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Abstract

An Eulerian-Lagrangian hybrid modeling system to analyze physical and chemical processes during the transport
of air parcels was developed. The Backward-tracking Model Analyzer (BMA) was designed to take advantages of
both Eulerian and Lagrangian modeling approaches. Simulated trajectories from the National Oceanic and
Atmospheric Administration HYSPLIT model were combined with the US Environmental Protection Agency
Community Multi-scale Air Quality (CMAQ)-simulated concentrations and additional diagnostic analyses. In this
study, we first introduced a generalized methodology to seamlessly match polylines (HYSPLIT) and three-
dimensional polygons (CMAQ), which enables mass-conservative analyses of physio-chemical processes of
transporting air parcels. Two applications of the BMA were conducted: (1) a long-range transport case of pollutant
plume across the Yellow Sea using CMAQ Integrated Process Rate analyses, and (2) a domestic circulation of
pollutants within (and near) the South Korea based on the sulfate tracking analyzer. The first episode demonstrated
a secondary formation of nitrate and ammonium during the transport over the Yellow Sea while sulfate is mostly
transported after being formed over the China, and the second episode demonstrated a dominant impact of

boundary condition with active sulfate formation from gas-phase oxidation near the Seoul Metropolitan Area.
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A= OAEAE AA 2L FFE F= AL
2 4 A Qth(Leem er al., 2015). At H d Al
WA = ARE A% AR 9 ARA Y] He =gof
T 23187 (Kim, 2014; MOE, 2013), 23L& ¥
& 29 sARA FEE 24 dalA WA e
Z7Vel= FA|o)thH(Kim et al., 2016a; Zhang et al.,
2016; Park and Kim, 2014).

e BAHA 4 TUY HERe Gl di7]
BA 2HAA FAER] Zotn FHHAY, F5 F
2R A7 ofF YL W A WAY &
QtH(Kim et al., 2016¢; Jo and Kim, 2010). £3], ©]A]
WA g RE AR 23 44 A4 47
4ol W5}t S48 wolol, olaid 4L olalelr) 9
e LdEHC] H7] o= wiEE o 28 7}
A)9] B - BhobA AFL Auus Ao| Fasit}

4718 2dE o] 8T A | edEEY o5 ¥
2o - sie BE WaE AvE & ook gr1d B
We S40] wek 2 U Bl (typo)e] LA 2
IFAR By Y mdg2 RS 5 Qi e g et
eele mEe 4E AxY FEE AE7 W
oot A E 5 e AFol 9 (Byun and Schere,
2013), £4 37199 olen trledEdo] &9 -
sk} wiske Amuslols ool ok elagxer
o B9 49 37199 o5 FHNES HA
o) lo] A B39 o5 L 2HelolE A
(Draxler et al., 1999), o] A £ 7| L GEZ 9
spaiihg 9 auky Bl Awol s,

3719 o]F WE r|edEE 4 ATEEY 5
= Wistg maHon Huel) gl Ut Y
I SFagAet Bds ¥y &8 5 Utk Yueral.
(2009)2 EFu Aqe disf edzzet =2l
CMAQ (Community Multi-Scale Air Quality)™} 213
A9k &2l HYSPLITS ©o|-83lo] 37139 o]Fof
uE FEE 293}, PA (Process Analysis; Byun and
Schere, 2013)E v S22 9 Z T 9] IPR (Integrated
Process Rate) 242 £33}9t}. Godowitch and
Draxler (2006)= HYSPIT#} CMAQS o] &3] ujZ
% AT AUes vgon ANL uet oFa:
37179 o FE7 9B 4 98e wac

