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ABSTRACT

We assess Total Column Ozone (TCO) and Tropospheric Ozone (TRO) reproduced by the Chemistry Climate Model
Initiative phase 1 (CCMI-1) project using ground-based observations and reanalysis datasets from 2003 to 2010 for East Asia.
Five models, CESM1-WACCM, CESMI1-CAM4Chem, HadGEM3-ES, MRI-CGCM3, and GEOSCCM, are evaluated. The

multi-model mean of the five models reproduces a spatial distribution and seasonal cycle of TCO similar to the observation

and reanalysis results. CCMI-1 models present a relative bias of TCO in the range of -4.22 to 0.47% against the observation

data. Contrary to TCO, TRO shows a comparatively large inter-model spread in spatial pattern and seasonality. Indeed, the
relative bias of TRO from the models is from -8.37 to 13.71% compared to the observation data. While CESM1-CAM4Chem
and MRI-ESM1rl produce reasonable spatial and temporal variability of TCO and TRO, HadGEM3-ES and GEOSCCM
exhibit a bias with substantially lower and higher TRO in most seasons, respectively. Long-term trends in TCO and TRO

are not significant in either reanalysis or CCMI models. These results suggest that TCO and TRO reproduction from CCMI-1

models requires caution and further evaluation, particularly for regional analysis.
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o] Wo| Hj&(emission)=+= A|Y F d}Lfo|ti(e.g., Cooper
et al,, 2014). 53] T Fr] 7} FHoA = tiRdeE
AF-E4 HiEo] Ahoks FAYCIE &5, FoFAof
F2oAe ALHer HiEEH = Zo] dEFH
(Gaudel et al., 2018; Chang et al., 2017; Hayashida et al.,
2015; Parrish et al., 2012). Z12JL}, FoFAJotoA 10 o]A)
QEEY WSS AP = AFL B Aol Esict. o
A, FoRAJof REL AlFEHE 2F WS Am 9| 7|Tto]
FEoHA &otal, 3%t st Rob 11 E4E BAskL
olafisl= o] o] ojz2©o] Qti(e.g., Park et al., 2020).
F2 o7 7|BolA & XA T, 94 A= 2 A7
ISAE AREA ARE Aol e, olE &85t
BotAlo} 920 B4 AeAE olafshe A7t X
T3l QJth(Park et al., 2020; Han et al., 2019; Chang et
al., 2017; Cooper et al., 2014). Han et al. (2019)= 5O}A]
of Q& Age] Huigto] A=t #Z5E WEAol A,
199045 ZN7H) ZH4stiL ofF Z7jele ARl E
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A= AU A= AT AjtEE 59 $HA
o] ZA3tth(Park et al.,, 2020; Wargan et al., 2017).
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Al 3}87|5y TR2AEQ] CCMI-1 (Chemistry-Climate
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Table 1. Observation stations
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2. Xlg U 2XM

21 8= Xz
2 AFolde 2FS BIKsH] S8 AlA & 2 A
Q4 A= AlE(World Ozone and Ultraviolet Radiation

Data Centre, WOUDC; http://www.woudc.org/)o| A A&
Sl Zofrjo} K9] Q&AM @ EET|(ozonesonde) At
2E AREot9 o, FolAlob EH|Q1(95~165°E, 20~50°N)°]|
ot A AAmeEs A7dste] ARESHIT. WOUDC=
A &5 4 BES 0|85k F<&(Dobson) 2.F £
BA°t BEo|(Brewer) @& EFFEAE AMEto] &
A 24T AFet £ A ollA= sotAlor &
979l A™ = A=, Seoul (SEO), Pohang (POH),

of total column ozone in East Asia. The period in parentheses indicates missing

period

. SEO POH MNM NAH SAP TKB KUN LFS XIA

Station name L . .
(Seoul) (Pohang) |(Minamitorishima)]  (Naha) (Sappro) (Tateno) (Kunming) |(Longfengshan)| (Xianghe)

Latitude(®) 37.57 36.03 24.29 26.20 43.05 36.10 25.03 44.75 39.98
Longitude(°) 126.95 129.38 153.98 127.70 141.33 140.10 102.68 127.60 116.37
Observation | 1984.05-2018.|1994.01-20| 1958.01-2016.10 {1974.04-2018.{1958.02-2018./1957.06-2018./11980.01-2014./1993.07-2016.{1979.01-2018.

period 12 15.06  |(1963.07-1996.12) 01 01 01 12 12 03
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Table 2. Ozonesonde stations for tropospheric ozone in East Asia

China Japan Korea
Station name HKO (Hongkong) NAH (Naha) SAP (Sapporo) TKB (Tsukuba) POH (Pohang)
Latitude (°) 22.31 26.21 43.06 36.06 36.03
Longitude (°) 114.17 127.68 141.33 140.13 129.38
Altitude (m) 66 28 26 31 25
Observation

iod 2000.06 ~2017.12 1989.01 ~2018.01 1969.01 ~2018.01 1968.01 ~2018.05 1995.01 ~2017.12
perio

Longfenshan (LFS), Xianghe (XIA), Kunming (KUN),
Sapporo (SAP), Tateno (TKB), Naha (NAH), 1gil
Minamitorishima (MNM)9|A A&&+= dHA+ 73 &
B2 7)7k0] 104 o4l AEFHS o] &3t Table 1),

ZH Q2L Hongkong (HKO), Naha (NAH), Sapporo
(SAP), Tsukuba (TKB), L8]l Pohang (POH)Q] 57§ A3
AR 2 AR5 THTable 2). ©] 2 HKO, NAH, SAP, 71
21 TKBY| 47] AF AFE+= WOUDCOA A|Fsdh= 2
E&H FESUE AHESHT (Table 2). WOUDCO|A| T
B2 A Amsol AHARE A= AE 717ke] 104
ojdo] HA FAY 109 oA Am7t AFEHE 25
717to] A A= 7172 30% o= AAIShE A-ES
AeJstal ARgsAT: ?h= A1 A=<l POH A4 Atae
71370 Algt #5 ARE ARSI BE AR
=2 A9 714 270] SHAQl BE AYshl .ES
S5t HWig 1~13719] & A2 Z2upd(Vertical
Profile)y& WOUDCE Hi ¥ 2.43], 7143 7|4l POH %]
He Bt ¥ 2.23] S4sto] Agedrh &Y AF =
T} %, 850 -hPa SYTL AX A 45 iR o
2o 542 2 BAFUAE A9 4L @ W BE
o, 27 92 ES 5 Ut Zoltheg. Park et al.
2020). WEo] B AT AL 850 -hPa SLHoH 0=
SES fRdess sEe 4o, oxEd RIS
Q#stol Agsteh

