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Improvement in Seasonal Prediction of Precipitation and Drought
over the United States Based on Regional Climate Model
Using Empirical Quantile Mapping
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Abstract The United States has been known as the world's major producer of crops such as
wheat, corn, and soybeans. Therefore, using meteorological long-term forecast data to project
reliable crop yields in the United States is important for planning domestic food policies. The
current study is part of an effort to improve the seasonal predictability of regional-scale precipi-
tation across the United States for estimating crop production in the country. For the purpose, a
dynamic downscaling method using Weather Research and Forecasting (WRF) model is uti-
lized. The WRF simulation covers the crop-growing period (March to October) during 2000-
2020. The initial and lateral boundary conditions of WRF are derived from the Pusan National
University Coupled General Circulation Model (PNU CGCM), a participant model of Asia-
Pacific Economic Cooperation Climate Center (APCC) Long-Term Multi-Model Ensemble Pre-
diction System. For bias correction of downscaled daily precipitation, empirical quantile map-
ping (EQM) is applied. The downscaled data set without and with correction are called
WRF_UC and WRF _C, respectively. In terms of mean precipitation, the EQM effectively
reduces the wet biases over most of the United States and improves the spatial correlation coef-
ficient with observation. The daily precipitation of WRF_C shows the better performance in
terms of frequency and extreme precipitation intensity compared to WRF_UC. In addition,
WRF_C shows a more reasonable performance in predicting drought frequency according to
intensity than WRF_UC.
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638 ARH BOAPEE ol g A7) 55 7)

SEAEES 54 SR & e 2l S
ARrge] 2R she Hl&S ovstet, -elvete] A
§ 2000 o] F = 20% ] B S Kol 3l
(& HEFAHE 5, htps://www.mafra.go.kr). 74| E &
7N&7]+*(Organization for Economic Cooperation and
Development, OECD) #o]=& thaoz A A%
59 7]7(Food and Agriculture Organization FAO)
9] EﬂolEiH%]O]Z:(FAOSTAT) F3) Al=d B4 Ax
of WEH, A 3d 7&(2017/18~2019/20) TﬂuraM
B FEX } E2 21.5%= A AA B0 99.9%°

]oH A3 W & 715 P HChoi et al., 2021).
,FEvERE 201995 Vo8 g AlQe g,
?4 el ek SFEAEECl 22 0.5%, 0.7%,
6%l Bt Y AEE i FY &
A= 2 %Ol‘:‘r(i%%’&@‘%E &4, w5 A
a7k 3 & EARFEC] 120.6%°1H, 2019 7]
Ak 4H(Z4 AA AT Y] 6.8%) B
391(25.869 Rt E) S A 1913 AlAl
2beE TiE] 30.2%) B TFEY 191(46.999 7 E), O
AL 291 AA /‘3*}a oH] 29.0%) B F=
2 291483197 B)E AFA 8 th(Kim, 2019; Choi
et al, 2021). WEbA w=2] F& AAFES A AlA 9
S8 38 12 A1 49, Hkel £EF ol
Uzt $eluete] oluw A48 S8 v ) 2
B rawe A7) BU 18, 310 o8 J%e
A W= Ze g dHA 7] Wizl (e.g., Mishra and
Cherkauer, 2010; Lobell et al., 2014; Zipper et al.,
2016; Li et al., 2019; Leng, 2021), $-2u}&te] IJE

w2 e

n 033 e FN e o 2 —1}0 Jlm
=R

FE QHH R A oA H 71 Al o)
Hat7] flaiMe 8 = £ SR vl gk
7]_)\ u1 7].? z;:]%]. 71—/\] =i C‘ﬂ O],__ 7401 _8_0]—1:}

s 1 A FAEE Artslr] flste] ti7], s,
s]]l:lo ,ﬂjl_ Z]D:] /\]_o]_J 1‘4—01:6]- )\}ix]—ﬁ‘g _7_3:] zs]-
33 238 (Coupled General Circulation Model,
CGCM)e] AREH AL ek 5 T o] 9|3 4
Fo] 2 724 248 AZIs Aol ke
T 28 YAE (Multi-Model Ensemble, MME)S- 53]

