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Abstract: Measurements of near-surface methane (CH,) mixing ratio and its stable isotope 13C were
carried out from January 2018 to December 2020 at the A.M. Obukhov Institute of Atmospheric
Physics (IAP) research site in the center of Moscow city. The data show moderate interannual
variations in monthly mean CHy with maximum values being observed predominantly in winter
(2.05-2.10 ppmv on average). The most §'3C depleted CHy (up to —56%) is observed in summer
and autumn following seasonal decrease in traffic load in the city. The highest CH, concentrations
(>2.2 ppmv) were likely to be caused by air transport from the E-SE sector where potentially large
microbial CHy sources are located (landfills and water treatment plants, Moscow River). Keeling
plots of these episodes in different seasons of 2018-2020 showed §'3C isotopic signatures of about
—58-—59%o for the spring—autumn period and —67%. for winter. A good correlation was observed
between CH, and other pollutants: CO,, CO, and benzene in daytime (10:00-19:00) hours (R > 0.7).
Contribution of urban methane emissions due to vehicle exhausts (A[CH4Jauto) and microbial activity
(A[CH4lmicro+) along with regional baseline mixing ratios of CHy ([CHylpase) and CO ([COlpase)
were estimated from the linear orthogonal regression analyses of the measured daytime mixing
ratios. A significant role of microbial methane in the formation of CH4 maximums in Moscow was
revealed. Contributions of the upwind continental CHy and CO sources to the measured species
levels were estimated through comparison with the Mace Head site data representative for the
Northern Hemisphere baseline air. The study provides, for the first time, important insights into the
long- and short-term variations of CHy levels in Moscow in connection to the local (urban) emissions
and long-range transport from upwind continental sources. The results will contribute to elaboration
of a default emission inventory in air quality modeling and help to identify the areas for targeted
mitigation efforts.

Keywords: urban air quality; tropospheric air pollution; greenhouse gases; stable isotope 13C; urban
methane sources; VOCs; long-term monitoring

1. Introduction

Methane (CHy) is the second most abundant anthropogenic greenhouse gas after
carbon dioxide (COy), affecting the Earth’s atmospheric heat balance and chemistry [1].
Urban environments produce about 70% of anthropogenic greenhouse gas emissions and
21% of global CH4 emissions [2]. The latter are attributed mainly to transportation (~43%
of the total urban emissions), energy (~42%), waste (~40%), and agriculture (~5%) [3].

Urban population growth accompanied by increase in urban-occupied territories and
anthropogenic loading requires better understanding of the contribution of urban CHy to
global emissions. Cities are equipped with variable facilities that represent widespread
sources of methane, including landfill sites, gas storage and distribution networks, wastew-
ater plants, heating systems and vehicles, and water treatment plants [4-6]. The relative
contribution of the above sources can vary greatly from city to city which creates a need for
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employing long-term observation systems to assess contribution of individual sources for a
particular urban environment.

The results of direct measurements and chemical transport simulation are the basis for
the solutions on urban air pollution abatements. However, there are large uncertainties
in urban CHy budgets, as mentioned in a substantial number of studies (see [1,2,7,8] and
references therein). CH, inventories tend to underestimate emissions compared to those
inferred from direct atmospheric measurements of methane levels due to difficulty in
correctly accounting for fugitive CHy emissions [9] and the lack of a basic understanding of
the locations and temporal patterns of urban CH, sources at relevant scales [2]. For example,
existing emission estimates for Moscow, inferred from near-surface CH4 measurements
on the Moscow network stations in 2005-2014, show significant inaccuracy of the derived
inventories for most chemical compounds [10-12]. This strongly supports the need to
elaborate new strategies in assessing the urban source strengths for methane and other
pollutant species. Yet, long-term monitoring of CHy and its urban sources in the city
is necessary to identify existing trends and patterns in the data, which is a necessary
prerequisite for elaborating effective greenhouse gas abatement strategies.

The source of specific methane emissions can be identified by analyzing the methane
isotopic composition, as different source types are characterized by distinct 1*C signatures
(8'3CHy). The isotopic value of a single source category can vary considerably, depending
on the CH, formation process, geographic origin, season, and secondary alteration [5,13,14].
Thus, the supplementary information about §'3CHy in urban air is very important.

According to 13C measurements in the plums of the main CHy sources in urban areas
(Table 1), biogenic and microbial methane (wetlands, landfills, aeration station, water
ponds, etc.) as well as methane emitted from oil storages are l?’C-deple’ced (813CHy4: —70 to
—50 permils (%o)), while methane from natural gas usage (storage and leaks) and pyrogenic
CH,4 (from incomplete combustion of nonfossil organic matter and fossil fuel) are less
13C-depleted (8'3CHy: —50 to —30%0 and —30 to —15%., respectively) [4,10,11,15-18].

Table 1. §!3CH, from different CH, sources.

