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Table 1. Daily accumulated rainfall (mm) and daily maximum O;

concentration (ppb) in Daejeon, Daegu, and Busan before, during, and after

typhoon Talas (1112).

Before During After
typhoon typhoon typhoon

Daily accumulated

rainfall 08/28 08/29 08/30 08/31 09/01 09/02 09/03 09/04 09/05 09/06 09/07
(Unit: mm/day)

Daejeon 0 0 0 0 0 0 0 0 0 0 0
Daegu 0 0 0 0 0 0 0 0 7.5 0 0
Busan 0 0 0 0 0 0 0 0 0 0 0

Daily maximum

O; concentration  08/28 08/29 08/30 08/31 09/01 09/02 09/03 09/04 09/05 09/06 (09/07
(Unit: ppb/h)

Daejeon 62 66 97 9 92 78 49 54 73 65 69
Daegu 63 121 115 105 97 42 44 53 76 78 99
Busan 61 60 64 84 100 36 43 50 66 77 87

* The bold face represents the value of daily maximum Os concentration above 90 ppb.
710 7| ded FPA07r A4 rjdds drhv deldoE AL
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22, 2d 74 9 dEAE

22.1. 7122 (WRF)

BEol ol@ ulge] A-F3A WS FAS BASY) s R FAR

o FPPt. B AFo| ol&¥H mdE WRF (Weather Research and

i)
rlo

Forecasting model) version 3.7.1°]t}. WRF = =4 BIA A (Fully
compressible, Euler nonhydrostatic) E2 &, +HAA+= Arakawa C AXAAE
AbEStal AR FHFA = AYES WEE dry hydrostatic-pressure 92 AAE A
g3ttt FAAE 22k &2 3% Runge-Kutta A& AM&sle AHEE, &

of Tl At 637N el §AE AEHE BIAROZ o] Fof

OEI,
i)
Q
N
o
Hu
ot

g 5 o7l EYAAEd g Fd 24t ke 23skal ) vk(Skamarock
et al., 2008). WRF g9 &= 2k,

=
& F FA A A One-way nested grid)E A=t 24 =Wl FHd =
(AAMNF)E D1 (Domain 1)9] 7o) 27 km (145 x 121), D2+ 9 km (232 x
181), D3> 3 km (247 x 235), D4 1 km (469 x 349) ©]™(Fig. 1), & EAIZF 3t
A& D1°] 81%, D2 27%, D32 9%, D4= 3%ty AAFE AFL was
AlZwh Ao A 30502 Aejstial, A AT 7S 50 hPaot.

WRF 24 33 9% 27] 5 A A85= 1.0 ° x 1.0 °9 3 d=5 %
+ NCEP (National Centers for Environmental Prediction)/NCAR (National
Centers for Atmospheric Research)®] 6AIZF 3+ &4 AZ(Final (FNL)
Operational Global Analysis data)E AH&3tAth A PAES EA o] &AEE
USGS (United States Geological Survey)®] A @25 ¢} 24 - category EA| o] -&A}
BE o)&sten, 24 99 ek D12 5 min, D2 2 min, D3 30 sec, D4
T 3 sec ARE AT BE £ 7|72 484171 A A8 7] X (spin up

time)S 235t 20119 8€¥€ 26 00A1(UTC)H-H 2011 949 8 00A1(UTC)7}



A= sk
WRF =2del F8 S#golM 5 wlAl
Single-Momentum) 6-class 7]¥(Hong and Lim, 2006)<= AM&3t% 3, &3t HA}

g E53sE WSM (WRF

A3 Tap BARAAE -2 RRTM (Rapid Radiative Transfer Model) 71'H (Mlawer
et al., 1997)3 Dudhia 7] (Dudhia, 1989)2 7}7} A&-3}Ht} A EEE-L Noah
Land Surface ModelS A3t 01, 3447 75 (Planetary Boundary Layer)<
YSU (Yonsei University) 71™(Hong et al., 2006)< AH&3tATH A& =431 7
A2 D17 D29 tial A9t Kain-Fritsch 7] (Kain, 2004)& 48331, D33 D49l
2 8-3FA A tH(Table 2).

rlr
ol

Table 2. Summary of the WRF model configuration.

