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ABSTRACT. Atmospheric precipitation acts as a significant pathway for pollutants from the atmosphere to the Earth's
surface, and analyzing urban precipitation data on intensity, fallout regime, transfer patterns, and solid particle content helps
identify pollution sources. For the first time in the Moscow megacity, the levels of soluble forms of potentially hazardous
elements (PHEs) in atmospheric precipitation were studied during the whole summer season of May-September 2019. The
concentrations of Al, As, B, Ba, Be, Bi, Cd, Ce, Co, Cu, Fe, La, Li, Mn, Ni, P, Pb, Rb, Sb, Sn, Sr, and Zn were determined using
inductively coupled plasma mass spectrometry and atomic emission spectroscopy methods. The research underscores the
crucial role of atmospheric precipitation in washing PHEs out of the atmosphere. In May and September, concentrations
of PHEs surpass the warm-season average. Notable contamination in May stems from elevated traffic during vacations,
extensive burning of plant debris and wood, and pollen transport. Summer months are characterized by reduced forest
and agricultural fires, traffic, and increased vegetation, leading to lower PHE concentrations, especially in July, with typical
amount of precipitation contributing to pollutant dispersion. Elevated PHE levels in September are observed due to increased
traffic load, biomass burning, and the expansion of unvegetated soil areas. Rainwater is enriched with Sb, Pb, Cd, Zn, Cu, B,
Bi, P and Sr, sourced from vehicle emissions, soil particles, industry, construction dust, biomass burning, and forest fires.
Moderate enrichment with Ba, Mn, Ni, Co, and Sn also occurs episodically. Regression analysis highlights solid particles’role
as a major PHE source in rainwater, with the longer antecedent dry periods and the higher acidity level of rain intensifying
the accumulation of PHEs. Long-range transport plays a lesser role, with Southern and Northern Europe, Western Siberia, and
the central part of European Russia contributing meaningfully.
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INTRODUCTION toxic elements and compounds present in rainwater. Joint
analysis of the data, including factors such as precipitation

Atmospheric precipitation plays a crucial role in the  intensity, duration of preceding dry periods, long-range
global hydrogeochemical cycle (Seinfeld and Pandis 2016;  transport patterns, atmospheric dust levels, etc,, facilitates
Bezrukova and Chernokulsky 2023), acting as a significant ~ the identification of weather conditions leading to the
pathway for transporting atmospheric pollutants to  highest levels of contamination in precipitation with
the Earth's surface (Zeng et al. 2024a). Observations of  toxic elements and compounds, as well as assessing the
atmospheric parameters and the chemical composition  frequency of such events (Vlasov et al. 2021a, 2021b;
of precipitation in urban areas yield valuable insights  Adhikari et al. 2023; Rathore et al. 2023; Zeng et al. 2024b).
into both local and remote sources of pollution, which Analyzing the chemical composition of atmospheric
determine the levels of heavy metals, metalloids, and other precipitation allows for the assessment of the intensity
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of washing out and deposition of potentially hazardous
elements (PHEs), including carcinogens such as As, Cd, Pb,
Be, Ni, and Co, as well as those causing systemic toxicity to
the body or specific organs and systems, such as Sb, Zn,
Cu, Sn, Ba, Mn, and others (Bayramoglu Karsi et al. 2018;
Orlovi¢-Leko et al. 2020; Tsamos et al. 2022). Therefore,
PHE content in atmospheric precipitation has been
extensively studied worldwide. In Russia, such studies are
often conducted in background areas, while the analysis
of PHEs in urban precipitation is less frequent (Chudaeva
et al. 2008; Yanchenko and Yaskina 2014; Semenets et al.
2017; Stepanets et al. 2021; Bezrukova and Chernokulsky
2023). In Moscow, the largest megacity in Europe, the
content of organic compounds in individual rain samples
has been analyzed (Polyakova et al. 2018), the ratio of PHE
forms in spring precipitation in 2018 and 2019 has been
determined (Chubarova et al. 2020; Vlasov et al. 20213,
2021b), and the role of precipitation in the purification of
the atmosphere from metals and metalloids accumulated
in aerosols in April-July 2020 was assessed (Kasimov et al.
2023). However, the content of PHEs in precipitation and
its variability throughout the entire warm period (May-
September) in Moscow megacity has not been studied in
detail.

Therefore, the study aims to examine the distribution
of PHEs in atmospheric precipitation in Moscow during the
entire warm period, when the influence of heating-related
pollution is less pronounced compared to the increased
contribution from other sources: vehicular traffic, industrial
enterprises of various sectors, soil and road dust particle
resuspension, forest and agricultural fires in the Moscow
region, controlled burning of biomass and waste, etc. Data
from measurements conducted at the Meteorological
Observatory of Lomonosov Moscow State University (MO
MSU) were used.

We focused on solving the following problems: (1)
to determine the content of PHEs and its variability in
atmospheric precipitation during the studied period based
on observation data; (2) to identify the main sources of
PHEs; and (3) to analyze the influence of the precipitation
amount and the properties of rainwater, as well as air
advection regions, on the content of PHEs in precipitation.

MATERIALS AND METHODS

TheMeteorological Observatory of LomonosovMoscow
State University (55.707° N, 37.522° E) is located in the MSU
Botanical Garden, far from local industrial pollution sources
and highways;and can be considered a background city site
(Chubarova et al. 2024). For characterizing meteorological
conditions during the analyzed period, we used standard
meteorological measurements and compared them with
monthly means over 60 years of observations since 1954
(Chubarova et al. 2014).

Precipitation samples (N=56) were taken at a height of
2 m from the ground surface using a vinyl plastic funnel
(80x80 cm) and a white plastic bucket. Each case of rainfall
was considered from the beginning to its end on the
current or adjacent days separately: there were 11 cases
in May (May 2, 3,5,8,9,10, 13, 15, 16, 23, and 30), 8 cases
in June (8, 14, 22, 26, 27, 28, 29, 30), 14 cases in July (2, 3,
6,11,12,13=-14, 16, 17, 18, 19, 20, 24, 25, 31), 12 cases in
August (2, 3,4,5,7,9,10,15,16,17,18,19),and 11 cases in
September (5, 14, 15,16, 17,18, 20, 22, 24, 29, 30).

