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Abstract

The scavenging of atmospheric particles from the atmosphere is known to be efficiently carried out by the below-cloud scav-
enging process. To examine this process, a total of 51 sub-event samplings was carried out in 10 precipitations during a 129-
day sampling period. PM, 5 samples were also collected simultaneously. The concentrations of Na, Mg, K, Ca, Al, Cu, Mn,
and Fe were determined in the sub-events as well as in PM, s samples, and the pH values were also measured. The observed
volumeweighted mean pH values of the precipitation sub-events were between 6.58 and 8.32, with an average value of 7.28.
It was observed that the element with the highest average volumeweighted mean concentration value in precipitation was Na.
Among the elements in PM, 5 particles, K had the highest concentration value. Next, the scavenging ratios of the elements
were calculated in the precipitations that occurred. According to the averages of scavenging ratios of precipitations, it was
determined that the element with the highest scavenging ratio was Na and the element with the lowest scavenging ratio was
Fe. In addition, scavenging indexes were also determined in precipitations events. Variations in the scavenging properties
of the elements were observed in each sub-event. The novelty of this study is that it is the first study carried out in Istanbul
and even Turkey in terms of calculating scavenging indexes in sub-event sampling. Although this study is local, however,
the importance of studies like this should not be ignored in terms of testing different air quality models.
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Introduction atmosphere from the land through wind movements includ-

ing from deserts, because of wildfires, and sea salt parti-

The atmosphere contains suspended solids and liquid parti-
cles along with gases, originating from natural and anthro-
pogenic sources (Jacobson 2002). Particles that enter the

Editorial responsibility: Mohamed F. Yassin.

< Ilker Oruc
ilkeroruc @klu.edu.tr

Institute of Pure and Applied Sciences, Marmara University,
Goztepe, Istanbul, Turkey

Vocational College of Technical Sciences, Kirklareli
University, Kirklareli, Turkey

Earth and Marine Sciences, Gebze Technical University,
Gebze, Kocaeli, Tiirkiye

Civil Engineering Department, Bahcesehir University,
Besiktas, Istanbul, Turkey

Agriconsulting Europe S.A, Cankaya, Ankara, Turkey

Faculty of Arts and Sciences, Marmara University,
Goztepe, Istanbul, Turkey

cles released by the breaking of ocean waves, are of natural
origin. The gases and particles emitted into the atmosphere
by combustion and other human activities are of anthropo-
genic origin. All these particles are then settled down on
the earth’s surface by wet and dry deposition (Al-Khashman
2005; Zheng et al. 2005).

Wet deposition occurs through the two main scavenging
mechanisms: In cloud and below cloud scavenging (Minoura
and Iwasaka 1997; Seinfeld and Pandis 2006). In practice, it
has been reported that small parts of fine particles originate
from the condensation of the vapor, while small pieces of
coarse particles consist of dust, fly ash, and mechanically
produced aerosols (Seinfeld 1975). Soil erosion by wind
is another important source of dust (Borrelli et al. 2021).
To capture the pollutant gas molecules, they can pass to the
liquid—vapor interface after first passing from the atmos-
phere to the liquid surface. In the last stage, the liquid moves
towards its inner surface. The presence of dissolved gas mol-
ecules creates a gas concentration in the liquid. Thus, gas
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molecules will tend to return to the atmosphere by removing
from the liquid and leaving the mechanism it has acquired
(Hales 1972). Cloud droplets result from aerosol particles
acting as cloud condensation nuclei, as well as dissolution
of soluble species transferred from the gas phase. The lig-
uid phase of clouds, which affects the life cycle of many
important atmospheric compounds, is a particularly reactive
medium (Baray et al. 2020). Small particles scavenged by
water droplets in the cloud then fall to the earth with precipi-
tation. Larger particles can be removed from the atmosphere
with the same process or the direct below-cloud process of
falling raindrops (Seinfeld 1975). The sources of these par-
ticle depositions can be both local and global, depending
on the trajectory of global precipitation systems that carry
and deposit the particles far from their point of origin (Ber-
gametti et al. 1989; Kubilay and Saydam 1995; Giillii et al.
1998; Kabatas et al. 2018; Lee et al. 2020).

