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The Analysis of Time Series of SO, Concentration and the Control
Factor in An Urban Area of Yongsan-gu, Seoul

Bo-Won Kim and Ki-Hyun Kim*

Department of Civil and Environmental Engineering, Hanyang University, Seoul 133-791, Korea

Abstract: The environmental behavior of SO, was investigated in terms of the factors affecting the temporal variabilities
by analyzing the data sets obtained from the Yongsan district in Seoul from 2004 till 2013. To this end, the relationship
between SO, and relevant parameters including particulate matters (such as PM,s, PM,o, and TSP (total suspended
particulates)) and gaseous components (CHs;, CO, THC (total hydrocarbon), NMHC (non-methane hydrocarbon), NO, NO,,
NOx, and Os) was investigated in several aspects. Over a decade, the annual mean concentrations of SO, varied in the
range of 4.36-5.86 nmole mole” (min-max) which was about five times lower than the regulation guideline set for the air
quality management in Korea. In fact, this pattern greatly contrasts with some other air pollutants of which concentrations
exceeded their guideline values significantly. According to our analysis, SO, was strongly correlated to the temperature
and other relevant parameters. The overall results of this study confirm that the administrative regulation of SO, levels
has been made effectively relative to other airborne pollutants.
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and Kim, 2004; Kim and Chung, 2007).

A QAFlA 71, Ad, i3 2 A
v 7P F83 ouxAtdeltt. o] AR
AMgo 2 ola], BABHE(SOx), 2AAEHE(NOX) &
3 e g7|eAEdEC] WA, olys A
ThAl 257 &2, Abgu]el 722 A7iet SEAE
S fasle AoE 4EA UtH(Choi et al., 2006).
A g ke o5 QEEHY uis wiE
e MAoR 7] skl Atk Korean ministry
of environment, 2014). ©]E2| W&} QY4 it
A7 1952d%e] dAvama Faleh ke diit
E o719 58 Bl & gEAA =i 7
Al S AR ARERR] UAH R FAT] FIERS
ZH, T2 g ERES FEst ALE FF (o]
218}8H(S0,): 1.3 gmole mole™!, DAFSFERA(CO): 0.2-
0.5%, £3: 45mgm )& F7l5ith o2 <4,
B AHHa 7t HAYSIHATHCho, 1991). FESH AHg
v A5 JEAx Tt o mE B
3% (Evans and Curry, 1979), &34k A3} 0|2
gk ZStAEH A 5o Fajet 22> FARE &
U4 AckKoricheva et al., 1997). 53] SOx= o
7] ZoA o] GA] sfekeke-S AR FAHHSO,)
TE HS0:> A0 dojzzz EA)sh,
AejAle] ot FeiE FFS vRItk(Bae and
Kim, 2003). ©]¢} 7ro] SOy Al =l 243
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U T 7PIRIEESY] dRe Hetske Al T
23t} oju] AHadTe d3toz = TAAYS
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Fig 1. Geographical location of the Yongsan-gu (YS) dis-
trict in Seoul, Korea.
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AHA(PM,s, PMy), & F-fF8X|(Total suspended
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NOx, 25(05), & ©8l4=4x(Total hydrocarbon, THC),
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Table 1. Information of the analytical system used for the measurements of SO and relevant parameters in this study

Order Compound Model Number ~ Manufacturer Country Method
1 SO, SA-633 KIMOTO Japan UV fluorescence method
2 PM,s, PM;, TSP FH62 C-14 TEC USA Ray absorption method
3 CO ZRF FUIL Japan Non-dispersive infrared absorption method
4 NO, NO,, NOx NA-623 KIMOTO Japan Chemiluminescence method
5 0; OA-683 KIMOTO Japan UV absorption method
6 CH,, THC, NMHC HA675 KIMOTO Japan Hydrogen flame ionizing detection method (FID)
7 Temp HMP45A VAISALA Finland 100 Platinun resistor sensor
8 RH HMP45A VAISALA Finland Semi conductor type
9 Uuv - - - UVradiometion of sun
10 Solar LI1200SZ LI-COR USA -
11 WS WMO05103 RM.YOUNG USA Propeller pulse Meothod
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ggol 7]Hke F SA-633 Sulfur Dioxides Analyzer
(SA-633, KIMOTO, Japan)E AR&ate] AA|7F 24
stk 2 AHlE SO,2 0-1 gmole mole™ H W

oA 2A7Vsslal, HAHESAE 1 nmole mole™
o slgsit. AEE 03Lmin'Y §&50=

F5

o, 0-40°C WS NEE FA7FsE. TR

(PMas, PMy, TSPYE S4317] FJal] ek

S A~
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S 9]€3= Thermo Scientific FH 62 C14 Continuous
Particulate Monitor (FH62 C-14, TEC, USA)E AA]
7 2R st 34 7Fse W9l 0-10,000 m”
(INZF Ha71Epeld, HA2PEIAE 4 m (1A7
Ha71F)elt AEY f42 0.6 Lmin 0|2, -30-

60°C 491 el A ze] 4 7hssit.