SESS=E)] /‘g‘:—g MM = st} %<2 European
Centre for Medium-Range Weather Forecasts (ECMWF)
9} United Kingdom Met Office (UKMO), ZF2]
Predictive Ocean Atmosphere Model for Australia
(POAMA), 7|=2] National Centers for Environmental
Prediction (NCEP), 28] =W 2] 7]’3H 3} Asia-
Pacific Economic Cooperation Climate Center (APCC)
TS XS AA o2 dh7IHelM s FEAZE A
A o Z(quasi-real time seasonal predictions)S $I3}

i

F=71448k8 )7 A|319 53 (2021)

vl 73

9 7] A ol & 3T A0

4 CGCM ¥ MMEZ #8383 ¢th(e.g., Molteni
et al., 2011; Lim et al., 2012; Kirtman et al., 2014;
MacLachlan et al., 2015; Ham et al., 2019).
CGCMe| 471 A &L &l 28] AHEHL 3l
‘ﬂ', 1%1.0 517].3]])4—1:; c]-5H ;qoﬂ ‘Ff‘:'«] 7] t‘;:]_
g F-Eafetrle oldre dS Zteth oY
AE FE7] SeiA A AT 2y 32
A 2 AHEAEE ARSI A97]3% E’_fﬂ(Reglonal
ate Model, RCM)S 53t J8bd & F4AH|
S8E3 gt Bl A T EE Z2HE RCM
Hek A% 29=E lﬂﬁ‘ii’ﬁ A e 71
A= LHE 5 vk
A8 AtellA] AMgE AL %lE}(e.g., Hur and Ahn, 2017;
Ahn et al., 2018b, 2021; Kim et al., 2019; Seo et al.,
2019). ol & £, Cocke and LaRow (2000)<} Cocke
et al. (2007)1X& El% Xl?M tisl RCMell 9]3)] =
o= e A XNF 2E Ao vle| e BEE
H 2 mojsi, 53 :L?ﬂ 7ol gk dlSdo] ¢
T BAoh

RCMe] Rl H7F A H(added values)2] 92
o] ool we, 20083 Bl FYsldrh|AT
Zx(National Oceanic and Atmospheric Administration,
NOAA)2]| Climate Prediction Project for the Americas
(CPPAYIME B2 RCME °] 43 AlE o =& 9
3] Multi-RCM Ensemble Downscaling (MRED) X2
AEZ st g Z2AEME NCEP Climate
Forecast System (CFS) (Saha et al., 2006) =32] |
d AE (reforecast)& A H O 2 ARS8t H= XY
< UdeRE 7He A RCMS B3 93 R
=471 FYEACE g 717He 1982WHE 2003
7HA] BRbE ALE(12~49)010, RCM 5 AHEE9
T E == F 30 km©] Ch(https:/remlab.agron.iastate.
edu/mred/). I8y RCME o] &3 8k 1 =4
7F BE A 9 WA g d3SAHE HolA
Skttt ¢l £°] Yuan et al. (2012)3 De Sales and
Xue (20132 MRED IEZJEOH &3 JEH 2o
Rolgh it 77t iR A olx CFSell Hls)
He(bias)7} M= +7F X7} #AET FARH
el o, ZAg oz ARS-E CFSoll WiAlE &84
oz Qe A W 2 AEY WEe dig M
EEHY 4 ASS 2 Shukla and Lettenmaier
(2013)= MRED Y4EF, e ‘:’33-4 SFE of
gt )] - HEdT, EYTE, ¥)« CFS
of BAH FRZ2MS He Aol vs| P4
o3 FEE Holuh, AHH Zolek RCM HE
T/dol wE WEETE A4S B ojAd dnt
Aoz RCME BY A9 e AAHoZ 4§
H AJE A5 9AR g HOrF EA gt
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RCMe] HeJE HA37] Q8] thekst Heojng v
W (bias correction method)o] &% 3 o} HOBA
Wedle B3 Highs B f8] A% =2
H]XE 2]& AME-3}= linear scaling 71 (Teutschbein
and Seibert, 2012)3} 2] 3 & BA 7] S8l
e} B3 (gamma distribution)t} 7F-A19F £-3Z (gaussian
distribution) 52 AF&-3l+= distribution mapping 71
(Piani et al., 2010; ThemeBl et al., 2012) 5°| Ut}
2o A3 Aol A= distribution mapping 71H <l
SAFSH (Quantile Mapping)& RCMOlA] Teold 74
£ BAsP| g o= AEstal =t (e.g., Wood
et al., 2004; Fang et al., 2015; Devi et al., 2021), 3l
2 Wi, FFAAR ol AF A5y =
g el tigk 1A o] thE BA W] B3|
Aoz 4e#lA UrKThemeBl et al, 2011;
Gudmundsson et al., 2012; Chen et al., 2013). FE$A}
He o4 FHE XTS5 (Cumulative Distribution
Function; CDF)E AM&-sl= 24 Wa Ad2 3
X 8F4(Empirical Cumulative Distribution Function,
ECDF)E AMgshe H|Eg WHoz FEED 17
L, B APHe] 9 W] BXT) o]8F AR
2ol FelA] S A9 A= HAo] AT
T AUtk @S 27 ool (Themesl et al.,, 2011;
M’Po et al., 2016), ECDFE A3l FdA 9IA
3™ (Empirical Quantile Mapping, EQM)°] A% =31
Atk 53], o] AFdA = RCMO| Bejgk el
B WHET v RS o] BRI S AR RS
o ¥4 g3t o 958 22 vl Jth(Gudmundsson
et al., 2012; Gutjahr and Heinemann, 2013).