In precipitation samples, pH and specific conductivity
(EC, uS/cm) were determined using potentiometric and
conductometric methods, respectively. To isolate soluble
forms of PHEs, samples were filtered through Millipore©

filters with pore diameters of 045 um. The filters were
weighed on an analytical balance “Discovery DV114C”
(Ohaus, Greifensee, Switzerland; repeatability: 0.1 mq)
before and after filtration (with preliminary drying) to
determine the mass of suspended matter on them and,
accordingly, the content of solid particles in precipitation
samples.

The concentrations of Al, As, B, Ba, Be, Bi, Cd, Ce, Co,
Cu, Fe, La, Li, Mn, Ni, P. Pb, Rb, Sb, Sn, Sr, and Zn in the
resulting solution were determined at the N.M. Fedorovsky
VIMS laboratory using inductively coupled plasma mass
spectrometry (ICP-MS) and inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on the “iCAP Qc”
mass spectrometer (Thermo Scientific, USA, produced
in 2017) and “Optima-4300 DV" atomic emission
spectrometer (Perkin Elmer, USA, produced in 2018)
according to certified methods (NSAM Ne 520 AES/MS
2017). The VIMS laboratory is accredited by the Analytics
International Accreditation System (AAS.A.00255) and the
national accreditation system (RA.RU21GP11); it meets
the requirements of the International Standards ISO Guide
34:2009, ISO/IEC 17025:2017, and ISO/IEC 17043:2010.
The VIMS laboratory is also accredited to certificate
measurement techniques and provides metrological
examinations in the Russian Federation (accreditation
certificate No.01.00115-2013). Standard reference materials
“Trace metals in Drinking Water (TMDW)" (High-Purity
Standards, USA) and blank samples were utilized. The limit
of detection (LOD) for PHEs were as follows (ug/L): Al, 0.78;
As, 0.066; B, 0.043; Ba, 0.021; Be, 0.002; Bi, 0.004; Cd, 0.003;
Ce, 0.003; Co, 0.009; Cu, 0.16; Fe, 6.6; La, 0.0015; Li, 0.004;
Mn, 0.07; Ni, 0.054; P, 10; Pb, 0.038; Rb, 0.011; Sb, 0.04; Sn,
0.012; Sr, 0.027; Zn, 0.32. For low concentrations of PHEs
(<5 LOD), the relative standard deviation did not exceed
20%, and for higher concentrations of PHEs (>5 LOD), the
relative standard deviation did not exceed 10%.

Due to the substantial variability of soluble PHE
concentrations in precipitation from one episode to
another, volume-weighted concentrations were calculated
to compare individual months and periods (Eq. (1)):

Cw=(z (CixXi))/Xs

where Ci and Xi are PHE concentration (ug/L) and
the precipitation amount (mm) in the i-th episode of
precipitation, Xs is the precipitation amount for the
averaging period, i.e., for the entire studied warm season
or for a separate month (mm).

One of the most common methods, known for its
simplicity and efficiency, was chosen to identify sources of
PHEs in atmospheric precipitation. It involves calculating
the enrichment factors (EF) (Eq. (2)):

EF = (Ci/CAI)/(Ki/KAI)

M

)

where (i and C,; are the concentrations of the j-th and
reference (Al) elements in the precipitation sample, and
Ki and K, are the abundances of the i-th and reference
elements in the upper continental crust. We used the
crustal abundances provided by R.L. Rudnick and S. Gao
(2014), ug/g: Al, 81,505; As, 4.8; B, 17; Ba, 624; Be, 2.1; Bj,
0.16; Cd, 0.09; Ce, 63; Co, 17.3; Cu, 28; Fe, 39,180; La, 31; Li,
21; Mn, 774; Ni, 47; P, 655; Pb, 17; Rb, 84; Sb, 0.4; Sn, 2.1; Sr,
320; Zn, 67. Aluminum was used as the reference element,
as in most other studies of precipitation composition in
cities around the world (Ozsoy and Ornektekin 2009; Guo
et al. 2014; Cable and Deng 2018; Xu et al. 2022; Adhikari
et al. 2023). It is considered that EF < 10 for soluble PHEs
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indicates their natural sources (predominantly derived
from the continental crust). If EF falls within the range of
10-100, anthropogenic sources are likely present, and
when EF > 100, PHEs have anthropogenic sources (Chon et
al. 2015).

To assess the difference in PHE content in rainwater
from episode to episode, the geochemical range (GD) was
calculated (Eq. (3)):

GD = (Cmax/cmm) 3)

where C__and C_ are the maximum and minimum
concentrations of the same PHE in the precipitation sample
for the entire study period, respectively.

For comparison of dissolved PHE concentrations across

different months, a"growth index”Ks was calculated (Eq. (4)):

Ks=(Cwm/Cwave) )

where Cw_and Cw,_ are the volume-weighted
concentrations of a chemical element in the respective
month and over the entire study period (May-September),
respectively.

Foracomprehensive assessmentofeachrainfallepisode
in terms of the level of all studied PHEs simultaneously,

normalization was conducted (Eq. (5)):
C'=(C,—C .)/(C e ) (5)
min max min
where C and C’ are the original and normalized
concentrations of PHEs in the ith rainfall episode,
respectively, and C__and C_ are the maximum and
minimum concentrations of PHEs over the entire
warm period, respectively. Then, the total normalized
concentrations of PHEs (NM) in the i-th rainfall episode can
be determined as follows (Eq. (6)):

NM=), o ©)

where jrepresents all considered PHEs (in our case, j =1,
2,3,..,20,21,22).

Descriptive statistics and correlation analysis were
carried out using the Statistica 10 software by routine
methods. Multivariate regression analysis was conducted
to investigate the factors influencing PHE concentration in
atmospheric precipitation using the method of regression
(decision) trees with dendrogram construction in the
SPLUS software (Kosheleva et al. 2015, 2023).

To identify possible regions of air mass advections
for each rain sampling date, backward trajectories were
constructed using the HYSPLIT transport-dispersion model

(Stein et al. 2015; Rolph et al. 2017), available on the READY
website'. The modeling was conducted for heights of 500,
1000, and 1500 m above ground level, with a time interval
of 96 hours from 3 pm Moscow time (12 pm UTC) on the
precipitation event date.

