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Abstract

Many cohort studies have reported associations of individual-level long-term exposures to PM,, and health out-
comes. Individual exposures were often estimated by using exposure prediction models relying on PM,, data mea-
sured at national regulatory monitoring sites. This study explored spatial and temporal characteristics of regulatory
PM,, measurement data in South Korea and suggested PM,, concentration metrics as long-term exposures for
assessing health effects in cohort studies. We obtained hourly PM,, data from the National Institute of
Environmental Research for 2001~2012 in South Korea. We investigated spatial distribution of monitoring sites
using the density and proximity in each of the 16 metropolitan cities and provinces. The temporal characteristics of
PM,, measurement data were examined by annual/seasonal/diurnal patterns across urban background monitoring
sites after excluding Asian dust days. For spatial characteristics of PM,, measurement data, we computed coeffi-
cient of variation (CV) and coefficient of divergence (COD). Based on temporal and spatial investigation, we sug-
gested preferred long-term metrics for cohort studies. In 2010, 294 urban background monitoring sites were located
in South Korea with a site over an area of 415.0 km® and distant from another site by 31.0km on average. Annual
average PM,, concentrations decreased by 19.8% from 2001 to 2012, and seasonal PM,, patterns were consistent
over study years with higher concentrations in spring and winter. Spatial variability was relatively small with
6~19% of CV and 21~46% of COD across 16 metropolitan cities and provinces in 2010. To maximize spatial

coverage and reflect temporal and spatial distributions, our suggestion for PM,, metrics representing long-term
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Fig. 1. The diagram of computation procedure of annual means using hourly PM,, measurement data
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Fig. 2. The map of 294 monitoring sites by the four types of monitoring sites for 2010 in Korea.

Table 1. The number of national regulatory monitoring sites by four types and sixteen metropolitan cities and provinc-
es in South Korea from 2001 to 2012.

2001 2004 2006 2008 2010 2012

ALL 175 (100.0) 231(100.0) 253(100.0) 283(100.0) 294 (100.0) 313(100.0)
Urban background 148 (84.6) 195(84.4) 215(85.0) 234(82.7) 241(82.0) 254(81.2)
Urban roadside 16(9.1) 20(8.7) 22(8.7) 29(10.2) 33(11.2) 38(12.1)
National background 2(1.1) 2(0.9) 2(0.8) 2(0.7) 2(0.7) 3(1.0)
Regional background 9(5.1) 14(6.1) 14(5.5) 18(6.4) 18(6.1) 18(5.8)
Seoul 34(194) 34(14.7) 34(134) 36(12.7) 37(12.6) 40(12.8)
Busan 11(6.3) 18(7.8) 19(7.5) 19(6.7) 19(6.5) 20(6.4)
Daegu 8(4.6) 13(5.6) 13(5.1) 13(4.6) 13(4.4) 13(4.2)
Incheon 12(6.9) 14(6.1) 16(6.3) 20(7.1) 20(6.8) 22(7.0)
Gwangju 6(34) 6(2.6) 8(3.2) 9(3.2) 9(3.1) 9(2.9)
Daejeon 4(2.3) 7(3.0) 8(3.2) 9(3.2) 9(3.1) 10(3.2)
Ulsan 13(7.4) 14(6.1) 14(5.5) 14(4.9) 14 (4.8) 14(4.5)
Gyeonggi 35(20.0) 58(25.1) 67(26.5) 73(25.8) 77(26.2) 82(26.2)
Gangwon 4(2.3) 6(2.6) 6(2.4) 8(2.8) 8(2.7) 8(2.6)
Chungcheong (N*) 4(2.3) 7(3.0) 7(2.8) 9(3.2) 10(3.4) 11(3.5)
Chungcheong (S*) 4(2.3) 7(3.0) 7(2.8) 10(3.5) 10(3.4) 10(3.2)
Jeonlla (N) 8(4.6) 10(4.3) 124.7) 12(4.2) 13(4.4) 14(4.5)
Jeonlla(S) 8(4.6) 10(4.3) 10(4.0) 13(4.6) 15(5.1) 17(5.4)
Gyeongsang (N) 12(6.9) 13(5.6) 14(5.5) 15(5.3) 16(54) 18(5.8)
Gyeongsang (S) 10(5.7) 11(4.8) 15(5.9) 19(6.7) 20(6.8) 21(6.7)
Jeju 2(1.1) 3(1.3) 3(1.2) 4(14) 4(14) 4(1.3)

* N: North (buk), S: South (Nam)