WRF V3.7.1
Domains Domain 1 Domain 2 Domain 3 Domain 4
Horizontal resolution 27 km 9 km 3 km 1 km
Dimension 145x121x30  232x181x30  247x235%30 469x349%30
Time step for integration 81 s 27 s 9s 3s

Vertical layers/ Model top

28 layers/ 50 hPa

Grid nesting One-way
Microphysics WSM 6 scheme
Planetary boundary layer YSU scheme

Longwave radiation
Shortwave radiation
Land surface model

Cumulus parameterization

Initial and boundary condition

RRTM scheme
Dudhia scheme

Noah Land Surface Model

Kain-Fritsch scheme (applied to only D1, D2)
NCEP/NCAR Final (FNL) Operational Global Analysis data

(6-hourly 1.0°x1.0°)
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Fig. 1. The nested model domains for the WRF simulation and the location
of three target region (Daejeon, Daegu, Busan) including topography

features.



222 471424 (CMAQ)

thr1d RS s AMES Ede = PR S (US Environmental
Protection Agency, EPA)ollA 7H¢3 CMAQ (Community Multiscale Air
Quality Modeling System) version 5.0.1°|tF. CMAQ= 7] H3343 348 &¢
HA ] FaAES oldfsty] fal wrEolHoH, oY LA=H(0; YATER,
54 371N Ld=d )Y HiE, olF, &1l HA S5 2odt= 3Ad o
7] g8t mdE Alzglolth CMAQS 4719 F2 HAF AFH 19 3
g% EP(CMAQ Chemistry-Transport Model, CCTM)E T4 5o S th(Fig.
2). el HAY FAL 73RS AYste MCIP  (Meteorology-Chemistry

2]
O

)
ol

Interface Processor), 33l2]&& 4F&E3t= JPROC (Photolysis Rate Processor),
271sE5x1E& X435t ICON (Initial Conditions processor), A TEZ1&
Ay d3k= BCON (Boundary Conditions processor)®]th. CCTM-2 ©|21&t 47}4]
AAY Azt A WEF ARE UHARE st Ld=de] 5 tF 3
A F3pst 9 o] FEAE WA A S FAH R ALEGITHCMAS, 2012).

WRF
i i CMAQ Chemistry-Transport Model (CCTM)
Emission Gas—p!:[ase Advection Diffusion
chemistry
Photolysis | | —{ Output
Rat
e Aerosol Aerosol (211;111:;“;&
Initial & chemistry deposition christoy
Boundary
cycle run (24h)

Fig. 2. Overview of CMAQ modeling system.

of
o

CMAQel F& B+ o4 Fol FHI wAUSZES SAPRCI 714

(Carter, 1990, 2000), °]F ™#HUYUFE2 PPM (Piecewise Parabolic Method) 7]



(Colella and Woodward, 1984), % % A& &4 WAYUFLS 217} Single eddy
diffusion algorithm¥ ACM2 (Asymmetric Convective Method 2) 7| (Pleim,
2007), o2& wAYEFLS AERO-05 7S A3t W% Aune 5HE
e g A YA 2l (Clean Air Policy Support System, CAPSS)?l
oJaf 4HAH 20099 ARE o] &3t tHTable 3). CAPSSE &, A, ¥ oddd
Hl &Y EFIE=(Source Classification Codes, SCC)oll we} 4Hg = ™ (kg/year),
AR E A=l 1 km x 1 km ARG ot & AFoA= U ST
2A5E ®aPHoZ A syl s AA AAE TS o] &3te CCTME

MEY JeAns BYskaT

Table 3. CMAQ model configuration.

CMAQ V5.0.1
Horizontal resolution 3 km
Dimension 20 x 20
Time step for integration 60 s
Chemical mechanism SAPRC-99
Advection scheme Piecewise Parabolic Method (PPM)
Horizontal diffusion Single eddy diffusion algorithm
Vertical diffusion Asymmetric Convective Method 2 (ACM2)
Aerosol mechanism AERO-05
MCIP data WRF output
Emission inventory CAPSS 2009
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A BZFAZIE Ed3te 7713t s A H o gir)d FARE
71 918 7ASgE o 3

gk WRFSF CMAQ2] =Wl 992 Fig. 37 ZTh CMAQSY =Hl A
=20 x 2070 °lW, FHE tAL e0xo|tt. 33do] wEW, hrAYe] uE

r
o

4 ofd
O%g
9#
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Fig. 3. The domains for the WRF and CMAQ modeling with topography
features. And the geographical locations of the monitoring sites for air

pollutants in Daegu. Site G is the representative site.