FA gt 7SS ATAdM e w2 HS F
FLE A 201095 A-FIIZ A A+ 2FU
Pusan National University Coupled General Circulation
Model (PNU CGCM)# RCM=2 o]&-3lof ]
g 78 FE Y F7EGE, 27 )l tiE 89
ML 717 dESAEE Atste] 8313 JUTHRDA,
2014, 2018, 2020). AT’} PNU CGCM2 APCC2]
UERdy HaEs A A7) dF A" st
o wig 12701€Y ¢lS& AEE AlFstal Ath(Kim and
Ahn, 2015). ¥ AF4E PNU CGCM % RCME
3l Akt A d S A5 dal A A EArRY
HE e HonAy WS &3t A5 2 7
A4S A7 ST FEE A dEe
= W 7HEel digk A= w3 958
T dew, A7t oz HAA7|H| FE 749
g sl AAH o= ggslet B & .

M= & AFolM AMESE A5 B BY AR
o H7F WHS A&, 3elM e tY
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21 B& X2

2 AFAE NOAAS 7]F o ZAlE(Climate
Prediction Center, CPC)o A AlF-3t= A b4 A5
(CPC Unified Gauge-Based Analysis daily precipitation
over Conterminous United States)& AH&-3}1TH(Xie et
al.,, 2007; Chen et al., 2008). CPCollX+= R #=4,
A 94 5o DI 45 ARE SHH] 6F
Z199(20°-49.5°N, 233.75°-292.75°EyS thdo2 0.25° x
0.25°9] F7reldee] AAY ARE AFetL ok
(https://psl.noaa.gov/data/gridded/data.unified.daily.
conus.html). ©] AFEE 194835E AR7A] A7]|7F
o el L ARE AFHIL 7] Wzl vl=E
ge 2 she A Aol Bol AREHAL Atke.g,
Dominguez et al., 2012; Behnke et al., 2016). ¥ <1
TFoME w5 W A H Z4S 98 AT A
(West), ¥ A< (High Plains), g+ =< (South),
A5 A9 (Midwest), ‘G55 A< (Southeast) 28] 2L
5545 A9 Northeast)®] & 6719 A Jow EFa}
AchFig. la). 31T AHEL v|=7FFEYE] (United
States Drought Monitor)ol| X 2] & 7} #2459
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Fig. 1. (a) Topography (Unit: m) and six sub-regions over
United States. Gray shading in (b) represents WRF Domain.
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640 BEH EIPES 01§ A4S/ 52T

3 AHEE e F9F FYsith

22 XA 7| 28

Ao A= PNU CGCM version 1.1 53l A
e A AT A E AEES ARSSIATHKIm and Ahn,
2015). PNU CGCM<9] A% =32 National Center
for Atmospheric Research Community Climate Model
(NCEP CCM3) (Kiehl et al., 1996), Land Surface Model
(LSM) (Bonan, 1998), Geophysical Fluid Dynamics
Laboratory Modular Ocean Model (GFDL MOM3)
(Pacanowski and Griffies, 2000), Los Alamos National
Laboratory elastic viscous plastic sea-ice model (LANL
EVP) (Hunke and Dukowicz, 1997)¢]™, A}A|3F A
£ Kim and Ahn (2015)°] A<= o] St}

E AFoA] AFEE RCM2 Weather Research and
Forecasting (WRF) version 3.0 (Skamarock et al., 2008)
ojth. ml5 Mool gk FHo] AN, FHs)
AEE 30 kmo]tHFig. 1b). A& 717+& 2 Eo| ) 2
Eol] 9 F 433h= 717HAS717Y, growing season)
o 3|3t 3~108 2 A7 31 th(Linderholm, 2006).
WRFS] %7] B &% A7A%712 PNU CGCMelA
md 29 1390 AES Edste] ALk 397 10
d7pR| o] A7 ©91e] AR T A SZAEE ARSI
=, °F 0.5~7.5/04 9] oA APAIZHS Zh=th). AR
A WeE 98 2 FPu, vl A G5, B
T8, 287 EY 2% So|thHur and Ahn, 2015).
WRF A& wid 28]l wfg A1 zteo] e &
ol A& =R o, wle spin-up 717+ 44 = A
A 5FAtHAhn et al., 2018b; Kim et al., 2019). &%
2 200055H 20203714 S EATE 2P =
Hek(physics schemes)© 2 1A 2234 ol WRF
Single-Moment 6-Class Microphysics (WSM6) Scheme
(Hong and Lim, 2006), &% X43}o| Kain-Fritsch
scheme (Kain, 2004), ©3} &< Z43}le] Dudhia
scheme (Dudhia, 1989), &3} &< 243l Rapid
Radiative Transfer Model (RRTM) scheme (Mlawer
et al., 1997), 34 7 AIZol Yonsei University (YSU)

