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Abstract The variabilities of precipitation and particulate matters (i.e., PM;y and PM,5) and
the scavenging efficiency of PMs by precipitation were quantified using long-term measure-
ments in Seoul, Korea. The 21 years (2001~2021) measurements of precipitation and PM;y mass
concentrations, and the 7 years (2015~2021) of PM, s mass concentrations were used. Statistical
analysis was performed for each period (i.e., year, season, and month) to identify the long-term
variabilities of PMs and precipitation. PM;, and PM, s decreased annually and the decreasing
rate of PM;y was greater than PM, s. The precipitation intensity did not show notable variation,
whereas the annual precipitation amount showed a decreasing trend. The summer precipitation
amount contributed 61.10% to the annual precipitation amount. The scavenging efficiency by
precipitation was analyzed based on precipitation events separated by 2-hour time intervals
between hourly precipitation data for 7 years. The scavenging efficiencies of PM;y and PM, s
were quantified as a function of precipitation characteristics (i.e., precipitation intensity, amount,
and duration). The calculated average scavenging efficiency of PM;, (PM,s) was 39.59%
(35.51%). PM;y, and PM,s were not always simultaneously scavenged due to precipitation
events. Precipitation events that simultaneously scavenged PM;, and PM, 5 contributed 42.24%
of all events, with average scavenging efficiency of 42.93% and 43.39%. The precipitation char-
acteristics (i.e., precipitation intensity, precipitation amount, and precipitation duration) quanti-
fied in these events were 2.42 mm hr™!, 15.44 mm, and 5.51 hours. This result corresponds to
145% (349%; 224%) of precipitation intensity (amount; duration) for the precipitation events
that do not simultaneously scavenge PM;, and PM, 5.
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Fig. 1. The annual trends of monthly averaged (a) PM;y mass concentrations and (b) PM,s mass concentrations. The black
solid lines represent 25 stations averaged PM mass concentrations. The standard deviations for monthly averaged PM mass
concentrations of 25 stations are indicated with the gray shaded areas. The trends of the annual averaged PM mass
concentrations are indicated with the red solid lines. The regression lines of the monthly averaged PM mass concentrations are
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Fig. 2. The spatial distributions of (a) 21 years (2001~2021) averaged PM;, mass concentrations, (b) 7 years averaged
(2015~2021) PM,s mass concentrations, and (c) 7 years (2015~2021) averaged PM,s/PM,, values. The minimum range of
color bar in each panel was shown as gray color.
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A 3(Fig. 4), PM8 2F5=7 Ve 3939 A%
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Fig. 4. The monthly distributions of (a) PM,, mass concentrations for 21 years (2001~2021) and (b) PM, 5 concentrations for 7
years (2015~2021). The monthly averaged values of PM mass concentrations are shown with the black dots in each box. The
monthly median values of PM mass concentrations are indicated with the black horizontal lines in each box. The capped
vertical lines represent the maximum (top) and minimum (bottom) of each month.
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regression line of the monthly averaged precipitation intensity is indicated with the dashed line.
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based on the average of 25 stations for each year.
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Fig. 12. The same as Fig. 11 except for the event duration of 12~21 hours. Cases with precipitation event durations from 12 to
21 hours are shown in each panel (a) to (j).
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Table 1. The calculated scavenged amount and the scavenging efficiency of PM,y and PM, s by wet removal effect in four
seasons.

Scavenging efficiency Scavenged amount
Season PM,, PM, 5 PM,, PM, 5
Statistics - 2 2
(%) (%) (ngm™) (ng m™)
. Mean 20.87 11.39 13.57 5.60
Spring
(N =3942) Standard 54.53 69.94 2334 11.75
deviation
Mean 8.25 3.11 435 2.67
Summer
(N =7790) Standard 47.76 63.79 13.30 9.06
deviation
Mean 12.78 527 5.92 3.12
Autumn
(N =3891) Standard 56.08 76.48 13.58 9.55
deviation
] Mean 11.63 3.40 8.29 4.15
Winter
(N=2344) Standard 44.80 74.87 18.86 13.64
deviation
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Fig. 16. The distributions of the scavenged amount of PM,
(y axis) and PM,s (x axis) for all precipitation events. The
precipitation characteristics (i.e., precipitation intensity,
precipitation amount, and precipitation duration) of each
precipitation event are represented with the color dots in
panels (a) precipitation duration, (b) precipitation intensity,
and (c) precipitation amount. The solid color line in each
panel is a regression line when the scavenged amount of
PM,y and PM,5 are simultaneously compared, while the
dotted line is a one-to-one line. The quadrant averaged
precipitation characteristics and the number of precipitation
events are indicated in each quadrant.
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Table 2. The determined precipitation characteristics of precipitation events (i.e., precipitation intensity, precipitation amount,
and precipitation duration) in four quadrants in Fig. 16, and the calculated scavenged amount and the scavenging efficiency of

PM,y and PM,; 5 by wet removal effect.