It is known that atmospheric particles are scavenged by
rain and is known to be an important way to scavenge the
atmosphere (Bourcier et al. 2012). The below cloud scav-
enging process plays a vital role in removing and deposit-
ing larger atmospheric particles, usually found closer to the
surface (Andronache 2003). Akkoyunlu and Tayang (2008)
reported coarse particles close to the surface in the atmos-
phere may contain high amounts of cations and that such
particles are scavenged more efficiently by precipitation than
fine particles. They stated that fine particles are considered
to be important sources of precipitation acidity and that
these particles can be found in the high troposphere (as well
as in the lower atmosphere) and can also be removed from
the atmosphere by rain and washout processes. It has been
noted that during the processing time during a storm, the
concentration of large particles in the atmosphere is reduced
by scavenging, resulting in a progressive decrease in the con-
centrations of suspended large particles compared to small
acidic particles. It has been stated that smaller amounts of
larger particles are transferred to the droplets, causing a
decrease in cation levels and also the development of more
acidic wet deposition. In a study performed by Akkoyunlu
et al. (2013), the average concentrations of K+, Ca**, Mg?*,
and Na* ions were measured to be 0.77, 0.98, 1.32, and
5.16 mg L™!. Because of the wash-out effect on the atmos-
pheric particles, the average concentrations of all ions except
the Mg?* ion in the initial stage, which includes the first 5
sequential samples, were higher than those in the last stage.
It was stated that the ratios of the mean concentration values
of K*, Ca®*, Mg?*, and Na* ions taken in the first stage to
those in the last stage of the rain event were calculated as
1.73, 1.54, 0.75, and 1.77, respectively. In addition, it was
stated that an inverse relationship was observed between the
rain density and the ion concentration. Wang et al. (2021)
stated that there is a positive correlation between below-
cloud isotopic variation and air temperature, and a negative
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correlation with relative humidity. It is also explained that
in general, the below-cloud effect evaporation on precipita-
tion isotopes in semi-arid and arid regions of China is much
greater than in humid and semi-humid regions. Lin et al.
(2021) simultaneously sampled daily PM, 5 and precipita-
tion samples. Their results indicate that PM, 5 concentra-
tions reached the highest value in winter and had the lowest
value in summer. It was stated that NH,™ and SO,>~ ions
are the two most abundant ions in precipitation, and after
these ions, the most abundant ions in precipitation are Ca>*
and NO;™ ions. Seasonal patterns of major inorganic ions in
precipitation were explained to be similar to PM, s, with the
lowest concentrations in summer and highest concentrations
in winter. The mean scavenging ratios were 364, 394, 445,
454, and 456, for NH, ", K*, NO,™, SO,*~, and CI~, and 18,
116, and 353, for gas NH;, SO,, and HNO;, respectively.

Sub-event sampling can be performed using manual or
automatic sequential precipitation sampling devices. Precipi-
tation samples taken at regular intervals from the beginning
to the end of precipitation in the sampling of sub-events
in precipitation are examined. An important advantage of
sub-event sampling over wet-only, bulk, and dry deposition
sampling is that more detailed information is obtained for
precipitation as more samples are collected in sub-event
sampling. An important disadvantage of sub-event sampling
is that the autosampler is expensive and the cost increases
due to the large number of samples to be analyzed. If sub-
event sampling is to be performed manually, equipment costs
will be cheaper, but the person collecting the samples will
need to change the collection container at appropriate times.
In this study, sub-events sampling was carried out using an
automatic sequential precipitation sampler (Akkoyunlu et al.
2013).

It has been shown that pollutants are effectively removed
from the atmosphere by precipitation scavenging. In North-
ern Europe, significant radioactivity pollution in the wet
deposition occured after the Chernobyl event (Jylhd 1991).
It has been noted that wet deposition velocities are typically
much higher than dry deposition velocities (Slinn 1984).
There are studies that include precipitation scavenging in
real-time modeling of atmospheric transport for hazard-
ous materials. However, real-time rain data are limited for
testing precipitation scavenging modelings (Loosmore and
Cederwall 2004). This study provides real-time precipitation
data to test such modelings. Directly measured scavenging
indexes in field observations provide a better understanding
of aerosol removal processes from the atmosphere.

In this study carried out in Istanbul (30 September
2015-05 February 2016), 51 sub-events samples were col-
lected during 10 precipitations. Concentrations of elements
were determined in sub-events and PM, 5 samples. The pH
values of sub-events in precipitations were measured. In
order to examine the scavenging properties of the elements,
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scavenging ratios and scavenging indexes were calculated
separately for each sub-event. This study is the first study in
Turkey in which scavenging indexes are calculated in sub-
event sampling. It has been observed that the calculated
scavenging ratios can be a useful indicator of scavenging
efficiency.