Table 1. Configuration of the WRF used in this study.

7R vl A g 7ol A oS s R

scheme (Hong et al., 2006), A %3-° Monin-Obukhov
scheme (Paulson, 1970), Z2]3 A|H o] Noah
Land-Surface Model (Chen and Dudhia, 2001)2 AR
SIATtH(Table 1). WRFd| ]3] Boj¥ 7FE= o|F Al
3 171 (bi-linear interpolation)2 ©]-&-3ste] CPC &
= A5 dFshe AR o2 WArE AT

23 Holy 4. AHN 29| AratdH

B A= WREZF 293 o 7Fee] HY S
BAS7] $18F WHo g ths3t o] ECDFE AME-
3k EQME #8313l

PCOr

mod, m, d =

do
>

~1
ECDFobs, m(ECDFmod, m(Pmod, m, d))

0:17]}\1 anoz;d, m,d(Pmod, m,d = J:E'_Zé %J(m) ];_l JZEI_ZC—} %l(d)
o] A (8 A) 2 #E ovstd, ECDF,,,,
(ECDF,,, )& 574 9(m) 2] 7170l th3 28 ECDF
(&= ECDF9] G3r)E onjgth. & dAolxe &
A 7]7}(training period)ol] EFFA] e AEEQ B
A TEE Bstr] fsiA 22 F(Leave-one-out
cross-validation)y& A-8-8}% th(Michaelsen, 1987). wjd
#5% 2ol m3 A A FE 717H0d)H
B3 7]7k(calibration period, ') 2 Ui ¥, T
717k A EQMS 4835t AHEE BAATE
ARt BA 717l tisk R o] s RS
o sdg Ao ® A2 oE 2199 sl tisiA
e FREiginh. wek, 54 AxpdolA FH 717
2t #52] ECDFS 2= F fle 4+Go3 7]
7F & B BT AV @ shER FAkrdo]
A-ele BA 717 <] ¥ AgE BEF
3R AT B AFoas Hel B A
o ) WRF 22 WRF UC (WRF C)

2
op
i

24 7k X+

dur o7 Thge] RUEY B &2 7ES AE
3} 31719180 735=3dH] (Percent of Normal Precipitation)
(Hayes et al, 2011), S} 7}5A]4~(Palmer Drought

Resolution

Initial and Lateral boundary condition
Microphysics scheme

Shortwave radiation scheme
Longwave radiation scheme

Surface layer scheme

Land surface scheme

Planetary boundary layer scheme
Cumulus scheme

176 x 108 (spatial resolution: 30 km), 28 levels
PNU CGCM version 1.1

WSM6 (Hong and Lim, 2006)

Dudhia (Dudhia, 1989)

RRTM (Mlawer et al., 1997)

Monin-Obukhov (Paulson, 1970)

Noah land-surface model (Chen and Dudhia, 2001)
YSU (Hong et al., 2006)

Kain-Fritsch (Kain, 2004)
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Table 2. Definition of the SPI Classes.

SPI Range Moisture Condition
>1.0 Wet

-1.0<x<1.0 Normal
-1.5<x<-1.0 Moderate Dry
-2.0<x<-15 Severely Dry
-2.0< Extremely Dry