_13_



2.3. 0:¢ F35t G- 71F ] F o] &3 WA

R1~R3). 123 Oz F&sl A7 oAl Addshks A= A=, ° 344

3 null cycdeZ2H 03 IAHTEE FAAZIHRE~R6). T2} NO, HlE©]

B HEA AFeM= NO Wl=2] tiF-&E= 2Ash= NO2| O; AlA el
s

)3} oFgtel O; FE7} A

NO, + hv — NO + O('D) (R1)
O(D) + 0, (+ M) = O (+ M) (R2)
O; + NO — NO, + O, (R3)
O3 + hv - O(lD) + O, (R4)
o(D) + M - 0 +M (R5)
O+0,+M — 03+ M (R6)
(M: other O, or Ny)
LHd=d wEo] THT EA AYelAes FLAH #7118 E=(Volatile Organic

Compounds, VOCs) X+ BH|WEE35I+4(Non-Methane  Hydro-Carbons,
NMHCs)oll oJ3] O; A7} ®stA dh ditd o= 09 % F7hol AH 3
TS FE WSS VOCsol 93 AAE #HEA Y Z(RO, HO, CH;O, &)
NO<}2] HEg-o]H(R7~R10), ©] ¥H&9] A=z A4k F712<A0 NO7E ZE3)
IO EH 05 T/ SIS "ok 2=l 059 B3etA AW IFES
n A W2 U7 29 $£3571(H0)9 O(D)etel whg, 4ksly](OH)9F O3
o] ®kg, o]AFEFAHO,) 9 0339 ®FS-©] Uth(Seinfeld and Pandis, 1998; <&



A% %, 2010; R11~R13). E3F NO,$ VOCso| #jl&Ho] B8 FoAE NO,2
TE 52 NO& VOCs9 = nvlo wel O; v=9 WEAe 2

al. (1994), Sillman (1999), ZF<T 5(2002b)oll oJstH, A HE EAo] wgt O; A
o]l NOy % S7Fl W73A W (NO,-sensitive), VOCs &% F7Fol R1735HA
e} = FH(VOC-sensitive). 3 Kanaya et al. (2008), Wood et al. (2009),
Song et al. (2012)°] M2W, NO, %7} =& ZHNA4 = NOt OH9} ¥H-&-3}
o ZAAHHNO)S AAsE ¥3(R14, NOO F4-3)9 £%71 NO7F 3 g
5 doA 0% AA3= WHE(R1, R2)9 SEHT wEty 0,2 WA= 3
g Qkgo] AA=” = Qrh. =3 Seinfeld and Pandis (1998)l 2]8H, NO,

7F S 230 = VOCset OHS WHg-°] NO,2F OHO Whg-H T} 948k, o
o Mzt AHEE HFA ZFoZo] NOE NOEZ HIAPoZH O, A 7]
AHA At o]HH NO= B3l S dtd 09 Aol 7Iodstes 4T3 tEo
OH$t ¥hg-3t] HNOsS AATOZHA NOo F&s] %S FE8A7= F 7F
S Z2HFHoE FY3to O; F& WSt 7o gTt

A

18
0

OH + VOCs (+ 0;)  — RO, + H,0 (R7)
RO, + NO (+ O)) — R'CHO + NO, + RO (R8)
HO, + NO — NO, + OH (R9)
CH:0, + NO (+ O;) — HCHO + HO, + NO,  (R10)

o('D) + H.O — 20H (R11)
OH + O3 — HO, + O, (R12)
HO, + O3 — OH + 20, (R13)
OH + NO, — HNO; (R14)
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Fig. 4. Synoptic weather maps at surface at 9, 12, 18 LST before, during,

and after typhoon Talas (1112).
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After typhoon
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Fig. 4. Continued.
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before, during, and after typhoon Talas (1112). A, B, and C indicate the

representative sites in Daejeon, Daegu, and Busan region, respectively.
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Fig. 6. (a) Synoptic patterns at lower atmosphere for ozone episode days and
(b) cross-section of a mature tropical cyclone and its associated circulation

(Lam, 2014).
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(a) Daejeon
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Fig. 8. Time series (at Local Standard Time) of observation and
WRF-simulated value for meteorological variables(temperature, wind speed
and direction) at the representative sites in Daejeon, Daegu, and Busan
before, during, and after typhoon Talas (1112). The vertical dash lines on the

figure devide the periods before, during, and after typhoon Talas (1112).
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(c) Busan
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Table 4. Statistical evaluation of temperature and wind speed between
observations and model-simulated values at the representative sites in
Daejeon, Daegu, and Busan before, during, and after typhoon Talas (1112).
(simulation period: 09 LST 28 August ~ 00 LST 8 September).