IS A 2 AL =



PM,, A7|=E dS2Y LS A% 37t 7| e @584 =S 24 &8 119

3000
E
2
T 2500 4
s
=
z
Z 2000
£
.KIJ
21500
=
3
B
=] il
g 1000
=
o}
2 500
<
(53
<
0 o e e e o o |
— £ 5 2 5 2@ 8 S8~~~ ~~~~ 5
2 WO RS EPSZLZLZL2 R
S 2 o 9 o < < o
o 3828 82 o Th o0 T 8 & °h —
MMQQNODobﬂgﬁ:—‘QE
S 38 25933
S¢8 55235544
Oo'ﬁ S Y = & g
g0 8 ©
g g o 9
5 2 gl
= = [C®]
oo

70

60

50

40

30

20 A

I|I||
y 0

Average distance between sites (km)

Gyeongsang(N) | S

R R N P
2 wgRgIBRELZLZL D
O Q2 L 2E B e s I &y —
5 8 2 g5 ohn s S

AESTEEREEEESE RS
EEZA 25g8E8¢gg
6} Ho &< 89 &b
S o8 = =
& &0 S
s g 2
E= 2
= S ]

oo

Fig. 3. The area (km? per urban background monitoring site (left) and the average distance (km) between urban back-
ground monitoring sites (right) by 16 metropolitan cities and provinces in 2010 (N: North (buk), S: South (Nam)).

Aol FF = A

o7 @& AT 24 AL 200149 188702 £
et 20129 011% 10222 1.68] ZF =, EA]
P71 EAT 44 161294 250202 168 37}
ston, 571” A7) AL 453& &Fste] 1674
NE F 7P B2 SHLE 2= A Yol =l 53]

E2Wg7154% 2425 20019 16Folgot
20089 o) ¥ FAHo] 3830] LFHT gt A
22 A2 hF-ee] 2 go] 200190 w3 25 7t
o] 2442 BFYout, B, A 4%, A% 59
AYols =2Hd7|EAE S447F 20129 129 &
Nzoz oby Axwel 94 gkteh 717k el A%
2427} ASAL oldsIgoLt o2 A A=
Aol ulm|SHATH(E 1).

o EAWSAY R4 ZBSE WAL 2010
W 7% 24T 4150kni AT, SHA/FA] e
A = Agr gtk 244 7+ Ags 20104 7]|F

by

B 31.0km@ T, A% 7+ o)z} vlmd AQch(1d
3). 7 WErt 22 I e ALE 20109 7|E AL
Z 16.4km’ 0|31 VJ e X2 YRR SHaT
2086.6km2°]‘211:}. 2001 A RE 20129717 &40
S5 FHsHA 544 1 B Ade 2A #HEHA

Atet g B At e AGe Ao T8km

o)L, 7H 71 9L #HYU=EE 73.8kmo] YTk

3.2 PM,, EHZt AIZHX Ho|
ZAY7|EA 4 A PM,, ST id 24
¢t oF 10 ug/m’o] 743} o]

ate] A 104 | &
FFe e EAY ARG BF o] &3t 73 o=
Zpol7h gllom, = A e vja] A& 5 7 5E/F
Al A9 HAa7F FEHF L, %AP‘X}% Z3h3t
AS-o= AT A FA= FAEHUTE 2).
AdHoZE B 7MY 5&7F 2941, AL, 7R,
o5 £o2 Uit IAAS Aol = BTt
Zatel gFe] e AR PM,, EH3e] F7Hch.
o] YL wid fFARStY Hole SR HFHoR
35~45ug/m’ = HE7F B4, F3 B FAt
Q9@ 2002, 20064, 2007 = AE 7+ PM,, 5
T Zpol7t FrtstATh FAUAE EFshE HSolle
Z7t&o| o Zith
TAd71Eg T A Y] PM,, SRS AHE W
5 2 A2 dAsAT Bddle 2 7~9A19
2F 6~8419] 3% F W wFo| YFHE A7 o|F
2 Z7ske Aol Y fARH TREAG =T
I FFelEe B A7HE wE AL vy
49 zjol|7b ¥ 2A YEpsth B3 FALAE A9

Jl
ol 1

Ol

P

J. Korean Soc. Atmos. Environ., Vol. 32, No. 1,2016



120 olHF -y B QMg

Table 2. Means of annual and seasonal averages of PM,, concentrations across urban background monitoring sites by
metropolitan cities and provinces during non-Asian dust days from 2001 to 2012.