Source §13CHy, %o Reference Location
Biomass burning —24—-32 [16] USA (Florida)
—262+48 [17] Hungary (Budapest)
. —43.4 + 0.5- .
Gas storage sites _338 103 [18] France (Paris)
— —41.7 £ 0.7-
Natural gas facilities 497 4+ 07 [15] Canada (Alberta)
Fossil fuel sources —15-—45 [17] Hungary (Budapest)
Gas leaks —36+2 [4] Great Britain (London)
Coal mi —51.2+0.3- 4] Great Britain (London)
oal mines 2309 4+ 14 reat Britain (London
Subarctic wetlands —68.5+ 0.7 [10] Finland (Lompolojankka)
Modern microbial
SOUrces —61.7 + 6.2 [17] Hungary (Budapest)
Biogenic emissions —55--70 [17] Hungary (Budapest)
Landfills —55.3+ 0.2 [15] Canada (winter)
—63.7 + 0.3——58.2 £ 0.3 [18] France (Paris)
—58£3 [4] Great Britain (London)
Great Britain,
—64.4-—44.3 (1] Netherlands, Turkey
. . Great Britain,
Aeration station —53.7+£0.1 [11] Netherlands, Turkey
. —549 +29- .
Oil storage —60.6 £ 06 [18] France (Paris)

Moscow ranks as the world’s 15th largest city by population and is among the leaders
by population density. It is located on the plain in the middle latitudes and has the
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historically formed urban development with the absence of large industrial centers in the
immediate vicinity. This leads to the consideration of Moscow as an isolated city [12].
Over the past 30 years, the number of cars in Moscow has increased from 2 to 6 million
and industrial production has increased by 10%. At the same time, the large enterprises
contributing to the air pollution stopped working. Thus, Moscow became a financial and
administrative center with a composition of anthropogenic emissions similar to cities with
the same infrastructure. The main sources of air pollution (motor transport, industrial and
communal facilities, housing sector) bring Moscow’s air quality close to the megacities of
the USA, Japan, and large European towns [12,19,20].

Regular long-term monitoring of CH, and other gases in Moscow and outside of
the city has been carried out at the 56 sites of the Moscow Ecological Monitoring (MEM)
network since 2002. However, the measurements of CHy isotopic composition in Moscow
have not carried out.

This study aims to analyze the measurements of surface CH, concentration and its
stable isotope '3C in the center of Moscow city in different seasons of 2018-2020 and to
determine the main methane sources. The direct measurements of 3CHy in the city are
carried out for the first time. The study is supposed to provide important insights into the
long-term and short-term variations of CHy as well as into the sources and dynamics of
methane emissions in urban environments.

2. Materials and Methods

Measurements of CHy mixing ratio and its stable isotope 3C as well as CO,, CO, and
benzene mixing ratios were made from January 2018 to December 2020 at the site located
at A.M. Obukhov Institute of Atmospheric Physics of the Russian Academy of Sciences
(TAP RAS) in the center of Moscow (55°74’ N, 37°62’ E, 130 m a.s.l.). The site is located on a
flat terrain, elevation changes do not exceed 3-5 m within a radius of approximately 1 km,
and it is surrounded by several low- to moderate-traffic motorways (about 30-40 m away
from the site), residential buildings, and business offices up to 20 m in height (Figure 1).

55.78°N
Reuto Salty a
55.75°N BAL
IAP-RAS KOZ
. A
55.72°N MSU
A
N GUR
55.69°N
A Nekrasovk
55.66°N CHE —
A Kotelnik
http://maps.stamen.com
37.52°E 37.6°E 37.68°E 37.76°E 37.84°E 37.92°E

Figure 1. Spatial locations of IAP RAS (red crisscross) site, MEM sites (blue rectangles: MSU, CHE,
KOZ, GUR), and the Balchug weather station (blue rectangle: BAL).

The CH4 measurements obtained at the IAP RAS site were compared with the data
from four urban air quality monitoring sites (Kozhuhovo (KOZ), Guriyanova (GUR), MSU,
Cheremushki (BUT)) belonging to the Moscow Ecological Monitoring (MEM) network
(https:/ /mosecom.mos.ru/, accessed on 27 February 2023). The MEM network meets the
requirements of the World Meteorological Organization for air quality monitoring systems
in cities.

To describe the meteorological conditions around the IAP RAS site, meteorological
data from the Balchug meteorological station (WMO ID 27605), located ~1 km to the north
(55°44 N, 37°37 E, 124 m a.s.l.), were employed. Since variations in topography heights
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across the Moscow city and adjacent areas are very low (from 120 to 250 m a.s.l.), any
differences among the measurements at the IAP RAS site and MEM sites are attributed
completely to the spatial variations of the emission sources and (partially) to prevailing
wind directions in a particular season.

A completely automatic measurement complex developed at IAP RAS was used for the
measurements. Almost all the instruments were placed in all-weather racks, temperature-
controlled at +32 °C, and located in open air [21,22] (see Figure S1 in the Supplementary
Materials). The CH, and 5'3C were measured with the G2132-i instrument manufactured
by Picarro Inc. (Santa Clara, CA, USA) which employed the cavity ring down spectroscopy
(CRDS) technique. The instrument has a measurement range of 1.8-12 ppmv and a precision
of +0.005 ppmv for methane [23]. Accuracy for §!3C is about +0.8%o. The time resolution
of the instrument was about 30 s. Air inlet was the downward funnel located 2.5 m above
ground, with PTFE tubing with 1/4” OD and 3 m length. Air flow via this inlet was
maintained at approximately 1.5 L/min (whereas the instrument itself had an air flow less
than 0.05 L/min), with an additional pump used to reduce the transit time from the air
inlet to the instrument.

This instrument was earlier used by the present authors to measure methane mixing ra-
tio and 5'3C onboard the research vessel in the Arctic [24,25]. All the measurements showed
a good reliability of the instrument, with no faults or malfunctioning having occurred.