Severity Index) (Palmer, 1965)9} 72 ksl 71E-3
F= 53 o] FoAL Utk L F McKee et al. (1993)
2 McKee et al. (1995)°1] 2J3] 7NEE HFE7FFA S
(Standard Precipitation Index; SPI)& Al A 7147]
(World Meteorological Organization, WMO)ol| 4 H7
st 7138 THEASR, 7HES AlRte] ARk
il ZAolA ZAEJATHWMO, 2012). SPI= 4t
ZH2 o] Zhdste] e T A 9 dBo) tF
A 857 Qdom(eg., Li et al, 2008; Kwak et
al,, 2016), AF&-=pol| BHH thFst AIZFHEQ, 6, 12,
24, 4871yl s AAHE 5 Q7] wiEel At
7] A 7tz 28 F AUthe.g, Yoon and
Won, 2016; Fluixa-Sanmartin et al., 2018). ¥ 1ol
AE A2=HGA sk 7R a7 A4 E
= RS BEF a2EsE] 98l SP13 371Y)2k
SPI12 (1271 €)S A3l o] AFE2 30de] &
7] 75 AR AFRo] AR EZ 1979~2020 744 2]
4 A5 ARE olgete AXEJT. 28y o
AL5E 2000978 20203 714] 870D X (3~10¥€)7F =
Atz wid dig AFES S A5CESAAE
Aot d S AR (CESAA ol F)E st AHEEHA
tHSon et al., 2015). dE E°] 20208 5¥<] SPI3
=L 19799 1€HEE 20208 29714 9] FEAE
o} 2020 3¥9FH 597K AFAEE 7IRIeR
st} wi Y SPIO wWE 71HE ©HA|(Table 2)F 76k
2 7k AHIZE AoEien, o]F BFe] JE 4
2L gESAET AR EE Y 59 B2 U
B 7HEEA | A 3155 deh A s 25
=7l g8l EFrrE A 7k 54 %k olske] v
EAG7E A&EE d4e dPdonz g HJrhy
212 o EAIH YL Q= 7HEe TFE e A
2 7] AEE d&sket €82 F Ao SPI

Table 3. ROC model.

3] - obul 641

AHe A% FBREIFE 5 B U AT

Pearson 111 #3327} AHE-% 1 TH(Guttman, 1999).

2.5 0l It Wy

WRF7F Bo|gh ZF4e] o34 H7hslr] S1aiA
A =21 7L 2HRoot mean square temporal error;
RMSTE), HaAl 3287t 2HRoot mean square spatial
error; RMSSE), 28|32 ¥-7P338A15(spatial correlation
coefficient)’} AFE-=H N0, 0|52 tha3 2ol ALt
Hoh

I 2
RMSTE = ]sz (mod, — obs,)

n=1

1
RMSSE = Y5 (mod, - obs,)’
=1

~l—

Spatial correlation coefficeint
_ Zle(modi) * (0bs;)
«/211‘=1(’”Odi)2 * A/2114:1(0bsi)2

71A mod(obs,y= 5§78 nAA Axe dFs= =
@) golx, M= F AX(2000HE 202007}
A, & 219)°1th. modyobs)y > 57 A AR ol A
o] RYPIH) #old, I= F AR sl #
3 2] I BX FAMS A3 AsiA
o1Z w=te] W& 99 (Fig. 1a)olA] uncentered W2
OB FVEAAFT AEN o, RE AEES ¢
o] mE 7EA7F W = ATh(DelSole and Shukla,
2006).

SPI] W3k =& A%S Hrel7] Y8 Receiver
Operating Characteristics (ROC) £42 33}
ROC #42 g9 1] A AT 2 &85
3 O™, Yoo et al. 2013y ©|& &3l SPIQ] 7=
NS H7Ee v vk B AFolA s ROC &
3 (Table 3y o]-&3le] SPIo| wlet B7% 37k4] 7}
= MG, 5 7HE, A 7HE, A 7HR)l o
gk HeRAY AT oS AR A5 vl Pk
th & B9 #AF ABAA A JHEo] BAEA
< o, ZH SPI= A 7HES ekl g “AF
Hit, H”, 23] &5 A¢ “Z3E 73 (Missing,

ofh 2

Lo

Observed SPI

Drought Non-drought
. Drought Hit (H) False (F)
Predicted SPI Non-drought Missing (M) Negative hit (N)

Atmosphere, Vol. 31, No. 5. (2021)



642 BEH BAPES 0182 A7) 5=
M= UheRTh, Wk A8 shEo] WAskA ek

o, A 7HES dESShH <A (False, F)’Z, 1%
A ek <29 A3 (Negative hit, N)” = eI
aga o] A3E Fal e 2ol AFE(Hit Rate,
HR)z} H]&5E(False Alram Rate, FAR)S AlXFsISIT.

