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Abstract This study evaluates the performance of the Weather Research and Forecasting
(WRF) model in reproducing the present-day (1981~2005) precipitation over Far East Asia and
South Korea. The WRF model is configured with 25-km horizontal resolution within the con-
text of the COordinated Regional climate Downscaling Experiment (CORDEX) - East Asia
Phase 2. The initial and lateral boundary forcing for the WRF simulation are derived from Euro-
pean Centre for Medium-Range Weather Forecast Interim reanalysis. According to our results,
WRF model shows a reasonable performance to reproduce the features of precipitation, such as
seasonal climatology, annual and inter-annual variabilities, seasonal march of monsoon rainfall
and extreme precipitation. In spite of such model’s ability to simulate major features of precipi-
tation, systematic biases are found in the downscaled simulation in some sub-regions and sea-
sons. In particular, the WRF model systematically tends to overestimate (underestimate)
precipitation over Far East Asia (South Korea), and relatively large biases are evident during the
summer season. In terms of inter-annual variability, WRF shows an overall smaller (larger) stan-
dard deviation in the Far East Asia (South Korea) compared to observation. In addition, WRF
overestimates the frequency and amount of weak precipitation, but underestimates those of
heavy precipitation. Also, the number of wet days, the precipitation intensity above the 95 per-
centile, and consecutive wet days (consecutive dry days) are overestimated (underestimated)
over eastern (western) part of South Korea. The results of this study can be used as reference
data when providing information about projections of fine-scale climate change over East Asia.
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Downscaling Experiment (CORDEX) ZZ4E7} )t}
CORDEXE A|97|FE% S o]&atd HAA 1470 A
Aol thet L= 71FHSE ARE AEshe I8
AEZ olE B3 AiE ARES HluFoEH 7]
FRist Aol tigk BedAdS Hrkekal AEd 2l
= 71F W3t ARE A ¢ Qlnk H2 -2vet
= CMIPS A7 2y 259} A 97|55y AQlS o
§38to] CORDEX Fobrlob 194l Fol gk 9st
A FREL AFE FYSFTHON et al, 2011, 2014;
Park et al., 2013; Zou et al.,, 2016; Lee et al., 2014).
ol Hate, F AFEL A Ad 2a3+H
A= 125kmyE WG AH7FRY S o]§5te
SHEE 57hEE 7)1 5RsE AUE] L& A&t tH(Ahn
et al., 2014, 2016; Hong and Ahn, 2015; Im et al.,
2015, 2017; Cha et al.,, 2016; Choi et al., 2016; Oh
et al., 2016; Lee et al., 2016a, 2017a; Suh et al., 2016).

A71F BYg o &sto] A = V¥ dF
AEE HE7] el AR ARHAES
AAxASRE AWl dAA7S A A (perfect
boundary condition experiment)®] 4~3] =|ojo} it} o]
= 7SS Brketr] o)l A7 mdd 3
(&t e, ARFAEA )M s AT
A 9xE Wrketr] f1gk B4Ad B ol th(Giorgi
and Gutowski, 2015). Jin et al. (2016)= European
Centre for Medium-Range Weather Forecast Interim
reanalysis (ERA-INT) A55 A Zdo=z W3t
gA 79l A971F 23F [Hadley Centre Global
Environmental Model version 3 regional climate model
(HadGEM3-RA), Regional Climate Model (RegCM),
Seoul National University Regional Climate Model
(SNURCM), Weather Research and Forecasting model
version 3.7 (©|3}, WRF) ¥ Global/Regional Integrated
Model system (GRIMs)]2 ©]-€-3}%] CORDEX &°}A|
oF 1etA] ol gk 7155 R, HAE
B A7l tigh B80] RorEe HUskd
t}. T3 Huang et al. (2015)2 =] A-7lojA A4t
gk FolAlo} Al 715 Ald JR 2 Consortium for
Small-scale Modelling Climate Limited-area Modelling
(CCLM) & o|&3t oo} &9 (East Asian
Summer Monsoon, Western North Pacific Tropical
Monsoon, South Asia Summer monsoon L8]l
Australian-Maritime Continent Monsoon)ll t&F X<
73R RoleEs BUIEIA, olF Fdl A=
H AFe] el Fokrlol Ea ReoA %
oS HAThaL AAEAT

¥, CORDEX Z2AHEE IPCC A|6x} H71HAL
Aol thH]8l7] 918l CORDEX Eobrlol 29HA] A
AgS AMFA LESIATHWCRP, 2014). CORDEX

g=7)14eks] 7] A28d 13 (2018)
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Fig. 1. CORDEX-East Asia Phase 2 domain and topography
(Shaded). Boxed area denotes analysis region (Far East Asia
and South Korea) used in this study.