A

el

fr

e

7SS IA A 33 A A3 &

S HYSPLIT 2§ A= 57179 o]F A4 4
719 24 F= o] &1 jloH, iy e g2
EL THAA 34 Ate BE
1A ot} R E O HAYPPFLE HH HYSPLIT 7]
g A (B 1A7h 371399 YAE Eelst
,olofl sigste edeeqt Bl AR s ¢lof H]
Wh= WS o]8SHRTt o]2fgt T WA (match-
ing) WS ARt LUt 2 AR AT 1
s 245 SaFAL 2D 37|77 &Y Al
7 & AYrts ZE AAE HE ARE s}
A Zotuz, 37|17t o FstHA BRst= 5 - &
2 Wgto] gt A EAlo] AgE ).
weba] 2 AFolds 37139 ol 5B = HAIE}
t 2E AAAEE FE57] AT Yoz BMA
(Backward-tracking Model Analyzer)& +=35}11, 24
et g9lo] meel CMAQT taA|et €H¢l9)
&4l HYSPLIT Z#E o]gsto] 37|37 o] 53
T W d71edEZY = W3 QL uiEd I9F
of gt A4S A=kt ol et WHES A&
o2H, o]FH R WE ARE AFAT o] A
24| 7hsst 37177 A& ez olFshe &%
qrledEde 29 - 33 #MIE BAT 4 ok
F3 Adrdo= o3t HHES A-85to], nA™
A& v RS A7 g4 o5 v W EA4S
EA8=d g&stuat gt

rr
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2.1 H7|& 2At

713 EAM= WRF(Weather Research and Forecas-
ting; Skamarock et al., 2008)-SMOKE (Sparse Matrix
Operator Kernel Emissions; Benjey et al., 2001)-
CMAQ AAE o] &stitt. th71d EAbe| @A 714
AR E nfHE 93le] WREF version 3.3 431514
on, Mg EYAE & 19 eIt 714 =
71A-& NCEP (National Centers for Environmental Pre-
diction)o| Al A &3l= o2 A2l GFS (Global Forecast-
ing System)& o|-&3st¢ich AAuEF vhES $i5to]
MEGAN (The Model of Emissions of Gases and Aero-

sols from Nature; Guenther et al., 2006)S 533} 2
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Table 1. WRF configurations for CMAQ and HYSPLIT
operations.

Module Configuration

SRTM

WSM3 (Hong et al., 2004)
Kain-Fritsch (Kain, 2004, JAM)
RRTM (Mlawer et al., 1997)
Goddard (Chou and Suarez,
1994)

Landuse

Micro physics
Cumulus scheme
Longwave radiation
Shortwave radiation

PBL scheme YSU (Hong et al., 2006)
LSM scheme NOAH (Mitchell et al., 2001)
I~ 3 )

[ Domain 1 (27-km)

Bejing

Shandong

Sichuan

Guizhou

Guangxi

Fig. 1. Geographical coverage of modeling domains at
the horizontal grid resolution of 27 km (outer), and
9km (inner), respectively.

o, ¢1$]& vj&FFol| tiste] SMOKE version 3.6& %
o wEs B85S sty B 0UT U AT
Azstol eietgich. I WEF B2L CAPSS
(Clean Air Policy Support System) 2010, =] wWj&3F
EE2 MICS-Asia (Work Plans for Model Inter-Com-
parison Study - Asia Phase III; Li ef al., 2015) 2010
o]&3}th o7]d 2AR= CMAQ version 4.7.1& &=
st on, set A Y& SAPRCYI, o7 FHO=
= Yamo, 52842 Multiscale, 2|84 EddyE
oj-&stth BAIY YL SRR RE Y FAZ)F
F& B oR AHuy] 9Yste] FRolrlo} A<
EZJh= 27km TR L= A} THE ZFe)
m BYE ARbo| tiste] 17 13} Zo] 4

\©
o~
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9718 mAb A e - skt 35 (o, B o), A
2, sfehikg ol e FE wske FEs] 9%

