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Abstract

The suspended particulate matter (PM) was measured in subway tunnel of Seoul Line 1 to 9 in order to evaluate

the pollution degree and characteristics of the PM in the subway tunnel. Also, to analyze the effect of outdoor

aerosol concentration on the PM concentration of subway tunnels, the ambient PM concentration around the

subway station was extracted by spatial analysis using PM,, data of Seoul air pollution monitoring network.

Finally, in order to understand pollution pattern in the Seoul subway tunnels, cluster analysis was performed based

on input data set such as PM levels in tunnel, tunnel depth, length, curvature radius, outdoor ambient air pollution

levels and so on. The average concentration of PM,,, PM,;, and PM, on subway tunnels were 98.0+37.4,

78.4+28.7, and 56.9+19.2 pug/m’, respectively. As a result of the cluster analysis, tunnels from Seoul subway

Line-1 to Line-9 were classified into five classes, and the concentrations and physical properties of the tunnels were

compared. This study can provide a method to reduce PM concentration in tunnel for each pollution pattern and

provide basic information about air quality control in Seoul subway tunnel.
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A diu] 1k 44 9 (02%) S7HT dSased
g o] & u]LL 5L 59.3%, B 40.7% 0.2 5+
olgae F3l F7e sk ol AsiEe BA
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al.,2013; Kim et al., 2012). T3+ 2|AFe] AF=2) vj&
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FEFS A= LFEEE AAEHL ok (Park and
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AEA AHES ASEEA ZAZNE AEAZER7}
Fejste wMoR AeHE 123 - 4542 AL
ERoA AeHE 567 - 8T ASEEA EA
A=A 2931 Qo A3 9EHE AL
HEZITH ()} MEITHEE (TN FFo=
=+ Foll qick 197449 84 15U 7HET A&Al A
S 154 A~ HFe) 7179 7.8 km F7HE Al
Aoz AAl A Astdo] /HEEUeH, 2 & 2009
d7HA] 9349 JfEoz Ao F4% = e
& SAstn A7we] Fa A% Adshe 5 o
EAAY o8 2gstos Aeuatdt. A
A] AHE 9] & Zolx 331.6kmol, & 30772 9o
2 A3} 28370, A 24742 o] Fo]A QUTHE 1.

MEA Ashd 24 3 Hd Y 371" A A
&3 Al AR W49 B AE 2UYE (Dust moni-
tor; Grimm Tech. 1.108, Germany)o|t}. G| AE HUFE
£ ¢F 12L/min¢ 37] N85 FUste] #olA FH
AN A== Yol 2+ YAt o3l AstE= AEE
olgalo] Aol 712 157 Frro2 FRfo] 54
o &, 7t 778 QAo 8 AFRIT2 Aelol
PM,, PM,5, PM, 3} 22 Q73 AFs=S SAU
ol% 248 BE bt %2 o] 47mm PTEE o
Ao e FF S Tl XY BAo| o]F
ojAt HAE BUEE Fo7t Solsn Axzte s
D2 = 2ol st BEL XD ot
(Oh, 2007; Kim and Jo, 2004; Viana et al., 2003; Colls
and Micallef, 1999). & Lo ALg3SH G{AE HUFE
o] AHAIE AFE Lee eral. (20161 BZE 4 9k,

A3 HY W PM 23S 918 Age ot
2} et AEAe A A 7re) A P o
£E BUHE AX% F ope] AXE FE
F3}e] AT (probe)t BT WA HER JREw
of mAstHon, IS Ho|ZE o] &t WH AR
o™ 1 3=R).

HAE mUEe 54 128 6xoln, A% £
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Table 1. Details of the Seoul Subway Line-1 to Line-9.
. Total No. of stations Total No. of Train
. . Operation .
Line  Opening . . passengers operation
Section distance Und .
No. year G d nder carried frequency
(km) roun d
groun (1,000 persons/yr)  on weekdays
| 1974 Seoul station~Cheongnyangni 7.8 - 10 164,139 517
1980 Seongsu
2 1985 Sinseol-dong~Seongsu 60.2 13 37 761,807 551
1985 Sindorim~Kkachisan
3 1995 Jichuk~Ogeum 382 2 32 286,361 410
4 2000 Danggogae~Namtaeryeong 31.7 5 21 302,565 496
5 1996 Banghwa~ Sangildong/Macheon 523 - 51 308,501 465
6 2000 Eungam~Bonghwasan 35.1 - 38 196,924 356
7 1996 Jangam~Bupyeong-gu Office 57.1 3 48 374,340 421
8 1996 Amsa~Moran 17.7 - 17 89,238 306
9 2009 Gaehwa~Sports Complex station 315 1 29 156,652 484
Total 331.6 24 238 2,640,527 4,006

Reference: Web site of Seoul Metro (updated: 2015. 10.)
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Fig. 1. Photos for a sampling location and an inlet tube in a subway passenger cabin.
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Table 2. Information of PM sampling for this study.

