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Abstract: Wet deposition is influencing air quality because air pollutants are washed away from the
surrounding air. Consequently, particulate matter and associated compounds are transported in the
rainwater and enter into soil, surface waters, and groundwater. Nonpoint sources of heavy metals
from stormwater runoff have increased in urban areas due to industrialization and the increasing
impervious surfaces. In this work, we present an assessment of the rainwater composition regarding
the nutrients and other physicochemical characteristics measured in three locations selected in Tar-
goviste city, Romania, a city that had a specialized steel factory and important metallurgical facilities.
The rainwater was collected using three PALMEX rain samplers and then was transferred to high-
density polyethylene bottles and analyzed using ICP-MS. PM2.5 concentrations were also monitored
continuously using optical monitors calibrated using a gravimetric sampler. A detailed analysis of
the heavy metals content in rainwater and PM was presented for the pollution episodes occurring in
October and November 2019. Backward trajectories were computed using the HYSPLIT model for
these periods. The results showed that the PM2.5 ranged from 11.1 to 24.1 µg/m3 in 2019, while the
heavy metals in collected rainwater were (µg L−1): 0.25 (Cd) − CV = 26.5%, 0.10 (Co) − CV = 58.1%,
1.77 (Cr)−CV = 24.3%, 377.37 (Ni)−CV = 27.9%, 0.67 (Pb)−CV = 74.3%, and 846.5 (Zn) − CV = 20.6%.
Overall, Ni, Pb, Cr, and V had significant correlations between the concentrations from rainwater
and PM. Negative associations were found between precipitation events and heavy metals both from
rainwater and PM, but only a few showed statistical significance. However, this could explain the
“washing” effect of the rain on the heavy metals from PM2.5. The potential sources of nitrogen in
the rainwater collected in Targoviste could be from burning fossil fuels and the soils, including both
biological processes and fertilization resulting from the intensive agriculture in the piedmont plain in
which the city is located. Based on the results, rainwater monitoring can constitute a reliable method
for air quality characterization. Additional research is required to better understand seasonality and
sources of heterogeneity regarding the associations between PM and rainwater composition.

Keywords: rainwater; heavy metals; nutrients; chemical composition; PM2.5; HYSPLIT backward
trajectory; Targoviste city

1. Introduction

Efficient monitoring of air quality in urban areas implies integrated monitoring, proper
infrastructure, and forecasting tools to evaluate population exposure and support local
authorities in adapting appropriate plans to reduce air pollution levels, particularly particu-
late pollution [1]. During rainy days, air pollutants are washed away from the surrounding
air, thus increasing the quality of the air (wet deposition) [2]. Humans have been collect-
ing water for use since ancient times. Both wastewater and rainwater must be managed
in such a way that it does not pose a risk to human health and does not endanger the
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comfort of the population. This is ensured by the conventional sewerage methods, which,
however, require considerable technical and financial efforts (execution and maintenance
of the sewerage system, retention basins for rainwater, facilities for rainwater discharge,
and treatment plants). Due to the considerable increase in impermeable surfaces in cities
and villages, the sewerage of rainwater is limited by the transport capacity of sewerage
networks [3]. The efficiency of treatment of existing systems is limited, and, in the case
of heavy rains, negative impacts on the environment might occur: the aquatic ecosystem
is frequently affected, extensive rains can cause floods, and rapid runoff of rainfall has
negative effects on water recovery capacity of groundwater resources [4]. Furthermore,
heavy metals can be ingested by drinking contaminated water. Nonpoint sources of heavy
metals from stormwater runoff within urban areas contribute to this contamination, and
acidic rain breaks down contaminated soils, consequently releasing the substances from
these soils into streams, lakes, rivers, and groundwater [5].

Particulate matter (PM), especially the high concentration of fine particles (i.e., PM2.5,
which is PM up to 2.5 µm (micro-meters in diameter)), is a problem in urban areas world-
wide [6]. The prolonged exposure in a PM-laden environment has been leading to signifi-
cant adverse health effects [7]. There is no sure evidence to date to establish a safe level of
exposure to humans [8]. For this reason, the improvement in monitoring programs, as well
as the initiation of new experimental approaches for a better estimation of exposure, must
be a priority in air quality planning from local to macro-regional scales [9].