AAZ CMAQ 7] EA} 2o CMAQe] WA T4
B4 whH el PAQ} sulfate trackingS 433+ tH(Byun
and Schere, 2013). PA 5 IPR& TJA} S HE 9] A
W 4wg 5 W 5B #4372 Wl gt
FE, Ao 2E W5, 75 ZE Foll el a2ste] f
A7 ME2A 2 350 Flo|EE AR Mol
t}. Sulfate tracking2 sulfate @] AJ4 QA0S &Y, =
71 D BAA, 7k AR B ST A A B)st
whge] FROT ol 213 4 9},

2.2 HYSPLIT 43

HYSPLIT 4R 5E ulAstry| ¢ste] “arwlarl”
229L olgste] WRF 2eaEE AAelshet
“arw2arl”& NetCDF ¥ #]2] WRF AR E “arl” §
B9 HYSPLIT Y8R a 2 HEsitt ol Jgx=9
A T2E Goot X713 BAF WL TYSol
AAL A 7HE Aekslr] Q3o th(Draxler et al., 1999).
HYSPLITS| &ejAi=E 43717 59 vz 37)
7t YA AAE 9 1= ARE ZF}EkH, o]2R
g AHo] olFslE 9AE 17 B2 Bl 4
Ack 2 Yo 1= RS fJste] & AFolAM=
x| gk Au R 7] 93 A FE2 7 100m L=
£ AEsen, 500me B9 At T4 o
marine boundary layer 4 ¢] 0|5 183} th(Kim et
al., 2001). 1000 m= LREAQl WK EFIL oA
o o 9EA A o5 Auins| ¢stel Mty
o olefdt ol ALY BAo) uket gebd 4 9l
o},

2.3 Backward-tracking Model Analyzer
(BMA) 715

1% 2= BMAY 7]|& A& Kol AR 94
Heiot B Ao} gfaxet LY A} Aolo]
Bl #|o] A (interface)E AlFste] HAH 21} A4S
7Fs st gtoh 714 A R uhlE 1% WRE, sj&% &
2E 9%t SMOKE2} MEGAN, tj7]2& =¥ CMAQ,
183 HYSPLIT2. 2 o]20]A it} HYSPLITS o]
3 37179 ol FHA FAI A wE
3} =25 $15}9] IDL (Interactive Data Language)<
&3 A Ho|AE s e 2329 AAE] A
Polgih. BMAS £3t 242 CMAQ ®A} A3} o]
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Fig. 2. A schematic plot of modeling procedures of air quality modeling with the Backward-tracking Model Analyzer

(BMA).

QJof) B AFof| A A3t PAQ} sulfate trackingE H|F
3}o, Brute Force Method (Bartnicki, 1999), Direct
Decoupled Method (Hakami et al., 2003), Particle/
Ozone Source Apportionment Technique (ENVIRON
International Corporation, 2014) 5 Th¥st gz d
Z3tel o] Models-3 /O 4] wtdof -84 4 ¢l
oh B dTol4 AEE BMA BAE 488 A% 5
=% 247 okge] AURY ARE FET 4 9]
37199 o]y F &= WIS olssh=
Eg&ol "o

2.3.1 Hybrid approach H{ A

St mlah At mDE Weste] of
&% R AP AN ABlA 28T A
Zro] HYSPLITY] 7|& &8 thojo] 147 7oz,
2zt Nuict 37177} AT oAl Ao AR
2 olg3t B4o| ook T} ol YHA
RE A% ARE B o] 8% 4 ks ARl
AT 24 7 224 o= L4t
2 AIGAY 2R 4T Agel Yo, o
2 & nd A AR Yd E4L AYE shetst
11 ool ok &, 71E& Aol AR E Ol T AL
A e gk e g e mule) A
%—';:% AL ()22 Tolste], 714 Frke Aele

7SS IA A 33 A A3 &

e T B SRS Pl AT U T
S gagHel mee] ATEe 20 T
polylineo]n, @ d=2|ot mE o] AL 3219 EAS
7FAl = cubic® 9] polygon®] FE}E 7HA 2L Ut whet
A ol2dt ohE A F ATES HluFel oA,
Z} polylineE-°| 32+ polygon®] Zr W& F3}3l= A
A& ooz - ffag ety HFo] 24+ 2 Uy
2 321 ARES TSt AYE A A4t
& et ook B3 A4t AgRREE 24 37197t
ZF 248t A=Y Yo HFE2= A7k (resi-
dential time)& AFg3te], 2+ 37|37 F M =&
Baslela Wale HPFHo A & gk B o
FAAE olele e Ao A4mE 4T st