HR = HI(H + M)
FAR = F/(F + N)

A )

ATHT &2 AT Fow, Z&E At
AP ARz AdE 7| oS40 L=
HR=1, FAR=0°] 7M¥A = EALS H3l}
3.4 1
3.1 77 Y AE-E = Z= oS
Figure 2 #Z(OBS), WRF_UC, 22]3. WRF _C
o AL/ H A5 FHEEE UERd 190

2.22 mm/day s (b) WRF_UC

50°N

@ 71k w= A B 7R

A €& s A

ol S ARENM A ¥ 9GS Hgd A AR
£ Table 49| YEIATH WA #A=9] 74 X E 4
HEE, G5 E A, B3 XY, SAE AY, 5

gL Hg FeHo] 24zt 3.65mm day !, 3.29 mm
day™', 2.99 mm day ™, 2.86 mm day 'Z "|= 19 (2.22
mm day )BT BA velbdoh 2] Ab(Rocky
Mountains)e] 9125+ 3L A7 T FEF 91X
o AN A 9e Hit Aol 247 1.82mm day 9}
1.08 mm day'2 P|= HAHTh HA JERITH(Fig.
2a). WRF_UC®| 79 #ZelA vehd = S
2 R o, giFte] Ao AFE A 2o
she 54& BHTHFigs. 2b, d). 53] 554 290
M ZAFE 098 mm day ' A= F) Bejste] ThE
Aol vla] 2 =717t 5eH, FdsA FF A
NME 037 mm day” HxE A 2o|ETh. WRF_C
o] 7% WRF_UCe| Hlall o #53 fAE 37 &
EE Yeilen, rls doo vehd Hejrt /i H
(c) WRF_C

2.70 mm/day 2.31 mm/day
50°N

45°N A
40°N
35°N -|
30°N |
25°N

45°N
40°N
35°N -
30°N -
25°N
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1 2 3
N (d) DIFF (WRF_UC - OBS) 0.47 mm/day son
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T
120°W

=T
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(e) DIFF (WRF_C - OBS)  0.08 mm/day
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Fig. 2. Spatial distribution of climatological mean precipitation (Unit: mm day ) during the growing season (Mar-Oct) derived
from (a) OBS, (b) WRF_UC, and (c) WRF_C, and (d-e) their differences. The averaged values over the United States are

shown at the upper-right corner in each panel.

Table 4. Climatological mean precipitation (Unit: mm day™) during the growing season (Mar-Oct) for the United States and

their sub-regions.

Region OBS WRF_UC WRF_C DIFF (WRF_UC-OBS) DIFF (WRF_C-OBS)
West 1.08 1.63 1.13 0.56 0.06
High Plains 1.82 2.44 1.89 0.61 0.06
South 2.86 2.49 2.99 037 0.13
Midwest 2.99 3.80 3.07 0.1 0.08
Southeast 3.65 419 3.77 0.55 0.12
Northeast 3.29 427 337 0.98 0.08
US. 222 2.70 231 047 0.08
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Fig. 3. RMSTE of the precipitation (Unit: mm day ") during the growing season (Mar-Oct) derived from (a) WRF_UC and (b)
WREF_C. The averaged values over the United States are shown at the upper-right corner in each panel.

Table 5. RMSTE of the precipitation (Unit: mm day ")
during the growing season (Mar-Oct) for the United States
and their sub-regions.

Region WRF_UC WRF _C
West 0.85 0.53
High Plains 0.95 0.65
South 1.20 1.27
Midwest 1.22 0.86
Southeast 1.30 1.14
Northeast 1.41 0.90
uU.s. 1.07 0.82
o] 0.06~0.13mm day’' L] %F & HoS 1w

S TH(Figs. 2c, e).
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Fig. 5. Spatial distribution of OBS precipitation (Unit: mm day ") during the growing season (Mar-Oct) for (a) 2011, (b) 20 years
average (2000~2020 without 2011), and (c) their differences. The value of the lower-right corner above each plot indicates the
area-averaged value. (d) Timeseries of spatial correlation coefficients from OBS precipitation during the growing season (Mar-
Oct). Each coefficient represents the correlation between each year and the 20-year average climate excluding that year.
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Table 6. Definitions of precipitation indices used in this study.
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Indices Definition Unit
Wet days (WD) Frequency of wet days with precipitation > 0.1 mm day™" %
Consecutive wet days (CWD)  Maximum number of consecutive days with precipitation > 0.1 mm day™ days
Heavy precipitation (P90) Precipitation intensity from days > 90th Percentile mm day™
Extreme precipitation (P95) Precipitation intensity from days > 95th Percentile mm day™
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Fig. 9. RMSTE of the (a) WD (Unit: %), (b) CWD (Unit: days), (c) P90 (Unit: mm day "), and (d) P95 (Unit: mm day ")
during the growing season (Mar-Oct) for the United States and their sub-regions.

Table 7. RMSTE of the precipitation indices during the growing season (Mar-Oct) for the United States and their sub-regions.

