DE DE GRUYTER
OPEN

DOI: 10.1515/eces-2017-0025 ECOL CHEM ENG S. 294(B):381-395

Tomasz OLSZOWSKHK

COMPARISON OF PM10 WASHOUT
ON URBAN AND RURAL AREAS

POROWNANIE USUWANIA PM10 NA OBSZARACH MIASTA | WS

Abstract: This paper reports the results of research irgceffectiveness of scavenging of PM10, resultiognfr
the occurrence of solid and liquid hydrometeorse Tireasurement campaign was undertaken over 7 gedrs
involved the registration of PM10 in areas whichvéhadifferent aerosanitary conditions (i.e. urbard an
undeveloped rural area). The analysis involved d2ervations taken at constant time intervals Bfi@ur. The
measurements of the concentration of PM10 wereopadgd by means of a reference method accompanied by
concurrent registration of basic meteorologicabpaeters. It was indicated that in a urban locatibe,intensity
of the local emission sources is a principal fagmfiuencing the value of mass concentration charaed the
effectiveness of the dust scavenging that accorapamigiven type of precipitation. It was also ndtet for the
same intensity of precipitation, only the depositif convective rainfall and long-term large-scptecipitation
do not lead to statistically relevant differenceghe value of mass concentrations of dust for lbodas. It was
indicated that during solid and liquid frontal pigitation of light intensity (< 0.5 mm-H, the effectiveness of
PM10 removing is less in rural area. It was statdliy proven that continuous precipitation of ctamg intensity
and duration exceeding 2 hours has a similar effégturifying the ambient air in both locations. elstudy
revealed that short-term solid precipitation pregidetter characteristics of scavenging of PM10peoed with
classic rainfall
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Introduction

Observations taken over many years indicate thatathility of the atmosphere to
purify itself should be understood as the capaifityhe atmosphere to capture solid and gas
pollutants from the atmosphere by means of the iftgnalouds and precipitation in solid
and liquid state [1, 2]. Studies have reported thatscavenging of solid particles is more
effective during in-cloud washo(8], Below-cloud washout is a more effective prexéor
suspended particles with larger diameters [4-6]addition, since the process occurs close
to the ground-level zone, wet deposition plays mpdrtant role in the transmission of
pollution from the atmosphere into the ground. Adidng to Chate et al. [7], wet
below-cloud washout is one of the principal proesswhich ensure that a balance is
maintained between the sources and removal of @lepasticles. Researchers in this area
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claim that this process can lead to scavenging pftas 30% of aerosols from the

troposphere [8-10]. The process of purificatioritaf below-cloud troposphere is described
in terms of collisions between raindrops and adrpadicles [11]. Other mechanisms that
play a role in this process, involving the effettrertia, Brownian motion, thermophoresis,
diffusophoresis, and electro-scavenging, are safftty recognized and described [2, 5, 7,
11-16].

The scavenging coefficiemt [s™] is customarily used to explain the effectivenebs
the self-purification of the atmosphere [17]. Dwethe considerable number of factors
which play a role in the below-cloud processesyseging coefficients are characterized
with a considerable degree of variability [18]. Téugplication of adequate parameters for
description of their characteristics poses a ctirpeablem in the descriptions of climate
models and models that deal with the spatial @istion of pollutants [19]. Additionally,
the scavenging coefficiemt can seem complicated to an everyday reader, ahokei not
explain directly the scale of the process, sinbe ‘fhan in the street” could have problems
interpreting the results of reported here. For convenient presentation, tleztfeness of
PM10 scavenging by precipitation can also be ptesems a simple relationship of
percentage changAQ) in the dust mass concentrations before and efimodes of rain.
That percentage change is known as “removal caefifit[20].