SEAQ HZ HAE ANTFeEHN F %

ATEE TIE BEYo] Bao Bgaer

2.3.2 Hybrid approach BIHZ

& HollA drggt AlgHEE s dskal, HYSPLIT
2o edyet Ax AEE ?%ﬂﬂ 25t
hybrid approachZ Z-&3}ct i SHHE2L 493t
7] 9lste] F717 9] 3347 olFE % 5% —’F—Z—l o]
LR FEske 9 30 Rt viEH Bge g 1
H3 29 34 3o g CMAQ z.ﬂx}E olu]}
™, A P,~P,= HYSPLITOZXRE AL 00A], 014],
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Fig. 3. Conceptual diagrams of multi-dimensional polyline clipping algorithm; (a) Red line represents a trajectory path
and blue dots indicate locations of an air parcel at 00 h, 01 h and 02 h, (b) Calculation of traveling distance of the
trajectory in each grid cell, (c) Calculation of residential time of the trajectory in each cell, (d) Grid cells that the
air parcel has experienced through the trajectory path (during 00 h ~02 h), (e) Black line indicates a trajectory
movement between vertical layers, (f) Calculations of traveling distance and residential time.

024 Zzte] 3713 A ju
olo] Ao
¥ 3@~ @ xE3} yFono

718 AAE

HYSPLIT®] A

3O~ (D% x3T 254 £8% 7ke
oh g 2 AT o) 147E Fehe
o) 3719 o5} o defeet mdo| Ao HapE oo

E3 o]%of Hg3FL
Jshrha st
CMAQ ZZ}e} HYSPLIT #HAS 3713 ez 27
of CMAQ AAeIH S SAM A= 2 91X E
RITH( ™ 3(a)). 18 3(@)°A Py 00A]] 214
o] Aapolm, B713%E 00A1~014] 1413} §< Pyo]

4
off

7lazAo

—=

FETEF

=
] [

(<]

o

J. Korean Soc. Atmos. Environ., Vol. 33, No. 3, 2017



222 ui¥lol- AEA - FWE - AeH
A P2, 01X ~024] &< P oA P2 o533 o
A 7ol whek 1A et 713 A4S wet
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old ARE FHsh=AlL AT T4 X 2 HE F
A W olEAE EASIAT oln o] 5A2 9] T
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A& 1AZHO0AI~01A]) &t A& w223
57149 AA olsAZ (P, —P)e} /HE AR ol A
o] o] FAZE o83t ZF AR A 9] A FAIEE A
AITHIHE 3(0)). 1A W &= s} itk 7H
& A8 A9 AR ARALE T} o A
g B Azlo] vdeA G Angos 1
g 3(d)et ol AAZY BE AR tiet AEE 1t
ofste], FAAS wet o] Fshe 371 E AR &
Hot o 293 A7 =4 B4 4 ok 29
3¢ 38 3(he TALRY ol MEHLe= Y
Bfilen, ols +34 Aol s 25t =it
22 YA o= o]Fo|ZIt}. Hybrid approach= 43 4
T3] o]FE EFStE 32H DR oA o] FojAH A
7He 2 338}+= multi-dimensional polyline clipping 7]
Holth(Kim et al., 2016b).
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rr