2.2 2Mxt=z

CCMI-I B304 vehts 020 87 23 9 4]
WstE B8] 98] B2 2w Bk ohe} Fopklole
HIESE Aol dis] e2d%, diRdeE] A=E AT
She AR ARE A ALIATH Table 3). 2EAF
o) A% 74 ARAARES BEetel BRI} v Lo
A&+ 1) Buropean Centre for Medium-Range Weather

Forecasts Interim (ERAI; Dee et al., 2011), 2) European

Centre for Medium-Range Weather Forecasts Reanalysis

5th  (ERAS; Hersbach et al, 2019), 3) Monitoring
Atmospheric  Composition and Climate Reanalysis
(MACCRA; Inness et al, 2013), 4) Copernicus

Atmosphere Monitoring Services Reanalysis (CAMSRA,;
Inness et al.,, 2019), 5) the Modern-Era Retrospective
analysis for Research and Applications (MERRAZ2; Gelaro
et al., 2017), 6) Climate Forecast System Reanalysis
(CFSR; Saha et al., 2010), L8], 7) Japanese 55-year
Reanalysis (JRA-55; Kobayashi et al., 2015)t}. 9] 778 A
B4 AmE APAT(Han et al, 2019)014 FEAEo}
QAL A7) gk}, ERE, B Aol A T AR HA ]
2003 ~2010 B+ FopAlo} QEATFS WOUDC #H=
Azet Bws) £ A AN AR PR 74 BEAY
oA T|EHT -0.93 ~ 1.11%2] W& 2 0312 BT},
weba] 2 77 AEAAES] Bt CCMI-1 B3 37t
S AER A8 AP Ao woE

f2d =9 A9, MACCRA, CAMSRA, 181l
updated Tropospheric ~Chemistry Reanalysis(TCR-2;
Miyazaki et al., 2020; 2019)8 A}&3slo] EAs51YTh
(Table 3). Park et al. (2020)°] =2 o] A|7}X] RJEAR}
g ofet 5 Bdo] S e A AR Am=
A B2 ARe 0w B 0 39t 44 wdo] gl
oA ke ThE AEA Azl ]3] Sobxlo} 850 -hPa T
RU 9FY BT BE A7), J8lT SRR 58 U
=3} 71 AR YERdTE. TS Park et al. (2020)2
77} AEAAE E MACC, CAMSRA, 1831 TCR-27}
SorAlor tiFd & dis) #= div] 7 A2 .S
HJE ¥R 2 AtolA E4% 2003-2010E ] sy
ZF HESAHNA 9 3 AR Am Bt IREE @
= U5 Amet vt Ay, 37 AEA A=(MACC,
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CAMSRA, 133l TCR-2) Ha2 -2.0914] 14.2%2] 2%}
£ B3tk AP dArZael & Aol 2 A H9E
TS o Y AIZHA A AERE ForAlor A9 o
FH &S Brsh7|o) F4dsiohal AlrETh

AREE BE QBN AmnEs €Y ARE FHoto| &
Asteon, Zr JEA Amrt AR OE TR AlTE
&, 1.5°x1.5°9 3 4L Histe] A&t
2 dTolAs 37 AEA A=Y BAZ ol&sto
CCMI-1 23S H7}stit

23. B Xtz

£ AdFolMe Al S FEF A CCMI-19] 335}
= 52271 BY FolA EBd LEATY, dREeE ¥
T A=E ATshke v S BEEE ARESHTH(Table
4): CESMI1-WACCM (the Community Earth System
Model version 1-Whole Atmosphere Community Climate
Model; Marsh et al., 2013), CESM1-CAM4Chem (the
Community Earth System Model-community atmosphere
model version 4 chemistry; Tilmes et al, 2016),
HadGEM3-ES (Hadley Centre Global Environmental

Model version 3-Earth System model; Hardiman et al.,

LIS

>

2017), GEOSCCM (Goddard Chemistry climate model,
Oman et al, 2011; Rienecker et al., 2008), 1|1l
Research Institute-Earth
System Model Version 1; Adachi et al., 2013). 2 ¥70]
35y di7dol sk
H Zgo|t} B Ao 19605 E 20106717 9] =}
25 A|3dl= CCMI-19] reference (REF)-C1 A3 A&
£ ARE35H9T} REF-C1 A$lofl= CMIP5 (Coupled Model
Intercomparison Project phase 5; Tayler et al., 2012)9] i}
A 715 ZAF A¥(historical run)¥} Z2 7FA|Eo] FitE
Qom, AHE 4 %7} HadISST (The Hadley Centre
Global sea Ice and Sea Surface Temperature; Rayner et al.,
2013) AE= A= Q.

3y A=

MRI-ESM1rl

A AeE 57} BEe mE

2 #2 Azsh vlwsly] dste], 7} 2
A3t 4% 7Phe 28 AR AR 1749] ke ol-88to]
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sl 2 fARY

ARt St 22, AF7
3 717l 2003

Table 3. Reanalysis datasets used in this study. The variables analyzed in this study are denoted with

“O.” The variables not analyzed are denoted with

“ »

Available data
Horizontal resolution . . . . Total Tropospheric
Dataset Vertical resolution| Available period Column
(°latx°lon) ozone
Ozone
(TRO)
(TCO)
ERA-Interim (ERAI) 0.75° x 0.75° L37 1979.01 ~2019.05 O
ECMWEF Reanalysis 5th (ERAS) 0.25° x 0.25° L37 1979.01 ~ present O
Monitoring Atmospheric Composition and
. . 0.75° x 0.75° L22 2003.01 ~2012.12 @] @]
Climate Reanalysis (MACCRA)
Copernicus Atmosphere Monitoring Services
. 0.75° x 0.75° L25 2003.01 ~2017.12 O @)
Reanalysis (CAMSRA)
The Modern-Era Retrospective analysis for
Research and Applications, version 2 0.5° x 0.625° L42 1980.01 ~2018.06 @)
(MERRA2)
NCEP Climate Forecast System Reanalysis
0.5° % 0.5° L37 1979.01 ~2010.12
(CFSR)
Japanese 55-year Reanalysis (JRA-55) 0.5°x0.5° L60 1958.01 ~ present O
Tropospheric Chemistry Reanalysis (TCR-2 ) 1.1°x1.1° L27 2005.01 ~2017.12 @)
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Table 4. Descriptions for CCMI models used in this study
L Horizontal resolution . .
Model Institution Vertical resolution References
(°latx°lon)
CESM1-WACCM NCAR, USA 1.9°x2.5° L66 Marsh et al., 2013
CESM1-CAM4Chem NCAR, USA 1.9° x 2.5° L26 Tilmes et al., 2015
Met Office and Univ. of .
HadGEM3-ES . 1.25° x 1.875° L38 Hardiman et al., 2017
Cambridge, UK
Meteorological Research .
MRI-ESMIrl . 2.7° x2.8° L8O Adachi et al., 2013
Institute, Japan
NASA Goddard Spaceflight Oman et al., 2011;
GEOSCCM 2°x2.5° L72 )
Centre, USA Rienecker et al., 2008