RMSTE (Unit) WD (%) CWD (days) P90 (mm day™") P95 (mm day™")
West 11.16 6.98 19.06 21.38
High Plains 15.05 6.88 13.38 15.84
South 9.39 3.13 23.15 28.85
WRF_UC Midwest 12.25 4.13 12.97 14.71
Southeast 9.95 5.55 12.81 15.41
Northeast 10.49 3.58 11.22 13.03
US. 10.81 5.10 13.46 15.25
West 3.85 4.02 15.93 18.30
High Plains 4.19 1.60 12.12 14.76
South 6.25 2.66 12.21 15.09
WRF _C Midwest 3.88 126 12.70 14.55
Southeast 5.02 3.69 12.63 15.72
Northeast 4.23 2.21 11.74 14.64
UsS. 2.52 1.87 9.74 11.16

Atmosphere, Vol. 31, No. 5. (2021)



T

648 284

A 74 L(wet days, WD), T 95 7= A
(consecutive wet days, CWD), 73+ 734 7= (Heavy
precipitation intensity, P90) 12|31 H3¥ ¢ A=
(Extreme precipitation intensity, P95)2] & 47}A] 734~
A 7F A= AT Z2F Aol thEE A €= Table 601
PAEA AL, A E 734 X552 RMSTEE Fig. 99}
Table 70 VFEFATE WA 72 A42] 79 WRF_UC
£ ulE i @ A9l 9.39~15.05% (10.81%)
o] RMSTEZ ®21}, WRF_CE 3.85~6.25% (2.52%)
2 A3 7AsIAtkFig. 9a). AW A% ¢ A4
T 735 A4t fARM WREF_UCE vl W A
(1= Ayl 3.13~6.982(5.10¢)2] RMSTES =
Ao}, WRF CE 1.26~4.029(1.87¢)Z 743t
(Fig. 9b). 743t A4 A=EFs A5 d=)e 45
WRF_UCE ®]= ] X|9e] tisl] 11.22~23.15mm day '
(13.03~28.85 mm day ')¢] RMSTES ®$1o1}, WRF C
£ 11.74~1593 mm day' (14.55~18.30 mm day )&
728k tH(Figs. 9c, d). 53] WRF_UC®| 73-%- m]=
i Aol A B4 717 kel AR HeE <l
74t 2 S 34 7k=e] RMSTEZE 34 Yelge
tl, WRF_Cell&= sl HelE0] $halel 248 B

3.3 E7] 7t X (SPI3) o=y
Figure 10 2000 %-E 20208744 ©@7] 7}&

RIAMPES 0l §3 A7) 52 7|9k v 3% L 7HRe] A8 o5 4% A

SAE A= tiste] #Z(OBS)¥ ¥ ]
WRF_UC, WRF_C #¢] F7HEXE JeRd Zlo|th.
aye] AHRE AH= S48 7 (Extreme Dry),
A$t 7 (Severe Dry), 2% 7H&(Moderate Dry)E 1
Rt AR SAE 7HES A EE 21d7 SAF
A, 5 A, FEi A9 28 BEFF A
ZAARIANA 7 Qs B SR oH, AH A
oM & oF 10~203] 71 LAY st WRF_UC
AR A Be5 Ao Aol Hd 53] ¢
N SHA Bolelhe 54S Bolom, ' AH dF
M= HAFEG THES EEA Boste 54 v
Ebtth WRF_CO] A9 o]dd 54| /fid=o] m=
AAoA +1~23] Fx2o] He7F Yelsth A% 7H=
o Ag FAE 7Heol Hls) o HWe FZPHflelA
7herol WAt 53] HEF AQelA 7 WM
Fgom, 503] o] WA= A Ho] FHG 7hzol H]
3l F7FekATh. ol-H A% 7hao] RIMEA et
= A9 A5 A9 AR Yepded, 23
Aol M= fx3] e FAREE BTk WRF_UC
= AHE AE AL v= Aol el +1-23]
olie] AN HolE B o, B3] ME 3}
T A, SAT AHelA A vebsth v
WRF_C®] 75 A A3 FH5 A ox ezt
WRF_UCe| Hlal 7hash, L7 FA5 A oA vt