The instrument was first calibrated with the secondary standard which wasa 1 L
compressed air cylinder with known concentrations of methane and §'3C provided by
the Norwegian Institute for Air Research (NILU). That secondary standard was calibrated
in NILU by the primary standard known as NOAAO04 [26] for CH4 and by the method
described in [13] for §13C. The relative accuracy for that secondary standard was found
to be not exceeding 0.03% for CHy and 0.1% for §'3C. As a result of calibration by that
secondary standard, the calibration correction factor for the instrument was thus defined.
Then, the calibrated instrument was used to measure true concentrations in cylinders
with gas standards provided by Linde Gas Rus company (Balashikha, Russia) with a
significantly better accuracy (Table S1), namely about 0.05%, than that of the standards
themselves. Subsequently, those gas standards were used to check the long-term stability
of the instrument readings, with calibrations carried out in several months’ time intervals.
A traditional pneumatic scheme was used for applying gas standard to the instrument at
atmospheric pressure, with a rotameter to check vent air flow. The maximum difference
in the instrument readings in different calibrations over almost 1.5 years did not exceed
0.005 ppmv, which is within the range of the instrument accuracy declared by the manu-
facturer (see above). Thus, no additional calibration factors were added. The instrument
readings were stable within its declared accuracy. Calibration results are provided in the
Supplementary Materials.

Carbon monoxide (CO) concentration was measured using the 48 S instrument pro-
vided by Thermo Inc. (Waltham, MA, USA) with a 60 s response time and a range limit
of 0.05-10 ppmv. Ozone (O3) concentration was measured by the 1008-AH instrument
provided by Dasibi Inc. (Glendale, CA, USA) with a 60 s response time and a range limit of
1-1000 ppbv.

Benzene was measured by a compact-type proton-transfer-reaction mass spectrometer
(PTRMS), provided by Ionicon Analytik GmbH (Innsbruck, Austria) in 2008. To control the
instrument and to calculate measured concentrations, the native software PTR-MS Control,
version 2.7.1.302, was used. The main principles of PTR-MS operation can be found, for
instance, in [23]. The working parameters of PTR-MS operation were the following: primary
ions were H30+, and E/N = 149.9 Td (1 Td = 10-21 V m?) when Udrift = 600 V, pdrift = 2.0
mbar, and Tdrift = 333 K (60 °C) as default factory values. The levels of impurity ions NO+
(m/z 30), Ox+ (m/z 32), and cluster ions H3O+(H,O) (m/z 37) did not exceed 0.1-0.2%,
3-4%, and 0.3-0.4%, respectively, of the primary ion levels during measurements.

The original data were aggregated into 1 h averages provided there were at least 50%
valid data measurements in the hour. In the subsequent analysis, the terms winter and
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summer data refer to the periods of December—February and June—August of 2018-2020,
correspondingly. The daytime means (10:00-19:00 local time) of hourly methane, carbon
monoxide, carbon monoxide, and benzene mixing ratios for the whole observation period
from January 2019 to December 2020, which are further referred to as daytime data, were
employed in the correlation analyses. The subset of daily data was considered to be best
representative for the average composition of the Moscow air basin as the effect of vertical
mixing cannot be clearly separated from other processes contributing to the total species
variability at the site.

3. Results
3.1. Meteorology

The whole 2018-2020 observation period is characterized by anomalously warm
weather conditions for substantial parts of each season, with highly variable amounts of
precipitation for a particular season among different years.

Warm weather and heavy snowfalls persisted in January and February 2018, with air
temperature about 5 °C higher in January (Figure 2). Yet, at the end of February 2018, the
air temperature dropped below —20° several times. The amount of precipitation in winter
exceeded the normal value by more than 1.5 times. The air temperature in spring and
autumn 2018 was slightly higher compared to climatological normal for this period. The
summer of 2018 was anomalously warm and dry, resulting in total precipitation of 176 mm
per season vs. 250 mm of normal value. Warm summer smoothly turned into autumn.

Av. max
24 Av.
Av. min
16
O
— 8
0
-8
COL S > CT WO >0COoO-S > CcTS WO >0CcosS>cS was >0
© Q. > 8] © QO = O [N = O
BPsS<33°2402838s<33°3402888s<33°340248
2018 2019 2020

Figure 2. Average, minimum, and maximum daily average temperatures for each month of the
observed period.

The air temperature and the amount of precipitation in the winter season of 2018-2019
were close to respective climatological normals. Contrarily, the summer months of 2019
were hot and dry, with the amount of precipitation in August being one-third of the
climatological normal. The autumn was exceptionally warm and dry as well, with the air
temperature ranking the third highest in the history of meteorological observations, and
the total precipitation reaching only 67% of its climatological normal.

January 2020 was the warmest year on record in Moscow, with the stable snow cover
established only on January 23. The temperatures in Moscow were higher by 2.6 °C in
January and 6.3 °C in February 2020 compared to the climatological normals.

The beginning of spring 2020 was warm, but in April-May, the air temperature
dropped below the climatological normal. Summer and autumn 2020 were anomalously
warm and humid, with the autumn months being the warmest for the whole meteorological
observation record in Moscow starting from 1891.