RESULTS AND DISCUSSION
Meteorological conditions during May-September, 2019

May-September 2019 was marked by variable weather
conditions, significantly affecting Moscow’s air pollution.
Monthly mean values of the main meteorological
parameters in comparison with long-term observations
are shown in Table 1. One can see specific conditions in
May 2019, when air temperature, water vapor pressure, and
precipitation were significantly higher due to the prevailing
advection of warm, humid air masses. During this month,
the mineralization of precipitation was also very high
compared to the 1981-2013 means (Table 1). June was
characterized by an increase in air temperature by 16%
and a decrease in precipitation by 10% compared to the
1954-2013 means. This happened due to the prevalence of
anticyclone conditions, which can also be seen in positive
atmospheric pressure deviations. The mineralization of
precipitation during this month was close to the 1981-2013
mean. The situation changed in July, when due to the high
frequency of cyclones over Moscow the air temperature
was lower, the precipitation level was close to the norm,
and the mineralization of precipitable water decreased by
22% compared to the 1981-2013 mean. In contrast, August
and September had less precipitation, which changed the
total mineralization of precipitable water. Compared to
the averages from 1981 to 2013, mineralization was 14%
lower in August and 54% higher in September. On average,
the warm period of 2019 was characterized by a higher
temperature (5%), lower precipitation (-19%), and higher
mineralization of precipitation (16%).

Levels of PHEs and their variability in the warm season

The series of PHEs in descending order of average
concentrations in precipitation at the MO MSU in the
warm season is shown in Fig. 1, where the minimum and
maximum concentrations of each PHE, the median, and
the 25% and 75% quartiles are also indicated. The highest
concentrations in precipitation are characteristic of the
macroelements Fe, Al, and Pb. In terms of content levels in

Table 1. Main meteorological parameters during the warm period of 2019 at the Meteorological Observatory of
Lomonosov Moscow State University? and their deviations from the monthly mean values over the 60-year period of
measurements (Chubarova et al. 2014)

. Air temperature, deg, C | Water vapor pressure, hPA | Atmospheric pressure, hPa | Precipitation, mm | Mineralization, mg/L

renoc T deviation, % e deviation, % P deviation,% | X | deviation,% | M | deviation, %
May 164 23% 11.3 23% 990.9 -0.2% 64.0 17% 325 51%
June 19.8 16% 13.2 5% 994.6 0.5% 68.7 -10% 17.1 -3%
July 16.6 -13% 137 7% 984.8 -0.5% 79.6 -2% 119 -22%
August 164 -4% 13.6 -2% 992.2 0.1% 529 -32% 14.0 -14%
September 12.5 10% 10.8 4% 992.1 0.0% 22.1 -65% 24.7 54%
Sepr)\i\(jr{’:ber 16.3 5% 12.5 3% 990.9 0% 575 -19% 20.0 16%

"http://www.arl.noaa.gov/HYSPLIT.php
2 www.momsu.ru
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rainwater, other elements form the following descending
sequence: P > 7Zn >Ba > Sr>Mn > Cu > Sb >B > Ni >
Rb > Co > Li > Cd > Ce > As > La > Sn > Bi. Deviation
from the order of elements by decreasing concentrations
in precipitation compared to the order of elements in the
continental crust is typical for Pb, Zn, Cu, Sb, Cd, and As,
which is associated with the anthropogenic supply of
these PHEs (Vlasov et al. 2023a; Kasimov et al. 2024).

Variations in precipitation amounts, coupled with
changes in the intensity of PHE inputs into the atmosphere
fromnatural and anthropogenic sources, resultin significant
differences in PHE content in rainwater in Moscow from
episode to episode, which is generally typical for other
cities worldwide. These differences are characterized by the
geochemical range (GD). In warm-season precipitation in
Moscow, the highest GD is observed for Sb (714), followed
by lower values for Sr (320) and P (252). GD ranges from 107
to 123 for Ba, Al, and Ce, from 80 to 95 for La, Mn, and Co,
decreasing to 43-56 for Pb, Rb, Li, Bi, B, and Cd, to 29-36 for
Fe, Be, Ni, and Cu, to 20-22 for Sn and Zn, and to 12 for As
throughout the study period (Fig. 2).

A high GD indicates episodes of exceptionally high
concentrations of individual PHEs, attributed to various

Cw, ng/L
10000 - M8

1000 +

100

10 A

0.1 A

0.01 -

0.001

reasons: intense emissions from local sources, long-range
transport of contaminated aerosols (including those
from regions experiencing active forest fires), substantial
resuspension of soil or road dust particles into the
atmosphere, dissolution of solid carbonate particles washed
out by acidic rains, etc. For instance, spikes in Sb levels in
rainfall on certain days might result from vehicle emissions,
the long-range transport of enriched Sb atmospheric
aerosols, waste and biomass burning (Gubanova et al.
2021; Ozaki et al. 2021; Serdyukova et al. 2023; Popovicheva
et al. 2024). The latter source can also supply P (Meng et
al. 2022); and Sr can come from construction sites (Amato
et al. 2009). A more detailed analysis of the PHEs' probable
sources is given below.

PHE and

Relationship  between concentrations

precipitation properties

Elevated concentrations of Sr during specific episodes
are caused by the dissolution of atmospheric particles of
construction carbonate dust that is washed out by rain
since Sr is often a geochemical companion of Ca and Mg
in carbonates (Borsato et al. 2016). The increase in Al, Ce, La,

Fe Al Pb P Zn Ba Sr Mn Cu Sb B Ni Rb Co Li Cd Ce As La Sn Bi

1

Fig. 1. Volume-weighted concentrations of PHEs in rainwater for the warm season (May-September 2019) on the territory
of MO MSU. Elements are ordered by decreasing average concentrations (red dots connected by a red dotted line). “Box”
shows 25% and 75% quartiles, line in the “box” shows the median, “whiskers” show minimum and maximum values of PHE

concentrations
GD
1000 -
100 A
10 T T T T T T T T T T T T T T T T T T T T T 1
Sb Sr P Ba Al Ce LaMnCo Pb Rb Li Bi B Cd Fe Be Ni Cu Sn Zn As

