way
(Fig. 7b). Their daily variations coincide in nature
with those in Fig. 6f. In Fig. 7, variations in the con-
centration differences, previously noted in section 2.2,
are clearly visible.

The daily variations in the differences in concen-
trations are similar in different years (Fig. 8), but the
amplitudes of the variations differ.

CONCLUSIONS

The study has shown that there are real mesoscale
differences in the atmospheric composition in the
region under study, which reflects the action of local
factors: properties of the underlying surface and vege-
Vol. 38
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vaya Observatory in different years.

tation, local air circulation, the presence of sources
and sinks of individual gases or their precursors, etc.

Long-term average differences in concentrations
are significantly higher than the uncertainties of single
measurements. Depending on the measurement site,
they can differ by up to three times for some gas com-
ponents. An assessment of the gradients of concentra-
tion differences shows that they are comparable on
mesoscale 3 and sharply increase on mesoscale Y.

In the annual dynamics, the differences in CO,,
NO,, and O; concentrations show maxima in the
warm season, and in NO and SO, concentrations, in
the cold season. The dynamics of CO concentration
reflects local features of gas sources and sinks. The
identified regularities are stable over many years.

The daily dynamics of the differences in CO con-
centrations is characterized by a general trend at all the
stations, that is, an increase during daytime and a
decrease during dark hours. For SO,, an increase in
the differences in the concentrations at night and a
decrease during the day are typical at all stations,
which can only be explained by different plants grow-

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 38
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ing around, some of which release more CO, in respi-
ration. The differences in NO concentrations similarly
behave during the day at all the three stations, i.e., the
presence of a morning maximum due to NO conver-
sion into NO, in the morning hours after the start of
photochemical ozone generation. This behavior is due
to the low rate of supply of its precursor N,O in the
region. Differences in the concentrations of O; are
obviously caused by the amount of its organic precur-
sors emitted by different plants at each site. The differ-
ences in SO, concentrations show neutral daily varia-
tions at all the points. The above differences hold
throughout a year at most stations. The daily varia-
tions in the differences in concentrations are similar in
different years.
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