PM monitoring is a very complex task having many unknowns, mainly due to the
multitude of sources from which they directly originate and the physicochemical changes
that occur in the atmosphere, which results in the formation of secondary particles [10].
Both chemical and physical compositions of particulate matter depend on various factors,
such as location, time of the year, and weather conditions. Major components of PM
include sulfate, nitrate, ammonium and hydrogen ions, trace elements (including toxic and
transition metals), organic material, elemental carbon, and crustal components [11]. PM
can also consist of at least 160 organic compounds and 20 metals (i.e., Ag, As, Ba, Be, Dc,
Ce, Cr, Co, Cu, Fe, Mn, Nd, Ni, Pb, Sb, Se, Sr, Ti, V, and Zn). Significant variations between
polluted industry zones and background sites for each heavy metal concentration have
been reported in the PM speciation [12,13].

The abundance of chemical species in PM has a seasonal dependency based on their
volatility and the influence of photochemical production of secondary species [14]. In [15],
coarse and fine particles were compared based on composition, common emission sources,
life span, and travel distances reported in the literature. It was noticed that PM2.5 contains
more hazardous chemical species, such as Polycyclic Aromatic Hydrocarbons (PAHs) and
heavy metals, which have carcinogenic, mutagenic, and/or teratogenic effects [16]. Various
health effects of PM2.5, ranging from more minor to very serious, are associated with its
specific chemical and physical components. Most studies did not find a direct link between
individual chemical species and health effects, suggesting that a combination of chemical
as well as physical properties of aerosols, i.e., mass, particle number, and surface area,
are contributing to adverse health effects [17]. While heavy metals have an influence
on chronic disease development in correlation with exposure time and bioaccumulation,
mainly in adults, PAHs have a direct toxic effect [18]. The US EPA and the EU have
identified a list of 16 priority PAHs for monitoring [13], from which Benzo(a)Pyrene (BaP)
is in the first carcinogenic group. The complexity of PM chemical speciation reinforces
the relevance of rigorous PM monitoring and associated micro-pollutants for reliable air
quality management [19].

Atmospheric deposition (resulting from precipitation events) together with dry de-
position of atmospheric particles have been found to be relevant nonpoint sources of
nutrients [20] and heavy metals to surface waters either from direct deposition on surface
water or from stormwater runoff [21].

Atmospheric precipitation shows increased variability in time, related to atmospheric
factors that facilitate the appearance of clouds and lead to the growth of elements in the
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clouds [22]. These include all the products of condensation and crystallization of water
vapors in the atmosphere, also called hydrometeors, which usually fall from the clouds
and reach the Earth’s surface in liquid form, solid, or in both forms at the same time.

In this context, the aim of the study was to assess the rainwater properties using sam-
ples collected from 31 rainfall events in three sites located in the urban areas of Targoviste
city, which still has several metallurgical plants. The samples were tested for pH, conduc-
tivity, dissolved nitrate nitrogen, and dissolved ammonia nitrogen. In this paper, the heavy
metals content of the rainwater collected from the rainfall events occurring in October
and November, which were months that recorded elevated concentrations of airborne
PM2.5 (potential pollution episodes), is analyzed and discussed. Backward trajectories
were computed to understand the potential sources of pollution. The rationale of the study
envisages establishing several pinpoints in developing proper plans for protection, and
enhancement of water quality, sediments, and living resources for surrounding surface
waters and also for air quality management in the area.

2. Materials and Methods

Targoviste is a Romanian city (44◦56′ N, 25◦26′ E, altitude 280 m) having around
74,000 residents. The city has a specialty steel plant and several metalworking facilities
which are located in the south (Figure 1). Due to economic constraints, production has
diminished significantly, leading to lower emissions compared to the previous decade.
However, pollution episodes with increased emissions have occurred in October and
November 2019, the precipitation event-mean concentrations (EMC) being analyzed in
detail in this work.
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northern monitoring point, a Casella Guardian 2 monitored the PM in parallel with the 
Rokidair microstation as a supplementary backup/validation method. 
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ber months. Blank filters were weighed on a Kern analytical microbalance and were la-
beled prior to use. The analysis for determining the content of metals was following the 
procedures described in [24] using graphite furnace atomic absorption spectrometry 
(GFAAS) on Analytik Jena ZEEnit 700 P spectrometer. The NIST SRM 1648a, Urban Par-
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Figure 1. Study area showing the positions of rain samplers and automated PM monitoring stations
in Targoviste city, Romania; arrow indicates the industrial area, and the associated picture depicts a
pollution episode with suspended dust from the metallurgical processes recorded on 7 October 2019,
5.00 p.m., before the rainfall events (8 and 10 October); labels show the hourly PM2.5 concentration
(µg m−3) recorded during the event; red areas—industrial zones.
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The sampling of rainwater was performed between 1 April and 31 November 2019,
using PALMEX RS1 B rain samplers. RS1 B is specially designed to store collected water
from rainfall for long periods without evaporation or other losses. This is a feature that
allows a better assessment of the rainwater composition (www.palmex.hr) (accessed on
25 November 2021). The samplers have a 3-L plastic bottle in which water enters from a
funnel and an intake tube. The collector bottle is unscrewed and changed from below. Water
collected in rain samplers from 3 locations was transferred in high-density polyethylene
bottles. pH was assessed using a Thermo Scientific Eutech pH 150 and conductivity with
an Oakton CON 6+. Nitrates and ammonium content was measured using a Hach Lange
DR 2800 portable spectrophotometer (https://www.hach.com/asset-get.download.jsa%
3Fid%3D7639982436) (accessed on 25 November 2021).