Daejeon Daegu
Before During After Before During After
typhoon typhoon typhoon typhoon typhoon typhoon
IOA® 0.82 0.73 0.88 0.77 0.57 0.84
Temperature
) MB"® -2.28 -3.57 -2.26 -3.32 -4.22 -2.68
RMSE* 2.99 3.97 2.8 3.76 4.78 3.02
IOA 0.65 0.64 0.65 0.63 0.68 0.68
Wind speed
MB 0.57 -0.21 0.19 0.56 -0.03 -0.21
(m/s)
RMSE 1.12 1.23 0.73 1.42 0.99 0.81
Busan
Before During After
typhoon typhoon typhoon
IOA 091 0.74 0.93
Temperature
) MB -0.70 -1.52 -0.33
T
RMSE 1.28 1.76 1.10
IOA 0.58 0.52 0.53
Wind speed
MB 0.94 -0.19 -0.28
(m/s)
RMSE 2.07 2.30 1.77

? IOA: Index of agreement.

> MB: Mean bias.

¢ RMSE: Root mean square error.
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speed and direction, and (e) pressure and relative humidity at the representative
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september : (a) VOCs and (b) NOx in kg/day. The dots indicate the
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Before typhoon During typhoon After typhoon

Fig. 16. Spatial distribution of Os; concentration (ppb) and wind vectors at
10 m above ground with terrain height simulated by model before, during,
and after typhoon Talas (1112). The value of O3 concentration at left bottom
on the figure is those of the representative site. Contour from 150 m to 600

m by 150 m.
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Before typhoon During typhoon After typhoon

Fig. 17. Spatial distribution of NO, concentration (ppb) with terrain height
simulated by model before, during and after typhoon Talas (1112). The value
of NOy concentration at left bottom on the figure is those of the

representative site. Contour from 150 m to 600 m by 150 m.
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Date
CMAQ-simulated value for O; at several monitoring sites in Daegu before,

on the map of Fig. 3. The representative site is G.

Fig. 18. Hourly time series (at Local Standard Time) of observation and
during, and after typhoon Talas
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Table 5. Statistical evaluation of Os; and NO. concentration between
observations and model-simulated values at several monitoring sites in
Daegu before, during, and after typhoon Talas (1112). (simulation period:
09 LST 1 September ~ 00 LST 7 September)

O3 concentration
I0A MB (ppb) RMSE (ppb)

Site  Before During After Before  During After Before  During After
typhoon typhoon typhoon  typhoon typhoon typhoon  typhoon typhoon typhoon

A 0.58 0.46 0.64 -2.88  -1218 -13.14 1921 1534  19.07
B* 0.57 0.65 0.65 213 -4.07  -4.90 19.45 9.53 16.87
C 0.63 0.65 0.64 -5.61 -6.26  -10.48 19.88 1115  20.51
D 0.57 0.64 0.68 -1.7 -9.06 -11.79 2247  12.68  20.45
E 0.57 0.54 0.62 -7.88  -14.93 -18.07 2347 1746  24.07
F 0.53 0.61 0.82 0.28 -8.46 -5.21 1946 1224 1311
G
H

0.60 0.53 0.69 -405 -1092 -11.60 21.04 1445 20.85

0.54 0.46 0.70 -8.05 -15.66 -14.35 2235 1764 2093

I* 0.65 0.66 0.71 0.98 -4.74 -7.11 19.02 9.08 16.88
total  0.58 0.58 0.68 -2.98 959  -10.74 20.71  13.29  19.19

NO; concentration

IOA MB (ppb) RMSE (ppb)
Site Before = During After Before  During After Before = During After
typhoon typhoon typhoon  typhoon typhoon typhoon typhoon typhoon typhoon
A 0.51 0.56 0.61 -2.32 7.88 418 1293 1445 15657