T gul

238 BT 5 9tk o A2WL olgsha w4
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L FI1UE ol Aol BAY 4 e Roz
Azt

3.2 I

BMAS] #84& =] 5t 3 A5 oo
23 Aemol 473 olF Azeh Aol A Az
of 2HE AL AR Hew $UHE Aol dst
of BMAZ H&ajgith. B40] A a7t S
CMAQ 23] 4124 SuE $iste] BA} HEo} o
23 WaE 53 29 53 20 Frieig. 27t
e B Aol Al 7)7e Eaksh Qs 20159
29 19~29 1592 Agsiort BEAE 224 A
oAo| 817 A4 ARE ol8atAH, PM, 0] B
253 Ao 357) 2440 ARE BLAAUT. O,
o QY BE, 1 9 BAL UBF BES Brleig

o
ot e d=dE $AXE # 28 F2E 5 Utk
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3.1 72| o|F Atz

3.1.1 Z7{2| 0|S CMAQ Z At
FAE olF Al eEd AYe] vAHA A=
ol T 20159 2 1092, G m|AEA of
g =9 7|9=7} tha A UEbgTh 24 99 124]
§ 2447t 5¢ke] PMC, SO,, NO,, NH, | &%9| &

lo N Jr &L gl

EEZE I19 49 B4tk ZE E40 disto S=
A 57 A9 viEge] o, o dist
of a2 AYoA A Yebgth 20159 24 9Y
12A]~29 10¥ 12A]7}A] PBL (Planetary boundary
layer) U} PM,,, sulfate, nitrate, ammonium®] H%=
2 1Y 5o BeiTh MEF Bust v we 1
% 59 A Mol 2PBA) FEr} A eht
o1t BEo| YEhjAE gotont 28 90U Moz
5539 G Wot C Ao A8t e FEH o]
ARYOZ o] F337] E g AtmETh

29 99 o]% AFE ZF (plume)E IH 5(a) &

Table 2. Statistics of modeled performance for 27 km modeling results (The number of measuring sites is 81 over Seoul
Metropolitan Area except PM, ;. The number of PM, sites is 35).

Mean qbserved ; Mean modeled , BIA% NMB ERRO}( R IOA

concentration (pg/m’) concentration (pg/m’) (ug/m”) (%) (ug/m’)
PM, 30.86 35.08 422 13.67 9.66 0.80 0.85
0O, 30.80 32.85 2.05 6.66 6.03 0.31 0.54
NO, 39.30 2223 -17.07 —4344 17.07 0.85 0.62
SO, 7.33 5.25 —-2.08 —28.38 2.09 0.84 0.73
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(b) SO,

Unit

(ton/day)
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10.8
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9.2
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7.5
6.7
5.8
5.0
4.2
3.3
2.5
17
0.8
0.0

Fig. 4. Spatial distributions of (a) NO,, (b) SO,, (c) NH,, and (d) PMC emissions during 12 KST at February 9 to 12 KST at

February 10, 2015.

AlE A-B-C A 9& AA o]Fstglen, C A oA A
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A C A4 =7t UeH. o]z HFEE o
371zt 2719 sl2 FUEH= PM, 9 dRES
nitrate®} ammonium ALY FHE 4 Ut FF
malg] AR (20159 299 9U~10¥)e] 7% nitrate,
ammonium®] =7} sulfateo] B AdF oz =7]
o] 2ol PM,,2] &%= £ 7} nitrate, ammonium®] £ X
E AY 2R g2t Aoz wohEH}). Itahashi ef al.
(2016)& FHo2HE 17 AQLR o|FHE ILs
= U BES g7] 3 &% 270 uet sulfate-
rich A}#|€} nitrate-rich AHHE F&ESHATH & A=
nitrate-rich -¢-2 o|sj =y}, g 713 A4 NO, &

T Y RAF E= SO, &9 HARA AT 7HsA

=

o] ltt. o= 3 A<
A FEE T 2] ARGE A
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Sl 3=
UOLO'I__

EELN
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Y2 $edso] gAIE A2E Mo, Y AL

[e]

=
3T =
Z

J. Korean Soc. Atmos. Environ., Vol. 33, No. 3, 2017



24 djdiol AR - AWL - A

(@) PM,, (b) Sulfate
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Fig. 5. Spatial distributions of simulated (a) PM,,, (b) Sulfate, (c) Nitrate, and (d) Ammonium below PBL height averaged
over 12 KST at February 9 to 12 KST at February 10, 2015.