NOW§EE  shshigye] e E

NA-623

(KIMOTO, Japan)E ©|-&3te] A1slSth. S4HS
£ 0-1mole mole'o]x, HAZAEIAE 1 nmole

mole 7 o] 7Fsdith. AE

O A0

q] 52
min '©] 2, 0-40°C M2 ANEE EA7Fssi o

0.8L

9], COS HIEAHA NG HE o83 NDIR
gas analyzer (ZRF, FUJL, Japan)g ARSIt Oy
A B EHE o843 OA-683 Ozone Analyzer

(0A-683, KIMOTO, Japan)Z 2731t} Hydrocarbon
(HC) 7332 o0l 23ZE7 WS o183 Hydrocarbon
Analyzer (HA675, KIMOTO, Japan)ye ©l-&-3t3]th.
ag)a FH QR AE Zzte] ZANE T
SAIEES AABITH = (Temperature, Temp), %
E(Relative humidity, RH: HMP45A, VAISALA,
Finland), Ultraviolet (UV), E1¥=4 (LI200SZ, LI-
COR, USA), #%(Wind speed, WS: WM05103,
RM.YOUNG, USA)) (Table 1).
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Table 2. Concentration of SO, and relevant parameters

measured at of Yongsan in Seoul, Korea during 2004-2013

Order

Mean£SD (median)

A. Pollutant species

1 SO, (nmole mole™) 5.24+2.50 (4.92)
2 PMbs (ug m™) 26.5£162 (23.0)
3 PMyy (ug m™) 53.8+39.6 (46.3)
4 TSP (ug m™) 74.8+51.2 (65.5)
5 CH, (mole mole™) 2.10+0.21 (2.08)
6 CO  (umole mole™) 0.51£0.26 (0.44)
7 NO (nmole mole™) 252427.5 (15.5)
8 NO, (nmole mole™) 36.9+15.0 (35.1)
9 NOx (nmole mole™) 62.0£39.2 (51.5)
10 0;  (nmole mole™) 17.5£10.6 (16.0)

THC

(zmole mole™)

246+030 (2.42)

12 NMHC (zmole mole™)
B. Meteorological parametersb
13 Temp (°C)
14 RH (%)
15 UV (mW cm™)
16  Solar (W m?)
17 WS (m sec)

0.37+0.20 (0.33)

128+10.4 (14.4)
60.4+15.5 (60.5)
0.28+0.22 (0.21)
136£72.5 (126)
1.75+0.87 (1.80)

‘Number of daily measurement data.
bTemp=temperature, RH=relative humidity, UV=Ultraviolet,
WS=wind speed

CO: 9 mole mole” (8X7F), (5) PMyy: 50 ugm™
(A%, (6) Pb: 0.5 ug m” (F%B+F), (7) Benzene:
S5pugm” (AF). 0|23 71Fel oahd, SOAES
71EX B} 5] AE Y-S 4.36-5.86 nmole mole <]
A7t HHFEEE FASIHHTable 3). ¥HH, NOYY

2o Hi=wr}t 36.9 nmole mole”' $502 ) PMp
Hisert B38ugm” FEoR A|EANE UA
T 24t 2Eu Co%t 0= A 051
gmole mole™'#+  17.5 nmole mole” FECE SO}
Akl 7182 1S & fAEIT 2 9
AEEL 265ugm” (PMyg), 74.8 ugm™ (TSP), 2.10
gmole mole™ (CHy), 25.2 nmolemole” (NO), 62.0
nmole mole” (NOx), 2.46 zmole mole” (THC), 0.37
gmole mole” (NMHC)¢] Hi5E& LFERITHTable
2).
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B Ao ¥ H@VFELR SOAEE HlwE
A (Table 45 FHEH, FAA A aFsh= &4
T 9% SAE AR 9 71dedd) e Wy
of RZEA FeFS W AL & 5 o ASE
(1229 7 —026-0.60°C)ell 15%(6.10-7.16 nmole
mole )& 71231, 45 F-27H(7-99) Aleld
A5 5(3.54-3.89 nmole mole )& H.3ith. old 74
g gk 7S (RH, UV, Solar and WS)9] 3f
EA AR vk AJFo] ZFslth(Fig. 3). Fig.
20 AR HA AE717E St SO.6 Ws S
B, 20059 2929= 2.11 nmole mole™ 28|32 7+
o 3 4829l= 9.97 nmole mole ¢ FEE 1097
HAS} HAA 9 Htswrt Y o] o]Foizl