Characteristics of precipitation events Scave?ngmg Scavenged
efficiency amount
Pr.ec1p1tz.1t10n Precipitation Preclplt.atlon PM,, PM, . PM, PM,
intensity amount duration %) %) wem®)  (ugm>)
(mm hr) (mm) (hr) b o Mg ng
Quadrant 1 Mean 2.42 15.44 5.51 4293 4339 1733 10.10
(N = 7590)
Decreased PM,,  Standard 2.84 23.58 5.45 2518 2637 1822 1075
Decreased PM, s deviation
Quadrant 2 Mean 1.55 6.15 3.03 17.26 -36.22 528  -3.05
(N =1373)
Decreased PM,,  3tandard 2.05 14.62 3.52 1320 5801 5.6l 2.63
Increased PM, s  deviation
Quadrant 3 Mean 1.67 442 2.46 3881 5662 721 534
(N =3571)
Increased PM,,  Standard 2.74 9.21 2.93 5984  100.14 774 4.98
Increased PM,s  deviation
Quadrant 4 Mean 1.59 4.78 227 -19.56 1995  -4.06 3.00
(N =851)
Increased PM,y  Standard 2.50 12.07 2.77 2288 1591 473 3.00
Decreased PM, s deviation
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3RS w AREREANA S7HE PM 3 PM, 5] A
Al FS Ex] UTH(Table 2). ©] A$ 1AHEHA
Uehte 7 543 Hasiile o doides 3
S 7F k8l (1.67 £2.74mm hr'), & 7FpEEko)
71 A o™ (4.42+9.21 mm), 7T AEFA|ITk] Fe
(2.46 £2.93 hr) 7ol A5} THTable 2). Zhou et
al. (20202 A7 RS oAl U] e R U
Fol ZF 7208 PMy ot PM, s8] AIB 2 7S #4181
3, 2 A 7Fg @A Al PM 3 PM,s= ARG |
5 Bor FUEErE diEeR E3(F 90%)
AR AR ofgk A (0< AT E

m hr') < 1.5) PM;¢t PM, 5] F<37d (wet growth)
o] Wste] A HET mAHR] dFsert ot
Ae HYTh Figure 169] 3AHE™ Atelle] 24 &
& AEFAE] A7t AHEEE 2ol 98
I FAloll, oFe AR QlEl] PM 3 PM, 5] Al
AaAEY FH54% &3 o Al 2 st
A Ak FE F AT 57K AR Ak

TS 7 AHEE Q) PM 2 Al 537 Ay st
3L PM,s= 7tk Akl @k(Fig. 169] 2AREH), Wi
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2 PM;p2 71813 PMysE AR & 37 DA skE A
A= A5 tHFig. 169 4AHEH). o] AREHEES]
A= PM g PM, 2] Al &7t SAlol 2Ag 4
F(Fig. 169 PRER)ET 4 549 Fho] WA
Elgtth, 22AHEH o] o] B, 14 AR, A
&A1 7k Zbzb 1.55+2.05mm hr', 6.15 + 14.62 mm,
3.03+£3.52 hrZ YEFEOH, 4xtHe] 7k ee] o
T, 2 7, AEA 7R 7b2F 159 +2.50 mm hr'
478+ 12.07 mm, 2.27 +2.77 hr& YEFSTHTable 2).
AEsha 1, 2, 3, 42We ZH AA A4 Al
42.24%, 7.64%, 19.88%, 4.74%= }A89.2™, PM,,
I PM,so] AR &7 B SAS KRR A5
AHNZE 7S BokTth PM e PM,s9] AR a7 B
F A AREES AR adrE FEFHoZ WAE)
A AR 2 7F AREleE BlaL Al e A
2| 7k0] A A o7 ZA3(5.51 +5.45 hr), F574E7}
73&PH (2.42 +2.84 mm hr''), 73] 7o) Brh(1544 +
23.58 mm). Figure 16914 PM,o# PM,s8] 18 &3}
7b SAle AYS AR, Al HAYEHA] ek
AHER S A §AS ¥wE|EA XHEE S A e
3ARER Y] S OF 145%, 7 AFES of
349%, A&7 oF 224% Atk wWEA wlAEA] Al
BE7F PMot PMy 5ol thall B a2 o= WAy
371 fleide 54 7de 549 7o) RiEE ook
she, olgj st b A7 Q1S5 B3 vAlEA
ARS8 A Aol o]27 7]t & Aol

4. _.o_l_ol: al

of 7=

2
2,

M= AeA 257 AFTelA Z7)7F &
3} B HA](PM o PM,5) AHFEEE &
2 717 s Folg EESL, Ao
JAHA] AH TS 2418190 PM;(2001~2021
PM,5(2015~20211d)e] A, AAH, €4 H+
T HE FolE AL, 9, AEE, 4
M e} T4 AFe AMESkd 4(2001~2021
717 ¥ Folg Rl 7d7H2015~2021
7, PMy, PMys AR S ARE-sto] Zhapol] €]gh
PM;3} PM, 2] Al 835 B8t} o|E 93 7
e AHE AGAIZHEE E55aL, 74 g AlRE A

O it rfx
oN
4
ol

£
=
i3

o
o

i

Eo\'