For the elemental analysis, all water samples were filtered (pore size 0.45 µm, cellulose
nitrate filters) and acidified using suprapure HNO3 65% (Merck, Kenilworth, NJ, USA),
1 mL of acid for every 100 mL of sample and then stored at 4 ◦C until analysis. Elements
were analyzed by quadrupole inductively coupled plasma with mass spectrometry (ICP-
MS, Perkin-Elmer ELAN DRC-e, Waltham, WA, USA) single collector with axial field
technology for trace elements, rare earth elements, and isotopic analyses. Standard solu-
tions were prepared by diluting a 10 µg/mL multielement solution (Multielement ICP
Calibration Standard 3, matrix 5% HNO3, Perkin Elmer Pure Plus).

PM was measured continuously using three Rokidair optical monitoring systems [23],
which were calibrated with a Mega-System LVS Select One gravimetric sampler, Figure A1
(https://www.megasystemsrl.com/wp-content/uploads/MS-data-sheeet-SELECT-ONE-
eng-2-21.pdf) (accessed on 25 November 2021), according to CEN/EN 16450: 2017 for
showing equivalency (https://standards.iteh.ai/catalog/standards/cen/21722c9a-74b9-4
f47-901c-40ecec95dcfe/en-16450-2017) (accessed on 25 November 2021). Intra-instrument
uncertainty for the candidate method was within requirements for indicative measure-
ments (≤5 µg/m3). Other inter-comparisons were performed randomly with a TSI 8533EP
DustTrak DRX Aerosol Monitor (Figure A2c) (TSI Incorporated, Shoreview, MN, USA). In
the northern monitoring point, a Casella Guardian 2 monitored the PM in parallel with the
Rokidair microstation as a supplementary backup/validation method.

To assess particle-bound heavy metals, the airborne particles were collected on 47-mm
quartz fiberglass filters (QM-A Whatman, Maidstone, Kent, UK) using the SELECT-ONE
gravimetric sampler with a flow rate of 16.67 L min–1 during the October and November
months. Blank filters were weighed on a Kern analytical microbalance and were labeled
prior to use. The analysis for determining the content of metals was following the proce-
dures described in [24] using graphite furnace atomic absorption spectrometry (GFAAS) on
Analytik Jena ZEEnit 700 P spectrometer. The NIST SRM 1648a, Urban Particulate Matter,
was used as a certified reference to check and validate the analytical results.

In Romania, the annual variation of precipitation falls within the continental regime
of latitudes with a temperate climate, with a maximum value in summer (in June) and a
minimum in winter (in February). The transition seasons (Spring and Autumn) receive
relatively the same amount of precipitation.

Observations on atmospheric precipitation events were made visually (type, dura-
tion, and intensity) and instrumentally using Delta-T Devices RG2 rain gauges (https://
delta-t.co.uk/wp-content/uploads/2016/10/RG2-Raingauge-Sensor-UM.pdf) (accessed
on 25 November 2021) connected to GP-1 or GP-2 data loggers, measuring and continu-
ously recording the amount of water falling during precipitation (Figure A2b,d). Rainfall
less than 1.5 mm was not taken into account for analytical convenience.

The NOOA HYSPLIT trajectory-based geographic model (https://www.ready.noaa.
gov/HYSPLIT_traj.php) (accessed on 25 November 2021) was applied to explain the
meteorology variations using long-range transport of the pollutants in and around Romania
toward the monitoring location during high PM episodes.