The effectiveness of wet deposition in the scavamgif particulate matter from the
troposphere has been the subject of reports imge laumber of research works [2, 9, 16,
21-29]. These processes are recognized both on a compdéx (®ecluding details of the
effectiveness of particulate matter scavenging wheoompanying particular types of
precipitation) and on a detailed scale (when tifecgéfeness of specific types of particles is
investigated with regard to the type of precip@atwhich carries them). Evidently, many
results pertain only to specific circumstances;entheless, the local emission of pollution
and the structure of rain clouds play a princigdé rin determining the characteristics of
wet depositiorf7]. What is noteworthy is that the variations lie tconcentration of aerosols
in the troposphere following precipitation can ab&zur in areas both in the vicinity of, and
remotefrom pollution sources as a result of the effecttrafhsport with horizontal air
masse$16]. With the exception of a few papers [9, 25], 2&ithors do not report results of
the scavenging of aerosols, which are standardatatis of air quality in a given area.

The distribution of aerosol in the air in termspafticle size and concentration depends
not only on the meteorological processes and mésimsnaccompanying scavenging from
the atmosphere but to a greater degree on the dygke intensity of emission from
anthropogenic and natural sources [30]. So farukameous and long-term observations in
locations with significant diversification of emisa sources have not been performed. It is
suspected that the value of the PM10 removal adefii (AC) can be significantly differ in
areas with different emission characteristics. Taase may be the scale of emission, the
different contribution of individual fractions inMPLO and the chemical properties of
pollutants introduced.

The principal objective in this project was to caood a comparative analysis of
scavenging of PM10 with the wet deposition depegdin aerosanitary conditions defined
by the type and intensity of precipitation. The lgsis, which was supported by
a considerable amount of data from measurements, aivaed at verifying hypothesis
stating that: there are no differences in the &ffeness of the scavenging of PM10 relative
to the place of its occurrence (in urban-rural ssrvinent relation).
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Materials and methods

The study, whose results are reported here, waducted simultaneously in urban
(P1) and rural areas (P2) over the period of swiees7? years (2007-2013). The
registration of meteorological parameters and cotmagon of PM10 in the urban area was
realized in the provincial city of Opole (Poland,0°81'13"N; 17°56'43"E,
122,000 inhabitants). The measurement point P1sitaated in the north-east part of the
town, in the vicinity of low residential housingdweommercial development and close to
a major road into the town with moderate traffibileTmeteorological data representative of
a non-urban area and concentration of PM10 was ures$n an undeveloped area, i.e. in
the vicinity of a village (Kotorz Maly, Poland, 588'37’N; 18°03'22"E;
1,025 inhabitants). The measurement point P2 waatdéd on an open, yet shielded
meadow area protected by the surrounding woodm $\@&rth-east from point P1 and 2 km
from the nearest compact rural building developm&hé area of investigation is presented
at Figure 1.
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Fig. 1. Localization of observation points; P1bam and P2 - rural

The 5-year assessment of air quality published pgl©Voivodeship Inspectorate for
Environmental Protection (OVIEP), which involvesetlanalysis of air pollution with
particulate matter (PM10 and PM2.5), indicated Bable is classified in class 3kwith
regard to the quality criteria for the protectiohnhmman health [31]. This urban area is
characterized by considerably higher mean annublesaof concentration of PM10
compared to the distant and partly isolated rurabaFor instance, according to OVIEP
data [32], the mean annual concentration of PilOpole was equal to 338- > in

2 Class 3b - area in which the level of concentratid pollution is higher than the upper assessntamishold
established for this type of substance in the tais level invokes a need to conduct intensive ematinuous
registration of data in measuring stations in tteas exceeding the admissible levels.
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2013, which is 83.2% of the admissible level. Tieisult is confirmed by the mean annual
concentration of PM1fMeasured in the present study (36g4n>), which was recorded at
the observation point P1. Concurrently, the mearuahconcentration of PM10 measured
in the rural area (P2) was 40% lower.

The measurement campaign involved the observatfoth® PM10 concentration
resulting from the occurrence of two types of ppéation with different intensity: solid
and liquid (frontal and convective ones). In orderfurther verify the results of the
research, the analysis involved only the casesebfd@position occurring simultaneously at
the two measurement points. The detailed analysislved episodes of hydrometeors
which occurred simultaneously and were charactérinethe nearly identical intensity of
precipitationR [mm-h7]. The time interval of the particular aspirationas constant and
equal to 30 minutes. Both short-term (0.5 h) amajiterm (> 2 h) instances of precipitation
were considered in the analysis.