Table 1. Domain information for analysis region.
Latitude (°N) Longitude (°E)

29~46 117~138
33~38 124~130

Analysis region

Far East Asia
South Korea

Forrlot 2ol M = By o] SR EE Sk
2o gole odgAe) s tha %2 2Achhtp:/
cordex.org/domains/region-7-east-asia/).

2 AFollA = WRF 2% & ©]&3te] CORDEX &
olalol 28k X|eje] WAl 71FE AR L, 53]
SFobAlo} W FkE Ao ek e B4 wo
52 WAk 2ol E ATl AHSE AR B
BUAE APHAIL, g E FEobAlo} L
Ao A5 BA(FRE, A7, FEARE Sl
% WRF 23¢] wol572 Bristalnh. vhago
#gelNE ATel 2 2 ABL AN

o

w Aellds k= 2 CORDEX sobAof 2%
A "] dA 7]l it WRF 29| 7b &
o) TS HIIEIALE o1& $8] S AA U=
6N 7F 744 ] ERA-INT A32 A& th ERA-INT
g9 FHIPFEE oF 0.75° x 0.75°°] tHSimmons
et al., 2007).

Figure 1= WRF R34 4743 22|99 (CORDEX
Folajo} 20HA Fod)S HolFETh B AFoME
T BT HIHE S BAWY 9ow %
O} A oH(29~46°N, 117~138°E)9} F3H(33~38°N, 124~
130°E) AL M- 3 THTable 1). AAHE A& 75
Atz o] FHAAEE 25kmolH B H4E e



Table 2. Model configuration used in this study.
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Details

Resolution

250 x 395 (25 km)

30(eta) levels

Reference position

Longitude: 116.57°/ Latitude: 34.4° (Lambert Conformal)

Microphysics WSM3 Hong et al. (2004)
Long/Short Waves CAM Collins et al. (2002)
Land Surface Noah Chen and Dudhia (2001)
PBL Yonsei University(YSU) Hong et al. (2006)
Cumulus BMIJ Janji¢ (1994)
Spectral Nudging Applied

WRF-Single-Moment 3-class (WSM3, Hong et al.,
2004), A} 2423} B9k Community Atmospheric
Model (CAM) scheme (Collins et al., 2002), X EH &
Noah Land Surface Model (Chen and Dudhia, 2001)
2] YA AISLS Yonsei University (YSU) 3447
A% 2530 WekHong et al, 2006)S ARE3HITH
ol9} A Agd AL 243l Weke Betts-Miller-
Janiic (BMIJ, Betts and Miller, 1986; Janji¢, 1994)°]t}.
Choi and Ahn (2017)2 A9} 72 gdof st
o WSM3$} Ml 7HA] A& 2438} 99HKain (Kain,
2004), BMJ Z2]3L Grell-Devenyi Ensemble (Grell
and Dévényi, 2002)] Z3ste] Rzt AHS 43
33, ©]E S BMI Weto] FofpAlol 7|5 R
o -3t RojdsS BTkl AXEATE Lee et
al. (2016b)= Z=HEH HWAS 85 CCLM BE¥ &
o] g5}e] CORDEX FoMAlo} 28] Qeje] o A)
d APS T, o] B3 CCLME] 245
I 2HEY YA 33 B4 £ AFexE
B AFTAE Foli o] RAFTE TS
A& =9EL WA 7|HES A8 (von Storch et
al., 2000; Cha and Lee, 2009)(Table 2). WRF 28-S
ol g3 AitE AFAFE] 717k 197914 2013
W7bA & 35do|th

Asian Precipitation Highly - Resolved Observational
Data Integration Towards Evaluation of water resources
(APHRODITE, Yatagi et al., 2012) AF=E+ 0.25° x 0.25°
7vA 9] 734 AR AR =, rain-gauge-observation 7|
Hkol o &9 A AAREE ATt 71E9
APHRODITE A& oAlo} A e] Zh4of tisf ]
WA AlFHA ARV Qe Zle g AR o
=3 AFE 2 Boshe AR YETH(Yatagi
et al, 2012; Lee et al, 2017b). ©]°l Lee et al.
(2017b)2 Generalized Extreme Value distribution} -
ArPEE ol&al ek Aol s APHRODITE