Fig. 6. Backward trajectories arriving in Seoul, Korea at 100 m (red), 500 m (blue), and 1000 m (green) altitudes at 12 KST
on February 10, 2015.

UuekE B3 A AR Hol7k Gtk 100m ARE  3.1.3 W2 0| HRN SN
S00me} 1000 m AHET FEelA AzEglot 4 13 62 A2 ofsh BMAS 2§tk 2 A%
oz 717k $U8 A SAPOR, A o SHNAY BE AXE Wl WAz 5% 5
AR e RO NS A k2N BE T BE Axe] 08 HES el 1K1 3
A bt Ftel 29 7o) Ushiolch BE PAARS Fe

7SS IA A 33 A A3 &



7| BEZ Y o] 5 A ZA E|3letE W3l 228 93t Backward-tracking Model Analyzer ¥ & n}& 225

(2) 100 m
200 - 1500
- = POC EC == Sulfate Nitrate Ammonium Others
P L — Altitude - - PBL 4 fo=
g 150 = 5 g/
) r @8] =
= C R K ] 1000 —gb
= i I I oA 1 5
g 1wl . c.et, . T
s - o . . ] ]
= - . - . 1 3}
=] 50 |=. « . e g § =
3 e’ o % ] =
] » ; > . <
0 0
C

12 15 18 21 00 03 06 09
0209 0210
A B D E
(b) 500 m
200 N 1500

ERRES 1 £
en I -
3_ - -4 1000 ?{5
L
8 C &2
2 = 2
= C ]
5 : E
g - z
3 P <

12 15 18 21 00 03 06 09
0209 0210
B C D E
(c) 1000 m
200 - 1500

£ s0f ] )
= C ~11000 E
= N .| =)
=} - A 15}
Z 100~ A =

=1 B - =
3 [ ~s00 B
=] - - =
g sofF . i p=
] L St 3 <

C o 1

, e R W RN,
12 15 18 21 00 03 06 09
0209 0210
A B D E

Fig. 7. Time series of PM components (i.e. POC, EC, sulfate, nitrate, ammonium and other components) of the air par-
cels arriving in Seoul at 100 m (upper), 500 m (middle), and 1000 m (lower) for CASE 1. Gray line indicates altitude
change during air parcel moving. Gray dotted line is for PBL height at the cell on which an air parcel is located.

PM, o2, /I8 2FEZAL POC (Primary Organic
Carbon), EC (Elemental Carbon), sulfate, nitrate,
ammonium @ 1 2] E3 (others)o]] 3l EA5t% Tt
g 7904 AAde FAA ole Aol Y n= W}
£, A4& PBL o8 Yehdth A7t whE A&
A~EZ ZEAstlom, A4 A= I8 6914 =<l
o 5 Aok

= WS A~B AFE Avte ¢ ZE AXS

PBL o]3te] olol 4 o|5atglonz B7|ut A4k
oA 2 WEEAY t7] Fol4 ALE oo A
Az} 37 o5 Ao 24 4 YUtk C~E A AL
BE FFo] Ao RRE Iz SAu ¥ Az
< A9stat PBL Yol A ol 53, o2 Qs &
& Aol e Aog 229t
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Fig. 9. Backward trajectories arriving in Seoul at 100 m (left), 500 m (middle) and 1000 m (right) altitudes at 21 KST on

February 15, 2015.