Meteorological data and PM10 sampling procedure

To determine the meteorological conditions, podalbleather stations (Lacross
Technology and DAVIS®) were used, which are widely used for registratibrweather
conditions in field measurements [33]. These weadtstions were installed 10 (at P1) and
12 (at P2) meters from the PM aspirators. At bodasurement points, the sensors, which
determined relative humidityRH), temperatureT), atmospheric pressur®)( wind speed
(Ws) and rainfall R), were installed at a height of 2 m above the gdourhe standard
measurement uncertainty was equal Rbt 0.5%, T 0.5°C,P 0.06 hPaWs 0.06 m &',
respectively.

The procedure by which the measurement of the roagsentration of PM10 was
performed was in conformity with the European stadd34].The aspiration of the PM10
in the air was carried out by a MicroPNS HVS16 (UMW TECHNIK MCZ GmbH)
sequential dust samplers. Like the sensors in thathver stations, the aspiration headers
were installed 2 m above ground level. The floveraas 68 mh™. The PM separators
applied Whatman GF/A fibreglass air filters withdemeter of 150 mmThe expanded
concentration measurement uncertainty (U) did noteed 3.9%. The time interval
guaranteed the PM collection to a degree that wégient to determine the mass of the
captured particulate matter, even in conditions witg concentration in the air was low.
The initial testing (n = 25, time interval of regation - 10 seconds, time of a single
registration - 1800 seconds) using a DustTrak 88@®sol Monitor - TSY, was conducted
in variable weather conditions; however, with theception of rain, it did not yield
considerable differences in the results of PM10ceatration over 10 and 1800 seconds in
the investigated area.

Procedure for determining the removal coefficientAC

The removal coefficient of the particulate mattersvdetermined with the relation (1):

AC = £22-100% (1)
0

where: Cy - mass concentration of PM10 before precipitatiepisodes,C, - mass
concentration of PM10 after precipitation episodes.

The proposed solution has a primarily practicalrabier and constitutes an attempt to
offer a way of approaching the effect of scavengifgarticulate matter suspended in the
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ground-level zone. As the scavenging coefficidnthe removal coefficierAC is relative

to the aerodynamic diameter of the PM; however, tluethe applied measurement
methodology, the entire fraction of PM with the rdigter below 10um was identified.
Statistical analysis of the results of meteorolabjgarameters and variability of the mass
concentration of PM10 for verification of reseatgfpothesis was undertaken by means of
the STATISTICA 12 program.

Results and discussion

Characteristics of meteorological parameters

Table 1 contains a summary of data regarding melagical parameters registered
during the experiment. The data involves only teeords for those days when solid or
liquid precipitation occurred at both observatiarints. None of the recorded cases were
found to correspond to a normal distribution ofadats indicated by the Shapiro-Wilk test.
At the same time, intensity of precipitation, wifiskce and direction are similar. This
results mostly from the location of the two obséinm points in the vicinity of each other
and the similar origin of the processes of wet démm. For the case of convective light
precipitation R < 0.5 mm-h'), the mean air temperature in the urban area wasd
1.5°C higher than in the rural surrounding andviidue was two times higher than the
temperature recorded for large-scale precipitatidioth areas.