The average 2018-2020 wind speed diagrams for winter and summer months are
plotted in Figure 3 for nighttime and daytime hours separately. Low wind speeds of
1 m/s or less obviously prevailed in Moscow in both seasons. The proportion of calm
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weather conditions was the highest for summer nights (Figure 3a) and the proportion of
wind speeds > 3 m/s was the highest in summer daytime hours. There was no significant
difference in wind speed between nighttime and daytime in winter (Figure 3b).

(a) Night Day

(b)

Day

Figure 3. Windspeed (m/s) diagrams for winter (a) and summer (b) of 2018-2020.

3.2. Surface CHy and 5'3C Variation
3.2.1. Interannual and Monthly Variations

Interannual variations in monthly mean CHy daytime mixing ratios at the IAP RAS
site ranged from about 0.05 to 0.1 ppmv. These variations were found to be generally
small compared to the amplitude of seasonal cycle (0.15-0.2 ppmv) and total spread of
daily values within a particular month (0.05-0.2 ppmv) (Figure 4a,c,e). Maximum CHy
levels were observed predominantly in winter (2.05-2.10 ppmv on average), reflecting
seasonal decrease in methane oxidation date, depth of the mixing layer, and rate of vertical
exchange between planetary boundary layer and free troposphere. The highest methane
variability on both interyear and seasonal scales was also seen in the cold season due to
proportionally higher contribution of distal methane sources via regional and long-range
transport processes (see more discussion below in Section 3.4.3).

Relatively small interyear variations in the CH4 abundance are most probably at-
tributed to the relative stability of the primary urban methane sources affecting the site. The
latter conclusion is supported by the similarly moderate interannual variability in the §'>C
values (Figure 4b,d,f). The most §13C depleted CHy is observed in summer of 2018-2019
(—=50%o) and in November and December of 2020 (about —50%. on average). Low s13C
values may indicate the predominance of CH4 emissions from local and remote microbial
methane sources (municipal drainage, landfills, aeration station, freshwater reservoirs) in
this period of observations.
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Figure 4. Monthly statistics of daytime (10:00-17:00 local time) hourly mean (a,c,e) CHs and
(b,d,f) 5'3C values observed in the years (a,b) 2018, (c,d) 2019, and (e,f) 2020 at the IAP RAS site
(cross—median, open square—mean, bars—10th—90th percentile range) and at the MEM network
(black line—medians, shaded area—10th—90th percentile range of hourly mean values across the
following stations with best correlation (R > 0.5) with the IAP RAS measurements: Kozhuhovo,
Guriyanova, MSU, and Cheremushki).

The IAP RAS CH,4 data show good agreement (R > 0.5) with the CH; measurements at
the MEM sites in Moscow (Figure 1) as any impacts of heterogeneity of the methane urban
emissions are averaged out on a seasonal scale (Figures 4 and 5). The similar consistency
was found for the CO and CO; data among the IAP RAS and MEM sites notwithstanding
substantial spread among the species levels on a particular day or hour. We can conclude,
finally, that the IAP RAS site data do provide consistent estimates on the measured species
abundances, with the latter being representative at least for the central part of the city.
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Figure 5. Monthly statistics of daytime (10:00-17:00 local time) hourly mean (a) CH, and (b) 513C
values observed in years 2018-2020 at the IAP RAS site (cross—median, square—mean, bars—10th—
90th percentile range) and at the MEM network (black line—medians, shaded area—10th-90th
percentile range of hourly mean values across the following stations with best correlation (R > 0.5)
with the IAP RAS measurements: Kozhuhovo, Guriyanova, MSU, and Cheremushki).

3.2.2. Diurnal Variations

The strength of anthropogenic pollutant sources in Moscow exhibited a weak diurnal
dependence and also varied with the day of week [12]. In summer (Figure 6a), CHy4
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mixing ratios at the IAP RAS site increased slightly during the nighttime (22:00-07:00)
due to accumulation of the CHy4 emissions near the surface, which results in diurnal CHy
maximum in early morning hours (06:00-08:00) (about 2.2 ppmv) prior to destruction of the
nighttime near-surface inversion and entrainment of air from the residual boundary layer.

@) _ o

CHa, ppmv

8'3C, %o

(b)

B1C, %e

: ]IIJ' 1|1 12 ‘1'3 14 15 16 17 18 19 20 21 22 23 24
Hour

Figure 6. Hourly mean (a) CHy (ppmv) and (b) 313C (%o) values observed in summer (a) and winter
(b) months of 2018-2020 at the IAP RAS site (cross—median, square—mean, vertical dotted line—the
10th-90th percentile range).

In winter (Figure 6b), the CHy levels were well below 2.2 ppmv with no significant
diurnal variations but with a substantial day-by-day variability, as mentioned above. Yet,
a weak diurnal variability of CHy in winter could appear at some times. The plot of the
hourly deviations from the daily CHy averages shows an increase in CHy values in winter
2018 (Figure 7a) between 08:00 and 12:00. The above feature is distinct in the data and most
probably associated with the prevalence of easterly winds in that season and associated
CHy transport from known industrial facilities located in the east part of the Moscow region.
Contrary, the diurnal cycle of CHy at the IAP RAS and MEM sites (Figure 7b,c) was very
suppressed under prevalence of westerly winds in winter of 2019 and 2020.