The backward trajectory model used vertical velocity to provide frequency trajectories
of emissions transport from the originating source regions of air pollution (1◦ grid resolu-

www.palmex.hr
https://www.hach.com/asset-get.download.jsa%3Fid%3D7639982436
https://www.hach.com/asset-get.download.jsa%3Fid%3D7639982436
https://www.megasystemsrl.com/wp-content/uploads/MS-data-sheeet-SELECT-ONE-eng-2-21.pdf
https://www.megasystemsrl.com/wp-content/uploads/MS-data-sheeet-SELECT-ONE-eng-2-21.pdf
https://standards.iteh.ai/catalog/standards/cen/21722c9a-74b9-4f47-901c-40ecec95dcfe/en-16450-2017
https://standards.iteh.ai/catalog/standards/cen/21722c9a-74b9-4f47-901c-40ecec95dcfe/en-16450-2017
https://delta-t.co.uk/wp-content/uploads/2016/10/RG2-Raingauge-Sensor-UM.pdf
https://delta-t.co.uk/wp-content/uploads/2016/10/RG2-Raingauge-Sensor-UM.pdf
https://www.ready.noaa.gov/HYSPLIT_traj.php
https://www.ready.noaa.gov/HYSPLIT_traj.php


Atmosphere 2021, 12, 1594 5 of 17

tion). The trajectory frequency 0 type was computed by multiplying the number of trajecto-
ries passing through each grid square with 100 and dividing the results by the number of tra-
jectories (trajectory starting interval of 6 h). The Global Data Assimilation System (GDAS1)
Archive (1◦ global) was selected for meteorology (https://www.ready.noaa.gov/gdas1.php,
accessed on 26 November 2021).

The values of the tested parameters from the collected water samples (n = 93) were
considered as EMCs. The Wilcoxon rank-sum test [20] was performed to determine if
EMCs significantly differed between samples collected at the three monitoring sites. Since
the tests did not show significant differences, the EMCs from all three sites were combined
into one time series for further analysis (n = 31). Summary statistics (mean, associated
confidence intervals, geometric mean, median, minimum, maximum, standard deviation,
coefficient of variation, C.V. (%), skewness, and kurtosis) were calculated for each time
series comprising the 31 rainfall events occurring from 1 April to 31 November 2019. A
correlation matrix was explored to find the significant associations between the tested
variables. Factor analysis (FA) was applied to the particle-bound heavy metals dataset
using principal component analysis (PCA) based on Varimax with Kaiser normalization.
All the tests were performed using SPSS software (SPSS Inc., Chicago, IL, USA, 2011).

3. Results

The rainwater characteristics in the former metallurgical city, Targoviste, were esti-
mated based on pH, conductivity, nitrates and ammonia, and heavy metals content.

3.1. pH and Conductivity of Rainwater

pH is a parameter of water quality having an influence on other water parameters,
and its measurement is one of the most frequently tested in water chemistry. Figure 2
shows the pH values for each rainfall event observed between April and November 2019.
The average for the entire period was 7.09 [95% C.I. 6.94–7.24] with a minimum of 6.5 and
a maximum of 8.3. The C.V. was 5.78%, being the smallest of the tested variables.
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Conductivity ranged between 25.1 and 1400 µS/cm showing the highest variability
(146.34%). Only six rainfall events from 31 exceeded a conductivity of 750 µS/cm, most of
the values being less than 130 µS/cm. The median of the period was 92.76 µS/cm, while
the average of the aggregated time series from the average of the values recorded in each
of the three monitoring points was 264.89 µS/cm [95% C.I. 122.68–407.10]

pH did not present any associations with the other tested variables, while conductivity
was strongly correlated with dissolved nitrates (Pearson r = 0.96; p = 0.0001) and ammonia
(Pearson r = 0.95; p = 0.0001).

3.2. Nitrates and Ammonia in Rainwater

Figure 3 shows the time series of nitrates, ammonia, and quantity of precipitation events
for each rainfall event during the monitoring period selected for analysis in this work.
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Dissolved nitrates reached an average of 0.03 mg L−1 [95% C.I. 0.02–0.03] with a
35.06% coefficient of variation. The lowest value was 0.016 mg L−1 in November, while
the maximum was 0.053 mg L−1 in the middle of June. Only three rainfall events reached
values higher than 0.04 mg L−1 during the monitoring period.

Ammonia showed a similar trend as dissolved nitrates, with a C.V. = 33.98%, an
average of 0.16 mg L−1 [95% C.I. 0.14–0.18]. The ammonia time series ranged between 0.10
and 0.32 mg L−1.

A strong positive correlation was noticed between dissolved nitrates and dissolved
ammonia (Pearson r = 0.99; p = 0.0001).

Regarding the quantity of precipitation events recorded for each event, the average
of the period was 19.54 mm [95% C.I. 13.32–25.75], with a C.V. = 86.69% (min. = 2.00 mm;
max. = 70.00 mm). The distribution was concentrated in the May to July period, with lower
quantities in September and November.

Table 1 summarizes the results presented graphically for the monitored period.

Table 1. Summary statistics for the monitored period (n = 31).