N T T T T T T 1 20°N T T T T T T i
95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E 95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E 330
(b) CESM1-CAM4Chem (c) HadGEM3-ES

50°N 50°N

40°N 4 40°N

30°N 30°N 30°N A

20°N + T ; ; ; ; T { 20°N T y + y T T i 20°N ; y y T T T |
95°E 105°E 115°E 125°E 135°E 145°F 155°E 165°E 95°E 105°E 115°E 125°E 135°E 145°F 155°E 165°E 95°E 105°E 115°E 125°F 135°E 145°F 155°E 165°E
(d) MRI-ESM1r1 (e) GEOSCCM (f) MMM

Fig. 1. Time-mean total column ozone (unit: DU) from nine observation datasets (marks) and
(a~e) CCMI models and (f) their multi-model mean (MMM) from 2003 to 2010
(shading). Contours indicate the total column ozone in the mean of reanalysis data

WURE 2010¥& SHOE EASHAH A7) A4 £40 529 ZolE Bt IFolA = A% (2F ~20 °N A|:

WA= AEA A= F5 7ITte] obd 7+ 7Hset 7] MNM, KUN, NAH)O|A& 265.4 ~270.5 DUS YER Y,

7He % AM8Stu A} sttt e &AFge] AL 7742 A T % (2F ~45 °N: SAP, LFS)= 354.7~363.2 DUS HY

B4 m % 47§19 A=E(ERAIL, ERAS, CFSR, 1811 t} o]&= AgA Axfel: YX|5HcH(Han et al., 2019). &

JRA-55)7} ARE AlF6t= 1979978 242 #3519 39 4%, ZFBolA ~20 °N A Y A= (MNM, KUN,

on, YFHELEL 3719 MEA AE F MACCRASH  NHA)OA] 264.911.2~270.210.0 DUS UERJ I, 45°N £

CAMSRAZ} 2003 €S| Rt 55 AlFs5t7] Wizoll 2003  H(SAP, LFS)OA= Atides Afx AdHr; &

AHE 7] FAE 24613 356.87.6 ~357.58.7 DU £k Uepditt. s AmEH &

9] 45 o]Ato] 11 Q)L oflA] CESM-WACCM, HadGEM3-ES, 1

3. &1 2|3l GEOSCCM2 243 A5 FAR o5k Wh,

CESM1-CAM4Chem3} MRI-ESMIr19A1= R o] &l 4

3.1 QEM o] UeltthFig. 1). W5 BFolA U= 22479

37t BxEe QEARFNAE YERITH(contours in Fig.

97 TS AFHNA S BotAloF LEHFT CCMI-1 B 1). o]F QEHFY I+ Bx U 7| WA, AEGEA

o] LE=HFS YWt thFig 1). I 23, CCMI-l B 2 BN A5E FAom AgEglon 77) 84 =
QLENTFE IS ARt fAH ko e eE2HAY 9 T 742003 ~2010) Bt AE7F AR EH AL
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20°N
95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E
(a) CESM1-WACCM

20°N
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20°N +

95°E 105°E 115°E 125°E 135°F 145°E 155°E 165°F
(b) CESM1-CAM4Chem

50°N

40°N

30°N 4

20°N
95%E 105°E 115%E 125°E 135°E 145°E 155°E 165°E
(c) HadGEM3-ES

50°N

95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E
(d) MRI-ESM1r1

95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E
(e) GEOSCCM

40°N A

30°N 4

0

95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E
(f) MMM

-16

-24

Fig. 2. (Contours) Time-mean total column ozone (unit: DU) and (shading) difference between
each model and the mean of reanalysis from 2003 ~ 2010
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220 L— . - : —L ~10220 -— . - . —L ~10220 L — . : . .
DF MAM JJA SON ANN DIF MAM JJA SON ANN DIF MAM JJA SON ANN
season season season
(a) MNM (b) KUN (c) NAH
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-8 -3 TKB |8
360 - [ ¢ 360 [c 360
6 % ccmi1 [©
S 340 r4 r4
2 L2 L2
3 320 - -
300 A 1
a -3- POH -3-- SEO
2801 3 ccMmi1 13- ccMmi-l
260 1 — - . . . ; - . . .
D MAM JJA SON ANN DF MAM JJA SON ANN
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(d) POH (e) TKB (f) SEO
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0 360
[ =2 340

-3- SAP [ =2 320 -3 LFs
% CCMI1 “g 300 - ccMI1
280 1— ; . , —L 10280 1— ; . : —L 10280 1— , . : ;
DF MAM JJA SON ANN DF MAM JJA SON ANN DIF MAM JJA SON ANN
season season . season
(9) XIA (h) SAP (i) LFS

Fig. 3. Total column ozone during 2003 ~ 2010 at each observation station in East Asia (black marks) and
five CCMI multi-model mean (red marks) and with its relative bias (blue bars) compared to the
observation in DJF (December-January—February), MAM (March-April-May), JJA (June-July-August),

SON (September-October-November), and ANN (annual-mean)

2go Z7F BExE Hoh XA15] HrlsH] H5HA,

CCML1 293} 7 ARAAEY F7t

SHFig. 2). 2% B °F 10 DU o]3}9] £9] 932
sguict Aolstct

RoH(Fig 2(f)), 229 F=
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260

(f) MMM

Fig. 4. The seasonal cycle of total column ozone (unit: DU) from each model (red) and
reanalysis (black) from 2003-2010. Gray shading and gray dashed lines indicate one
and two standard deviations of seven reanalysis datasets, respectively
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Fig. 5. Time series of total column ozone (unit: DU) from each model (red, 1979 ~ 2010) and reanalysis (black, 1979

~2018). Gray shading and gray dashed lines indicate one and two standard deviations of seven reanalysis
datasets, respectively. Black and red dotted lines mean the linear regression line for reanalysis and model,
respectively. The regression coefficient r that is statistically significant at the 95% confidence levels is

denoted with an asterisk

el th(Fig. 2(a) and Fig. 2(e)). ¥ S
o HAW} 71 ZS BEPL CESMI-CAM4Chemo|H, &
OfAlotofl Al A ZA A=t oF 4% o|Ho] AkE 7T
(Fig. 2(b)).