PLorL B ) rL o 2
m
off

~

1 "o

HE FE3 AA7AS] PMdt PMyso] 8L F0]
golsslt. 223 RE 5 AE ger 34
28 HE MY = PMlo‘?’]' PMz,sg’] °ok(ug mi3)‘7’]’
HE A EE(%)S A0l sl on, o)g 75
At o] e i (mm hr'), 3 7 EH(mm),
A&AZHEne] Al 7HA Zd 59 IR A wst
ST 2 AFoM EE3 835 482 t23 At

1) PM;o2 PM,s& 200193E] 20214714 74 5

=

AT 383
o] HOoW PM,Y TA AEJF PM,sHTH
g A YERSTE PM i PMyse B3 AL
=7 eSO T, PM 0 PM, s8] HIIEE
34, FAFEE PMi 8Y, PM,se= 9¥9]
RS

2) Z3re] 717 Wl AAdEs 21d7H2001~
2021) F7+ Fol7F YERA] sk, A% 7Y

off 7 At AAt=rt vERgTh 21d7 A
1289.10 + 118.58 mme|™ ©]

+ 3 ZrES 801.95 +299.66 mm
% o] 61.10%0) i

3) BHHOZ Zhpol| ot nlAHA] MY a3 A
IAZHRE] 30A17H] BE 73 Al o
| AR PMy3t PM,s7F

, A&AIZk] 10A17F ©]
3 Q% A&7 A 2
G pael ol ulARA AR 218

4) 2E 735 Allell thall PM,eS Bt 39.59 + 55.68%
(14.58+16.85ug m>), PM,s= H 3551+
71.10%(8.40 = 10.68 pg m>)e] AH &7} 2AY
atom™, PM;o] A EEAA E ol PMys
BT} 4.08%(6.18 pg m™) E=A YRSt

5) 7 Akl BA 3 PM 3 PM,s7F SATO T
ke 73 AHE A9 42.24%0]t. o]l PM,
S Hi 42.93+25.18%, PM,s= Hik 4339+
2637%2] NRBELS HYoH, o] ofr|s W
5 EALS A7t 2424284 mm hr!, 4
73 15.44 +23.58 mm, AEA7F 551 +5.45 hr
o]t} (Table 29] 1AHEH).

6) 74 At A AR PMg PM,s7F SA Ol
Z7kske 4 Atele AR A2l 19.88%°] Tt

o] Wjo] Hi#F A SN ATUE 1.67+2.74

mm hr', ¥4 7}5% 4424921 mm, ASA7H
2.46+2.93 hr& Z(Table 22] 3AHEH), PM, &
PM, 9] A&7} FAlol EA S wj B TH(Table

20] KR Aoz okl 7 EAS Helt)

2 AFe AR FARAR F ArdAr
ot AREAE A7 BF ARE /NS A=

At &AM 7E7H2015~2021E) A S 7

AHIE g2 7o) 9§ PM i PM,52] W5

FAlol EAS Ax, FFHom i Al LA

PM,i%} PM, s B A=t s 45 o 43%

o] AaES A AT AGaar )

A @AY FrHoZ AS Al 3 EA5HS B

Atk ol A4 FAo] HAXHOE PM,p8 PMy;s

o AR EHE FA Fdshes AL ofdS omsith

ofN o
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R gA e 4712k %) mA EA o]

& Al e BAEtE dolA
NHo R AFFHE B3 mAHA A A A
o) 7127} @ Ao, &% nAWA AHEI} AT
2 AR} A Fo ARG Al 7)1 Sl
AR 2 Aol F1ATE Bl FEeok sl
A o] EAg. g Ao & AFolA m

ARA AR AFEE A8 LB A5 SHA
SN, AR, TR RSP oldel v 45 §
BEl, B5RYA 2NRE)S TS Yyt Y
ofof shv], g AL Ao WASHE 59t A <]
@ AREAE RS AREF Aol Lo,
¥ A7s M AR F5 olelel e
g 9 ArsAA 4710 B YL

B S90] g ¥F, 3% S| 714 4 2
AR e FRIY AL eiEA dstrke
Aol EA B IS 5

e A F Qe ed F shie @e Aol
EAGG, B5E B ke B AAe Jgo

2 AR dgFsert i 5 on, e
o] T#sl7] Mol mAWA AFerrt Srtsta A
A 3§ uARNA AgEErt gage] RAEY
THFeng and Wang, 2012). 71 A|&A|7ke] 7342
o] A% A et e TN dErt wE &

TS AT 2] wj&o ArRE s dA st
= HAEA AR ETe} T A ole] 71 A
Hslol ofgt mAHA] TR e 5 2
weba] e AFolx = Al og mAIRA A8
a3et A TR ®shE e mAwEA] Al
ez A+t desi

=

#Alel 2

o] A+E AR RFAIT)] Aoz
HFAFAEe Pe wol FYHE  AFIWNo.
2020R1A2C1013278). ©] =&-& 20208% FF (5
o] Ao AT ZE2ATAE Y ALdE
ol 23w A9 (No. 2020R1A6A1A03044834). ©]
A= 714H R&D 714243 FERE] Ade
ol =3lE AT (KMA2018-00224).
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