AL & % gk,

o

Table 3. The average monthly concentration of SO, for each year between 2004 and 2013(concentration in nmole mole” unit)

Month =004 2005 2006 2007 2008 2009 2010 2011 2012 2013 MeanSD Range (N)
Year (median)
I 757 243 932 828 716 641 954 611 709 748 7.14£2.00 (732) 243-9.54 (10)
2 524 201 807 642 834 690 689 666 554 58 620£175 (654)  2.11-834( 10)
3565 571 - 652 481 452 588 545 386 666 545:092 (5.65)  3.86-6.66 (9)
4 533 997 369 438 510 596 591 513 371 606 552179 (523) 3.69-997 (10)
S 424 848 516 745 394 492 618 430 538 645 565148 (527) 3.94-848 (10)
6 437 930 425 487 293 453 559 418 448 570 5.02£169 (451)  2.93-930 (10)
7 420 443 343 322 332 335 525 302 313 523 3.86£086 (339) 302525 (10)
8 400 310 390 325 319 312 504 302 262 530 365090 322) 2.62-5.30 (10)
9 338 400 368 322 357 346 277 353 304 479 3545056 (349) 277479 (10)
10 335 503 393 320 442 567 373 438 325 466 416£082 (415) 320567 (10)
11 403 807 668 638 587 753 466 460 482 520 5794135 (5.53) 4.03-807 (10)
12 350 773 745 832 632 972 530 671 547 657 672£172 (664 3.599.72 (10)
MeantSD 4585120 5865276 SAIL210 5461201 4915171 SSIE104 5561167 4765129 4361133 583£085
(median)  (422)  (537) (425  (562)  (461)  (530) (545  (449)  (417)  (5.76)
Range () 335757 211997 343932 320832 203834 31297 279954 302671 262709 466748
(12) (12) (10 (12) (12) (12) (12) (12) (12) (12)
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Fig 2. Plot of monthly mean concentrations of SO, measured from Yongsan, Seoul (2004-2013).

S5 A WERlE et e, 4718 ARS vidE W Relsel B4 A8sch

Z - 7} FolE BAFCE HrkslaAt st olF 20059 =0 Q7o 0.00642 Z7151o™, 20043
28] MK-test (Mann-Kendall trend test)S 7]¥FO.2 7 2010-201397k41¢] Qa2 -0.010--0.0034= 7
4 9= gug odEd 9 /1SS dis 2385tk olMd vk oR FRR¥rt hdhe

ZH Folg WA S TH(Table 5). SO2F 2 ZAddo] YRt 2006-20093 5= AlFAlo] w7
A8 F UV (Q (Sen’s slope, H31541)=0.0033), U Q#tol 0.2 YERHTHTable 5B). SO= & 5%
WS (Q=0.0168)5 Al€lgt The 7714 QA5 (Temp, 717¥e) ek A7 @olel wlsl, T 2915 A

N

N, >

RH, Solary& A 34 717+ &<kl F5ig F71 3 hHoR JFs o we ZoE FgHn
Aashe AF9E YERIA skt Uvel WSl p 29 A rRVHAIR oA H7Fec] SO i
e <0.0001Z FAF 214 HATHTable 5A). Z7e] gl & #AS Za FUHeE ASS
e Zwellx S04 A17H wisks ®o] 918, SO, Agskar k. E2FHloF ¥ Fo2EZSe] AIRS
Table 4. The monthly average values of SO, meteorological parameters measured during 2004-2013
Month SO, WS Temp RH uv Solar

on (nmole mole™) (m sec) °C) (%) (mW cm™) (W m?)

1 7.16 1.68 -2.31 52.6 0.14 83.5

2 6.10 1.88 0.60 50.4 0.19 113

3 5.44 2.15 5.44 52.1 0.25 147

4 5.53 2.07 11.8 53.7 0.31 172

5 5.68 1.79 18.2 59.2 0.40 193

6 5.04 1.66 22.7 65.1 0.42 188

7 3.89 1.72 249 78.0 0.33 131

8 3.67 1.68 26.1 73.0 0.36 153

9 3.54 1.45 21.5 66.7 0.33 144

10 425 1.49 15.5 60.6 0.27 134

11 5.76 1.72 7.64 584 0.17 90.5

12 6.71 1.86 -0.26 54.4 0.14 75.6

Mean+SD (median) 5.23£1.18 (5.49) 1.76x021 (1.72)  12.6£10.3 (13.7) 60.348.76 (58.8) 027£0.10 (0.29)  135+39.1 (139)
Range (N) 354716 (12) 145215 (12) 231261 (12) 504780 (12)  0.14-042 (12)  75.6-193 (12)
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Fig 3. The temporal (monthly) patterns of SO, and relevant meteorological parameters measured from 2004 to 2013.
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1980E 19989 714 SO0 HtEsEs 54
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g 7102 YEPITHArden et al,, 2002). °]= Al
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£ TACE 2004200597 SO &A% Ay, F
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oA Z3 31.0 nmole mole?] ogg ESE=
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29| AS, dF AN 71 JAEW— 54l
24N 7 Hagho 2 SO5Ee] ddFT1e AL
At ARE EdE =A 9¥#AEE 24

rJlm



M2 BL

AT X|o0f O[AlSHEE mEof A ST YERIXt 2M 549

Table 5. Results of long-term trend analysis of SO, and relevant parameters based on the MK-test (between 2004-2013)