Materials and methods
Study area

Istanbul is located in the Marmara Region of Turkey. Istan-
bul is one of the most important megapolises in the world. It
is located between 28° 01' and 29° 55' E longitudes and 41°
33" and 40° 28' N latitudes. Administratively, Istanbul has
39 districts. Fourteen of these districts are on the Anatolian
side and 25 are on the European side (ICDR 2020). It is
Turkey's largest city in terms of population with approxi-
mately 16 million people (TSI 2021). Located at the point
where the Asian and European continents are separated by
a narrow sea passage, it is established on two continents and
has the distinction of being the only city in the world with a
sea through it. Istanbul, which has an important history, has
been and still continues to be an important trade center due
to its establishment in this strategic region where the sea and
the land are combined.

It is not possible to evaluate the climate type of Istanbul
in a specific climate type. Due to its geographical location
and physical geographical features, Istanbul has different
climatic characteristics than the climate of many settlements
located at the same latitude. In Istanbul, different climatic
conditions occur in the winter and summer seasons (ICDR
2020). During the measurement period between 1929 and
2020, the annual number of precipitation days in Istanbul is
125.1. The average number of precipitation days is higher
in December and January than in other months. The average
number of precipitation days in these months is 16.6. The
annual total precipitation amount is 690.5 mm. The annual
average temperature is 16.2 °C (TSMS 2021). The sampling
station is located on the campus of Marmara University
in Goztepe in the Kadikoy district. The coordinates of the
sampling station are 40° 59’ 14" N and 29° 03’ 14" E (Fig. 1).
Approximately half of the campus area where sampling is
carried out is a green field. The nearest building to the meas-
urement point is approximately 20 m away. Natural gas is
used for heating purposes in the buildings on campus and the
surrounding area. There are no industrial facilities around
the campus. During the study period, 10 precipitations were
sampled on 30 September 2015, 06 October 2015, 22-25
October 2015, 29 November 2015, 16 December 2015,
29-31 December 2015, 08 January 2016, 12—13 January
2016, 17 January 2016, and 05 February 2016. The number

of sub-events in the precipitations on these dates are 3, 3,
10, 3, 3,13, 3, 5, 3, and 5, respectively.

Sampling procedure

During the sampling period, sub-event and particulate matter
(PM, 5) sampling were carried out. In 10 precipitations, 51
sub-event samples were collected. 8 out of 10 precipitations
occurred only in the form of rain. The other 2 precipitations
first started as rain and then continued as snow. Sub-event
sampling was carried out by applying certain techniques
and procedures with an automatic sequential precipitation
sampler. In this study, precipitations occurring during the
study period were collected with a computer-controlled
sequential rain sampler. This device has two main compo-
nents, mechanical and electronic. The mechanical part of
this device includes a metallic body, a set of solenoid valves,
arain gauge, and 100 mL polyethylene sample bottles. In the
electronics part, there are various electronic components,
sensors, ICs, and relays. A computer is used as the main con-
troller of the system. The system is controlled by commands
generated through the MATLAB programming language,
and also volume and the sequential sampling period can be
changed. Human errors are kept to a minimum as the system
is controlled by a computer were collected with a computer-
controlled sequential rain sampler (Akkoyunlu et al. 2013).

Precipitation samples taken into sterile 50 mL falcon tubes
were transferred to another sterile 50 mL falcon tubes by filter-
ing through blue band filter paper in the laboratory medium.
After these processes, the analysis of elements was performed
using 8 different concentrations of calibration standards from
a 1000 ppm multielement ICP (Merck) stock solution. PM,
samples were collected with Zambelli ISO PLUS 6000 instru-
ment. This device is a low volume sampler and operates at a
flow rate of 1 m®> h™!. Teflon filters with 2 um pore size and
47 mm diameter were used in the sampling of particulate mat-
ter. The sampling of PM, 5 particles was performed according
to the "40 CFR Part 50" standards (U.S. EPA 2006). Filters
were placed in Teflon vessels cleaned with ultrapure water
to make them ready for analysis in the Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES, Spectro
Blue) device using a microwave sample preparation device
(Berghof —MWS?2). 5 mL of ultrapure H,SO, and 5 mL
of HC1O, were added to them. Teflon vessels were sealed
according to the instrument procedure and placed in the micro-
wave oven for thawing. The device was heated to 145 °C for
10 min. Then it was kept for 10 min at 165 °C and finally at
175 °C for 20 min. After the process was finished, Teflon ves-
sels were opened, filtered into 50 mL falcon tubes, made up
to 50 mL with ultrapure water, and made ready for elemental
analysis in the ICP-OES. The concentrations of Na, Mg, K, Ca,
Al, Cu, Mn, and Fe elements in sub-events and PM, s samples
were determined using the ICP-OES device (Summak et al.
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2018). Measures have been taken to prevent contamination of
sub-event samples and PM, 5 samples both in the laboratory
and in the field. The surface of the funnel and the polyethylene
containers were cleaned and dried regularly before installa-
tion. After each sub-event, the cleaning process was repeated,
and the used polyethylene containers were replaced with the
other cleaned polyethylene containers. The pH measurement
of the samples collected after each precipitation was carried
out immediately. Hanna Portable Water pH Meter device was
used for pH measurements. Calibration of the pH meter device
was performed before each measurement using a standard
buffer solution of 4.00 and 7.00, respectively. Data quality
and control procedures were carried out for the measurements.