Fig. 2. Geochemical range (GD, the ratio of maximum concentrations to minimum) of PHEs in rainwater precipitation from
May to September 2019 on the territory of MO MSU
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Li, Co, Fe, and other PHE levels may result from soil particle
resuspension and their dissolution in acidic rainwater
(Amatoetal.2009;Vlasov et al.2021b,c). Thisisaccompanied
by an increase in the content of solid particles in the rain,
likely due to prolonged antecedent dry periods, allowing
particle accumulation in the atmosphere. This relationship
is supported by high Spearman rank correlation coefficients
(’5) between PHE content in solution and solid particles in
rain samples (Table 2), ranging from 0.82-0.85 for Co and
Mn, 0.74-0.75 for Li, Zn, and Rb, 0.60-0.66 for Be, Ni, Sr, Cd,
Bi, La, and Ce, and 0.46-0.59 for other PHEs, except Pb.
Partial dissolution of soil and road dust aerosol
components may contribute to an increase in precipitation
pH since water extraction from soils and road dust in Moscow
has an alkaline reaction (Kosheleva et al. 2018; Kasimov et al.
2019: Vlasov et al. 2022). Under alkaline conditions, anionic
elements and some complexing agents can transition from a
suspended to a dissolved phase, while cationic PHEs tend to be
more soluble in acidic conditions. Thus, significant negative rs
values are observed between the content of specific cationic
elements (Li, Al, Fe, Pb) in rainwater and pH, while rs values for
other PHEs are insignificant. Low pH can be both a cause of
increased PHE solubility and an indicator of PHE input from
industrial emissions and thermal power plants supplying

sulfates, as well as transportation sources that release nitrates,
leading to atmospheric precipitation acidification to pH 5
and below. Additionally, chlorides from deicing agents also
contribute to the acidification of atmospheric precipitation in
Moscow (Eremina et al. 2015; Zappi et al. 2023).

One of the main factors leading to the reduction in PHE
levels in rainwater as precipitation increases is linked to
dilution (Song and Gao 2009; Park et al. 2015; Ma and Kang
2018), which is sometimes also called the “rain-scour effect”
(Zeng et al. 2020). During the warm season in Moscow,
dilution effects were observed for all PHEs, most notably for
Ni (r, = -0.74), Li (-0.69), 5r (-0.68), Zn (-0.67), Mn (-0.64), Ba
(0.63), Cu (-0.62), Co (-0.61). Specific conductivity, reflecting
the presence of readily soluble compounds in rainwater, also
decreases with increasing precipitation amounts but rises
with PHE concentration in precipitation (Table 2).

These factors influence the varying levels of PHEs in
rainwater across different months. Table 3 presents the
monthly concentrations of PHEs in rainwater within the MO
MSU area during the 2019 warm season.

For comparison of dissolved PHE concentrations across
different months, a “growth index” Ks was calculated. The Ks
values for May, June, July, August, and September are shown
in Fig. 3.

Table 2. Spearman rank correlation coefficients (r) between PHE content in rainwater and precipitation amount, pH,
specific conductivity (EC), and solid particle content in rainwater (N=56)

PHE Precipitation amount pH EC Solid particle content
Mn -0.64 0.26 0.93 0.85
Co -0.61 0.24 0.91 0.82
Rb -0.53 0.20 0.88 0.75
Li -0.69 0.28 0.86 0.74
Zn -0.67 0.08 0.93 0.74
Sr -0.68 0.20 0.89 0.66
cd -0.24 0.01 0.70 0.66
Be -0.52 -0.06 0.78 0.65
Bi -0.41 -0.04 0.78 0.65
Ni -0.74 0.14 0.90 0.64
Ce -0.55 -0.13 0.89 0.62
La -0.57 -0.15 0.91 0.60
As -0.24 -0.03 0.65 0.59
Cu -0.62 -0.10 0.88 0.57
B -0.38 -0.06 0.75 0.53
Al -0.59 -0.29 0.81 0.50
Ba -0.63 -0.08 0.80 0.46
Sb -0.47 -0.20 0.66 0.43
Fe -0.50 -0.34 0.78 0.41
p -0.14 -0.12 0.45 0.40
Sn -0.45 -0.08 0.66 0.39
Pb -0.19 -0.59 0.39 0.05

Note. Significant r_ levels at p < 0.05 are highlighted in bold italics. Elements are ranked by r, for solid particle content.
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Table 3. Monthly volume-weighted concentrations of dissolved PHEs in rainwater on the territory of MO MSU during the
2019 warm season

Concentration in rainwater, pug/L
PHE
May June July August September

Li 0.11(0.045-0.29) 0.085 (0.034-0.52) 0.064 (0.022-0.29) 0.059 (0.012-0.55) 0.16 (0.080-0.32)
Be 0.007 (0.001*-0.018) 0.005 (0.001*-0.032) 0.004 (0.001*-0.014) 0.003 (0.001*-0.019) 0.007 (0.001*-0.037)

B 4.7 (1.9-8.8) 3.5(14-15) 24(0.66-54) 2.8(0.34-13) 3.9(1.5-13)

Al 90 (37-590) 34 (5.7-265) 26 (12-149) 41 (5.2-239) 86 (23-348)

p 213 (5.0%-1,259) 72 (14-387) 20 (5.0%-204) 9.2 (5.0*-60) 17 (5.0%-123)
Mn 19 (3.8-57) 9.8 (1.9-77) 7.2 (2.1-36) 7.3(1.0-82) 15 (7.1-40)

Fe 88 (23-348) 66 (26-382) 55(20-253) 63 (12-429) 110 (34-403)
Co 0.26 (0.022-1.0) 0.15 (0.054-0.81) 0.089 (0.029-0.46) 0.084 (0.013-0.84) 0.16 (0.069-0.44)
Ni 0.52 (0.11-1.7) 045 (0.13-2.6) 0.34 (0.12-1.5) 0.37 (0.11-2.5) 1.1(0.70-3.4)
Cu 6.4 (1.8-19) 6.6 (2.5-33) 4.6 (2.1-16) 4.0(1.1-23) 9.2 (2.8-20)

Zn 48 (16-157) 34 (12-178) 27 (11-133) 25(9.1-164) 46 (19-126)