Sampling date
Line No. Section E—
Summer
Line-1 Hoegi-Namyeong 2015.8.07.
Line-2 Seongsu-Konkuk Univ. 2015.8.07.
Line-3 Daehwa-Ogeum 2015.7.02.
Line-4 Danggogae-Geumjeong 2015.7.21.
Line-5 Bangwha-Sangil 2015.7.23.
Line-6 Eungam-Bonghwasan 2015.7.23.
Line-8 Amsa-Moran 2015.7.28.
Line-9 Gaehwa-Sinnonhyeon 2015.7.31.
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Data sets of PM and tunnel system at the Seoul Metropolitan
Subway Line-1 to Line-9
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‘ Choice of similarity degree ‘

l

‘ Determination of similar classes ‘

Fig. 2. A flow diagram for the cluster analysis procedure
in this study.

Table 3. Average concentrations of PM,,, PM,;, and PM, in Seoul subway lines during sampling periods.
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Mozt Warddl WE Saste] AW 2 45
AXsATE Warde] & 2549 zF TAofA] A
AEe shpel FHoR FEoN Al Hue &
ge sk 20l BT AAE Aolel BAHE
AFgoz =Asl= H¥o|thH(Kim and Jeon, 1997).
AHeE WAAH FURAS systgov], oln
Ao 2Y8e Ude HRUL ol b
o], Aol e Rl s2Ate] whet
So] ZAS TIHE Aol kBFUL 74
= T 39 Wl 2 AT 0
FE FHaste fg7kx] £35S A%
T} (Massart and Kaufman, 1983). & o)A i’-é}—‘:
g 3837 el BARA T2 SPSS ver22

£ olgsteict

3. 2t & nF
3.1 M2A| XI5t E{'E LH PM 5= EH
2 A7 532 ga yi sxo 9%

At HY W gALELY] od= ¢ %‘é% 7}

He A2 AEA] A5t 1345 E 954717

g 7719 PM 525 S # 32 =AY &

g3t 99 74, PM sl tigh Ak E it #EHR

e e ST A&A] A8k =Y A #7H9] PM,,

PM,;, PM 9] Hd%TE 98.0+37.4, 78.4+28.7,

ofr

I

m

(unit: pg/m®)

PM, PM, 5 PM,
Line No. Total No. of station
Mean=+STD Mean+ STD Mean+STD
1 12 136.0£55.5 101.7£39.7 673+£209
2 43 67.1+£209 584+18.3 473+£13.6
3 44 83.4+413 67.5+31.3 50.1+£234
4 35 112.6+41.5 83.7+32.0 56.6+21.2
5 46 111.1+50.6 78.7+£35.0 495+21.6
6 39 75.7+£30.0 63.6+24.2 47.1+£16.7
8 17 864+214 76.0+18.7 595+142
9 25 111.4+37.7 97.4+£30.3 T79+21.8
Total 98.0+£374 78.4+28.7 569+19.2
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Fig. 3. 2-D contours for PM,, mass concentrations on the basis of each section on the Seoul subway Line-2, 3, 4, 8.

The unit of color scale is ug/m®.

569+192 ug/m’e] 25 HYth =AY PM,, 5=
HIL 134 30.9~369.0 ug/m’, 234 21.3~165.2
pg/m’, 3341 12.5~292.1 pg/m’, 4541 28.3~303.1 pg/
m’, 534 23.9~346.7 pg/m’, 634 30.0~314.7 pg/m’,
8341 42.3~200.2 pg/m?, 954 29.0~235.2 ug/m*o] 9]
ok = HE PM,, B sEE HwsE 23, 527t &
L $£oRE 1EA(136.0 ug/m’)> 43X (112.6 ug/
m*)>93 A (1114 pug/m’)>55 4 (111.1 pg/m®) > 85 A
(86.4 ug/m?)> 334 (83.4 pg/m*) > 654 (75.7 pg/
m*) > 254 (67.1 pg/m?) £0|gth BE Ao A
PM,, Bit5 =& AsGAF §2]7]22] 150 pg/m*E v
Zskal ok 28y PM,, frAI7IES 205k W=
HAEE Hug 23 6540] AstHAY] PM,, 5%
27129 150 pg/m*S ok 30% AT Z1sych.
PM, ;= 8% B+t t7]8747]1E21 50 pg/m’e}t v
Al 2243} 8T Ao A oF 95% Z3}stgict.