Volume weighted mean, scavenging ratio
and scavenging index

The volume-weighted mean (VWM) concentration of ele-
ments in sub-event samples in precipitations has been calcu-
lated (Koelliker et al. 2004).

C.V,
C = z it Vi
2V

where, C; is the concentration in each sample and V; is vol-
umes in each sample. The calculation was applied to all the
samples of the same precipitation in order to see the decrease
in concentration concerning an increase in the volume.

Calculation of scavenging ratios based on the assump-
tion that the concentration of a component in precipitation is
related to its concentration in the air has been performed using
the formula given below (Kasper-Giebl et al. 1999).

ey

®,= C,. 0,/ Cq )

where, C, is the concentration of a component in precipita-
tion,C, is the concentration of the same component in air,
and p,, is the density of rain. The scavenging ratios of Na,
Mg, K, Ca, Al, Cu, Mn, and Fe elements in each sub-event
were calculated. After calculating the scavenging ratios for

each event, the mean value of all the events combined has
been determined.

Shimamura et al. (2006) approached the scavenging pro-
cess with the power law.

C=aR”’ 3)

where C is the concentration of an element in the precipita-
tion, R, is rainfall depth, a and b are the empirical constants.
The scavenging index (), on the other hand, represents the
degree of scavenging efficiency. In this study, scavenging
indexes were determined by using the precipitation amount
(mL) in volume instead of rainfall depth (mm).

Results and discussion
pH analysis

The 10 precipitations were sampled on 30 September 2015,
06 October 2015, 2225 October 2015, 29 November 2015,
16 December 2015, 29-31 December 2015, 08 January
2016, 12—-13 January 2016, 17 January 2016, and 05 Febru-
ary 2016 during the study period. In the precipitation events
that took place on these dates, 51 sub-events samplings
were carried out. The number of sub-events occurring on
these dates was 3, 3, 10, 3, 3, 13, 3, 5, 3, and 5, respectively.
Average VWM-pH values of precipitations occurred on 30
September 2015, 06 October 2015, 22-25 October 2015,
29 November 2015, 16 December 2015, 29-31 December
2015, 08 January 2016, 12—13 January 2016, 17 January
2016, and 05 February 2016 were 6.66, 6.97, 7.42, 7.09,
7.51,7.58,7.14, 7.24, 7.46, and 6.82, respectively (Fig. 2).
While the lowest VWM-pH value (6.58) was detected in the
2nd sub-event in the precipitation that took place on 30 Sep-
tember 2015 in 51 sub-event samples out of 10 precipitations
sampled, the highest VWM-pH value (8.32) was determined
in the 2nd sub-event in the precipitation that took place on

Fig.2 Average VWM-pH val- 9.00
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29-31 December 2015 (Table 1). The average VWM-pH of
51 sub-event samples was 7.28.

Sub-events in precipitations were all alkaline. It was seen
that the average pH values of sub-events were higher than
in previous studies performed in Istanbul (Giilsoy et al.
1999; Tuncer et al. 2001; Okay et al. 2002; Akkoyunlu and
Tayang 2003; Uygur et al. 2010). Calcium is one of the main
neutralizing agents of acidity and it is widely accepted that
the main source of calcium is expected to be soil with rich
CaCOj; content (Al-Momani et al. 1995; Okay et al. 2002;
Akkkoyunlu and Tayan¢ 2003; Duenas et al. 2012). Lime-
stone is one of the most important components of the land in
Turkey, and therefore the possibility of CaCOj; particles into
the troposphere is high during stormy periods (Al-Mom-
ani et al. 1995; Okay et al. 2002; Akkoyunlu et al. 2003).
Consistent with previous studies, it was observed that the
pH values of the samples belonging to the sub-events were
higher in the first samples than the pH values in the series
(Akkoyunlu et al. 2003; Akkoyunlu and Tayang 2008). The
high pH of samples in the initial stage of precipitation can
be explained by the more efficient removal of coarse dust
particles from the atmosphere.