Diurnal changes in 5'C were insignificant both in summer and in winter, with sub-
stantial short-term variations at each hour. The mean 5'C values were about —50%. and
—49%o in summer and winter, correspondingly (Figure 6a,b).
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Figure 7. Hourly deviations of CHy from its daily averages in winter of (a) 2018 (east wind is
prevailing), (b) 2019 (east and west winds are prevailing), and (c) 2020 (west wind is prevailing) at
the IAP RAS site (cross—median, square—mean, bars—10th-90th percentile range) and at the MEM
network (black line—medians, shaded area—10th-90th percentile range across the following stations
with best correlation (R > 0.5) with the IAP RAS measurements: Kozhuhovo, Guriyanova, MSU,
and Cheremushki).

3.3. Impact of Wind Direction

According to Figure 8, the prevailing wind directions are from W and E-SE in winter
and from NE-E in summer, with no meaningful separation between the night- and daytime
hours. This feature holds for other seasons as well, so the final conclusion is that the
easterly winds cause enhanced methane levels at the site throughout the year, which is due
to the location of powerful CHy anthropogenic sources (natural gas facilities and fossil fuel
sources) upwind of the measurement sites in those directions. In summer, methane is more
depleted by §'3C (Figure 9) and varies generally in a wider range (Figure 10) than in winter.
The above features are explained by a comparatively large contribution from microbial CHy
sources (including remote ones) in warm periods which are also more spatially scattered,
similar to other biogenic emissions of minor species, compared to anthropogenic sources.
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Figure 8. CH, concentration according to the wind direction (in degrees; the North is set at 0°) from
the Balchug station (3 h data) in summer and winter of 2018-2020. Bar lengths (in %)—frequency of
CHy concentration records.
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Figure 10. Box plots of 3 h average CHy according to the wind direction sectors (1: 0-90°; 2: 90-180°;
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periods of the years 2018-2020. The shaded box is the interquartile range (25-75%). The horizontal
line inside the box is the median and the square is the mean value. The whiskers are minimum and

maximum values.

3.4. Urban CHy4 Sources
3.4.1. 813CH, in Urban Air

Frequency distributions of §!3CHy for different seasons at night- and daytime hours
are shown in Figure 11. In summer, the impact of 5!*C-depleted CHy sources (micro-
bial methane, see Table 1) is more significant than in winter, particularly at nighttime,
resulting in 5'3C values less than —49%. for more than 50% of measurements. In winter,
comparatively larger §!3C values are clearly prevailing, with §!3C > —50%. in about 75%
of measurements both for night- and daytime data. Such a positive shift also results in a
secondary maximum at a §!3C value of about —47 %.. Clearly, methane emissions associated
with fossil fuel and gas usage facilities (vehicle exhausts, natural gas leaks and storage)
prove to be the main CHy source at the IAP RAS site in a cold season. Yet, the significant
§13C peaks at < —50%0 both in summer and winter provide evidence for the important
contribution of microbial methane throughout the year.
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Figure 11. Frequency distribution of §'3C in different seasons and times of the day in 2018-2020.

3.4.2. CH4 Correlation with Other Urban Pollutants

To study the relationships of surface methane with other anthropogenic pollutants,
COy, CO, and benzene, and to determine the prevailing methane sources, we plotted
the orthogonal regression fits for 1 h summertime and wintertime data (Figure 12). The
figure shows a good correlation (R > 0.5) between CHy and other species, especially in
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winter (when most of the measurements were made). A high correlation (R > 0.7) was
observed between benzene, CO,, and CO in winter, which points out the shared sources
of these gases, namely, vehicle exhausts and thermal power plants. The CHy correlates
with CO and CO; in winter (R > 0.7) better than in summer (R = 0.5-0.6), which highlights
the role of fossil fuel sources (mentioned above) in the CHy emissions in Moscow in the
cold season. However, there are high CHy values (hereafter, high-methane episodes) seen
mostly as outliers in the scatter plots. The outliers are most probably associated with
microbial emissions, as supported by the associated low §'3C values (Figure 13). These
sources of high methane may be located nearby (drainage, wastewater) as well as a few
tens of kilometers away (landfills around the town, water treatment plants, Moscow river),
producing spatially coherent atmospheric plumes of the CHy reaching air transported to
the measurement sites (see more discussion in Section 3.2). Because of the highly episodic
nature of high-CHy events, we exclude them from the correlation analyses by filtering out
the part of the data with [CHy] > 2.2 ppmv (~2% of the whole dataset). Such simple data
filtering was found to be the most effective among the other outlier treatments and results
in markedly stable results of the correlation analyses and overall consistency between the
CHy,, benzene, and CO data (Figure 14).
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Figure 12. Orthogonal regression fits of 1 h data in summer (a) and in winter (b) of 2018-2020. Red
circles are high-methane episodes (CHy > 2.2 ppmv).
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Figure 14. Orthogonal regression fits of 1 h daytime (10 a.m.-19 p.m.) CHy data in winter (a), spring
(b), summer (c), and autumn (d) of 2018-2020. High-CH, episodes (CH,4 > 2.2 ppmv) are excluded.
The solid line is the best fit via orthogonal linear regression. Linear fit equation and R values are

shown for all panels.