U Astd e Y A L9EE = g
A+ Aol o5k, Son et al. (2013)& A&A] A|5H

o713 A A 33 A Al 6 &

334 ATt A Abo], P G} & Aol
o] HdolA 43 PM, 9 =" = 242 9~535
pg/m’ (B4 177+113 pg/m?), 10~339 pg/m’ (B
111 +74 pg/m*)o] 3L, Lee et al.(2015)2 A-&A] A|5-d
434 oA dat 4EA Aol EdoA 54
g PM, 3 PM,, =9 72+7} 131.9~319.3 pg/m
(B 204.8+43.7 ug/m?), 25.3~143 .4 pg/m* (B
83.1+26.7 pg/m’)eta Eugct B Aroa =A3t
3343 434 HA B B PM,, s ©Y H
oA ZH% PM,, s R Hud W 5 W
A Bole AL ¥ 4 AUt

9 32 A&A] X8 2,3,4,8549 PM,, A7
FE AFE 2-DE AU Ao R, EF2E XYZ
dlolg gdg FHH2A 1EE 2= AA goly Tt
U2 9h50] o]AF 7|2E 9] contour mapS F3
AZrakstgiet. Xoll= AsHd dAtet 5ad 9 912 A=
£, Yol Az, Zoll= 5743 PM,, =5 Y3t
of ZH =AY 714 LAAEE Fgstgon, 7 =
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Table 4. Comparison among PM mass ratios each Seoul subway line during the study period.
Line No.
Ratio Section
1 2 3 4 5 6 8 9
Ground - 0.86 0.82 0.71 - - - -
PM,5/PM,, Underground 0.76 0.87 0.81 0.75 0.71 0.85 0.88 0.88
Ground - 0.74 0.65 0.53 - - - -
PM./PM, Underground 0.52 0.70 0.62 0.50 0.46 0.64 0.69 0.70
Ground - 0.86 0.78 0.74 - - - -
PM/PM, 5 Underground 0.68 0.80 0.75 0.66 0.64 0.75 0.79 0.79
Aol Ad72tE Aoz BASH 3718 294 o= gotd

= AtEE " GAF HAE " A E PM,, =
o st shebg 4 glom, 7 mHEE B2 SWA
7 Boke] AstEd Y 0F Y= oz o}
3 4= Qtk= o]FHo] 9t 19 3& E3 AALTH
A QAR PME FEZ} WolAlt AL ¥ 4
A3t ol= ZstEE Well 2™ dxFEd S0l
AT AVEA A7 o2 ddEn. S
3] 25412 Aol 71 wol EAlske kAloR
AT PM,, w7 A3 RolAle A =
= ASAT A8k 2.3.4. 85419 AP ORE 2T

AL ik, FeFd- é}*‘b}% 11‘41%-@1%‘471}01131 3%
AL dE, A9, A&, S99, 4342 Fa-Est
oj&-FAlH. 8341 *J*é Aol Bd 3t
oet.

ARAFER Y o] A7) BFo R wj Fa

@ Qe ol Al del ae ae
a9 34, T4 AR ARAL oA 5o Beld
=40] AAFA Fol7k 9l7] WRo|th(US EPA,
1999). & AT AL B9 YA e A=
Ml Askstel BlY Bela S4L gYHoR B
A3st1A} 3kQth. E 4= PM,/PM,,, PM,/PM,;, PM,/
PM,, H1&-& A4 Aot Q7702 Lhrm Bt
ahe 71estah 4 AT S ST v
W A3 PM,/PM,, B &L AAFT77E 0,849} 2317
708602 AFTZN ¥ g Btk PM,/
PM,,9] 4% XATZE 0.70, A5H7ZE 0.672 AT
7ro] © E3keh PM/PM, ;8] Aol = oharhA) 2 %)
A77E 0829 A3k7zk 0782 AAblA £L e
BT &, AT oA 39 oAt 7
T A9 edUoE 8 AR Hlgol F7He

e

A5td Hd WollA e PM,/PM, it PM,/PM;, 52
& 5944 9 ATEA 59 Hiad 4 27
AldoA FE= YR TAY FolA FFE o=
o} B3] A7) =& PM/PM,., PMI/PMIU H&
2 7loA AEA T olFedd 2 Z4F A9F
A2 ol A HiEEE 2uAYAY FF, ol5 2 F
A EE A4 29 23 24 (secondary
aerosol) 2. 2 °] M &} (gas-to particle), ]S4 =2 E|oF
2% 9 7]eoz o3t 23 HAslY sjaE Sog
1.0 pm ©|3}e] EA] (submicron particle)9] H#FHs=7}
Lolx= Ao R HEQth(Lee et al., 2016). o] A3t
£ 5l AL 2 Ast AN AAsH= PM, F
PM, ;9] 7]°f] S =52 € 5 UNL, PM,s F
PM, 9] 7] &2 H& E35 ¢ & A