% AEA Azo

SoMot LEMFL & ALAEE THAER, 0|59 A
A WS 9 Amiuglth WA coMI-l By 021
o AdE 7 BSAHONAM BSA=RS} W5t th(Fig.

3). BE AMolH BPL B 42 | EZHZ o]
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Al AFQE 2 Zolsielon, AdERE AR HE %
PSS Btk 2o At QA= AW 4.22~027%
Row, AdHE AnEY 54 -535~-0.32%, oFH|
-8.69 ~-021%% 2] A5 H1 ALHA = -0.03~
3.94%=2 F2 oo A eAAE AT /S Ho=
-3.09 ~2.33%2 W=A|Fulc}h Ao|gt QA4S Bt ok
o7, RN A=l BFPY Forrol A HH(95~ 165
°E, 20 ~ 50 °N) @ ZA & AZ7](annual cycle)S H]| 1 5}H
ThFig. 4). &4 A= BoolA AT AZEHA=
OF 340 DUZHA| F7tsoto] 2] XHghE Ho|w, o]< &

=13

?:!A-I [ —|A-I

. AMO
I T'_'A—-!T

a
A 9 54| A&EFH o E Haste] 724 270 DU 7
9] 43S Zb=rti(black solid lines, Fig. 4). HBE&
COMI-1 mR5o] o|2/st Fobol Q&uzrel Ad4 9
7718 B SAP ZOEIRCHFig. 4a), Fig. 40)
Fig. 4(c), Fig. 4(d), and Fig. 4(¢)). 2L} ZPHEZ AmKEH,
CESM1-WACCMZ} CESM1-CAM4Chem2 t)x329] A&
A ARA A= EEHAL 1 oJE BoJsiglon), o 5Ho
= 2 BFHAL YA T4 HOJSI3ith(Fig. 4(a) and Fig.
4(b)). TS, o] T HP2 FoPAlol LEATY] IS 2¢
o] ofd 19% 231t} HadGEM3-ESE %0iE0A 271

40°N

300N 4

20°N

20°N 20°N

95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E

(a) CESM1-WACCM

“ —oRC 5
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(b) CESM1-CAM4Chem
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(c) HadGEM3-ES

» -

5

20°N n— T T T T
95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E

(d) MRI-ESM1r1 (e) GEOSCCM

20°N + T T T T T T 1
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95°E 105°E 115°E 125°E 135°E 145°E 155°E 165°E

(f) MMM

Fig. 6. Time-mean tropospheric ozone (unit: ppbv) from five observation datasets (marks)
and (a ~e) CCMI models and (f) their multi-model mean (MMM) from 2003 ~ 2010
(shading). White shading represents the underground missing values. Contours
indicate the tropospheric ozone in the mean of reanalysis data

(d) MRI-ESM1r1 (e) GEOSCCM

(f) MMM

Fig. 7. (Contours) Time-mean tropospheric ozone (unit: ppbv) and (shading) difference
between each model and the mean of reanalysis from 2003 ~2010. White

shading represents the underground missing values
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Q1 8, 9¥S AlQlolal= B5 AEA A= 1 HEHAF oY=
1 OJ51h(Fig. 4(c)). ¥, MRI-ESMIrl-S tj¥20] AZHofA
2 ¥E2WA} 7RF 3jRo], GEOSCCME RLE AloA 2 B2
HA} ol A O W5 HITH(Fig. 4(d) and Fig. 4(e)).

BOoMot &[T 7] ¥MskE FRishy] {ls 23
(1960 ~ 2010} A4 ZFF(1979 ~2018) ZH2+9] Z1&7.
36 7H 717H2003 ~20109)°14 FotAloF FFwtik
< Fig. 5014 vlsilch. A& A== 1980 = oF
320 DUS] &4 gk 7HA, 1990t Z0f o]27]7}
Z] 9F 300 DU7Z}A] ZFAS}al(black lines in Fig 5), 19904
o FEHEE 20009 HH7HA] oAl F7F & 2018 A7HA] oF
310 DU9] & fAsks 4= EQIth o714 20004
ol HEA A9 HEFHA} 7Y A YEh=d], o]
£ O2HFS Al AR Mt 7MY B
i &olct.

CCMI-1 RS2 By FFHMMM) oA o]gt
BOotAloF QAT 1979 RE 2018W7HA] 9] 7] AlA
IS AR & Hofst= 2o & Ho|w, Fo3t A A3k
4 UehdthFig. 5(f). 18 29 B2 7 29 2
A7t AdAEe] vehd g, nyEs AuEy oF 10
DU oJA}9] Hx}2 Ho|7|% st CESM1-CAM4Chem=
1980t 25 A|LJet i 77kl A A A= 1 &
FHA} oY 2 FolAof B LEAHS HOJStHA AEA
2429t 71 22 9212 HRItKFig. 5(b)). HadGEM3-ES I
9] A% 1980 Zulo] FokAo} eEATE i 20
DUZHA] Frolok= AFS HoL, 1990dth FHHEE
A AAmet FARH 2OsHIthFig. 5(c). UHA|
CESM1-WACCM3} MRI-ESMIrl, 181 GEOSCCM-Z
11 W58 FAHA Bolstg oy, o2 s E A
BAY A7 BRUA YR A9 RoFiA] Fils BES
B oJh(Fig. 5(a), Fig. 5(d), and Fig. 5(¢)). ZEE A4S
A EH, HadGEM3-ES, MRI-ESMIrl 30| 995t Q
EHF9 A FAE HYOoH, ol F P9 1980t
Q=A% ForoloA 7|Q1gt Ao Z HITHFig. 5(c) and
Fig. 5(d)). & 239 o240 7| Had Ainole= A
PAFo M= D27l vt Qick. A& S°, HadGEM3-ES &
B9 A9, A AT B 2EHFo] 1980t o] AZHT}
10 DU o] Zfuoj=m, oj2jgt @al= X9 435d
717 2o ex= Qs I 4 Qi HuEQIo
(Hardiman et al., 2017). MRI-ESM1r1o]A] UEIY= 1980
Ao =2 oFAF LT MRI-ESMIrlo] 1850~
19607 F43] Z71%t L&2AFEH| 2 29| F7}

Tk
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2 pEuch Pefmolshy vekd Aakz ARsEchAdachi
et al., 2013).