Averaging 2001 2004 2006 2008 2010 2012
period
Annual 556(5.1)  569(13)  544(38)  S51524)  476(32) 445(03)
All urban background P 65.1(153) 647(42)  628(139) 614(47)  496(74)  544(00)
monitoring sies Summer 499(00)  510(00)  470(000)  403(00)  408(00)  343(0.0)
Fall 528(00)  530(00)  487(00)  S504(00)  460(27)  39.4(0.9)
Winter 57927)  594(0.1)  598(00)  558(32)  544(19)  50.3(0.0)
Annual 507(49)  589(13)  560(4.1)  524(24)  486(30) 448(03)
Spring 692(147)  67.6(43)  654(154) 632(45)  502(72)  544(0.0)
7 Metropolitan cities Summer 535000  518(00)  493(00)  412(00)  42700)  354(0.0)
Fall 574(00)  548(00)  498(00)  51.1(00)  47.1(22)  39.1(0.9)
Winter 61926)  62200.)  608(00)  560(34)  55020)  503(-0.1)
Annual 503(53)  541(12)  520(33)  503(23)  46.1(35)  442(03)
Spring 508(160)  608(4.1)  592(117)  58.8(49)  488(77)  54.5(0.0)
9 Provinces Summer 452(00)  500(00)  433(00)  39.0(00)  382(00) 328(0.0)
Fall 469(00)  506(00)  470(00)  494(00)  445(34)  39.7(10)
Winter 55529  537(19) 5020000  55529)  537(19)  502(0.0)

*Annual/seasonal averages excluding Asian-dust episode days (differences of annual averages between all and non-Asian dust episode days)

(a) PM,, hourly concentrations on weekdays
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Fig. 4. Trends of 1-hour averages of PM,, concentrations across urban background monitoring sites for each month
during non-Asian dust days in 2010 by weekdays (left) and weekend/holidays (right).
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Table 3. Spatial variability indices (CV, max COD) of PM,, annual average concentrations in 16 metropolitan cities and
provinces by all and non — Asian dust episode days in 2010.

No. of All days Non-Asian dust days

Region MoNitoring - Apnual average (Minimum~ . Annual average (Minimum~ .
sites (%°) Maximurg;l)((ug/m3) cv' coDb Maximurgn)(( ug/m’) cv' cop

All 294(0.11) 51.7(30.2~81.5) 0.16 48.4(26.3~77.9) 0.18
Seoul 37(0.32) 51.3(40.8~64.9) 0.10 0.29 48.2(38.5~61.8) 0.10 0.29
Busan 19(0.11) 49.5(31.3~67.8) 0.19 0.38 46.4(28.7~63.7) 0.19 038
Daegu 13(0.15) 52.3(42.3~69.5) 0.16 0.29 48.1(37.8~65.4) 0.17 030
Incheon 20(0.15) 55.6(44.9~66.1) 0.11 0.25 52.7(41.4~63.2) 0.11 0.26
Gwangju 9(0.22) 47.8(37.8~56.6) 0.15 0.22 42.9(33.6~51.6) 0.16 022
Daejeon 9(0.22) 44.6 (38.6~50.5) 0.08 0.21 41.3(35.2~46.6) 0.09 022
Ulsan 14(0.07) 47.5(41.3~54.8) 0.10 0.21 44.7(39.0~52.2) 0.11 022
Gyeonggi 77(0.06) 57.8(40.8~81.5) 0.13 0.37 54.8(37.3~77.9) 0.14 038
Gangwon 8(0.00) 46.7(32.6~62.5) 0.20 0.37 43.1(29.5~58.8) 021 037
Chungcheong (N*) 10(0.10) 60.0(43.8~69.1) 0.15 0.25 56.4(40.8~66.3) 0.16 026
Chungcheong (S*) 10(0.10) 49.1(38.8~60.0) 0.15 0.32 45.9(35.0~57.3) 0.16 033
Jeonlla(N) 13(0.08) 51.1(39.9~59.6) 0.11 0.26 47.8(35.6~56.1) 0.13 027
Jeonlla (S) 15(0.00) 41.6(30.2~60.6) 0.17 0.46 37.8(26.3~57.0) 0.19 047
Gyeongsang (N) 16(0.00) 46.0 (39.0~67.0) 0.15 0.36 42.6(35.2~63.3) 0.17 037
Gyeongsang (S) 20(0.05) 46.3(35.8~53.8) 0.12 0.27 42.9(32.8~50.1) 012 0.27
Jeju 4(0.00) 48.5(45.6~52.4) 0.06 0.22 43.4(40.0~46.4) 007 022

“Proportion of urban roadside sites to all sites

°CV (coefficient of spatial variation) = standard deviation divided by mean of annual averages across monitoring sites within a study

area.

‘Maximum of COD (coefficient of divergence): COD;, = %Zip: 1(

p: number of days; X,
*N: North (buk), S: South (Nam)

A et 1270 A= F A& 5 67 A=A =AY
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X daily average concentrations for ith day at sampling sites j and k within a study area.

20129 HEHF PM,, ZAZe] 27+8 BEXE 2001,
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2 20014, 20054, 20104, 20128 Z+2t 32.6~
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32
)
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300 - Percent of monitoring sites meeting the inclusion criteria on the top of each bar 96.26
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Fig. 5. The number of monitoring sites that meet the minimum inclusion criteria for computing annual average PM,,

concentrations.
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