[ e

17

WRF_UC - OBS WRF_C - OBS
2 50°N 50°N - 50°N
0O 45°N 4 45°N - 7 45°N 4
Q  40°N A 40°N - b 40°N -
E N - 35N i 35N
= 30°N A 30°N - 30°N -
R R — ‘ — 2, 25N L : - 25N L : — 32
: 120°W 105°W 90°w”]m7n?]°w- % j1os°{w 90°W  75°W 120°W 105°P/v 90°W  75°W
T T [T 1
5 10 15 20 25 30 35 40 45 50 55 60 5 -4-3-2-10 12 383 45 5 -4-3-2-10 123 435
> 50N 50°N 50°N
O 45°N 45°N - M (N 45°N -
© 4N 40°N - TN Y 40°N 1
o 35°N 35°N - [ e 35°N -
3 30N 30°N - "hi‘l‘“:‘ql% 30°N 1
w 25°N ; : . . 25°N - . . . . 25°N - . . —
[m120°w 105°W QOOVYIIHIIE]OW- 120°W 1?5°[w 90°W  75°W 120°W  105°W go°%
JUITI T 1 1
5 10 15 20 25 30 35 40 45 50 55 60 543210123475 543210123475
g son 50°N 50°N
45°N 45°N 45°N
% 40°N 40°N 40°N 1
5 BN 35°N 35°N -
S 30°N 30°N 30°N -
§ 25°N ; £ - 25°N 25°N -
120°W _105°W  90°W  75°W

I
5 10 15 20 25 30 35 40 45 50 55 60

120°W  105°W  90°W  75°W
|
5-4-3-2-10123 4375

120°W  105°W  90°W  75°W
5432101223435

Fig. 10. Spatial distributions of observed short-term drought (SPI3) frequency (OBS; left column) and its difference with
predicted short-term drought frequency during the growing season (Mar-Oct). The middle (right) column shows the difference
between WRF_UC (WRF_C) and OBS, and extreme dry, severe dry and moderate dry from top to bottom.
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Fig. 11. The difference of ROC Analysis results (HR and FAR) of the short-term drought (SPI3) between WRF_C and
WRF_UC for (a) extreme dry, (b) severe dry, and (c) moderate dry.

Table 8. HR and FAR of the short-term drought (SPI3) during the growing season (Mar-Oct) for the United States and their

sub-regions.
Extreme Dry Severe Dry Moderate Dry

HR FAR HR FAR HR FAR

West 0.852 0.023 0.815 0.019 0.871 0.020

High Plains 0.870 0.012 0.814 0.013 0.884 0.015

South 0.740 0.013 0.745 0.022 0.853 0.031

WRF_UC Midwest 0.867 0.019 0.872 0.020 0.896 0.020
Southeast 0.825 0.015 0.841 0.019 0.896 0.024

Northeast 0.888 0.029 0.886 0.025 0.906 0.019

U.s. 0.837 0.020 0.822 0.020 0.879 0.022

West 0.832 0.012 0.842 0.018 0.877 0.020

High Plains 0.861 0.010 0.824 0.012 0.870 0.014

South 0.813 0.014 0.827 0.019 0.877 0.023

WRF_C Midwest 0.859 0.017 0.853 0.020 0.883 0.020
Southeast 0.806 0.015 0.809 0.019 0.869 0.024

Northeast 0.870 0.018 0.902 0.023 0.908 0.021

u.s. 0.838 0.014 0.843 0.019 0.879 0.021
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Fig. 12. Same as Fig. 10, but for long-term drought (SP112).
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Fig. 13. Same as Fig. 11, but for SPI12.
Table 9. Same as Table 8, but for the long-term drought (SPI12).
Extreme Dry Severe Dry Moderate Dry
HR FAR HR FAR HR FAR
West 0.847 0.026 0.857 0.026 0.925 0.032
High Plains 0.843 0.019 0918 0.015 0.952 0.017
South 0.890 0.012 0.873 0.016 0.905 0.029
WRF_UC Midwest 0.891 0.035 0913 0.030 0.925 0.023
Southeast 0.896 0.015 0.907 0.022 0.923 0.034
Northeast 0.904 0.036 0.916 0.035 0.925 0.021
U.S. 0.889 0.027 0.895 0.026 0.921 0.028
West 0.850 0.019 0.872 0.022 0.922 0.026
High Plains 0.921 0.010 0.922 0.010 0.927 0.014
South 0.920 0.012 0.900 0.016 0.919 0.027
WRF _C Midwest 0.841 0.020 0.908 0.027 0.925 0.023
Southeast 0.868 0.014 0.893 0.021 0914 0.027
Northeast 0.876 0.019 0.936 0.027 0.946 0.022
U.S. 0.871 0.017 0.904 0.023 0.924 0.025
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< tF CGCME ©]§-3} ‘
AT B AFexs &l 2P PNU CGCMe]
@Y FFES AHESt] WRF B EQME ©]&3 #
BAS FYPAN, FF PNU CGCME] o &
ES Z8st 3Y3 24ES F4Y Aotk
FEE AE Q=2 91 NMME Phase 2
ZFe3kal 9li= NCEP®] CFS version 29] ThF &
JES &85l WetE 71Esth(https://www.nede.
noaa.gov/data-access/model-data/model-datasets/climate-
forecast-system-version2-cfsv2#CFSv2%200perational
%20Forecasts).
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