Variable Mean
Confid.
(−95%)

Confid.
(+95%)

Geometric
Mean

Median Minimum Maximum Std.Dev.
Coef.Var.

(%)
Skewness Kurtosis

pH 7.09 6.94 7.24 7.08 6.97 6.48 8.25 0.41 5.78 0.93 0.73
Conductivity

(µS/cm)
264.89 122.68 407.10 116.42 92.76 25.05 1400.00 387.71 146.36 1.84 2.18

Nitrates
(mg/L)

0.03 0.02 0.03 0.02 0.02 0.02 0.05 0.01 35.06 2.04 3.34

Ammonia
(mg/L)

0.16 0.14 0.18 0.15 0.14 0.10 0.32 0.05 33.98 2.10 3.46

Precipitation
(mm)

19.54 13.32 25.75 13.09 13.40 2.00 70.00 16.93 86.69 1.22 1.17

3.3. Wet Deposition of Nitrates and Ammonia

The wet deposition was estimated using Equation (A1)—Appendix A, both for nitrate
nitrogen and ammonia nitrogen for all 31 rainfall events following the procedures presented
in [20]. Figure 4 illustrates the nitrogen deposition estimated per hectare based on the
least-square regression. The monthly nitrogen depositions obtained by summing daily
deposition estimated by regression were 0.2 kg ha−1 in April, 0.5 in May, 0.8 in June, 0.6
in July, 0.1 in August, 0.1 in September, 0.4 in October and, 0.3 in November, respectively,
with a total of 3 kg ha−1 for the period.
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the computed and estimated by regression values.



Atmosphere 2021, 12, 1594 8 of 17

3.4. Particulate Matter

The results regarding the fine fraction (PM2.5) are presented in Figure 5, showing
the monthly averages of concentrations calculated before a rainfall event. The average
for the monitored period (April–November) was 21.9 µg m−3 (± 2.8 between the three
monitoring points). The maximum value was recorded in October (39.5 ± 4.2 µg m−3)
and the minimum in May (15.5 ± 2.4 µg m−3) and June (16 ± 1.8 µg m−3). October was
a month with few precipitation events, while the number and quantities of precipitation
events were high both in May and June 2019.
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Figure 5. PM2.5 average concentrations before a rainfall event (μg m−3) recorded in the three moni-
toring points in Targoviște city in 2019 and associated error bars showing the differences between 
the concentrations provided by the three Rokidair microstations. 

Figure 5. PM2.5 average concentrations before a rainfall event (µg m−3) recorded in the three
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between the concentrations provided by the three Rokidair microstations.

A negative correlation was noticed between the monthly precipitation events and
the PM2.5 concentrations (Pearson r = −0.57; p < 0.05), suggesting that the rainfall regime
(monthly and seasonal amounts, indicating the distribution of precipitation over different
periods of the year) has an important influence on the particulate pollution depending on
the general circulation of the atmosphere and local geographical factors.

3.5. Heavy Metals in Rainwater and Surrounding Airborne PM

The elemental analysis provided a screening of the rainwater composition for the
October and November events. Table 2 shows the overall results in µg L−1. Al, Be, and Bi
were below the detection limit of the analytical instrument.

Table 2. Concentrations of elements (µg L−1) summarized for the rainfall events occurring between
October and November 2019.

Element As Ca Cd Co Cr Cu Li Mg

Mean 0.52 5480.89 0.25 0.10 1.77 3.10 171.83 299.38

Coeff. of Var. (%) 75.82 21.82 26.55 58.16 24.33 69.66 125.02 40.27

Element Mn Ni P Pb Se Sr V Zn

Mean 10.51 377.37 4.33 0.67 0.21 9.12 0.96 846.56

Coeff. of Var. (%) 74.29 27.89 84.11 74.32 109.95 59.50 98.14 20.64

As, which is a metalloid, had an average of 0.52 µg L−1 (C.V. = 75.8%). Ca was found
in elevated amounts reaching an average of 5480.89 µg L−1 (C.V. = 21.8%), being the most
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constant element within the rainfall events. Regarding the heavy metals, the concentrations
were 0.25 (Cd) − C.V. = 26.5%, 0.10 (Co) − C.V. = 58.1%, 1.77 (Cr) − C.V. = 24.3%, 377.37
(Ni) − C.V. = 27.9%, 0.67 (Pb) − C.V. = 74.3%, and 846.56 (Zn) − C.V. = 20.6%. Other
elements that are used in the manufacturing of special steel by adding them to iron were
found in the rainwater collected in autumn: Mn-10.51 µg L−1 (C.V. = 74.3%), Cu-3.1 µg L−1

(C.V. = 69.6%), and V-0.96 µg L−1 (C.V. = 98.1%). Se (0.21 µg L−1) and Sr (9.12 µg L−1) were
also detected in water, the latter one exceeding the 4 mg/L for strontium levels in drinking
water recommended by US EPA.