Concentrations of elements in precipitations
and PM,

When the average VWM values of the elements were com-
pared in the precipitations during the sampling period,
the Ca element has the highest average VWM value
(13.359 mg L) in the precipitation that took place on 16
December 2015. This element has the lowest average VWM
value (1.084 mg L") in the precipitation on 29 November
2015. The element with the lowest average VWM value
(0.0028 mg L™!) among the elements was Mn in the pre-
cipitation that took place on 30 September 2015. The order
of magnitude of the average VWM values of the elements in
precipitations was Na” Ca” K~ Mg~ Fe~ Al Cu” Mn. The
values of these elements were 3.761 ~ 3.542 7 1.485~ 0.426
”0.01270.007 > 0.006 ~ 0.004 mgL~!, respectively (Fig. 3).

Concentration values of Na, Mg, K, Ca, Al, Cu, Mn, and
Fe elements in PM, 5 samples have been determined. Aver-
age concentration values of these elements in PM, 5 samples
were 0.170, 0.037, 0.295, 0.184, 0.072, 0.030, 0.005, and
0.325 mg L1, respectively. It was K (the precipitation on
22-25 October 2015) with the highest concentration value
(0.966 mg L™") among the elements in PM, s particles. The
element with the lowest concentration value (0.0020 mg
L~!) was Mn (the precipitation on 06 October 2015) (Fig. 4).

The results showed that Na, K, Mg, and Ca elements have
higher concentration values in precipitation than in PM, s
samples. In addition, it was seen that other elements Al, Cu,
Mn, and Fe elements have lower concentration values in pre-
cipitation than PM, 5 samples. Small particles are scavenged
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by water droplets in the cloud and then fall with precipita-
tion. Larger particles can be removed from the atmosphere
by the same process or by the direct washout process of fall-
ing raindrops. Particles fall to the surface faster than gases
unless the wind speed is high (Jacobson 2002). The pre-
cipitation scavenging process is crucial for cleaning the
atmospheric pollutants (Wallace and Hobbs 2006). As a
result of the absence of precipitation for a long time, parti-
cle deposition occurs in the atmosphere. These particles are
scavenged away in the first sub-events by precipitation. Pre-
cipitation scavenges, especially the particles more effectively
than gases. The extra gases coming to the sampling region
are not expected to be scavenged as much as the particles.
Extra particles may have arrived at the sampling site. These
particles may have changed the concentration during the pre-
cipitation. However, air pollution during traffic hours had no
effect on precipitation chemistry. This may be because motor
vehicles emit more gas than particulate.

Scavenging ratios in precipitations

Scavenging ratios were calculated for the elements Na, Mg,
K, Ca, Al, Cu, Mn, and Fe analyzed in sub-events. The aver-
age scavenging ratios of the measured elements in precipita-
tions were shown in Fig. 5. The resultant scavenging ratios
show that the naturally occurring elements have higher scav-
enging ratios, meaning that rainwater scavenges the atmos-
phere from these elements more efficiently.

In precipitations, the highest average scavenging ratios
among the elements were obtained for Na, Ca, Mg, and K
elements, respectively. Na and Mg are considered to be sea-
salt components and show higher scavenging ratios. High
scavenging ratios for Na and Mg are also reported in the Bay
of Bengal in India and in Vitoria, Spain (Kulshrestha et al.
2009; Encinas et al. 2004). The scavenging ratios are highly
dependent on the variations in origin of air masses at cloud
forming levels and on the surface. The backward trajectories
run for these precipitations show different points of origin
for the air masses that influence the precipitation chemistry
of the sampling region. There can be large variations in scav-
enging ratios from event to event. These variations can be
attributed to the different sources of air masses and clouds.
Ca is the main crustal element and is found at CaCO; forms
in soil. The CaCOj is a prominent component of soils in
Turkey, therefore, during dry and windy conditions some
part of it is blown away and remains suspended in the air
and ultimately affecting the rainwater chemistry (Okay et al.
2002; Akkoyunlu et al. 2003; Oruc et al. 2021).