250 ZrEFagkes JNAEkATh £ dAFelA= Tl
¥ APHRODITE AE(Lee et al., 2017b)S ©]-&3}
ol WRF 29| 4 AdegS F7istirt. 4171
7he AR L] AlF 717k B 1981 dFH 200537k
2 F 25d0]th

APHRODITE= 38/4¢] 4 HEE AlFatA| 471
ujli#-oll Tropical Rainfall Measuring Mission (TRMM)
3B42 version 7 (Huffman et al., 2007) & 7 A&
2} Global Precipitation Climatology Project (GPCP)
version 2.2 (Adler et al, 2003)9] 59 Ha FFAlE
F7Fste] WRF B&9] o3 s 2ol5Yy
H7kettt. TRMM3} GPCP2| 3 A7} 4=
Z}zF 0.25° x 0.25°9F 2.5° x 2.5%]t}. GPCP2
7172 WRF, ERA-INT 2@ APHRODITES} ¥
i}, TRMM 759 £247]7F 19987 201597k
o]t}

2 rlr o

i
B

3.2 o

WRF 2 &o] z

=

A3t CORDEX FolA|o} 260HA| &

T s ARy 98 A5FH ALH
o] 7153 ¥ HSOEHE ] HOE Figs. 2, 3
o] YJehHIt}h. Figure 2= APHRODITE, ERA-INT
22832 WRFZF Aldek 54 7h5e] IR EE U
Ebdl 2@olt}. APHRODITE #& A5 S Aury
F9 BEAYRIE, TRl g, T 2 dE)
oA o]l B Ao g yehdtt 53, sgetot
bW E, Z2E]a s 9 w|Qkule] AE Fjehs
we} ek 7 M=r yebdthFig. 2a). o9k 2
A2 WRFIAM = fFAFSHA YERGTH(Fig. 2b). 3HA]
FEo 2 HES] HolE AT HT Folro} X<
o Bésh= 545 7HITH(Figs. 2e, ). 5
, BSOA A7 B A S dEkok A HHEA]
, |2, QIEe] AE St F)ell tisiA ArE
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Fig. 2. Boreal summer precipitation climatology (mm d™') with respect to (a) APHRODITE, (b) WRF (Whole domain), (c)
WRF (Far East Asia) (d) ERA-INT and bias of (¢) WRF (Whole Domain), (f) WRF (Far East Asia) compared with
APHRODITE.

(a) APHRO (b) WRF (Whole domain) (c) WRF (Far East Asia)
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Fig. 3. Same as Fig. 2 but for Boreal winter.
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S e e dx "ert | %\s}ﬂl UrEH)_rE}. Aollx 5% RCMS ©] &3 AAF ] 245 4
CORDEX -5°}*]¢} phase 2& 7|WS.2 & Lee et al. HHTH RegCM4, CCLM, HadGEM3-RAL Hil: =
(2016b)2] A+ Ao W2 CCLM EIF % Ho| Az E, SNU-MMS, YSU-RSM 28L& &

Filo—{

=173k ol 7] A128W 15 (2018)



o) - HAS- - A 89

(a) Far East Asia

1.00 L 1 2 1 1
A&t
0.95 ~ -
c
g 0.90 L
<
2
=
8 085 - -
E mm DJF (rmse « 0.4)
]
g 080 = SON (mso = 0.6
. JJA (rmse = 28
0.75 -
=AM

Bias

(b) South Korea

1 1 L
1.00 Z(
MBEF
0.95 + -
c
L 090 L
K
4
=
8 085 o -
:‘1_’ mm DJF (rmse « 0.2)
<
(% 080 mm SON (rmse 4
075 - JJA (rmse = 2.7
= A
0.70 T T T T T

60 40 20 00 20 40 60
Bias

Fig. 4. BCR diagram for seasonal mean precipitation over (a) Far East Asia and (b) South Korea. The size of circle indicates

RMSE.