P was found with an average concentration of the seven consisting events reaching
4.33 µg L−1 (C.V. = 84.11%). Mg (299.38 µg L−1) and Li (171. 83 µg L−1) showed relatively
high concentrations compared to the other elements.

Figure 6 presents the variability of selected elements, including the heavy metals
between rainfall events and between the three monitoring points. From the results of the
heavy metals content of PM, we selected for presentation only the metals with potentially
high impact on health, i.e., Cr, Cd, Ni, Pb, and V, which are also related to the metallurgical
emissions resulting from the production of special steels.
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November 2019.

The average concentrations of the period corresponding to the rainfall events occur-
ring between October and November 2019 were Cr (0.07 ng m−n), Cd (0.01 ng m−n), Ni
(0.6 ng m−n), Pb (1.03 ng m−n), and V (1.01 ng m−n), Table 3. The highest variability was
recorded for V (113.9%) and the lowest for Ni (32.1). Lead showed an increased variability
as well (88.5%).

Table 4 presents the correlation between the rainwater content of heavy metals and
the concentrations determined in PM, and the volume of precipitation for the rainfall
events. Overall, Ni, Pb, and V had significantly strong correlations (p < 0.01) between
the concentrations from rainwater and PM. Cr showed a lower significance (p < 0.05),
respectively. Negative associations were found between precipitation and heavy metals
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both from rainwater and PM, but only a few showed statistical significance. However, this
could explain the “washing” effect of the rain on the heavy metals from PM2.5.

Table 3. Concentrations of the heavy metals (ng m−3) from PM2.5 recorded before the rainfall events (mm).

Date Cr_air Cd_air Ni_air Pb_air V_air Next-Day Rainfall

10/7/2019 0.1 0.02 0.89 1.6 2.1 4

10/9/2019 0.08 0.011 0.65 0.04 0.02 10

11/12/2019 0.04 0.016 0.74 2.2 0.04 13

11/15/2019 0.06 0.015 0.69 0.7 1.2 2

11/20/2019 0.03 0.005 0.44 0.11 0.7 30

11/25/2019 0.07 0.009 0.32 0.5 0.07 17

11/28/2019 0.09 0.025 0.51 2.09 3.01 4

Average 0.067 0.014 0.606 1.034 1.019 11.42

Coeff. of var. (%) 38.2 46.9 32.1 88.5 113.9 86

Table 4. Correlation matrix of the tested variables: correlation is significant at the 0.05 level (*) and at 0.01 level (**)
(two-tailed).

- Cr_rain Cd_rain Ni_rain Pb_rain V_rain Rainfall Cr_air Cd_air Ni_air Pb_air V_air

Cr_rain 1 0.645 0.435 0.757 * 0.579 −0.915 ** 0.769 * 0.953 ** 0.529 0.730 0.662

Cd_rain - 1 0.358 0.722 0.768 * −0.528 0.359 0.729 0.406 0.663 0.823 *

Ni_rain - - 1 0.172 −0.035 −0.471 0.126 0.387 0.969 ** 0.463 0.051

Pb_rain - - - 1 0.672 −0.545 0.299 0.884 ** 0.186 0.911 ** 0.701

V_rain - - - - 1 −0.457 0.491 0.728 0.129 0.450 0.989 **

Rainfall - - - - - 1 −0.715 −0.809 * −0.587 −0.477 −0.523

Cr_air - - - - - - 1 0.641 0.295 0.238 0.573

Cd_air - - - - - - - 1 0.480 0.832 * 0.786 *

Ni_air - - - - - - - - 1 0.422 0.208

Pb_air - - - - - - - - - 1 0.517

V_air - - - - - - - - - - 1

Factor analysis provided the factor loadings in the rotated matrix, explaining the
variability in the dataset consisting of rainwater and airborne PM-heavy metals and precip-
itation (Table A1). The rotated matrix showed that Cd, Pb, and V both in rainwater and
PM formed the first factor (PC1), Cr from rainwater and PM, and precipitation formed the
second factor (PC2), and Ni from rainwater and PM formed the third one (PC3).