As 0.14 (0.033*-0.36) 0.048 (0.033*-0.41) 0.033*(0.033%-0.033%) 0.047 (0.033*-0.23) 0.046 (0.033*-0.23)
Rb 0.55(0.19-1.8) 0.36(0.18-1.8) 0.24 (0.087-0.80) 0.17 (0.038-1.0) 0.38(0.15-0.75)
Sr 12 (4.1-36) 7.5(3.7-42) 7.2 (22-72) 7901.7-71) 48 (5.9-535)
cd 0.16 (0.036-0.35) 0.11 (0.043-0.56) 0.11(0.019-0.29) 0.047 (0.013-0.22) 0.12 (0.048-0.45)
Sn 0.019 (0.006*-0.089) 0.010 (0.006*-0.13) 0.008 (0.006*-0.056) 0.011 (0.006*-0.043) 0.023 (0.006*-0.081)
Sb 55(2.3-18) 0.20 (0.041-1.6) 0.79 (0.14-13) 34(0.53-29) 26(0.88-11)

Ba 28 (13-92) 6.5 (2.0-42) 10 (5.1-69) 19 (3.2-130) 51 (11-252)

La 0.047 (0.012-0.14) 0.034 (0.006-0.19) 0.018 (0.005-0.091) 0.023 (0.002-0.16) 0.043 (0.010-0.11)
Ce 0.079 (0.019-0.25) 0.057 (0.009-0.32) 0.033(0.012-0.14) 0.039 (0.003-0.27) 0.065 (0.019-0.17)
Pb 84 (22-258) 99 (53-161) 56 (24-140) 41 (9.0-214) 66 (4.6-225)

Bi 0.019 (0.006-0.091) 0.023 (0.006-0.064) 0.008 (0.002*-0.033) 0.006 (0.002*-0.025) 0.013 (0.007-0.027)

Note: Average monthly concentrations of PHEs are provided, with minimum and maximum concentrations in parentheses.
*Concentration as half the limit of detection LOD
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Fig. 3. The levels of growth index (Ks) for PHEs in precipitation on the territory of MO MSU. Ks shows the ratio between the
concentration of PHE in individual months of 2019 relative to the average concentration of the same PHE over the entire
study period (May-September 2019)
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In May, concentrations of all PHEs, and in September,
concentrations of all PHEs, except Pb, Bi, As, and P, were
higher than the average for the entire warm season (Fig. 3).
Significant pollution by Sb, Cd, Cu, Pb, Bi, Sn, Zn, and B in
May can be attributed to increased transportation activity
due to the beginning of the active suburban travel season.
Additionally, the burning of large quantities of plant residues
in suburban areas and wood coal in forest parks during the
May holidays contributed to the release of As, Rb, P, Sb, Sn,
and Cd into the atmosphere. Active transport of plant pollen
containing P, Mn, Cu, and Zn also played a role. Immature
vegetation cover and large open soil areas also impacted
the emission of enriched particles (especially Al, Ce, La, Fe,
Mn, Rb, Sr, and Ba), increasing PHE levels in precipitation.

During the summer, a reduction in the transport load
due to the holiday season and the end of the school year,
along with a decrease in the surface area of soils with sparse
vegetation cover, caused many of these factors to diminish.
This led to lower PHE concentrations in summer rains
compared to the warm-season average. July recorded the
lowest pollutant concentrations due to relatively high rainfall
and prevailing cyclonic circulation with effective dispersion
of contaminants (Table 1).

In September, high PHE concentrations in rain were
associated with significantly lower precipitation (21.3 mm),
which was 65% below the monthly norm and also notably
less than in other months (Table 1). This resulted in reduced
dilution and, consequently, higher PHE concentrations.
Moreover, in September, many residents returned from
vacations, transportation loads increased, work on harvesting
and preparing for the cold season (including burning of
plant residues) was carried out in suburban territories, non-
vegetated soil areas increased, and the heating season began
at the end of the month, leading to increased emissions
of PHEs into the atmosphere and consequently higher
concentrations of chemical elements in rainwater. The highest
Ks in September was found for Sr, possibly due to intensified
construction and road works near the MO MSU area, which
released a large amount of carbonate dust enriched with this
metal. The P content in September rains was lower than the
warm-season average, as well as the levels in May, June, and
July, possibly due to the reduced role of plant pollen in the
transport of this element in autumn compared to spring (the
highest Ks for P was noted in May).

NM
16 -

14 1
121

104}

H ol 1

I

H

Regions of air advection and their influence on the
content of PHEs in rains

Figure 4 illustrates the variations in total normalized
concentrations (NM) from May to September 2019. Several
episodes exhibited notably high concentrations of PHEs in
rainwater: the May holiday period (May 2-8), May 13, June
8and 22, July 14 and 31, August 2 and 15, September 5 and
18. We previously found that the May holiday period was
characterized by active traffic loads and resuspension of soil
and road dust particles, leading to a sharp increase in the
concentrations of soluble and particulate-bound insoluble
PHEs in atmospheric precipitation (Chubarova et al. 2020;
Vlasov et al. 2021b, 2023a). Additionally, biomass burning
and forest fires contributed substantially to atmospheric
aerosol pollution, as indicated by elevated black carbon
concentrations (Popovicheva et al. 2020).

Between May 2 and 8, as well as on May 13, Moscow
experienced prevailing air advection from Southern Europe
and the southern regions of European Russia, where
agricultural activities causing soil wind erosion and forest
and agricultural fires were intensified (Fig. 5). Emissions from
thermal power plants could have also exerted an additional
influence on precipitation pollution during this period since
the obtained backward trajectories pass over areas with large
coal-fired power plants in Southern Europe and European
Russia (Global Coal Plant Tracker 2024). In other episodes
with high normalized PHE concentrations (June 8 and 22,
July 14, and September 5), regional sources significantly
influenced air and precipitation pollution (Fig. 5).

At the end of July and the beginning of August, air
advection from the north of Western Siberia prevailed,
resulting in PHE contamination in precipitation due to forest
fires and emissions from oil and gas extraction facilities
(Fig. 6), as confirmed by NASA data on fire outbreaks along
the path of air masses (FIRMS 2024). During rainfall events
on August 15 and September 18, air advection from the
northern parts of Europe predominated (Fig. 6).