B* 0.54 0.72 0.77 -4.26 1.72 0.01 10.37 8.06 6.63
C 0.42 0.81 0.63 -4.96 -4.43 -2.95 12.48 8.35 10.72
D 0.47 0.71 0.73 -4.26 4.40 0.38 14.15 9.91 13.95
E 0.51 0.59 0.63 -5.71 4.00 2.66 13.75 1293 1442
F 0.39 0.68 0.75 -10.60  3.07 -4.88 18.78  13.28  12.09
G 0.39 0.65 0.68 -0.21 4.37 1.97 13.78 1091 11.34
H 0.60 0.47 0.64 220 10.58 8.13 1140 1546  16.05
I* 0.51 0.69 0.68 -1.86 -2.15 0.95 12.21 8.98 11.34
total 048 0.65 0.68 -3.55 3.27 1.16 1332  11.37 1246

* The bold faces represent the three highest IOA and the three lowest RMSE.
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Table 6. Summary of the indicators and their rate at (a) the representative
site(G) and (b) the site I of Daegu in CMAQ before, during, and after
typhoon Talas (1112).

(@) Os NO, NO,
te G o Duig | Aer | Beore | Duing | Afer - before  Dune - Aer
9 LST 30.79 25.90 15.51 10.16 17.21 50.05 6.11 9.97 24.23
14 LST 31.53 28.86 13.42 8.46 7.31 15.48 5.69 4.67 10.18
19 LST 15.09 24.83" 16.32 18.68 8.17 19.18 17.35 7.33 17.92
24 LST 7.69 23.62° 13.89 32.64 9.31° 24.57 30.22 8.67 23.50
NO O3/INO;

Before During  After  Before During  After
typhoon typhoon typhoon typhoon typhoon typhoon

9 LST 4.05 7.24 25.81 41.96 19.87 22.44

14 LST 2.77 2.64 5.30 114.48 17222 1277

19 LST 1.33 0.85 1.26 286.79 64239 2835

24 LST 2.42 0.64° 1.07 8952 605717 11.85

(b) O3 NO, NO;
site I o typhoa typhoon  typhoon typhot typhoon  typhoon typhoaa typhoon
9 LST 29.85 29.13 18.28 14.02 11.44 37.58 8.55 6.98 20.22
14 LST 33.83 32.15 31.79 5.01 343 12.74 3.39 2.25 8.59
19 LST 1799  22.30"  14.61 14.49 9.06 22.03 13.75 841 21.03
24 LST 342 24.78* 1.72 38.72 7.06° 49.77 34.64 6.61° 44.43
NO O3HNO3

yphoon typhoh typhoon  typhoon typhoc typhoon

9 LST 5.47 4.46 17.36 31.04 21.45 29.18

14 LST 1.62 1.18 4.16 11146 159.65  12.77

19 LST 0.74 0.65 1.00 32635 612.09° 1848

24 LST 4.07 0.45 5.34 45.04 68345* 2.32

* The upper plus (minus) represents the value that is higher (lower) than those of the day
before and after typhoon period.
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Before typhoon During typhoon After typhoon
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Fig. 20. Spatial distribution of Os;/HNO; rate with terrain height simulated
by model before, during and after typhoon Talas (1112). The value of
O3/HNO; rate at left bottom on the figure is those of the representative site.
Contour from 150 m to 600 m by 150 m.
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Abstract

The influence of meteorological conditions on air quality (O; and NO,)
before, during, and after the typhoon Talas (1112) was analyzed using
observation data and a numerical modeling approach. The typhoon case was
chosen to meet criteria regarding ozone episodes and without rainfall. The
results show that high temperature (above 30 ) and stable atmosphere
under a migratory anticyclone condition, and the convergence of wind from
changed air current by the typhoon were the main meteorological factors that
favoured photochemical reactions in Daejeon, Daegu, and Busan before the
typhoon. And these conditions are likely to be caused by subsiding air
outside the typhoon circulation. Also the synoptic pattern including

anticyclone and the typhoon is one of the classified synoptic patterns
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associated with ozone episodes in the precedent study. During typhoon
period, ozone concentration decreased because increased cloud cover
inactivated photochemical reactions. However, there exists relatively high
ozone concentration in adverse conditions for photochemical reactions and
unclear diurnal variations of ozone concentration. These were mainly driven
by dominant reactions of ozone production under low NO, condition, and
constraints of ozone reduction due to low relative humidity and NO
concentration in daytime. Also it is estimated that relatively high ozone
concentration in night time was affected by meteorological conditions with

typhoon, such as increased cloud cover and strong wind speed.
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