Figure 7 provides the link between meteorology and the influence of local emissions
during the four periods associated with the rainfall events occurring between October
and November 2019. All the trajectories had either local stability or eastern directions.
The bands associated with percentages higher than 70% were located mostly around the
monitored city and surrounding areas.
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4. Discussion

Anthropogenic activities may result in an excess of nitrogen in rainwater, which can
modify the balance in some fragile ecosystems [25]. Consequently, the monitoring of rain-
water for nutrients and other elements is important, especially inside or near industrialized
cities, in correlation with air quality surveillance. The results obtained during the screening
period showed a relative constancy regarding the concentration of dissolved nitrates and
ammonia in the analyzed rainwater collected from the rainfall events. Compared to [20]
that reported nitrogen concentration and deposition in the South Texas Coastal Bend Area,
the concentrations of dissolved nitrates and dissolved ammonia showed similar values in
some cases, and the reported averages were higher for nitrates (0.15 mg L−1) and almost
equal for ammonia (0.19 mg L−1). The predominant pH was more acidic compared to
Targoviste city conditions. The higher concentrations of nitrates can be related to the
specific coastal weather conditions with more active air circulation. In Israel [26], almost
60 years ago, rainwater contained between 4 and 22 mg L−1 ammonia with no correlation
with other climatic factors. The main sources were considered the release from the soil
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due to biological activity during the decomposition of organic matter and losses from the
soil fertilization. Regarding nitrates, the study reported fewer variable concentrations
(0.042 ± 0.012 e.p.m.). It was estimated that the mean annual deposition of ammonia is
40 g ha−1 for each millimeter of precipitation. The estimations from the current study
suggest a lower value of approximately 5 g ha−1 mm−1. In [20], the monthly rainfall
nitrogen deposition was significantly variable, ranging from 0 to 0.72 pounds per acre
(~0.8 kg ha−1), with greater deposition according to the greater amount of precipitation.
The potential sources of nitrogen in the rainwater collected in Targoviste can be from
burning fossil fuels and the soils (both biological processes and fertilization especially since
the city is located in a piedmont plain with intensive agriculture). Furthermore, vehicle
emissions, and burning coal and natural gas are considered major sources of nitrate, being
a constituent of PM [27]. Particulate nitrate concentrations resulting from NOx emissions
are higher in cooler weather. Some possible indirect processes involving sulfate and nitrate
in PM may affect health-related endpoints, including interactions with certain metal species
and a linkage with the production of secondary organic matter [28].

PM2.5 in Targoviste city during the monitoring period showed increased concen-
trations in October, April, and September 2019, with little difference between the three
monitoring points. The same trend in PM dynamics was provided by the air quality station
from the national monitoring network located in the south of the city by measuring PM10
(79 µg m−3 in October, 49 in April, and 48 µg m−3 in September) [29]. Previous studies in
the area showed that the PM2.5 multiannual average of measured concentrations ranged
between 4.6 and 22.5 µg m−3, and the maximum concentrations ranged between 13.1 and
102 µg m−3, depending on the sampling point and pollution episode [24]. The average
PM2.5 concentration for the monitored period (April–November 2019) was 21.9 µg m−3

considering only the days before a rainfall event. After the rain, the PM concentrations
dropped out considerably (see Supplementary Materials for an example of the daily time
series of various PM fractions monitored by Casella Guardian 2 after a rainfall event).

Several metals were found in PM, i.e., Fe (3.1–5.8 ng m−3), Pb (0.8–2.8 ng m−3),
Ni (0.5–1.16 ng m−3), Cd (0.01–0.25 ng m−3), and Cr (0.01–0.09 ng m−3), which may be
considered the “signature” of the industrial metallurgical operations in the area [24]. In
this study, the content of heavy metals in PM was determined before each rainfall event
using a single disk, and consequently, the results may be considered indicative. Pb ranged
from 0.11 to 2.09 ng m−3, while the concentrations of other harmful metals were Ni
(0.32–0.89 ng m−3), Cd (0.011–0.025 ng m−3), and Cr (0.03–0.1 ng m−3). The presence of V
in PM was new compared to the previous reports, as it was found in all the samples with
concentrations ranging from 0.02 to 3.01 ng m−3.

In 2019, the local EPA determined Pb (19 ng m−3), Cd (0.51 ng m−3), Ni (0.89 ng m−3),
and As (0.67 ng m−3) in PM10 fraction [29]. It can be noticed that the presence of heavy
metals is almost similar despite the difference in tested PM fractions. Their levels seemed
to maintain throughout the years in Targoviste city.

During the monitoring period, the collected rainwater contained several elements,
including various heavy metals, metalloids, Ca, and P. Antecedent dry period and rainfall
characteristics are factors that influence the characteristics of wet and dry deposition of
solids and heavy metals. In [21], Zn was correlated with traffic volume, whereas Pb, Cd,
Ni, and Cu were correlated with traffic congestion. It was suggested that reducing traffic
congestion will be more effective than reducing traffic volume for improving air quality
considering Pb, Cd, Ni, and Cu. Zn was found to have the highest atmospheric deposition
rate compared to other heavy metals. In the current study, more metals were found in the
rainwater, most of them being used in the manufacture of special steel. High variability of
the concentrations of elements was observed from one rainfall event to another in October
and November.