Episodes of precipitation with low normalized PHE
concentrations in rainwater are notably distinct. These
include episodes on May 16, June 29, and September 22,
when air advection from the North Atlantic prevailed, on July
12 from the Arctic, and on July 20 and August 10 from the
Arctic and the northern regions of Northern Europe (Fig. 6).
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Fig. 4. Normalized concentrations of PHEs (NM) in atmospheric precipitation on the territory of MO MSU during the warm
season of 2019. Red arrows indicate episodes with a significant increase in normalized concentrations relative to other
days; blue arrows indicate a significant decrease. For some of these episodes, calculations of backward trajectories are

presented in Fig. 5 and Fig. 6
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Fig. 5. Backward trajectories (NOAA HYSPLIT) with an endpoint at the MO MSU for dates with a high content of PHEs
in precipitation: upper graphs show advection from Southern Europe and southern Russia (May 2, 5, 8, and 13); lower
graphs show the impact of regional sources of pollution (June 8 and 19, July 14, and September 19)
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Sources of potentially hazardous elements

Figure 7 presents the average, median, minimum,
and maximum EF values in Moscow rains during
the warm season. The highest levels of enrichment,
indicating clear anthropogenic sources, are observed
for Sb (average EF = 10,317), Pb (8,348), Cd (2,233), Zn
(1,113), Cu (420), B (365), and Bi (167). P (180) and Sr
(131) also belong to this group; however, the influence
of anthropogenic sources for these two elements is only
evident during specific precipitation episodes, primarily
in May and June for P and in September for Sr.

The most probable and active sources of Sb, Cd, Zn,
Cu, B, and Bi are non-exhaust vehicle emissions, such as
wear and tear of clutch components, brake systems, tires,
and road surfaces, along with the resuspension of road
dust and soil particles. For instance, brake pads and linings
contain Cu, Sb sulfides, Zn borates, and other compounds
(European Borates Association 2011, Hulskotte et al. 2014;
Grigoratos and Martini 2015; Alves et al. 2018; Budai and
Clement 2018; Ramirez et al. 2019). Similarly, tires contain
significant amounts of Zn and Cd, making tire abrasion a
source of PHEs in the atmosphere (Harrison et al. 2012; Pant
and Harrison 2013). In Moscow, the resuspension of road
dust can significantly contribute to air and precipitation
pollution. It is known that road dust, especially its fine
fractions with diameters less than 10 pm (P!\/\m) and less
than 1 um (PM,), is highly enriched with Sb, Zn, Pb, Cd, Bj,
Sn, and W (Fedotov et al. 2014; Ermolin et al. 2018; Kasimov
et al. 2020, 2024; Ladonin and Mikhaylova 2020; Vlasov et
al.2021¢, 2023b; Ivaneev et al. 2023; Kolesnikova et al. 2023;
Vetrova et al. 2023).

PHEs can additionally originate from industrial
emissions in the city, particularly from metal processing
and engineering plants, non-ferrous metal treatment,
metallic parts manufacturing, etc. (Demetriades and
Birke 2015; Zheng et al. 2018; Serdyukova et al. 2023).
Additionally, they can be emitted during the resuspension
of contaminated particles from urban soils (Gunawardana
et al. 2012; Harrison et al. 2012; Padoan et al. 2016; Morera-
Goémezetal.2020; Konstantinova et al. 2022; Moskovchenko
et al. 2022). In Moscow, the top horizons of urban soils are
contaminated with Pb, Cu, Cd, Zn, Bi, Sn, W, Cr, Mo, and
other PHEs (Kosheleva etal. 2015, 2018; Ermakov et al. 2017;
Romzaykina et al. 2021; Vlasov et al. 2022). Soil particles can
serve as significant sources of Sr and P, while Sr primarily

originates from carbonate construction dust emissions
and dust generated during building demolition (Amato et
al. 2009), and P comes from bioaerosols, biomass burning,
forest fires, and asphalt wear (Feddes et al. 1992; Yang et
al. 2011; von Gunten et al. 2020; Wada et al. 2020; Meng et
al. 2022). Fires and controlled biomass and waste burning
can also be sources of other PHEs with high EFs, such as
Sb, Pb, Cd, Bi, Zn, and Cu (Kumar et al. 2015; Jain et al. 2018;
Bencharif-Madani et al. 2019).

The factors mentioned above play a lesser role in
enriching atmospheric precipitation with the second
group of PHEs, characterized by moderate £F levels ranging
from 10 to 100: Ba (EF = 69), Mn (31), As (24), Ni (24), Co
(18), and Sn (15). These PHEs are predominantly emitted
during biomass and waste burning and the resuspension
of soil particles (Christian et al. 2010; Niyobuhungiro
and Blottnitz 2013; Konstantinova et al. 2024). The third
group mainly comprises PHEs originating from natural
(terrigenous) sources such as soils, rocks, and the transport
of background aerosols. In Moscow’s precipitation, this
group includes Li (EF = 9), Rb (8), Be (4), Fe (3), rare earths
La (1.8) and Ce (1.5), as well as Al. In small quantities, Rb can
be emitted during the combustion of plant residues and
coal (Grivas et al. 2018), while Fe originates from road dust
particles, emissions from metal processing facilities, and
mechanical abrasion of metallic vehicle parts (Grigoratos
and Martini 2015). Thus, the contribution of the second
and third groups of PHEs to atmospheric precipitation is
sporadically linked to anthropogenic influence, with the
highest contribution often coming from mixed natural-
anthropogenic sources (resuspension of contaminated soil
and road dust) and natural sources (long-range transport
of background aerosols and rock particles).

Multivariate regression analysis of factors contributing to
the accumulation of PHEs in atmospheric precipitation

The collected data were analyzed through multivariate
regression to quantitatively assess the role of factors
influencing the accumulation of PHEs in rainwater. The
regression tree method was used, with dendrograms
constructed to illustrate the relationship between the
concentrations of individual elements and three groups
of factors: (1) meteorological conditions, including the
amount of atmospheric precipitation and the duration of
the antecedent dry period; (2) below-cloud interactions,

EF
100000 -
10000 - [&]-
1000 - J ) é
> L
100 + H N
| | P
T T T T T T T T T T T T T T T 1 T T T 1 T 1 1
017Sb Pb Cd Zn Cu B Bi P Sr Ba Mn As Ni Co Sn Li Rb Be Fe La Ce

Fig. 7. Enrichment factors (EF) for PHEs in atmospheric precipitation on the territory of MO MSU in May-September 2019.
PHEs are ordered by decreasing mean EF values (dots connected by a dotted line). “Box” shows 25% and 75% quartiles, the
line in the “box” shows the median, “whiskers” show minimum and maximum EF values
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characterized by the pH of precipitation and the content
of solid particles in rainwater; and (3) long-range transport,
which determines the influx of PHEs from various regions
identified through backward trajectory analysis.