HE H ZE I 4 UtKOh et al, 2011;
Park et al., 2013; Huang et al., 2015). &, A9 7] F5
PE o] &s 71 FRe A= AHEE B o)EH
¢l 2L ou3ity, 2822 CORDEX SolA|o} 2¢t
ARGl tiste] 27| eHstE detr] sir=
FF A7 TRY PFES o|8s At Zs
& Aog ALEETH I, ERA-INTOIA vehd &
Z A9 ofst 7% W= WRF 23S 53 o<
7R RA T, StEE X A A (] etk b
2 RlE AZE el )9 1% = WRF 29
< ol &3 AFLFANA JHAE] YERT o=
WRF 28 o] A2kek H714 K (added value) W<l A
© 2 AR ¥ UH(Figs. 2e, f; ERA-INTS] #Hol= 2o
2 AASHA 2+).

oAEH vlsl A57E A2 ALH =, stk
cha R T T a8 g 3 ke s 3
gk FEokror Yol A7 B AR UE
thHFig. 3a). AWFH 02 WRF 28-S ALH 71549
SN E S AZ FABHA 2 A S h(Figs. 3b,
c). ERA-INTS] Z$-(ERA-INTS] el 2o = A
AlBHA] k%) A5 BlaLste] QlExtolu}h Wi ol A
Z F Hert vepg=], ol#fd Hel= WRFE
o]-&3t AALF NN tha Fhaistdt Egh, G2
el vehd 7] 29 Holx 95he RS
& o] FolEAY Yol b HYTt YEive s
&4 Aok & WRFe slBAGA A 270=
-2 ERA-INT Rt} 45 o] Rosi= o8
ERSTH

Figure 4 S-5okrlof B 3] 7 F7hEael of
3 WRFS} #3719 FAI%k(Bias, Spatial correlation

(o]

>

and Root mean square error; BCR)2 YEMH tlo]o]
o]tk BCR tholojafe] XS #5 ] ¥
o] #e|, YH FHFIATE YeRl AL, 7} o] A
71 ¥74] tig Root Mean Square Error (RMSE)
e et &, 28] A A3rF #53 fAF
2 X2 AL 00, Y& I BATE
19, 28] ¥kA]E RMSEE 09 7ok x2 &
Al®l REFRALCZ F3). "A SForlol g gt
BCR tolojzgl e Amnm 7o) 37H4 Bie
BE A-NA FFBAG7E 09 o] 2= WRF
e FH RxE & Roshe As &
(Fig. 4a). oJul] FZWIBAIGTE olwdele] IS H
Zre 23 uncentered 4] 0= A4 A tHDelSole
and Shukla 2006). ZFEo] B2 o5& Helg}
RMSE7F 71 =A] vebstal, 77384 ss 7H8
A YRt o= Hong and Ahn (2015)0]14] AA|
g FVFRAT FARE FEolth FEokAoF B
ool thalA= WRF 2ol e Aol Fe] #
o5 YElY ArE Aol vls Hof Bejshk=s Ao
2 Yepgth gk detd el disiA e SEokAlok
FA At D] BE AN 2o HoTF vERs
3, o= $A] Figs. 2, 394 H3l Helol dX|str}

-|-'0}‘
2
2
£

WRF Z3o] 72 Ad WsS &A= FAFSH
wolsh=A] B7tst7] 98l Fig. 59l e FEoloh
2 oget gl it Ae] Adwsts AAYE Y
ERdth oA A4S APHRODITE 7FFALE, 3t
A A4 WREZF AdEe A48 e AL, X5
4, Y& 99F ZAEmm dHE u)dit. FEo}
Ao} oL Folrol JEEFAF R YRR Th
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Fig. 5. Climatological annual cycle of precipitation over (a) Far East Asia and (b) South Korea.
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Fig. 6. Taylor diagram for seasonal mean precipitation over (a) Far East Asia and (b) South Korea region for the period from
1981 through 2005. REF point means WRF reproduction are exactly agree with APHRODITE data.

7F A5ZEJIAY] FFE o] YEPdth(Wang and LinHo,
2002). APHRODITE®] Wepd S-5opr]ol 22 7|
AHFAS Avrd 790 452 937t vepge
H, 849, 699 e 1 FE W2 FEHE Bt
(Fig. 5a). WRF &% o]e} 7+2 o] AHHE4
(A5Zd 92)S A5 FAkSA 2] &3l ®
g, APHRODITE A55 A¥HH, @Fetdoe] 734
7F 69 5H A Skt Akl 7, 8ol Hulgkol
Uehtes 548 Btk WRF RHoA % o]g} 7he
E4o] Z YepA|Rl, 9A A5k nke} 7Fo] WRF
= A5l HlE| AEEH AFE Ja B sk §AS
HoltkFig. 5b).
WRE7} R2|38l 71

Taylor thojojd] 2418 433} t(Fig. 6). Taylor
tholojage Ry FdrE B

AE SAA o VRAZEEL XEHAM|(#H=

g=7)14eks] 7] A28d 13 (2018)