3.2 HRHULE

7 ELES 850 -hPa SUHONA Y 2F 5= H9
FH9lon, Z+ By giFHLEL HKO, NAH, POH,
TKB, 1213 SAP| % 57 A4e] oE22d] B2 zze}
HIWE|QItKTable 2). TZAITONA HFHLE(2003 ~
20109)& sotrlot 571 A% Bt 46.5 ppbve] g H A
o, =2%Ql POH, TKB Ao A= H 53.95 ppbvE
Ht} &8 =52 Bk CCMI-1 BEL 57 o= A3
oA Wt oF 44.74 ppbvE HOJSIAT

37t 232 v A3, B Bk SAP 9 NAH A 7oA
QFHES R OS= W, POH A|FoA = Tk
OJsk3ItFig. 6(f). ol thF-29] HFolA FAFSHA LEt
ThHFig. 6(a), Fig. 6(b), Fig. 6(c), and Fig. 6(d)). CCMI-19]
HE 2ge A Aot S5 U4 difdeEo] 7t
4 %1 A%oR SHEL Boiole] fRALE B &
A5 =3} SABHA 2ot th(shading in Fig. 6).

Fig. 72 CCMI-12} A&EA 59| 850-hPa thFH 2
EZ ¥ 295 HojEoh A4 ARe S5 WS
A ARG 2ty FEo® AuEHe RIE HAY
(contours in Fig 7). CCMI-1 2& HF(MMM)2 AE4
A2} Hej oF 35%] QA4S Bolu, slely| Fmgo] Ay
oA et FotAlof tiRdeE 37t RiEE fARH
HOJeh} 11 sk & HOeHA| Foke A& HolEtiFig.
7(f)). TIEEO] WHCESMI-WACCM, CESMI-CAM4Chem,
HadGEM3-ES “12]37 MRI-ESMIr1)0] 18% ©]5}9] At @
A2 vehd Wb, GEOSCCM2 SolAlot B oF 28% &
B BP0 vnd o diFor & eAE HIItHFig.
7(c)). HadGEM3-ESEZ A|<J3t 1| RE(CESMI-WACCM,
CESM1-CAM4Chem, MRI-ESMIrl 18|31 GEOSCCM)o]
40°N o)/ 19ImoflA] F2] @A}, 40°N o]s} BB A o]l
A &9l QA= H Y Ow(Fig. 7(a), Fig. 7(b), Fig. 7(d), and
Fig. 7(e)), HadGEM3-ES®| 7 EF5= U5} HEYelA
W 20] QA5 HIlthFig. 7(c). hRdeE 5=/t A
e 2= 22 g AQolHE BE mo] oF 20~ 30%
o] oro] WA R} ol EokAlololA HhRALE %
2ol YA 5 HHoIAY diFdE s=E F &
oAl He-E AlARRIT

dRdeE AdYS gRlstky] fsl, 4 BSAHA
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Fig. 8. Tropospheric ozone during 2003 ~ 2010 at each observation station in East Asia and five CCMI-1
multi-model mean (MMM, unit: ppbv) with its relative bias (%) compared to the observation in DJF
(December-January-February), MAM (March-April-May), JJA (June-July-August), SON
(September-October-November), and ANN (annual-mean)

—e— REANA —e— REANA —e— REANA
60 —e— model 60 —e— model 60 —e— model

TRO [ppbv]

(a) CESM1-WACCM (b) CESM1-CAM4Chem (c) HadGEM3-ES

TROC [ppbv]
@

(d) MRI-ESM1r1 (e) GEOSCCM (f) MMM
Fig. 9. The seasonal cycle of tropospheric ozone (unit: ppbv) from each model (red) and reanalysis (black) from
2003 ~2010. Gray shading and gray dashed lines indicate one and two standard deviations of three
reanalysis datasets, respectively

CCMII 29 B2 dpaese] AG4S 7 AW B 1371%2 /4 2 A @Ak treRdthFig. 8(). %
Zgat vlwetThFig 8). BTG HEAIAE ABF  F lFoRt Y Aut ARAGRE | BEZAR Y
NF S 87~ 137% WA 4} OA4F BACH, b oM mosigon, ARERE 2 Yol B 53,
B L g BE| FAeke SAP AL O NAH AZOIA o EHAIA) 36.7% (Fig. 8(b). SAP A%
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Fig. 10. Time series of tropospheric ozone (unit: ppbv) from each model (red, 2003 ~2010) and

reanalysis (black, 2003-2017). Gray shading and gray dashed lines indicate one and two

standard deviations of three reanalysis datasets, respectively. Black and red dotted lines

mean the linear regression line for reanalysis and model, respectively. The regression

coefficient r that is statistically significant at the 95% confidence levels is denoted with

an asterisk

M= FEMAM) °F 50.7% (Fig. 8(e))2] & A5 B
ol £& 53 9 ofFH| & A& HAtt o= &%
LA ELEe] HuoAE AGEE A7} Ao
U Hojeh ZFE g deEe dF= AE
Az ot B QUh(Fig. 9). HA A4 A7t YE
= YFdeEs AF7|E AuEH, 53 F 50 ppbve]
HAHZ 7Y o FF FAAsho] Fgegte] yehta, 7t
= AZEE 0|2t AR FZ Holw {X|Hh(black
lines in Fig. 9). 0|23 FHLEY AAGS tFdL
&o] FopA o g PAHEE AT} Aol Sl=Hl, &
A HFEAS SR dRdEEY B0l Stk
WS 7, Ed EL0F QI3 HYEA AR T
FHRE EL & Hole A& dHA Slth(eg.,
Zhao et al., 2010).

RPEE AWHEH, MRI-ESMIrl= AR diF
HeE A7 HES 7HY FABHA Zojstelon, AL
Hit BE-ofl= o 2 EEHA oY= Ho|5tof CCMI-1
S0 B T dRHEeE AdES 7MY & Bt

]

(Fig. 9(d)). §tH, € BPE9] ¢ ot of HIFHE9]
5719 £ HOSHA] EotAY, 1 gk& MRI-ESMIrl
of Hg] Aoz IHAvItrolsttt. A& Eo°l,
CESM1-WACCM, CESMI1-CAM4Chem2 FHAzHS 252
?l 3UE HOJ5tGlon, X%t EFF 30 ppbvE |5}
AA A=l ghEek 10 ppby 7HEF © 2HA o532 Sof
Alot &g Boglon, Agdol= 5 ppbv 71F Eof
Aot hEE o2 I H o FrH(Fig. 9(a) and Fig. 9(b)).
HadGEM3-ES: Eofilo} fl2d Q0] HUze Y
Hog Bt ofygt AZHo= soMoF dRELES
OF 30 ppbvE FA AR5, fFHLE] AH/9
542 A ROsHA ESFth(Fig. 9(c)). GEOSCCM2]
Be HE AEANA A A=l ol dis) <F 10
ppbv 7hF T 2 OJst I th(Fig. 9(e)). ©]2]gt CCMI-1 &2
FEY oMot fFHELE B oA Y'th= <F 10%
ALl A= APAFNA Yeths oA At 3tet7]
sRgPEo Axelr AT Young et al., 2018).