The calculations revealed that for most PHEs, namely Li,
Zn, La, Ce, Min, Co, Rb, Sb, As, Bi, Cd, Sn, and P, solid particles
are the primary factor intensifying their concentration
in atmospheric precipitation. The partial dissolution of
this material contributes to rainwater pollution (Table 4).
In second place in importance, this factor was identified
for Ni, Be, and Fe, while in third place, it was found for Lij,
Cu, Zn, La, Ce, B, Al, Bi, and Cd. For Al and Pb, precipitation
acidity emerged as the primary accumulation factor, likely
associated with the partial dissolution of solid particles.
This is because the solubility of these elements increases
significantly with a considerable reduction in the solution’s
pH, as previously demonstrated in spring precipitation in
Moscow (Vlasov et al. 2021b). The pH level is the second
most significant accumulation factor for Sb and P, and it is
the third for Rb, Be, Fe, Pb, Bi, and Cd.

The length of the antecedent dry period preceding
rainfall, an increase of which contributes to the
accumulation of pollutants in the atmosphere (which are
subsequently washed away by rain), notably impacts the
accumulation of Be and B in precipitation. This factor ranks
second in importance for Cu, Pb, As, Bi, Sr, and Ba, and third
for La, Mn, Pb, and Sn. The primary factor affecting the
content of soluble Ni, Fe, Cu, Sr, and Ba in rainwater is the
amount of precipitation. An increase in precipitation tends
to decrease the level of contamination by these metals due
to dilution. This factor ranks second in importance for Lj,
Zn, Ce, Mn, Co, Rb, Al, Pb, and Sn, and third for Ni, Cu, Be, B,
Sb, and Fe.

Long-range transport from other regions significantly
contributes to the accumulation of most PHEs, ranking
additionally as the second most significant factor for
Cu, Mn, Rb, B, Fe, and Cd. Advection from Northern and
Northwestern Europe leads to a noticeable increase in
La, Ce, Rb, B, Sb, Al, Pb, As, Bi, Cd, and Sn concentrations.
Significant rises in the levels of Li, Cu, Zn, La, Ce, Mn, Co, Rb,
Be, B, Sb, Al, Fe, As, Bi, Cd, Sn, P, and Ba are observed during
advection from the northern European Russia and Western
Siberia. Conversely, advection from the southwest of
European Russia, Southern Europe, and the Mediterranean
typically results in increases in Li, Cu, Be, B, Sb, Al, Fe, Bi, Cd,
Sn, and Ba content. Furthermore, regional sources in the
central part of European Russia supply Li, Cu, Ce, Mn, Co,
Sb, Al, Fe, Sn, and P.

An analysis of dendrograms for Sb, Pb, Cd, and Zn,
characterized by the highest EFs, is of particular interest. It
is essential to identify combinations of influencing factors
that lead to their minimum and maximum concentrations
(Fig. 8).

The predominant factor influencing the concentration
of Sb in atmospheric precipitation in Moscow is the
presence of solid particles in rainwater. When their
content exceeds 53 mg/L, the Sb concentration increases
by 3.3 times, presumably due to the transition of Sb
from suspended matter to solution (Fig. 8a). Conversely,
when the suspended matter content is < 53 mg/L, Sb
concentrations increase by 3.6 times in acidic precipitation
with a pH < 4.5 compared to precipitation with a pH > 4.5.
In the latter scenario, the reduction in Sb concentration due
to dilution is influenced by the amount of precipitation,
particularly at levels above 3.4 mm, resulting in a fourfold
decrease in the metalloid content. Although atmospheric

Table 4. Factors of PHEs accumulation in atmospheric precipitation on the territory of MO MSU during
the warm season of 2019

Factors Li|Ni|Cul|Zn|Lla|Ce|Mn|Co|Rb|Be| B | Sb | Al'| Fe Po | As| Bi [Cd|Sn| P | Sr|Ba
pH N/AIN/AIN/A| 4- [N/AIN/AIN/AIN/AL 3- | 3- | 4- 2- 1- 3- [ 15 3-[N/A| 3- | 3- [N/A] 2- [N/A[N/A
Below-cloud 1+
interactions | Solid particle | 1+, | 2+, 34 |34, T+ [ 1+, T T 2+, 34 1+, 3 2+, 4+ |14 T+, | 1+, 14114 INAINA
content 3+ | 4+ 4y 34| 3+ 4+ 5+ 4+ 34| 3+
Amountof | o | 1o 1ol 125t o o o 3| 3e | 2o | 1m3] 2= Al s Al 2 Al - |-
Meteorological | Precipitation 3| 3 5-
conditions
Antecedent 1 s Inyal 2+ [N/A| 3+ [N/a] 34 /AL 4+ | 1+ | 14 | nva Al A | 250 | o | o+ [Nva] 3+ Al 24 | 2+
dry period 3+
3+ 2| 4,
A 4+ [N/A| 2- | 3+ | 4+ 4 24 | 34+ 2- |4+ | 2-| 4- | 3-[2-,4+]| 3- | 3-]| 4 4 |4y 3+ [N/A| 3-
B 4+ [N/A| 2+ | 3+ | 4+ ‘? 24 | 3+ | 2+ | 4+ | 24+ |4+, 4-| 3+ | 2+ | N/A| 3+ |44 | 2+ | 4+ | 3- [N/A| 3+
C 4- IN/A| 2- | 3- | 4 i 24| 3| 24| 4| 2- |4, 44| 3- | 254 | 3- | 3|4+ i 4- | 3+ |N/A| 3+
Long-range D a (A 2| 3 |4 | 27 2o |3 (2 | 4 24 |44 | 34 [ 24| 30 [ 34| 4| 2+ | 4] 3 (Al 3
transport 4+ 4-
E A+ [N/A| 24| 3- | 4- | 3-| 2- IN/A| 2- | 4+ | 2+ |4-, 4+ | 3+ | 2-,4+| 3- | 3- |4+ | 2+ A:r 3- [N/A] 3+
F ar A 2= 3[4 | 3 o 3| 2o | a4 | 2 4- 44| 3- | 24 4-| 3+ | 3-| 4- 2l g | 3 /A 3
4+ 4+
3+ 2-, | 4,
G 4+ [N/A| 2+ | 3- | 4- 4 24| 3+ | 2- [N/A] 2- | 4+ | 3+| 2+ 3- | 3-] 4- 4o | ay 3+ |N/A| 3-