Okay et al. (2002) stated in their study carried out in
Istanbul that the high non-sea salt fractions of calcium
reveal the importance of CaCOj; as a source, and that the
enrichment factors for soil and sea also show strong effects
of CaCO; on precipitation composition. In another study
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Table 1 The pH and VWM values (mg L™") of elements in each sub-event in precipitations

Date Sub-events pH Na Mg K Ca Al Cu Mn Fe
30.Sep.2015 1 6.60 9.5640 1.1923 0.6353 2.8256 0.0064 0.0067 0.0038 0.0164
2 6.58 2.6640 0.4279 0.3247 1.3179 0.0065 0.0056 0.0019 0.0113
3 6.81 9.4980 1.1692 0.9345 2.1549 0.0102 0.0079 0.0027 0.0154
06.0ct.2015 1 7.38 9.3650 1.3946 1.0597 5.5765 0.0057 0.0150 0.0075 0.0116
2 6.87 0.7960 0.3194 0.2578 1.9912 0.0061 0.0068 0.0029 0.0102
3 6.65 0.5390 0.0964 0.1117 0.5848 0.0075 0.0056 0.0032 0.0114
22-25.0ct.2015 1 6.99 8.8470 0.7851 4.5680 8.2369 0.0055 0.0119 0.0114 0.0105
2 7.14 6.4140 0.3461 3.3955 4.2406 0.0075 0.0069 0.0087 0.0122
3 7.12 4.9830 0.1700 2.8162 2.1078 0.0068 0.0057 0.0052 0.0116
4 7.22 0.8140 0.3453 1.2860 2.6446 0.0050 0.0063 0.0046 0.0102
5 7.30 3.0440 0.4261 8.8855 1.7878 0.0057 0.0049 0.0033 0.0099
6 7.33 0.9950 0.2259 4.7711 0.7960 0.0060 0.0055 0.0034 0.0101
7 7.72 2.8020 0.4266 1.8230 2.1520 0.0055 0.0059 0.0028 0.0112
8 7.68 2.0240 0.3529 1.0452 1.4311 0.0055 0.0053 0.0031 0.0102
9 7.85 0.8360 0.1350 0.6852 0.4409 0.0052 0.0051 0.0022 0.0097
10 7.82 0.6980 0.1601 0.9301 0.4993 0.0050 0.0058 0.0018 0.0096
29.Nov.2015 1 6.99 5.3950 0.5902 0.9545 2.1025 0.0051 0.0053 0.0049 0.0100
2 7.30 1.2890 0.1128 1.2455 0.5533 0.0051 0.0053 0.0025 0.0105
3 6.99 3.2450 0.1145 6.4952 0.5975 0.0061 0.0098 0.0018 0.0115
16.Dec.2015 1 7.38 3.2110 0.4164 1.3106 11.2545 0.0067 0.0080 0.0034 0.0116
2 7.60 4.8060 0.7965 0.9803 19.6788 0.0114 0.0056 0.0031 0.0106
3 7.54 3.6940 0.4864 1.2193 9.1438 0.0065 0.0048 0.0067 0.0112
29-31.Dec.2015 1 7.59 45.7090 1.3167 4.5224 5.1454 0.0447 0.0078 0.0019 0.0470
2 8.32 6.3560 0.7778 1.1105 8.1016 0.0068 0.0031 0.0016 0.0104
3 7.83 6.3460 0.6549 0.9435 3.5957 0.0065 0.0036 0.0022 0.0116
4 1.74 6.2570 0.7943 1.0926 5.4902 0.0080 0.0032 0.0020 0.0132
5 7.38 6.0070 0.6313 2.6833 6.9478 0.0090 0.0039 0.0064 0.0108
6 7.29 18.7980 0.8228 2.0366 2.5128 0.0166 0.0060 0.0014 0.0245
7 7.67 3.9890 0.3472 5.2544 5.2092 0.0062 0.0027 0.0013 0.0107
8 7.56 3.4190 0.4004 1.8184 7.8209 0.0052 0.0023 0.0014 0.0105
9 8.01 3.4070 0.4190 2.2920 9.4503 0.0084 0.0030 0.0033 0.0125
10 7.42 1.9660 0.1483 0.7501 3.4436 0.0060 0.0032 0.0025 0.0109
11 7.22 2.9190 1.2449 0.6051 5.8291 0.0125 0.0022 0.0013 0.0160
12 7.21 2.9810 0.2833 0.4617 5.9659 0.0211 0.0020 0.0028 0.0194
13 7.28 7.8030 0.8279 0.8006 10.6605 0.0062 0.0049 0.0119 0.0111
08.Jan.2016 1 7.10 2.9160 0.2889 0.4112 1.7450 0.0098 0.0037 0.0043 0.0110
2 6.99 1.6500 0.2480 0.4046 1.8917 0.0064 0.0040 0.0073 0.0101
3 7.32 1.3450 0.1689 0.9469 1.8553 0.0048 0.0032 0.0049 0.0093
12-13.Jan.2016 1 7.20 4.1470 0.4186 1.1344 1.9935 0.0060 0.0057 0.0066 0.0102
2 7.28 4.8330 0.5710 0.8727 3.2899 0.0057 0.0048 0.0046 0.0103
3 7.33 4.4600 0.5417 0.7350 2.5272 0.0058 0.0038 0.0074 0.0113
4 7.29 2.3230 0.2904 0.8475 1.5888 0.0053 0.0045 0.0045 0.0104
5 7.12 1.2090 0.1361 0.4624 0.7028 0.0053 0.0045 0.0029 0.0108
17.Jan.2016 1 7.54 1.3200 0.1644 1.6818 2.1832 0.0060 0.0086 0.0054 0.0112
2 7.51 0.6320 0.0565 0.8413 0.3623 0.0056 0.0047 0.0026 0.0123
3 7.32 1.0330 0.0830 3.9043 0.9293 0.0058 0.0050 0.0024 0.0103
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Table 1 (continued)