3.4.3. Contribution of the Urban CH4 Sources

We used the simultaneously measured methane (CHy), carbon monoxide (CO), and
benzene (BENZ) mixing ratios to assess the contributions of the urban sources to the
measured methane levels through analyses of the daytime [CH4]-[BENZ], [CH4]-[CO], and
[COJ-[BENZ] correlations (Figure 14). In the midlatitude troposphere, the chemical lifetime
for benzene is relatively short in the summer (~1-2 weeks) but greatly increases in the winter
months following a seasonal change in tropospheric hydroxyl abundance [27], causing this
compound to be involved in long-range atmospheric transport. Yet, background benzene
levels were found to be much lower compared to typical levels in urban air (see, for
example, [28] and references therein) as its primary regional sources are strongly connected
to spatially localized urban areas with high population density. This allows the use of
benzene as a marker of traffic and industry emissions particularly in urban environments.
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Contrarily, the higher atmospheric lifetime of CO due to lower oxidation rate along with
strong contribution of both spatially localized (industrial and biomass burning) emissions
and distributed CO sources (due to oxidation of biogenic hydrocarbons and methane)
makes it an efficient tracer of polluted air on both regional and hemispheric scales [29].

In our study, we considered enhanced CO and benzene levels as an indicator of the
urban air pollution to infer a regional component of the measured methane level. Using
daytime (10 a.m.—19 p.m.) mixing ratios of the measured species as representatives for the
composition of urban PBL as a whole, one can write the model equations:

[CH4] = [CHylpase + a1([COJ] — [COlpase), (1)

[CH4] = [CHylsum + a2[BENZ]. @)

Here, [CHylpase and [COJpqqe are baseline CHy and CO levels, with the respective
quantity for [BENZ] assumed to be negligibly small compared to the typical measured
urban benzene levels, and [CHylsum represents a sum of [CHylpase and A[CHylmicro+-
A[CH4]micro+ is @ contribution of other sources of methane apart from traffic and industry
emissions (microbial methane, natural gas and oil storage, natural gas leakages).

Assuming linear (on average over a set of atmospheric conditions) dependence of the
atmospheric benzene and CO abundances on their emission rates, the ratio of slope rates
ap/a; will be equal to the average BENZ/CO emission ratio for all the pollution sources
affecting the urban environment.

We estimate [CH4]sum, [CHalpase, 21, and ap on a seasonal basis through orthogonal
regression of the observed CH,4 mixing ratios ([CH4]gps) onto the measured benzene and
CO mixing ratios according to Equations (1) and (2). For either Equation (1) or Equation (2),
a ratio of standard deviations of the corresponding independent and dependent variables
was used as an estimate for the respective ratio of error variances, with the latter being
utilized in the standard orthogonal least squares (OLS) procedure.

The seasonal average values [COJp,se Were estimated from a subset of ([BENZ],
[CO)ops data points corresponding to the lowest 5% of the observed benzene mixing
ratios. This was found to be a reasonable approach, taking into account the lack of any
regular CO observations in rural areas around the Moscow town as evidenced from our
comparison of the [COJy,qe values against available sparse data in the vicinities of the
Moscow town obtained during TROICA experiments [30]. Average contributions from
vehicle exhausts and industry (A[CH4Jauto) and microbial and other activity (A[CHalmicro+)
were then estimated as follows:

A[CH4lauto = a2 - < [BENZ] >, ®)

A[CI_LL]microJr =< [CH4]sum'[CH4]base >, (4)

where [-] marks a value estimated via OLS fit and <-> represents a seasonal mean. The
derived estimate for the regression slope a, was found to be well within the range of the
reported values for vehicle exhausts [31,32], which can be considered as an independent
test for the present estimates for A[CHyJauto. Our final estimates are summarized in Table 2,
with the standard deviation of each estimate calculated via the error propagation rule [33].

One can see from Table 2 that the regional baseline mixing ratios of CH4 and CO are
subjected to a distinct seasonal cycle with a maximum in winter and a minimum in summer
as a result of seasonal changes in atmospheric oxidation power, height of the mixing layer,
and vertical exchange rate between the PBL and free troposphere (see more discussion, for
example, in [34]). It is of interest to compare the derived [CHy]pase Values against published
data for the same range of years for the Mace Head (MH) station, with the latter capturing
mostly chemical composition of air masses at the European inflow boundary. Although
some fraction of air measured at this station comes from the polluted areas on the continent,
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the amplitude and phase of the seasonal cycle of tracer species abundance at the Mace Head
is close to that for a subset of the data associated previously with Northern Hemisphere
midlatitude baseline (NHMLB) air. This allows for direct comparison between the Moscow
baseline and the MH methane values to assess the bulk contribution of all the upwind
methane sources, including those in the western part of the continent, to the observed
methane levels at the Moscow site. According to Table 3, the annual average difference
between the [CHyJp,ee and the MH values (A[CH4]w column) equals 0.044 ppmv, with
higher values produced in spring and summer (0.046 and 0.051 ppmv, correspondingly),
and lower ones in autumn and winter (0.040 ppmv on average).

Table 2. The observed season average CHy and CO daytime (10 a.m.—19 p.m.) mixing ratios and
estimated contributions of road transport ([CHyJauto) and microbial activity ([CHg]micro+) at the IAP
RAS site. All units are in ppbv for better understanding. Natural variability for [CH4] and [CO]
hourly data along with uncertainty estimates for A[CHyJauto and A[CHylmicro+ Values is provided as
+10 (standard deviation) about the mean.