Table 1
Meteorological parameters characterizing the camitduring the observations at both places
Place of Statistical T RH R P W PM10GC, | PM10C;
observation | description [°C] [%] |[[mm-h™]| [hPa] | [m-s |[pg-nT9 | [pg nd
(CR) - convective precipitation (without storms)
Avg 19.0 84.0 0.70 991 2.82 22.3 20.0
Med 19.0 87.0 0.45 990 2.40 22.0 20.
P1 SD 3.80 10.0 0.72 7.50 4.18 11.0 10.4
Max 30.5 95.0 4.00 1007 22.9 62.0 59.1
Min 11.6 50.0 0.20 974 0.00 16.0 13.9
Cv [%] 20.0 11.9 103 0.76 148 49.3 52.0
Avg 19.0 81.0 1.06 990 3.13 16.9 13.9
Med 18.9 84.0 0.75 990 2.80 16.2 13.4
P2 SD 3.64 12.0 0.91 5.09 291 7.79 6.61
Max 28.9 94.0 7.40 1009 26.3 42.0 38.
Min 8.5 62.0 0.20 975 0.00 134 7.10
Cv [%] 19.2 14.8 85.8 0.51 93.0 46.0, 47.6
(FR) - frontal (large-scale) liquid precipitation
Avg 111 88.0 0.93 996 5.84 22.7 20.4
Med 11.1 90.0 0.60 995 3.80 18.0 16.
P1 SD 4.30 0.07 1.08 9.24 6.06 18.5 18.1
Max 235 99.0 11.2 1019 28.7 222 186
Min 1.90 59.0 0.20 985 0.00 13.0 7.00
Cv [%] 38.7 0.08 116 0.93 103.8 81.8 87.9
Avg 9.25 88.0 0.88 997 4.77 16.4 145
Med 9.10 90.0 0.50 996 2.60 16.0 14.
P2 SD 4.18 0.08 0.99 8.85 5.97 8.10 7.4
Max 27.2 99.0 13.0 1017 58.8 59.0 49.
Min 0.00 46.0 0.20 986 0.00 12.0 10.9
Cv [%] 45.1 0.09 112 0.88 125 49.5 51.4
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Place of Statistical T RH R P Ws PM10C, | PM10C,
observation | description [°C] [%] |[[mm-h]| [hPa] | [m-s] |[pg-nT9 | [pg nTd
(FS) - frontal (large-scale) snow precipitation
Avg -0.57 87.0 0.55 992 3.56 40.8 35.7
Med -1.10 88.0 0.40 992 2.90 25.0 24.
P1 SD 154 0.06 0.37 9.77 3.68 38.2 33.1
Max 3.20 95.0 3.00 1011 18.7 203 162
Min -4.90 69.0 0.20 979 0.00 20.0 12.5
Cyv [%] 270 0.06 67.9 0.98 103 93.5 92.7
Avg -1.14 87.0 0.55 993 4.16 21.8 18.6
Med -1.40 88.0 0.40 992 3.45 21.0 18.
P2 SD 2.63 0.06 0.56 9.65 4.03 11.0 9.1
Max 4.40 95.0 7.50 1012 19.6 54.0 46.
Min -10.4 56.0 0.20 979 0.00 9.50) 4.7Q
Cv [%] 230 0.07 101 0.97 96.8 50.3 49.3

The registered differences stem from the fact tuatvective light precipitation was
principally limited to the summer season, whilegkscale precipitation occurred all year
round. The lowest temperatures accompanied ocaegerof snowfall, while the
temperature intervals corresponding to the urbaalmrea distinction did not exceed 5%.
For the case of liquid precipitation, for both thian and the rural area, predominantly
small movement of horizontal air masses was natedrpund 50% of all cases). During
large-scale precipitation, a similar number of fpiation instances accompanied windless
conditions (around 18% during observations las@riyh and 12% during occurrences of
continuous rainfall). The wind conditions recordiding the episodes of snowfall in both
locations were nearly constant (around 32% of milthds and 16% for windless
conditions). The humidity level accompanying thewcence of hydrometeors remained at
a constant level for all observations, and it waseto 81% for convective light rains, 88%
for frontal and 86% for continuous rain.

A review of literature data indicates that the nsi¢y of precipitatiorR forms the key
parameter in determining the level of particlesveoging from the troposphere. Analysis
of the distribution of this parameter for the sfieciocations and types of precipitation
indicates that the dominant type is wet depositidth a low intensity. For the case of
short-term observations, precipitation with inigni the range < 1 mm-hwas noted in
about 62, 83 and 92% cases of frontal, convectimd anow precipitation types,
respectively. Higher variability was noted for letegm precipitation. Snowfall with
intensity < 1 mm-H was registered in 90% of cases of urban obsenstmd in 97% of
cases in the rural environment. A higher intensityight rainfall was noted in the urban
area (62%) than in the rural location (54%).