EFAA O] Y] RFHEA HIEHE, &= AW
#AFE JEPATH(Taylor, 2001). Wb FF=HXH|

o} AZPFEAIF7E 1(7FE2FS] REF)o| 7MEE
WRFe| =9 Azl= #53 Z dX|gt). 23K
o2k B b mae 77k B o E, THE,
ALHE AFE Yepdnh. A3 S5okrlof el o
3 2y AxEs BAs|Ey, dAvkEo g WRFE S5
oA} Aol AIZMHES A5 FAKSHA 2 B9
Stot. SEAIEE, A7 AI47(0.74~0.92) E EFHA]
(0.82~0.98)= 7ol we}t tha xjolg RHAlTh F,
WRF7} O3 sopr|o} 53(A53) e A5
Hlwate] =2 (W) AIZMEEdS HRlth ESH o
S 7 BEAXHE 0982 19 77he whA|
B, 7S, ALE 73] iEAAE ZH2) 0.89, 0.88,
0.82% MW A 11Xt} WA Vepdt) B, dtol]
3 A3}S AwRW, WREZF 2ol3F 33k b A
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Table 3. Summary of basic statistics derived from Fig. 6
during the reproduction period (1981~2005) over the Far
East Asia and South Korea (parenthesis).

Correlation  Normalized standard deviation

0.92 (0.94) 0.89 (1.11)
0.74 (0.81) 0.98 (1.54)
0.87 (0.89) 0.88 (1.30)
0.77 (0.85) 0.82 (1.19)

Season

Spring
Summer
Autumn
Winter

81~0.94% EAH O 2 999 F2]3}A
EEHRHE 111~1.542 W23 YA
A& 2 = 9ltk(Table 3). THA] a4, WRF
FOIA 10} Ao A TS E ZZHA}
A BolEHe EAL Hol: why, el X
oHH ASHEY FFAAE A */I ke 542
Hlt}. o]e} tEo], WRFS| Eojd3e EAAY U
A-ol| wal tha Zpol 7t AAIRE HutH ez %é
A4S HolH, oJFH Frpol disiA
wo mo %%% Heloh

Ut o 8F 7reii=e] o]F5S WRFZF & 29
A GolH 7] $13}e], Hovmoller Tho]o] 23 HA]
< T3 HFig. 7). ¥4 TRMM #35 A55 4
HEW, FoMo} B¢ AFEs 6 2oAM 74 5
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(c) ERA-INT (1981-2005)

T A FE(eF 30“N)°ﬂ)\1 sl 2 Balslch,
I3 AeiiEE 79 S5 ol AA AT 8
4 FEHEE O ZEAEA dNE GFoR o
S THFig. 7a). o2l FFul=e] 54 GPCP #
= ABAME frAkstAl YERdTh(Fig. 7b). B3k, WRF
o] ZH A7 AAHOZ AMS-H ERA-INT A4 2}
A olAT A=) ool B s 31

, ERA-INT A)EA zp59] AL, 7Frmes] vy
*l ol TRMM, GPCP B} 23 %A vehn, 69
T shite g BEASIA 8d T SRR Helsle
AFMEE ofslA me ol~c %Xo% p_ow}(Flg 70).
o]z 542 WRFE 0|48 AAAFANME A
SHAl Ve R, AE5d(62 2HH 89 TTTHA)
7R elo A= WRF7F ERA-INT Btk $-5:31 29|
TS E" qmg 7d). olelg Azhs I B4
Aot 2 AR gthFig. 2).

Figure 8% ERA-INTZ} WRF7} 593 oj23 3}
Z ulgga E3)e] Bx 2 yehd 23olth. WRF
o) 20 Ao AHSE ERAINT %4 ARt
53 HHE 719 B o mE FolAl
o} Begte] A4S & Yz itk 53], ol
Ao} ke wEt sk Wl slEA|Ee] 9gsko
2 A=Y Jyetset 57 de=rels AA o

&4 4 Utk o9} e FolA

May Jun Jul Aug Sep
2 3 456768 910

(d) WRFv3.7 (1981-2005)
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Fig. 7. Hovméller plot of precipitation (mm d™") over Korean Peninsula (126~130°E) for (a) TRMM, (b) GPCP, (c) ERA-INT,
(d) WREF reproduction simulation for the period from 1981 through 2005.
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Fig. 8. Boreal summer mean 850 hPa wind vectors (m s') and specific humidity (g kg™") with respect to (a) ERA-INT, (b)

WREF and (c) bias of WRF compared with ERA-INT.
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