Date Sub-events pH Na Mg K Ca Al Cu Mn Fe
05.Feb.2016 1 7.00 3.4490 0.4761 0.8078 9.2337 0.0064 0.0046 0.0095 0.0108
2 6.92 0.9410 0.1813 0.5318 5.8973 0.0069 0.0036 0.0034 0.0118
3 6.77 0.4410 0.0543 0.2847 0.8813 0.0050 0.0034 0.0028 0.0101
4 6.72 0.5150 0.0834 0.1758 1.1057 0.0058 0.0032 0.0029 0.0098
5 6.68 1.1050 0.1778 0.7759 1.1785 0.0050 0.0046 0.0023 0.0101
16
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Fig.3 Average VWM values of elements in sub-events in precipitations

carried out in Istanbul, it was stated that the main reason for
not having high acidity in the precipitations that occurred
could be attributed to the high calcium concentration (Akko-
yunlu et al. 2003). Na has the highest value in samples, fol-
lowed by Ca. This situation also suggests that below cloud
scavenging is an effective process of removal for Ca. Mn has
been showed a high scavenging ratio. This situation may be
because of the reason that it reacts with water and dissolves
in dilute acids. One of the most abundant metals in the soil,
Mn occurs as oxides and hydroxides and is known to cycle
through various oxidation states (McKenzie 1989). It was
noted that the particles contributed higher than gases to the
total wet deposition, with the particle ions showing higher
scavenging ratios than their gaseous precursors. It was stated
that scavenging rates for the gaseous species studied differed

o’
’r @ Springer

greatly, possibly related to their different solubility in the air
or their lifetime. It has been explained that the main sources
and chemical processes contribute to the ambient concentra-
tions of some chemical species and thus may have signifi-
cantly reduced the scavenging ratio, for example in the case
of NH;. It is stated that the obtained scavenging ratio data
can be used to improve the estimation of particle concentra-
tions during rainy periods using air quality models (Lin et al.
2021). Oduber et al. (2021) stated that scavenging ratios
show that coarse particles derived from the soil are effec-
tively removed due to increasing precipitation intensities,
while for fine particles this process is more effective in long
and continuous rainfall. They also stated for ammonium, it
increased due to the inclusion of NH,* in the gas phase to
the drop.
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Fig.5 Average scavenging ratios of the measured elements in pre-
cipitations

Scavenging indexes in precipitations

The scavenging index of elements for each sub-event was
calculated and presented in Figs. 6 and 7. It is shown in
Fig. 6 that the concentration of Na decreases with an increas-
ing amount of precipitation. There was a different scavenging
property of each precipitation. Some uncertainties have been
observed in some events. It was observed that the concentra-
tion increased rather than decreased during the 16 December
2015 precipitation (Fig. 6). However, the uncertainty for Na
was observed in only one event in precipitations. Like Na,

Thurs.

Mg, also showed variation in scavenging properties for each
sub-event. In most of the sub-events, decrease in concentra-
tions with respect to rainfall amount was observed during
precipitation. There was uncertainty in only two sub-events,
namely 16 December 2015 and 08 January 2016, and in
these sub-events, there was an increase trend according to
the rainfall amount rather than a decrease in concentrations.
K also showed similar trends like Na and Mg. But unlike Na
and Mg, the numbers of sub-events with uncertainties were
higher for K. The number of these sub-events is three and
their dates are 29 November 2015, 08 January 2016, and 17
January 2016. This situation can be explained by the fact that
the atmospheric conditions do not remain similar during the
rain event. During the precipitation some other sources can
affect the K concentration. In two of these uncertain events
the concentration has decreased initially but then observed
sudden peaks again indicating the influence of other air
masses which enter the atmosphere at that point.