Regarding the P concentrations in rainwater, in [30], it ranged from 0.05 to 4.5 µmol L−1.
In the current study, P had an average of 4.33 µg L−1. Anthropogenic emissions are sources
of soluble P, and a significant part of these emissions could originate from incinerators
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and/or biomass burning, which is a common practice in the villages that surround Targov-
iste city.

In Beijing, sulfur was the primary inorganic element detected in PM, and the aver-
age EMC of twelve rainfall events was 8.92 mg L−1. The EMC of ammonia-N, nitrate-N,
and phosphorus after significant PM2.5 pollution was 11.57 mg L−1, 1.72 mg L−1, and
0.019 mg L−1, respectively [31]. In the same study, the largest heavy metal load of
3.11 mg m−2 was attributed to Zn, but other harmful heavy metals were determined
in high concentrations as well. Wind directions have a complex effect, with higher PM
concentrations at low and high wind than moderate winds. Furthermore, the PM2.5/PM10
ratio was found to be proportional to the mean relative humidity [32].

The correlation matrix showed several significant associations between the harmful
heavy metal concentrations from rainwater and PM, i.e., Cr, Ni, Pb, and V. Cd concentration
from the rainwater did not reach the statistical significance with the one in PM but was
correlated with V from rainwater and PM. It was noticed that negative correlations were
present between rainfall and heavy metals, but only Cr from rainwater and Cd from PM
associations showed statistical significance. Corroborated with the rotated component
matrix from FA analysis, one possibility could be that Cd, Pb, and V originated mostly from
local industrial emissions, including a pigment factory. Cr and Ni concentrations could
also result from the contribution from sources located in the eastern direction, as shown
by the backward trajectory model [33]. On this trajectory, there are other major industrial
cities, such as Ploiesti (petroleum processing and chemical industries) [1] and Galati (big
metallurgical facilities). Regional transport can significantly affect the concentrations of air
pollutants, particularly ozone. The wind effect was demonstrated to be largely associated
with regional transport [34].

The study had some limitations related to the relatively short period of monitoring,
which cannot substantiate the seasonal pattern and the multiannual variability of rain-
water characteristics. Source apportionment was not performed for deriving information
about the contribution of pollution sources and the amount they contribute to ambient air
pollution levels in the area and the pollutant load in rainwater.

Future work will address these limitations and will involve dispersion modeling from
multiple sources together with a better assessment of the dry and wet deposition [35,36].

5. Conclusions

Monitoring rainwater characteristics can provide useful insights for a clear assessment
of the atmospheric pollution levels and the potential impact on the residents’ health in
various urban microenvironments.

The results pointed out the presence of harmful heavy metals in the collected samples
of rainwater, especially in periods with increased levels of PM2.5 and lower numbers of
precipitation events.

The approach was integrative as it combined field instrumentation and analytical
methods, which can be useful for establishing complex plans for assessing the wet deposi-
tion of various elements and compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12121594/s1, An example of data acquisition from Casella Guardian 2 after a rain-
fall event.
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Appendix A

Equation for computing wet deposition of nitrates and ammonia:

y = α · Pβ · ρ, (A1)

y—estimated deposition (kg/ha); regression coefficients—α (0.025 for nitrates and
0.034 for ammonia) and β (0.433 for nitrates and 0.372 for ammonia); P—rainfall (mm);
ρ—correction factor (1.16) [20].
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Figure A2. Details of the instrumentation (a) PALMEX RS1 B (rain sampler); (b) Delta-T Devices RG2
rain gauge; (c) TSI 8533EP DustTrak DRX Aerosol Monitor; (d) Delta-T Devices GP2 data logger.

Table A1. Rotated Component Matrix (rotation converged in 5 iterations); extraction method:
Principal Component Analysis; rotation method: Varimax with Kaiser Normalization.

Component

1 2 3

Cr_rain 0.579 0.666 0.399
Cd_rain 0.820 0.234 0.214
Ni_rain 0.097 0.054 0.975
Pb_rain 0.935 0.136 0.133

V 0.783 0.445 −0.204
Rain −0.344 −0.740 −0.453

Cr_air 0.167 0.943 0.064
Cd_air 0.770 0.515 0.321
Ni_air 0.115 0.254 0.913
Pb_air 0.827 0.004 0.442
V_air 0.793 0.496 −0.117
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