The basic statistical analysis with the applicatidrthe Spearman’s rank correlation
indicated that the relation between the valud6fandR is high and the value of thé
coefficient is high. The calculated determinati@efficient offers a considerable degree of
explanation for the variability dAC, which follows as a consequence of the variability
the intensity of precipitation. On the basis of #realysis of the results gathered for the
same values OR, it can be note that in regard to the convectivertsterm precipitation
(0.5 h), the intensity of precipitation in the rumrea explains 65% of cases of the
variability of AC. For the case of the urban area, this value is.6l% determination
coefficient for the continuous precipitation (> Pwas found to be at the level of around
45% for the urban area and 53% for the rural afbase differences may stem from the
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higher values of the variability coefficient (oneagge by 35-40%) for values &€ derived
for the city compared with the same value in th@lrarea during episodes of precipitation
with the same intensity. At the same time, no datien was found between the value of
the removal coefficient and the remaining metedagiglal parameters registered during the
measurements.

Effectiveness of scavenging of PM10 in environmentwith various aerosanitary
characteristics

The variability of the mass concentration of ael®sduring two successive time
intervals in the conditions of the actual experitrismelated to a variety of conditions, such
as turbulence in the boundary layer, chemical mee® in the liquid and solid phase, and
local emission and transport of pollutants from o&nareas [24]. These processes are
reflected in both positive and negative valueshaf temoval coefficient measured in the
urban and rural areas. During the experiment, axtia instances of positive values/AE
were registered for short-term light precipitatiespecially for the instances of large-scale
rainfall, which confirms the observations made arlier research [24]. Figures 2 and 3
presented the P1-P2 comparison of removal coefficialues for different types of
precipitation and selected range of its intensity.
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Fig. 2. Urban (P1) and rural (P2) comparison of aeah coefficient values for different types of
short-term (0.5 h) precipitation (convective raim),(frontal rain (b), frontal snow (c). For
convective rain data fd® < 0.5 mm- i only)



38¢ Tomasz Olszowski

The effectiveness of scavenging of tropospheriosaris most commonly described
in terms of a median derived by means of an exgarinOn the basis of the data classified
as convective short-term (0.5 h) precipitation dgrihe entire duration of the experiment,
the lack of a considerable difference was noted/éen the urban (P1) and rural (P2) area,
as the medians &C were equal to —6.12 and —6.51%, respectively ndilar situation was
registered during the analysis of episodes of coiiwe precipitation occurring
concurrently and characterized by an identicalnsity R (i.e. withAC medians —-5.22 and
—5.81%, respectively).

The comparison of the calculated values of medi@rfor observations of large-scale
liquid precipitation, with regard to the urban-ruopposition, also yields similar values for
observations limited to the same date of occurreamm light and medium precipitation
intensity (i.e. forR < 0.5 mm- A" close to —-6.5% at P1 and P2; RE 0.6-1.0 mm-H close
to —12% and foiR = 1.1-2.0 mm-H close to —18.5%). For high precipitation intensity
(R = 2.1-5.0 mm-H) the difference between the removal coefficiedtiea for P1 and P2
appeared (close to —27% for P1 and —32% for P2 Algher levels of divergence were
observed during short-term and low-intensity sndiwdacurrences, where the medians of
the removal coefficient were equal to —8% (urbaapand —13% (rural area). For the case
of long-term precipitation (Fig. 3), the amount ddita collected was not sufficient to
compare the results for the convective ones.

Long-term frontal precipitation and snowfall wetgacacterized by different values of
the median of removal coefficient depending onrfeasurement location. For the case of
long-term liquid precipitation, the medians&E were similar for the urban and rural area
only for rain intensity greater than 1.1 mrt:h
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Fig. 3. Urban (P1) and rural (P2) comparison of aeah coefficient values for different types of
long-term (> 2 h) precipitation: a) frontal rair), foontal snow

Table 2 summarizes the results of the Mann-Whitesy, whose aim was to verify the
hypothesis stating that the effectiveness of sagimgnof PM10 is identical regardless of
the place of occurrence of the process of wet déposThe resultsg-value) presented in
the first two rows of the table refer to the daiscdssed in the earlier paragraphs, which is
expressed by specific values &€. Only in the case of convective and continuougdar
scale precipitation (for identical observation timwed intensityR), the results of the test
unambiguously confirm the fact that the scavengihghe two different environments is