In the study conducted by Akkoyunlu and Tayang (2008),
it was stated that the pH and ion concentrations in the first
sub-events were generally higher for all four precipitations
than in the other sub-event samples, respectively. It was
stated that the reason for this was the strong initial wash-
out of the atmosphere by raindrops. It was stated by Zhou
et al. (2021) that the higher the rain intensity, the higher the

@ Springer
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Fig.7 Scavenging indexes in precipitation events (Al, Cu, Mn, Fe)
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scavenging efficiency will be. It was predicted by Izhar et al.
(2020) that the mass-scavenging efficiency of water-soluble
components elicits their effectiveness to act as condensation
nuclei. They stated that the results showed higher scaveng-
ing efficiency of the crustal-oriented components. Then they
explained that secondary components and biomass burning
species have high scavenging efficiency. Ca showed the good
scavenging property in most of the precipitations. Just like
Na it also has one event with uncertainties, where the con-
centrations of Ca increased with increasing precipitation
amount instead of decreasing. The event with uncertainty is
of 16 December 2015 precipitation event (Fig. 6).

Al showed less scavenging property as compared to the
elements including Na, Ca, Mg, and K. The numbers of
uncertain events were higher for this element with a total
of four events. The other six rain events showed a some-
how good decreasing trend for Al with respect to rainfall
amount. This may be because of the fact that rain does not
scavenge Al very efficiently as compared to Na, Ca, Mg, and
K. The number of uncertain events where Cu increased in
concentration versus the precipitation event was only two.
Like all other analyzed elements, the scavenging proper-
ties of Cu varied according to the situation. During these
precipitations, which took place on 29 November 2015 and
08 January 2016, concentration values showed an increas-
ing trend rather than decreasing. Mn showed a decreasing
trend of concentration with respect to rainfall amount. Mn
also showed uncertainty in three of the events calculated as
like K. The reason for these discrepancies can be the varia-
tions in the atmospheric conditions and the air masses which
affects the element concentration. But the reasons associated
with the uncertainty are not limited to these reasons there
can also be other reasons as well. And it’s been observed
that these elements are not scavenged very efficiently by
rain as compared to the Na, Mg, and Ca. The concentra-
tions of Fe in the rain events were observed to be very low
as like concentrations of Al, Mn, and Cu elements. Fe also
showed varying scavenging properties for each event. Some
of the events showed uncertainties in the concentrations of
Fe during the course of rainfall events. The local sources of
Fe might have affected the concentrations when there was
no precipitation during the sub-events.

Conclusion

To examine the below-cloud scavenging process in Istan-
bul, one of the most important megapolises of the world,
sequential precipitation samples were collected between
30 September 2015 and 05 February 2016. Fifty-one sub-
event sampling was carried out in 10 precipitations during
the sampling period. Sub-event sampling can be performed
by using manual or automatic sequential precipitation

* @ Springer

sampling devices. It is thought that the use of automatic
sampling systems instead of manual sampling systems in
sub-event sampling will provide more reliable values. In
this study, all the sub-events in the sampled precipitations
were alkaline. It was determined that the elements with the
highest concentration values in the precipitation and PM, 5
samples were Na and Fe, respectively. It was clear from the
obtained scavenging ratios that the elements show different
scavenging ratios for each event. It was determined that Ca
showed good scavenging properties in most of the precipi-
tation events. The reason for this may be that the atmos-
pheric source of Ca is dust particles formed as a result
of wind erosion and these dust particles contain coarse
particles with high scavenging indexes. It was determined
that the Al element showed fewer scavenging properties
than Na, Ca, Mg, and K elements. It was observed that the
number of precipitation events in which Al showed fewer
scavenging properties than these elements was four. In the
other six precipitation events, a decrease was observed in
the concentrations according to the precipitation amount
during the precipitation. The reason for this may be that
rain does not scavenge Al very efficiently compared to
these elements. It was observed that the concentration
values of Mn element decreased according to the rainfall
amount during the precipitation. In addition, it was deter-
mined that this element had uncertainty in three events.
Among the reasons for this difference may be variations in
atmospheric conditions and air masses that affect element
concentration.

This study is the first study conducted in Turkey in
terms of calculating scavenging indexes in sub-event
sampling. Since the amount of particulate matter has an
impact on atmospheric temperature and short-term cli-
mate change, therefore, the scavenging ratios of atmos-
pheric particles can be used in short-term climate change
models. In terms of identifying local and global pollutant
sources and understanding the operation of the in-cloud
and below-cloud scavenging mechanism, examining the
ion concentration in the subevent sampling may be more
useful than examining the ion concentration in the wet
and bulk deposition sampling. It is believed that this study
will contribute to the advancement of the current state of
knowledge about scavenging ratios and scavenging indexes
in sub-events.
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