Fig. 102 2003 2017d7}A] 850 -hPa jHHPLE
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o] A7) ¥3kE HojEth AEA AmoA FokAoF tiF
FLeFEL 2003WRE 2017A7HA] FlsHAl F7FetAY
A= FAME HolR] Ykth(black dashed lines in Fig.
10). oleigt AP wF WIMMMRE ofjel, 7t
239 A7) FAOAE e THred dots in Fig. 10). T
B2l PSS AuA A4Ro] EEHA 2 Yo R
£ =L E Ro5ts 248 Xtk o, HadGEM3-ES9}F
GEOSCCMZ 77t FofAlo i FHRESE Sppby 7HF
4R 9], B 2O TH(Fig. 10(c) and Fig. 10(e)). °o]+=
A4 B BEOA ERlE At YA TH(Fig. 7(c)
and Fig. 7(c)). 412 A, AEA2oH HEAL
2o ofth o JTAS GO 1 ATATH 008
Z FolstA] sttt vEIZHA R, BE HPo)A FotAlof
HREES SAYCE ROt 371 &2 HA FAE
Ho|R] &hth(red dotted lines, Fig. 10). HadGEM3-ES2}
GEOSCCME AT diFdese vuwd & nojshy] of
Fof(Revell et al., 2018), ANZF 07 Folrjof HHE
H9o] /g5ol "ol AL FofAlotolA & ALEE9
ZR7h grs 1 el Be Azt welo] Ak Ao
T Holch AAE SR g2 AR ohE HHeA F
WA 7-7]3F8HE(non-methane volatile organic compound)
S 7HR 2 7] gEof|(Revell et al., 2018), o]} Zo] =
ofAlotofl Al @2p7F F A2 2 HALEHY HiEo] AR

o2 AEEW7 Hed Aoz A4 = Stk

2 Aol FolAololN ezdBT RUese
AZE 5719 F5715ng ARE o8sto] mYoA
UEE Solalol 029 42 Selsigion, ol T
2 o R Rz} v@stel Brlsigc 3 HAl AR
M A2E TP 7719 ARH A7 %, FolAo} o=
A3t RS A & I AR GENS 4
zsto] w3 A2 Brjo] Agslgich. Sotalor @& AL
o] tf3jA4l= CESM1-CAM4Chemo]| @ E=A7Fo] F7F B3
U A%I|E GASHA BOlFT, 1979WHE 9] H] A
ok AR x50l BREA Yol SASA mejs o
FAQE A9, SolxlololA] A A 4= = B}sH]
TRYPL MRIESMIrlZ Uehith g ZHE2 Solxo}
gRdes B7 Bul SA] molsigon, dxvE
& wolslx] BEslrh E3|, HadGEM3-ESTF GEOSCCM
o] A9 FoAo} AR 7|53k Sol5A ®mole}
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Fslol, RPYR SolAlo} YRALE R} AolF
= H3Ith wEhA, CCMI-1 23 FollA FoFA[otofl A @
4% 4 RAeES 1Y F RS Ry 47
CESM1-CAM4Chem¥} MRI-ESMIrlo|2tal & 4= 9t}
CCMI-1 2HEL Fopilop QEHH| 37 B2
F7)E R F R v, dRHeze] 3¢ F
2ot AF7|E Host=tlof Qo] Hrp & a5 H
.ol 4l Al shalr|TngEo] JFALE0] 5
L ozxdgur fRHUeES Bt Hof 9ol
oS A1 USS 9ulgitt. T EFo] @
Z 2oJol= o Qo] 93 gRlezE= @& Ht
o wj& 2 4W(sink), 29| 7|4 molol HH

]

¥R A oy

o Dfe R

o

L=l

=t

N
> o L oHu

md

= X == puiid il
QZ9| &(transport), 12|31 FHE S0t B Of Sokat
(chemistry reaction)°] It} HHFULE] AL o=A
FEo oE AFEAY HiE 9 $5o] Hoh wigdstA vt
Sot7] Wol, Eo} & 2AE Hel Ao g AYZtdrt. o]
23t Shol7| e R o] Yetdl= difd &9 & 3=
AP AT A T ZlE v} th(Hakim et al.,, 2019). 53],
BoMloF FALEY Bdk= & T oMo 4
A2l 715 9 A dstA Ao Q7] wizol &
ofAlo} 7|%-5 S| 1T VT Ry Ao e
g2 AARET.

SorAlobe] eEAMT W HiFALEY F7F FA AR
= A FEorgtoy, & A Ao mEH ARA A
94 37| FHYPoA FotAlof eEMFT HRrELE
FE S7Y A FAE HolA| Y=t I1Ey &
AFof A= FoFAlotl A @E AR E AlEdhes KBS A
&st7] {8l 579 mEvkS EASS7] WEel, 2aE
SjASk= dof o] Fod vt Ut ¥ Hop @2
HPSoA sotrlot e AmE AEste] olg Aot
W, 2y ZAHmE o]gsto] v Fotiof e&T H iR

HeE AFgnet d& £ 7 A= YdiEH.

flo hu

4

ra7ae] AU
RER|eREAR] AR AT

H AF2(2017R1E1A1A01074889).



CCMI-1 ZH0jMQ| SOMA|OF MBOE U (HRAUL

References

Adachi Y, Yukimoto S, Deushi M, Obata A, Nakano H,
TTanaka TY, Hosaka M, Sakami T, Yoshimura H,
Hirabara M, Shindo E, Tsujino H, Mizuta R, Yabu S,
Koshiro T, Ose T, Kitoh A. 2013. Basic performance
of a new earth system model of the Meteorological
Research Institute. Pap. Meteorol. Geophys., 64, 1-19,
doi:10.2467/mripapers.64.