Comparison of PM10 washout on urban and rural areas 38¢

virtually the same. The value of the probabilityfioned by the large number of analyzed
incidences of snowfall and short-term frontal ralhexcludes the proportionality of the
effectiveness of scavenging in the urban and rared, despite the similar values of the
median of removal coefficient. Detailed analysistlid occurrences of light precipitation
(for the same observation tim® < 0.5 mm-h") indicates that the location of the
scavenging occurrence does not play a role eithdére case of convective precipitation or
for the case of convective light rains and longreolid and liquid precipitation of frontal
character. This fact can be explained by the theomaditions. For the case of convective
precipitation which accompanies a relatively higmb#&éent temperature, the effect of
particulate matter emission from thermal energyraeal is particularly discernible
(especially from local sources of thermal energyn the other hand, the registered
snowfall and frontal rainfalls coincided with theld and moderate season, which is
associated with intensive exploitation of anthrogrig emission sources and permanent
introduction of pollutant loads. In these condigpshort-term precipitation is incapable of
purging pollutants from the atmosphere with simaéfectiveness in the examined areas.
During the occurrence of intermediate and highrisity precipitation R > 0.5 mm- ), the
urban environment, which is enriched with pollusaebntinuously, is characterized by
a similar effect of wet deposition to that in theal area. Similar conclusions regarding
scavenging of particulate matter with diameters susad in microns is presented in the
work by [35]. Much more effective removal of theaexined dust after the average snowfall
has been observed in the city area. The resuttriirmed by 17 independent observations,
which excludes randomness.

Table 2
p-value forACp;-ACk; relation. In the bracket No. of observation resist.
Bold values indicate realization of Mann-Whitnegtteonditions (for significance level= 0.05)

Type and duration of precipitation

Conditions of observation CR(05h) | FS(05h) | FSG2h) | FR(05h) | FR(>2h)

t = constR = const 0.32 (20) | <0.001 (94) 0.21 (22) | 0.035 (245) 0.07 (45)
t = constR< 0.5 mm-h' 0.21 (18) [<0.001 (71)) 0.5C (14) | 0.002 (114) 0.0¢ (10)
t = const, 0.6 R< 1.0 mm-R no data <0.001 (17) 0.2¢ (8) | 0.4C (59) | 0.03 (17)
t=const, L ER<2.0 mm-H no data 0.7% (6) nodata | 0.4z (43) | 0.9¢ (14)
t = const, 2.K R<5.0 mm-R no data no data no data] 0.37 (28) | 0.8t (4)
Continuous p_re(:|p|tat|on,: 2h, no data no data 0.005 (8§ no data 0.25 (8)
R = const
Contmuoust_rempltat|on,= 3h, no data no data | 0.81 (6) no data 0.27 (10)
= const
Cont|nuoust_reC|p|tat|on,= 4h, no data no data no data no data 0.53 (9)
= const
Continuous pée:'ggﬁts'?”' 5&<10h) 1 data no data no data no data 0.64 (16)

The result of a much lower valukC in the city is difficult to explain. A possible
explanation for the discrepancy may be the peristtiengthening of the effect of particles
removal by occurring the downdraught over the aitga. This effect is associated with
changes in the boundary layer caused by the inedeasmission of anthropogenic
impurities [36, 37]. On the other hand, perhaps é¢ffect of "the Urban Heat Island"
increases the efficiency of dust capture by sndwefla Snowflakes when exposed to higher
ambient temperatures, are better hydrated andaser¢heir surface contact with solid
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particles. In the context of the adopted methodgloan equally important parameter
determining the effectiveness of air purificatioorh particulate matter may be the initial
PM10 mass concentration. According to the authdg$ the best dust removal efficiency
during precipitation occurs at the initial stagetfud process. At the same time, it has been
proven that "large" particles are washed out mdfieiently than smaller ones [38]. That
large particles determine the value of PM10 mas&eatration. Another important factor
influencing the change in particle concentratiothis properties of the dust removed. Dust
from different sources differs in chemical and gdametric composition, as confirmed by
field observations [39]. By accepting the constealue of the pollutant load, it can be
stated that anthropogenic emissions (fuel comhbujsi@nerate more submicron particles
than dust from natural sources. Hence, the prasedf the dust can have a significant
effect on the PM10 mass concentration changestimlboations.