3.2 SUZEEAM0 Qg 27|zt 2

A5k Asted 711y EX A= HA] = 97
9] FFE F7Isl7] S5t A=Al t71 e
4078 RA|Foll tigt PM,, 5 =ARE Y45t kriging
W o] g3le] MgA A3HH 1545 E 95 47HR] 7+

3% F

BA QA 7o) ARE 97sEE FEdg
2 B4 2T sk FUY 2ol AN 2%

PM, 5% ARE olgsion, dx Fule] 2a%
7|5 =S olgstol 2719k AstEY W PMIIe] A
e B,

APEAL B Wazte] BAS e BAYo
2,2 AoE Al 7k oal 2uo] 223 97|
BEE olgale] 9] mAMAs} AatEY B2
o MAL Fe AR ) o8t A BA
of Ha Sx 29 7] PM3t HY Ul PM,,
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Table 5. The result of Pearson’s correlation analysis between PM in tunnels and outdoor PM,, for all lines.

Tunnel Outdoor
PMIU PMZ,S PMI PM]()
(r) 931%* .698%* 0.035
PM,, p-value 0.00 0.00 0.602
N 233 233 233 225
(r) 931%** 1 903%** 220%*
Tunnel PM, p-value 0.00 0 0.001
N 233 233 233 225
(r) 6987 903%#%* 1 A467*
PM, p-value 0.00 0.00 0.00
N 233 233 233 225
**Correlation is significant at the 0.01 level (2-tailed).
PM,;, PM, 7to] A& B4t Al g2 & B+ BHEZol Ak, 7, & - w7, AdEr] s,
5o Uebfglet. AR Pearson JTAIFE o8 EAHIE, Y7|edE 55 & 63 Zo] A
sfe] £ W4 700 HTAL AT GVl FREHS T B9 9B AT Y= 2ot
PM,, 5=2 E|d Y PM,,, PM,;, PM, 5=2o19| A4 2] W0 AAT} 2z Hgto] Fasitt ol &
w4 23 9J7|olA 9 PM, ot ElE W PM, 2 FA3 Hao] Wgo] F=o e EEx=o] A Us
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Table 6. The structural characteristics of underground sections in the Seoul subway.

Line-1 Line-2 Line-3 Line-4 Line-5 Line-6 Line-8 Line-9
Number of 6 4 1 1 0 0 0 0
natural vent
Percent of 34 58 60 58 all concrete all concrete all concrete all concrete
gravel (%)
Curvature 8756  529.1 5429 516 6639 12952 5660.2 9195
radius (m)
Underground 59 197 168 124 216 20.6 166 254
depth (m)
Supply &
exhaust air 0 42104 12,1291 75292 16,504 4 15.521.1 11,7063 19.060.8
volume
(CMM)
(T;?“el length (628 6537 872.1 880.1 901.1 7890 4619 494 8
Percent of , ; , ,
ground section 10 23 6 21 all all all all
(%) underground underground underground underground

Tunnel PM10 Tunnel PM10 Turzmel PM10
2T~ Percent of ground section— | Percent of ground sectiof = h
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Fig. 4. Radar charts showing standardization values for the objects in each class.
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Table 7. The mean values of each variable in each class.

Class 1 Class 2 Class 3 Class 4 Class 5
No. of object 34 49 84 15 39
Tunnel PM,, (ug/m?) 104.0 1184 78.7 61.7 85.2
Tunnel PM, ; (ug/m’) 90.6 87.1 634 50.0 69.9
Tunnel PM, (ug/m®) 71.8 56.4 46.5 404 52.7
Tunnel length (m) 1056.9 909.1 832.2 113.3 897.0
Supply & exhaust air volume (CMM) 16,771 13,043 15,037 280 2,946
Number of natural vent 0.0 09 0.2 0.1 54
Percent of gravel (%) 14 11.8 18.5 59.20 773
Curvature radius (m) 2,880.3 1006.5 8459 462.7 5459
Underground depth (m) 21.8 16.5 212 0.0 12.8
Outdoor PM,, (ug/m®) 56.6 342 432 36.31 36.8
Percent of ground section (%) 0.0 0.0 0.0 100.0 2.6
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