Season [CH4] [CO] A[CH4]aut0 A[CH4]micr0+
Winter 2033 + 43 206 + 76 0.17 £ 0.08 40.8 £97.9
Spring 2038 £ 53 199 + 83 0.18 £ 0.09 42.8 +124.8
Summer 1992 4+ 39 163 £+ 56 0.14 £ 0.09 159 £91.7
Autumn 2013 + 26 167 £ 54 0.10 £ 0.10 259 +48.5

Table 3. The estimated baseline CHy and CO mixing ratios (+10) (ppbv) at the IAP RAS sites;
A[CH4lw and A[COlyy are the differences between the seasonal average baseline mixing ratios in the
Moscow region and Mace Head [31] sites. All units are in ppbv for better understanding.

Season [CH4]base [Co]base A[CH4]W A[CO]W
Winter 1992 + 88 141 +£ 25 41 18
Spring 1995 £+ 113 143 424 46 11
Summer 1976 + 83 135+ 19 51 41
Autumn 1987 + 41 115 + 08 38 3

The similar comparison between CO data shows contribution from upwind continental
sources to the Moscow baseline CO levels (A[COJW column) ranging from 0.003 ppmv
in autumn to 0.041 ppmv in summer. Contrarily to the methane data, there is no regular
seasonal cycle revealed for the A[COlyy values, probably due to the comparatively more
scattered nature of the CO data at the IAP RAS in spring and associated higher uncertainty
in the derived estimates compared to the observational data subsets for the other seasons
(Figure 15). Yet, the summertime A[CHylw and A[CO]y values are clearly seen to be
substantially higher compared to those in winter, which is in opposition to the seasonal
decrease in the CH4 and CO levels at the MH site and the respective baseline CH4 and CO
levels and IAP RAS sites in the warm period.
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Figure 15. Keeling plots for high-methane episodes (>2.2 ppmv): winter (blue points), summer (green
points), and spring—autumn (orange points) of 2018-2020.



Atmosphere 2023, 14, 830

16 of 20

In spite of the coexisting summertime maximum in A[CH4]JW and A[CO]W values, the
origins of the above feature are probably different for each species. In the case of methane,
emissions from inland ecosystems are the most probable reason for the derived 20% increase
in A[CHy4]w value in summer over that in winter, which is not far from the estimated ratio
of anthropogenic to wetland emissions in the western part of North Eurasia based on
EDGAR [35] and wetCHARTS [36] datasets. In the case of carbon monoxide, increased
oxidation rates for natural nonmethane hydrocarbons along with emissions of biomass
burning seem to be the most important sources of the 2.2-fold increase in summertime
A[CO]W value compared to that in winter. One may conclude that upwind continental
sources of CH4 and CO, both anthropogenic and biogenic, contribute appreciably to the
observed regional levels of the above species at the IAP RAS site.

An impact of vehicle exhausts (A[CHjaJauto) is very low compared with A[CHylpase
and A[CH4]micro and is more important in winter and spring months due to the most
loaded roads in rush hours in these seasons compared to summer and fall, according to the
research of Yandex.ru (https://yandex.ru/company/researches/2017 /moscow_traffic_20
17, accessed on 27 February 2023) and strong vehicle exhausts.

An impact of microbial and other CHy sources (A[CH4]micro+) Was estimated to be the
highest in winter and spring with a wide range variation of (A[CH4]mjcro+) in all seasons,
especially in spring and summer. As mentioned above, A[CH4]mjcro+ is mainly supposed
to be the sum of several local sources: municipal drainage, gas and oil storage and leaks.
Warm winter, spring, and autumn months observed and described in Section 3.1 could
activate microbial decay processes and increase the part of microbial CHy in A[CH4]micro+-

3.4.4. Keeling Plots for the High-Methane Episodes

To study CHy sources with the prevailing impact on CH4 concentration at the IAP
RAS site, we used the Keeling plot method [37]. According to this approach, §'3C values
are plotted against the inverse of the CH4 mole fractions to calculate the isotopic signature
of the methane source responsible for the CHy excess over the background. Thus, the
intercept of the plot §!3CHy vs. 1/CHy from an atmospheric sample gives the mean
isotopic signature of CHy sources. Since urban air contains mixed emissions from different
sources, it is difficult to obtain convincing Keeling plots and separate CH, sources. The
exception is the high-methane episodes (CH4 > 2.2 ppmv), which took place in all seasons
of the measurements and lasted from 2 to 6 h (no more than 10% of data).

Keeling plots for the high-methane episodes in 20182020 (Figure 15) show very low
values of 13C: —58.61 & 0.83%. and —57.61 & 0.88%o, for summer and spring-autumn
episodes, correspondingly, and —66.48 £ 2.84%. for winter episodes. Such signatures
(Table 1) can characterize an impact of the 13C-depleted CH, transported from landfills,
aeration station, and the Moscow River located in the southeast of the Moscow region
(Figure S2). The warm winter of 2020 characterized by positive air temperatures (Figure 2)
could lead to snow thawing and activation of CHy microbial emissions from urban water
ponds and landfills.

Three-hour backward HYSPLIT trajectories for the high-methane episodes confirm air
transport from the east-southeast of Moscow (as was also shown from the analysis of CH4
concentration according to the wind direction from the Balchug station (Figure 8)) where
microbial CHy sources are located (Figure S2).

The obtained results show an important impact of remote CH, microbial sources and
oil storages on CHy concentration in the center of the city, which can help in targeted
mitigation efforts.