A complement to this report can be offered by #&ults of analysis of incidences of
continuous precipitation with constant intendiyaccording to its duration. The results of
the test, under the assumption of a constant smfalgarticulate matter transport from
remote areas, clearly indicate that a longer dumatf the continuous process of wet
deposition limits the divergences in the valueAdf derived for two environments with
various levels of local emission. One can, howeverte that the removal coefficient
assumes lower values in the rural area under thengsion of identical intensity and
duration of precipitation.

Comparative analysis of the two different environtsein terms of the volume and
character of emission indicates that low intenpitgcipitation leads to statistically relevant
differences in the value of th&C. Table 3 presents the results of the Mann-Whitiesy
with a comparison of the values of removal coedfiti for distinct locations of light
precipitation depending on the initial concentnatf pollutants measured directly before
the episodes of wet deposition process. For a atdndrizzle with low intensity, there are
no statistically relevant differences. For the caxfethe occurrence of continuous
precipitation, the removal coefficient assumes augivalues in the examined locations.
With the exception of convective precipitation, fine remaining types of hydrometeors
with the intensity of 0.4 mm-h statistically relevant differences in the valdeAT are
registered, regardless of the initial mass conegntr of PM10.

Table 3
A comparison of removal coefficient according tbam-rural area distinction. The results of probgbiest
(p-value) for different types of precipitation andfelient range of “before rain” PM10 concentration.
Bold values showed realization of conditions of Makthitney test (criticap-value: 0.05)

Precipitation type and intensity Co < 15ug-ni® Co 15 < 3 Opg-m'® Co > 30pg-nt
convectiveR= 0.2 mm-K 0.65 0.44 0.17
convectiveR= 0.4 mm-H 0.09 0.08 0.06

snow R=0.2 mm-ht 0.04 0.01 0.03
snowR = 0.4 mm-ft <0.01 0.01 0.02
frontalR= 0.2 mm-H 0.35 0.24 0.07
frontalR= 0.4 mm-R 0.02 0.01 0.03

Although it is difficult to identify the exact reass, the results of this study confirm
the early statement that for convective precigtaticcompanied by high air temperatures
can be found a limitation of the intensity of loaahission from anthropogenic sources,
which causes the registration of similar valueA@fin both the examined locations. On the
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other hand, the activity of the local anthropogesitrces during episodes of short-term
snowfalls and frontal rains results in considerabiferences in the effectiveness of
scavenging between the urban and rural area. Tdretdfeld research seems to confirm the
observations made in a work by Shukla et al. [R6which the authors observed that the
degree of scavenging is related to the volume efltital emission despite the primary
focus of work on theoretical research. A similandoasion was made on the basis of
a study into concentrations of particulate mattevarious locations (urban and rural area,
communication infrastructure) in Spain [40].

a) 80 e P1:R=05mmh’ o P2:R=0.5mmh' b) 80 ® P1:R=05mmh’ o P2:R=0.5mmh"
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Fig. 4. Change of PM10 mass concentrations at RIlL Rh sites during simultaneous occurrence of
long-term solid and liquid large-scale (frontalg@pitation; a) frontal snow, b) frontal rain