124] 100 m, 500 m, 1000 m Z+ # &) th3lo} PM,, %

= 50.3 pg/m’, 63.8 ug/m’, 74.7 pg/m’S E T} 100
m, 500m # ] B AF o] FHolA U TR
Bl A&ol =2k6l7]71A] F=7t HAd F7hske] Aol
TGS o 114.0 pg/m’, 1172 pg/m’E =opHTh.
1000m #2-2 2€ 9% 18A] B AH o] PM,, =7}
Z71et7] AlFE Ao =atgS o 116.1 pg/m'S
HAoh Al AI8E AER o= ¢ PM,, =7}
oF 31~64 ug/m’ F743130ct. oA H & Frhe E3
nitrate, ammonium, 12| 3L others A& of tjste] T3
A Uebgen, 29 S Aol fAtstsith

oA & AFolA MAHE AL"HE o]§T AL,
Y FEE EACERE A LeE 37
Y7} o]Fste] TWol| FFE F= ALE §5F
e AYe 28 SFRe2REH 37197 o5 &
7 HA F7heE RS gld 4= 9ot

I~

A

T

1=
°

3.1.4 242 OIS HA 22l 543 TN N8

PM,, A& & 2% 29EZ2l nitrate, ammonium,
sulfateo] Bhsto] o e - 31} T4l B Mol
FFS FeA AHET] §Jste] IPR 2] BMAS
Agept el B ATE QAT SH3 B B
£ FIst7] $I3t A E CMAQY 15-7E 105714
o] 1= IPR HEE HA5}H3IT

a9 82 7 e HEH] g IPR 2= F7]77}
Zk AAo| mE= A 5% £ - 3 Ao gt

B ¥EE dehgon, Y 292 Burt o
| o] o HEP=A Fed 5= ok &9 - 3
g Y W4 $EOF (HADY), 407 (ZADV),
OFIHE T AP HE M (ADIC), £HIA
(HDIF), &84 (VDIF), Hj&% (EMIS), 14334
(DDEP), #5317 (CLDS), 7k24 3184h-3-(CHEM)
83 ool 2F I (AERO)E ER}3ITH 17 8A
29N Fo AMS BE o). 33 3R Fow
olETY o) B WslE 49 4 Urk.

% 8(a)~(b), 1 8(d)~(e), L¥ 8(g)~(h)oll L+
Ehd 100 m, 500 m, 1000 m F|& 2] nitrate?} ammoni-
umé] = #3= S gt o]Fste B¢t ooz
5 35o] ofat el 7)oi} A&H o et o
£ $T225E SYE fdEE 37187 A
A= =% NO7} nitrate 2 AZHE = S Ao 7FAA)
NH; E3F YAG o2 S92 2oz o o
g oA AR, Kok ekt BHE AANE A
S BEA SHE BT s} ol FolHoF & Aol
ok 28 8(c)oll 100m A& o]l it sulfate®] -2 HZ
o) AahE olBehe Bt SBolRl T el 7]
o7} 2a8l7 Uehch w3 wiEel ojg 4ol
Uetts A& Hof sulfated] F¢ F39 2d¥S
AU A wiEol ot 7197 et RS S
% Stk

500m #H&¢] 272 8(d)~ (1), IPRY] Z 49|
7l e 100m AT §ASHA ekt ol

J. Korean Soc. Atmos. Environ., Vol. 33, No. 3, 2017



28 wwlol- A - WS AL

200

Concentration (| ug/m3)

Concentration (| p,g/m3)

(a) 100 m
1500
= POC EC = Sulfate Nitrate Ammonium Others
— Altitude - - PBL E
1000 &
k)
jus)
3
Q
k=l
500 2
=<
0
(b) 500 m
1500
E
1000 =
=)
)
jan}
LS}
Q
500 g
<
0
(c) 1000 m
1500
E
1000 5
Q
jus)
2
Q
=]
500 2
<

Concentration (| ug/m3)

Fig. 10. Time series of PM components (i.e. POC, EC, sulfate, nitrate, ammonium and other components) of the air par-
cels arriving in Seoul at 100 m (upper), 500 m (middle) and 1000 m (lower) for CASE 2. Gray line indicates altitude
change during air parcel moving. Gray dotted line is for PBL height at the cell on which an air parcel is located.
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Fig. 11. Time series of sulfate tracking analyses for CASE 2.
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