4. Conclusions

The January 2018-December 2020 measurements of CHy mixing ratio and its stable
isotope 13C along with CO and benzene at the novel IAP RAS site in the center of Moscow
city were used to estimate the contributions of various methane emission sources to the
observed CHy levels under a range of pollutant mixing conditions.
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Observations demonstrate stable methane levels throughout the year, ranging from
2.05-2.10 ppmv in winter to 2.02-2.06 ppmv in summer on a monthly basis, with the
observed seasonal variation controlled by both the local emissions and long-range transport
from upwind sources.

Low §!3C values in summer (<—49%o in more than 50% of observations) provide
evidence for a comparatively more significant contribution of microbial CHy sources to
the observed CH4 abundance and seasonal variability. In winter, the influence of sources
enriched by 5'3C (natural gas facilities and fossil fuel sources) is found to be more significant
compared to the microbial ones, with §13C > —50%. in about 75% of night- and daytime
measurements. The most '>C-depleted CH, (up to —56 %) is observed in the anomalously
warm and dry summers of 2018 and 2019 as well as in November and December of 2020,
marked with warm weather conditions as well, indicating an impact of the methane
emissions from microbial sources (municipal drainage, landfills, aeration station, and
freshwater reservoirs) on CHy concentration at the center of Moscow in these periods.

In the CHy diurnal cycle, there is a nighttime increase in methane levels in summer (up
to 2.6 ppmv) which is likely attributed to the methane accumulation under the nocturnal
inversion layer due to nearby sources and across-city transport from microbial CHy4 sources
in the east and southeast parts of Moscow. The latter was most frequently observed in
winter months under anticyclonic weather conditions. Diurnal changes in §'3C values were
found to be insignificant both in summer and in winter, supporting the emission sources
affecting the site being independent of any particular time of day.

The regional baseline mixing ratios of CHy ([CHyJpase) and CO ([COlpase), as well as
contribution of urban methane emissions due to vehicle exhausts (A[CHylauto) and the
other sources (mainly microbial activity and gas facility and storage systems) (A[CH4]micro),
were estimated from orthogonal regression fits for the daytime CHy4, CO, and benzene data
on a seasonal basis. The baseline mixing ratios of CH4 and CO show a distinct seasonal
cycle with a maximum in winter and a minimum in summer as a result of seasonal changes
in atmospheric radiation and transport processes. Comparing the derived [CHylp,ge values
against published data for the same range of years for the Mace Head (MH) station shows
a significant contribution of long-range transport to the baseline CHy and CO levels in
the region of Moscow. The annual average difference between the [CHyJp,qe and the MH
values (A[CH4]w) equals 0.044 ppmv, which is comparable to the annual amplitude of the
observed methane variability in Moscow itself (0.042 ppmv).

The similar comparison between CO data showed the contribution from upwind
continental sources to the Moscow baseline CO levels (A[COly), equaling 0.018 ppmv in
winter and 0.041 ppmv in summer, compared to the annual amplitude in the observed CO
mixing ratio of ~0.043 ppmv. In the case of methane, emissions from inland ecosystems are
the most probable reason for the derived 20% increase in A[CHy]w value in summer over
that in winter, whereas increased oxidation rates for natural nonmethane hydrocarbons
along with emissions of biomass burning seem to be the most important sources of the
summertime A[CO]y maximum. We conclude, finally, that continental sources of CHy and
CO, both anthropogenic and biogenic, contribute appreciably to the observed baseline and
urban levels of the above species at the IAP RAS site.

The estimated impact of vehicle exhausts (A[CHyJauto) on the measured CHy levels is
found to be much lower compared to the other urban sources and more important in winter
and spring months due to the seasonally enhanced traffic loading in the Moscow city.

High-methane episodes (>2.2 ppmv) were investigated separately to the main body of
data to assess possible contribution of specific emission sources contributing to these events.
We found that about 70% of §!*C measurements during the high-CH, episodes were related
to the 813C values < —50%.. Keeling plots of these episodes in different seasons of 2018-2020
show the intercept value of about —58.6 &= 0.8 %o and —57.6 £ 0.9%. for summer and spring—
autumn episodes, correspondingly, and —66.5 £ 2.9%. for winter. Such isotope signatures
are most probably associated with CH, transport from the southeast Moscow region where
large CH4 microbial sources (landfills, water treatment plants, and the Moscow River)
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are located. This transport in the form of spatially coherent plumes can also contribute
to the higher A[CHylmicro+ values in winter and spring compared to other seasons. The
anomalously warm weather conditions in some winter, spring, and autumn months of the
measurement period are obviously related to the observed enhanced contribution of the
microbial methane sources to the measured CHy levels at the IAP RAS site.

This study is supposed to provide, for the first time, important insights into the long-
and short-term variations of CHy levels in Moscow city in connection to the local (urban)
emissions and long-range transport from upwind continental sources. The results will
contribute to elaboration of a default emission inventory in air quality modeling and help
to identify the areas for targeted mitigation efforts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14050830/s1, Figure S1: Picarro G2132-i instrument located
inside the all-weather rack and its readings during a calibration; Table S1: Instrument calibration
results (ppmv) by gas standards provided by Linde Gas Rus; Figure S2: Backward trajectories
initialized at 950 hPa vertical level at the IAP-RAS site location with open circles showing 3 h
segments. Triangles show potential sources of high CH, mixing ratios observed at the IAP-RAS site:
green—wastewater handling facilities, violet—landfills (https://ru.wikipedia.org, accessed on 27
February 2023).
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