Chang KL, Petropavlovskikh I, Cooper OR, Schultz MG,
Wang T. 2017. Regional trend analysis of surface
ozone observations from monitoring networks in
eastern North America, Europe and East Asia. Elem
Sci Anth. 5:50. https ://doi.org/10.1525/elementa.243

Cooper OR, and Coauthors. 2014. Global distribution and
trends An observationbased

Anth., 2, 29, doi:10.12952/

of tropospheric ozone:
review. Elem. Sci.
journal.elementa.000029.
Dee DP, and Coauthors. 2011. The ERA-Interim reanalysis:
Configuration and performance of the data assimilation
system. Q. J. R. Meteorol. Soc., 137(656), 553-597.
Dhomse SS, Kinnison D, Chipperfield MP, Salawitch RIJ,
Cionni I, Hegglin MI, Abraham NL, Akiyoshi H,
Archibald AT, Bednarz EM, Bekki S. 2018. Estimates
of ozone return dates from Chemistry-Climate Model
simulations.
Physics. 18(11):8409-38.
Emberson LD, and Coauthors. 2009. A comparison of

Initiative Atmospheric  Chemistry and

North American and Asian exposure-response data for
ozone effects on crop yields. Atmos. Environ., 43,
1945-1953. doi:10.1016/j.atmosenv.2009.01.005.

Eyring V., Lamarque JF, Hess P, Arfeuille F, Bowman K,
Chipperfiel MP, Duncan B, Fiore A, Gettelman A,
Giorgetta MA, and Granier C. 2013. Overview of
IGAC/SPARC  Chemistry-Climate ~ Model

(CCMI) community simulations in support of upcoming

Initiative

ozone and climate assessments. SPARC newsletter, 40,
48-66.

Fishman J, Creilson JK, Parker PA, Ainsworth EA, Vining
GG, Szarka J, Booker FL, and Xu X. 2010. An

Tk

Bt 227

investigation of widespread ozone damage to the

soybean crop in the upper Midwest determined from

measurements.  Atmos.
Environ., 44, 2248-2256, doi:10.1016/j.atmosenv.2010.
01.015.

Gelaro R, McCarty W, Suarez MJ, Todling R, Molod A,
Takacs L, Randles CA, Darmenov A, Bosilovich MG,
Reichle R, Wargan K. 2017. The
retrospective analysis for research and applications,
version 2 (MERRA-2). J. Clim., 30, 5419-5454.
https://doi.org/10.1175/JCLI-D-16-0758.1

Gaudel A, Cooper OR, Ancellet G, Barret B, Boynard A,
Burrows JP, Clerbaux C, Coheur PF, Cuesta J, Cuevas
Agulld E, Doniki S. 2018.

assessment report: present-day distribution and trends

ground-based and satellite

modern-era

Tropospheric  ozone

of tropospheric ozone relevant to climate and global

evaluation. Elem Sci
Anth. 6:39. https://doi.org/10.1525/elementa.291

Han BR, Oh JY, Park S, and Son SW. 2019. Evaluation
of the Total Column Ozone in the Reanalysis Datasets

Atmosphere, 29(5), 659-669 (in

atmospheric chemistry model

over Fast Asia.
Korean)

Hakim ZQ, Archer-Nicholls S, Beig G, Folberth GA, Sudo
K, Abraham L, Ghude S, Henze D, and Archibald A.
2019. Evaluation of tropospheric ozone and ozone
precursors in simulations from the HTAPII and CCMI
model focus on the Indian

Chem. Phys., 19, 6437-6458,
https://doi.org/10.5194/acp-19-6437-2019.

Hardiman SC, Butchart N, O'Connor FM, and Rumbold
ST. 2017. The Met Office HadGEM3-ES chemistry—
climate model: evaluation of stratospheric dynamics

Model

intercomparisons—a

subcontinent. Atmos.

and its impact on Geoscientific
Development, 10(3), 1209-1232.
Hayashida S, Liu X, Ono AYang K, and Chance K. 2015.

Observation of ozone enhancement in the

ozone.

lower

troposphere over East Asia from a space-borne
Chem. Phys., 15,
9865-9881, https://doi.org/10.5194/acp-15-9865-2015.

Hersbach H, 2019. Global reanalysis:

ultraviolet spectrometer. Atmos.

and Coauthors.

http://www.ekscc.re.kr



228 Mg -
goodbye  ERA-Interim, hello ERAS. ECMWF
Newsletter, 159.  https://doi.org/10.21957/v{291hehd7.

https://www.ecmwf.int/node/19027

Huijnen V, Miyazaki K, Flemming J, Inness A, Sekiya T,
and Schultz MG. 2020. An intercomparison of
tropospheric ozone reanalysis products from CAMS,
CAMS interim, TCR-1, and TCR-2. Geosci. Model Dev.,
13, 1513-1544. https://doi.org/10.5194/gmd-13-1513-2020.

Inness A, Baier F, Benedetti A, Bouarar I, Chabrillat S,
Clark H, Clerbaux C, Coheur P, Engelen RJ, Errera Q,
Flemming J. 2013. The MACC reanalysis: an 8 year
data set of atmospheric composition. Atmos. Chem.
Phys., 13, 4073-4109. https://doi.org/10.5194/acp-13-4073-2013

A, Ades A, Barre J,
Benedictow A, Blechschmidt AM, Dominguez JJ,
Engelen R, Eskes H, Flemming J, Huijnen V. 2019.
The CAMS reanalysis of atmospheric composition.
Atmos. Chem. Phys. 19:3515-3556. https ://doi.org/
10.5194/acp-19-3515-2019

Kobayashi S, Ota Y, Harada Y, Ebita A, Moriya M,
Onoda H, Onogi K, Kamahori H, Kobayashi C, Endo
H, Miyaoka K, Takahashi K. 2015. The JRA-55

Reanaly- specifications

Inness M, Agusti-Panareda

sis:  general and  basic
characteristics. J. Meteor. Soc. Japan. 93:5-48. https:/
doi.org/10.2151/jmsj.2015-001

Kunze M, Kruschke T, Langematz U, Sinnhuber M,
Reddmann T, Matthes K. 2020. Quantifying
uncertainties of climate signals in chemistry climate

I:
Annual mean response in heating rates, temperature,
and ozone. Atmos. Chem. Phys. 12;20(11):6991-7019.

Madronich S, McKenzie RL, Bjorn LO, Caldwell MM.
1998.
radiation reaching the Earth’s surface.
Photobio. B, 46, 5-19.

Marsh DR, Mills MJ, Kinnison DE, Lamarque JF, Calvo
N, Polvani LM. 2013. Climate change from 1850 to
2005 inCESMI(WACCM), J. Climate,
26(19), 7372-7391, doi:10.1175/JCLI-D-12-00558.1.

Miyazaki K, Bowman K, Sekiya T, Eskes H, Boersma F,

models related to the I1l-year solar cycle-Part

ultraviolet
J.  Photoch.