Note: Ranks from 1 to 5 indicate a decrease in the significance of the factor: “+" shows a situation where an increase in the indicator

uon

contributes to an increase in the concentration of PHE,

shows a situation where an increase in the indicator contributes to a decrease

in the concentration of PHE. Regions of advection (long-range transport): A, northern European Russia, Arctic; B, northern European
Russia, Arctic, Western Siberia; C, North Atlantic and Scandinavia; D, Northern and Northwestern Europe; E, southwest of European
Russia, Ukraine, Southern Europe, Mediterranean; F, the southern part of European Russia and northwestern Kazakhstan; G, the center of

European Russia (regional sources). N/A, not available.
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Fig. 8. Factors of accumulation of Sb (a), Pb (b), Cd (c), Zn (d) in atmospheric precipitation in Moscow. Regions of
advection (long-range transport): A, northern European Russia, Arctic; B, northern European Russia, Arctic, Western
Siberia; C, North Atlantic and Scandinavia; D, Northern and Northwestern Europe; E, southwest of European Russia,

Ukraine, Southern Europe, Mediterranean; F, southern part of European Russia and northwestern Kazakhstan; G, center
of European Russia (regional sources)

advections have minimal impact, elevated Sb levels are
attributed to sources in northern European Russia and
Western Siberia, as well as during advections from Northern
and Northwestern Europe.

The primary accumulation factor for Pb is pH. In acidic
rainwater with a pH < 5.1, Pb concentrations tend to double
(Fig. 8b), especially with a precipitation amount of less than
2.4 mm. Moreover, rainwater pollution with Pb intensifies
with more extended antecedent dry periods. A rise in Pb
concentrations in precipitation occurs when air masses
originate from regions D and F, namely, during advection
from Northern and Northwestern Europe, from the
southern part of European Russia, and from the northwest
part of Kazakhstan. The alkalization of precipitation with a
pH > 5.9 reduces the solubility of Pb, leading to its minimal
concentrations.

The main determinant for Cd, similar to Sb, is the content
of solid particles in precipitation, with a similar threshold
of 53 mg/L delineating sample divisions, above which Cd
concentrations in rainwater triple (Fig. 8c). When suspended
matter concentrations are below 53 mg/L, the region of
advection significantly influences Cd content in rainwater: Cd
levels increase during advections from the northern regions of
European Russia and Western Siberia, as well as from Northern
and Northwestern Europe, the southwest of European Russia,
Southern Europe, and the Mediterranean, especially when
precipitation pH is below 5.0.

It is noteworthy that Zn follows a similar pattern, with
the solid particle content threshold above which metal
concentrations increase by 2.9 times also being 53 mg/L
(Fig. 8d). When suspended matter concentrations fall
below 53 mg/L, Zn content in rainfall is influenced by the
amount of precipitation: upon exceeding an amount of 2.4
mm, metal content decreases by 2.4 times due to dilution,
and an increase in rainfall acidity is accompanied by a
slight rise in Zn concentrations. With amounts less than 2.4
mm, precipitation pollution with Zn intensifies, driven by
regional sources situated in the central part of European

Russia as well as during advections from the northern
regions of European Russia and Western Siberia.

CONCLUSIONS

The research has confirmed a significant role of
atmospheric precipitation in washing out PHEs from the
atmosphere. The concentrations of all PHEs in May, and the
content of all PHEs, except Pb, Bi, As, and P, in September,
exceeded the warm season’s average. Significant
contamination of precipitation in May is associated with
heavy traffic activity during the vacation season, extensive
burning of plant residues and wood during the May holidays,
and pollen dispersion. During the summer months, with
the reduction of significant forest and agricultural fires, the
decrease in vehicular traffic, and the development of grass
and deciduous cover, the concentrations of most PHEs
decrease. This trend is particularly evident in July, when
typical amounts of atmospheric precipitation occur due
to active convection in cyclonic conditions, aiding in the
dispersion of pollutants. In September, against the backdrop
of a small amount of precipitation, there is an increase in
PHE concentrations due to increased transportation activity,
intense biomass burning during agricultural activities, and
the expansion of unvegetated soil areas.

For the first time, data obtained for Moscow on the
distribution of PHEs in atmospheric precipitation during the
warm season showed significant enrichment of rainwater
with Sb (EF > 10,000), Pb (> 8,000), Cd, Zn (1,000-2,000), Cu,
B, Bi, P.and Sr (100-500). The main sources of PHEs are non-
exhaust vehicle emissions, resuspension of contaminated
soil particles, emissions from industrial facilities, transport of
construction dust, biomass and waste burning, and forest
fires. Additionally, precipitation shows moderate enrichment
with Ba, Mn, Ni, Co, and Sn (EF 15-69), with their input from
the mentioned sources occurring episodically. The content
of PHEs increases with reduced precipitation amounts and
increased levels of solid particles and pH in rainwater.
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Multivariate regression analysis identified the leading
factors affecting PHE concentrations in  Moscow’s
precipitation. For most elements, solid particles serve as a
significant source of PHEs, with their accumulation in the
atmosphere increasing with the duration of dry periods and
their partial dissolution being particularly pronounced in
acidic rainfall. During the warm period of 2019, long-range
transport was also a significant factor: episodes with very
high concentrations of PHEs in rainwater were identified,
during which air advection from Southern Europe and
southern regions of European Russia predominated, or the
contribution of regional pollution sources dominated, or a
significant contribution was made by advection from the
north of Western Siberia, where forest fires were observed.
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