(A) MK test using average monthly data (2004-2013)

MK coefficient

Trend at 95%

Order Pollutants (Kendall’s tau) Sen’s slope (Q) Probability (p) confident interval®
1 SO, -0.004 -0.0003 0.952 x
2 Temp 0.026 0.0100 0.674 X
3 RH -0.108 -0.0412 0.082 x
4 Uuv 0.420 0.0033 <0.0001 +
5 Solar 0.107 0.1393 0.085 x
6 WS 0.553 0.0168 <0.0001 +

(B) MK test between SO, and other relevant parameters measured using average monthly for each year

1 0,
Order year ](\I/I(EnZZ;TCgS)t Sen’s slope (Q) Probability (p) cog‘fcrllednf tingt:r\/:al"‘
1 2004 -0.329 -0.0065 <0.0001 -
2 2005 0.158 0.0061 <0.0001 +
3 2006 -0.089 0 0.0360 x
4 2007 -0.118 0 0.0039 0
5 2008 -0.073 0 0.0534 x
6 2009 0.057 0.0025 0.1103 x
7 2010 -0.472 -0.0107 <0.0001
8 2011 -0.144 -0.0043 <0.0001
9 2012 -0.132 -0.0034 0.0002
10 2013 -0.288 -0.0044 <0.0001

“Meaning of different symbols: +=Increasing, -=Decreasing, 0=No changing, x=No trend

39S o), A 31.0 nmole mole A Hi 101
nmole mole 7H4 YEFTHZhou et al., 2014). 2}
A3 F=9) AFEE 72 & 849 S0, v%
B e Bokrh 200433 20059 AL SO0 91H
#55EE 458, 5.86 nmole mole ' HepAw} H|S=3h
FHE YeRdth 200795% A 320 nmole mole™
oA H3L 8.32 nmole mole ' & FFHTF H17] 7|F
o= 12184 =2 FAZ eI

SLX|H0M SO, & 29I

SN 243 7|99 EAD Fo M
7] BAA oS AR S8, AR e A
ABFAtH(Table 6). MK-teste} PR IA|E HEE 7F
o] HWENE A 9 T FIAEE o]&3f]
BAsGT WA 2004-201397H 9] BAARE &
2 RS AN, Aoz Aol 7et A

=2 AA 13709 vl 7Fss A 8NE 64.7%
£ AH3L ATh(1) p<0.01=807] &1L (2) p<0.05
=g7l)). ©] 5 1270 HFE(Ee] 4 PMys, PMy,
TSP, CO, NO,, NOx, &< A=+ 0, Temp, RH,
UV, Solar)e] 7%, patel 0.01 ©]3t2 SO.9 =&
RIS AIskE Z10E YEFITH(Table 6A). 3,

il

ok &9, SO.8 TRE WES] S Blas A
294 (1) PMy, Temp, RH (P<0.01), (2) O; (P<
0.05)9} 7ol iAol =2 ZdFe B Aol &
=3 A9l A}t Amancio and  Nascimento,
2012).

T8 W7 HEE T SO0 ZEAQ AL
7ol AFATA Follx] el 2 T
3 SARE ARk AR B WAE A
gt 28] AA 2R3N B2 98 YEle
sk g thEAQ] SO0 MiEHeRE A 3
ThLee, 1996). 3759 20129 A= 7] Ld%

=2
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Table 6. Continued

(C) Frequency of strongly correlated pairs from the annually divided data groups

SO, All parameters measured
Order year
p<0.01 p<0.05 Total p<0.01 p<0.05 Total
1 2004 1 2 3 35 22 57
2 2005 0 2 2 10 7 17
3 2006 6 1 7 27 17 44
4 2007 3 8 11 27 25 52
5 2008 7 2 9 38 13 51
6 2009 6 4 10 43 17 60
7 2010 1 2 3 29 22 51
8 2011 6 4 10 39 24 63
9 2012 7 1 8 31 17 48
10 2013 4 2 6 28 11 39
11 All year 12 0 12 80 8 88

st ZAMEAE 2HH, S0,2 A% IEAsE Eol
AR ok, %4 %ﬂ FdA o] T Ao
Hlgl w2 TE e 7ISse JeE yeit

(National institute of environmental research, 2013).
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