Changes in Dbiologically active

simulated

Journal of Climate Change Research 2021, Vol. 12, No. 3

=z
rx
a

[

A
21

>

o
e

Worden H, Livesey N, Payne VH, Sudo K, Kanaya Y,
Takigawa M. 2020. An updated tropospheric chemistry
reanalysis and emission estimates, TCR-2, for 2005-
2018. Data  Discuss, Earth Sci Data.
https://doi.org/10.5194/essd-2020-30

Monks PS, Archibald AT, Colette A, Cooper O, Coyle M,
Derwent R, Fowler D, Granier C, Law KS, Mills GE,
Stevenson DS. 2015.

precursors from the urban to the global scale from air

Syst

Tropospheric ozone and its
quality to short-lived climate forcer. Atmos. Chem.
Phys., 15, 8889-8973. https://doi.
org/10.5194/acp-15-8889-2015

Morgenstern O, Hegglin MI, Rozanov E, O'Connor FM,
Abraham NL, Akiyoshi H, Archibald AT, Bekki S,
Butchart N, Chipperfield MP, Deushi M. 2017. Review
of the global models used within phase 1 of the
Chemistry-Climate Model Initiative (CCMI). Geosci.
Model Dev., 10, 639671, https://doi.org/10.51
94/gmd-10-639-2017, 2017.

Oman LD, Ziemke JR, Douglass AR, Waugh DW, Lang
C, Rodriguez JM, Nielsen JE. 2011. The response of
tropical tropospheric ozone to ENSO, Geophys. Res.
Lett., 38(13), doi:10.1029/2011GL047865.

Park JK, Kim SY, Son SW. 2019. Evaluation of the

Ozone in the Datasets:

Troposphere Reanalysis

Comparison with Pohang Ozonsonde Observation.
Atmosphere, 29(1), 53-59 (in Korean).

Park S, Son SW, Jung MI, Park J, Park SS. 2020.
Evaluation of tropospheric with

ozone reanalyses

independent ozonesonde observations in East Asia.
Geoscience Letters, 7(1):1-12.

Parrish DD, and Coauthors. 2012. Long-term changes in
lower tropospheric baseline ozone concentrations at
northern mid-latitudes. Atmos. Chem. Phys., 12, 11485-
11504, doi:10.5194/acp-12-11485-2012.

Post ES, Grambsch A, Weaver C, Morefield P, Huang J,
Leung LY, Mahoney H. 2012. Variation in estimated
ozone-related health impacts of climate change due to
modeling choices Environ Health

Perspect 120:1559-1564

and assumptions.



CCMI-1 ZH0jMQ| SOMA|OF MBOE U (HRAUL

Rayner NA, Parker DE, Horton EB, Folland CK,
Alexander LV, Rowell DP. 2003. Global analyses of
SST, sea ice, and night marine air temperature since
the late nineteenth century. J. Geophys. Res., 108
(D14).

Revell, LE, Stenke A, Tummon F, Feinberg A, Rozanov
E, Peter T, Abraham NL, Akiyoshi H, Archibald AT,
Butchart N, and Deushi M. 2018. Tropospheric ozone
in CCMI models and Gaussian process emulation to
understand biases in the SOCOLv3 chemistry—climate
model. Atmospheric chemistry and physics, 18(21),
16155-16172.

Rienecker MM, Suarez MJ, Todling R, Bacmeister J,
Takacs L, Liu HC, Gu W, Sienkiewicz M, Koster RD,
Gelaro R. 2008. The GEOS-5 Data Assimilation
System Documentation of Versions 5.0.1, 5.1.0, and
5.2.0, Tech. Rep. Ser. Glob. Model. Data Assim.,
doi:10.1016/j.socscimed.2011.06.006.

Saha S, Moorthi S, Pan HL, Wu X, Wang J, Nadiga S,
Tripp P, Kistler R, Woollen J, Behringer D, Liu H.
2010. The NCEP climate forecast system reanalysis.
Bull.  Amer. Meteorol. Soc., 91, 1015-1058.
https://doi.org/10.1175/2010BAMS3001.1

Silva RA, West JJ, Zhang Y, Anenberg SC, Lamarque JF,
Shindell DT et al. 2013. Global premature mortality
due to anthropogenic outdoor air pollution and the
contribution of past climate change. Environ Res Lett
8:034005

Smith KL, Polvani LM. The surface impacts of Arctic

stratospheric ozone anomalies. Environmental Research

Tk

Bt 229

Letters. 2014 Jul 28;9(7):074015.

Scott CE, Monks SA, Spracklen DV, Arnold SR, Forster
PM, Rap A, Aijili M, Artaxo P, Carslaw KS,
Chipperfeld MP, Ehn M. 2018. Impact on short-lived
climate forcers increases projected warming due to
deforestation. Nat. Commun., 9(157). https://doi.org/10.
1038/s41467-017-02412-4

Tanimoto H, Ohara T, Uno 1. 2009. Asian anthropogenic
emissions and decadal trends in springtime tropospheric
ozone over Japan: 1998-2007. Geophys. Res. Lett., 36,
123802, doi:10.1029/2009GL041382.

Tilmes S, Lamarque JF, Emmons LK, Kinnison DE,
Marsh D, Garcia RR, Smith AK, Neely RR, Conley
A, Vitt F, Val Martin M. 2016. Representation of the
community earth system model (CESM1) CAM4-chem
within the chemistry-climate model initiative (CCMI).
Geosci. Model Dev. Discuss.

Wargan K, Labow GS, Frith S, Pawson S, Livesey N,
Partyka G. 2017. Evaluation of the ozone fields in
NASAs MERRA-2 reanalysis. J Climate. 30:2961-2988.
https://doi.org/10.1175/JCLI-D-16-0699.1

Young, PJ, and Coauthors. 2018. Tropospheric Ozone
Assessment Report: Assessment of global-scale model
performance  for  global and  regional
distributions, variability, and trends. Elem Sci Anth,
6(10). DOLI: https://doi.org/10.1525/elementa.265

Zhao C, Wang Y, Yang Q, Fu R, Cunnold D, Choi Y.

2010. Impact of East Asian summer monsoon on the

ozone

air quality over China: View from space. J. Geophys.
Res., 115, D09301, doi:10.1029/2009JD012745.

http://www.ekscc.re.kr



	CCMI-1 모형에서의 동아시아 전량오존 및 대류권오존 평가
	ABSTRACT
	1. 서론
	2. 자료 및 분석 방법
	3. 결과
	4. 결론 및 토의
	References