The available results of field research indicatd temoving of particulate matter from
the atmosphere is related not only to the intenbity also to the duration of the
precipitation. By considering the results collectddring the episodes of long-term
continuous precipitation, one can note that theeaif theAC decreases slowly over time
(Fig. 4). This fact is associated with the depletaf solid particles in the ground-level
zone. On the basis of the analysis of the conctioerurrences of continuous precipitation,
it was observed that the variation of PMfhAssoncentration is greater in the less polluted
rural area. For instance, as a result of liquictipigation with an intensity of 1.0 mnmi-tin
the rural area, the value 6f[ug- m~] assumes 60% of its initial valadter one hour, while
it is around 0% after 3 hours (in comparison tagtegtion of the variation in concentration
in the first 30 minutes). By analogy, for the urkemea, these values are equal to 0% and
2%, respectively. Concurrently, it was observed,thegardless of the location, during
liquid precipitation with constant intensity (i.6.6, 1.0 mm-H), after 4 hours of the
process, the values of the mass concentration dointhicate statistically relevant
differences, while after 6 hours the values arseltm Opg-nT> which indicates that the
particulate matter has been removed from the arhbiewompletely. For the case of snow,
scavenging, in particular in the rural area, teiodse even more intense. A value of 60% of
the initial value of mass concentration is obseraftdr 60 minutes in relation to the initial
value, for the intensity of precipitation 0.6 mm:Hor the urban area, snowfall with the
same intensity lasting for an hour results in therdase o€ by about 33%. Concurrently,
snowfall with a constant intensity of 0.6 mmthesults in almost complete removal of
PM10, both in the urban and the rural environméet 8.5 hours.
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The initial statistical analysis of the resultsigades that the velocity of horizontal air
masses does not affect the value of the removdficieat. Nevertheless, on the basis of
the considerable bulk of raw data=£ 72 for snow andh = 157 for frontal rain) regarding
precipitation with a constant intensity 0.4 mnt, la verification was undertaken with the
aim of checking whether the direction of the honizd air masses has an effect on the
value of AC. Table 4 presents the results of the Mann-Whittesg, and illustrates the
comparison of the calculated values & for each of the locations depending on the
direction of the incoming wind (or in the conditimf windless weather). The results
indicate clearly that for precipitation of variotypes and constant intensity, the direction of
the incoming air masses does not have any effeth@walue of the removal coefficient.
However, during constant rainfall, one can note tha value of probability is close to
a critical value for the case ALC derived during the movement of air masses fromwthe
and E direction. This could suggest that the emisfiom the compact rural development
located at a distance of 2 km west of the measuremeint could affect the air quality
outside its boundaries (the median/A@? is lower during the wind direction from the west
than from the east).

Table 4

The Mann-Whitney test results (critigaivalue: 0.05). Comparison of removal coefficient®o= 0.4 mm-ht
due to wind direction. Text in italics indicatedalfor p-value in the rural area

Snow washout
urban rural
R=04
N E S W no wind
N 0.74 0.52 0.46 0.63
E 0.18 0.22 0.64 0.64
S 0.19 0.15 0.18 0.18
W 0.79 0.06 1.00 0.93
no wind 0.60 0.16 1.00 0.68
Frontal washout
urban rural
R=04
N E S W no wind
N 0.89 0.94 0.75 0.89
E 0.93 0.90 0.29 0.89
S 1.00 1.00 0.99 0.85
W 0.82 0.26 0.84 0.59
no wind 0.96 0.80 0.79 0.60
Conclusions

The comparison for the considered locations indgdhat the removal coefficieAC,
derived for the whole set of data, including thetémces of concurrent occurrence of
hydrometeors with the same intensity, has a llittehigher values in rural areas. At the
same time, for light convective precipitation wen @bserve more effective scavenging of
PM10 caused by snowfall. The results of experimemusfirm the influence of the
precipitation intensity on the effectiveness ofvaraying. The determined values&E for
the specific types of precipitation are in the marfigpm -5 to —35%, which confirms the
statement made by earlier authors regarding shori-precipitation. However, it is evident
that fine particulate matter, e.g. with a fractmil pm, tends to be removed with the rain
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to a lesser degree compared to bigger particlgs 8eor 10um). The results of long-term
observations also indicate that the value€\Gfderived by means of actual experiments
tend to be nearly an order of magnitude higher thaese derived on the basis of theoretical
models.

The mass concentration of particulate matter withivalent particle diameters below
10 um is the parameter which indicates the ambiengjaadity according to many national
legislations. The measurements of the variationsP&M10 mass concentration are
supplemented by the results of continuous registraif the parameters that characterize
the process of wet deposition and form a supplerntetite state of knowledge regarding
the scavenging of particulate matter from the aphese. The results of comparative
analysis indicate that the intensity of the localission, mainly of anthropogenic origin,
has a major effect on the effectiveness of theesuging process. The applied methodology
does not enable the assessment of the effect G€lparwith a strictly defined diameter;
however, the large volume of the collected rescétis be applied in the validation of the
dispersion and deposition models.
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