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ABSTRACT

The long-term (1986~2020) predictability of the number of days of heat and cold damages
for each growth stage of soybean is evaluated using the daily maximum and minimum
temperature (Tmax and Tmin) data produced by Pusan National University Coupled General
Circulation Model (PNU CGCM)-Weather Research and Forecasting (WRF). The Predictability
evaluation methods for the number of days of damages are Normalized Standard Deviations
(NSD), Root Mean Square Error (RMSE), Hit Rate (HR), and Heidke Skill Score (HSS).
First, we verified the simulation performance of the Tmax and Tmin, which are the variables
that define the heat and cold damages of soybean. As a result, although there are some
differences depending on the month starting with initial conditions from January (01RUN) to
May (0SRUN), the result after a systematic bias correction by the Variance Scaling method
is similar to the observation compared to the bias-uncorrected one. The simulation
performance for correction Tmax and Tmin from March to October is overall high in the
results (ENS) averaged by applying the Simple Composite Method (SCM) from 01RUN to
05RUN. In addition, the model well simulates the regional patterns and characteristics of the
number of days of heat and cold damages by according to the growth stages of soybean,
compared with observations. In ENS, HR and HSS for heat damage (cold damage) of
soybean have ranged from 0.45~0.75, 0.02~0.10 (0.49~0.76, -0.04~0.11) during each
growth stage. In conclusion, 01RUN~05RUN and ENS of PNU CGCM-WRF Chain have the
reasonable performance to predict heat and cold damages for each growth stage of soybean
in South Korea.
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A A Q171 FHUNFPA)e]| of2w 201219 A
A A7 70913E dolAon], 205090 90211,
21000 1009}9e 238 Zolebar Argsiar Qick
A A AR 7|9} 9 Q457 Fo= <l
o Al A B Fgo] BT Ao, Al
o= 1ol il UriMyeong, 2018). A|lA| A=Y
AFES A9 Sk WHESPHA = FAAR] w4 2t
SH7le o) wE Aol S7sks FAIQ1 BhE,
Al aH|FE AEA 0w F7IkL Jled, oz <l
sto] A AIA FAAE Q= 89 7HTE (20129
712)0] Zatti(Lee, 2009; Sin, 2013). £3], tjgtvl=z
2 20094 7|# AEPAFELS 51.4%, AlE82 ESH
Bl= TEAFE-S 26.7% = Organization for Economic
Cooperation and Development (OECD) =7}& % 3}
9ol BN 5 AA 5919 3 SglatolchPark,
2008; Kim, 2011).

sakgo] Al s x|ode] Fd 7)) ukol
ZPE7] whizol, 1 X]49] 7]%of Hlofuh= 7ol
2 F2AHEO| W& & &l Shim et al, 2003; Seo
et al., 2006; Lee et al., 2008; Kim and Kim 2013;
Lee et al., 2013; Kang et al., 2014; Park et al., 2014;
Shim et al., 2014; Lee et al., 2019; Jang et al., 2021).
E3E 3 A9 Y AHAE EY 9 7159 22
Foi7l gzl ofsf 2 7|7tofl AA BtAl F
Bi7F FaliAlH, olE Eti= 55, ZFAIA 2 AHl7
%9 A7} o]FoJ Rt Yun, 1999; Shim et al.,
2018; Hur er al., 2020). Z A|7-2d3]9} tEo], A
o] 7159] A1 Wz R E Hlojus o744
HIAHI e 5t 22718 Aolgkal EriMin ef al., 2006,
NIMS, 2012; Lee et al., 2012; Kim ef al., 2021). A
2 2 2Uske Qlsl) Figkde] iAo nish Heba|al
U= FAIQ] HHH, o] A2 o] A= Akl ¢l
=, 7HeHE o] I k= olse] A& Aol ol
Al =W 74 = 92 59 szt A 4 qdvk
(Kim and Kim, 2018). 2018 4¥of= HAtE= U
7% FRAGE AR AR A2 4ol
LFERLE Hl|, ARl 5 9] 22o] o] S A2 T8t
2R3 CHShim et al., 2018). HaRwo] A2 49
7~8Yo]] HAYRE o] A0 & Igt w2AHE sl WA
©] 2,916 halal, o] & 2HE0] T8/} 2,260 haoll
ol2th. KMA (2021)o] w2 20214 4% 14~15

A 219U F I AR FALE FA7]20] st
Hoz gojx Abfe} uje] Ew= 1AL 5o T
(27,716 ha) % AF)2ME ]3])(2,713 ha)7} A5
SHFAAE O t2H 2 odA2o R, 2018~
2020 37F 717} 50,466 ha, 14,589 ha, 43,554 ha&
& 108,6009] haoflA] 52+ 1]sf7} IAs3icy. RDA
(20160l W= 2001 A5E] 2013W7H2] 137F A3l
Aol 2= waf HAS HYAste] B4 A, =
5 &% solCdsh 2o, £k A, o, AR &
A= Tjsf "ol Zirh FA7VIAE QT A=
Faf] WA il AZF Bat 95,644 haolal, s ¢
R egol| o5t w2E Tal Wao] 7 Zi=d]
(217F H 65,248 ha), HA| 1] W2 2] 68% H:
AAEILE 7|5 ol AHAoR ke ulH
gk opel BoF W AER Solle IHR s ks
0] 271 % StcK(Lee, 2012).
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2013; Lee, 2012; Lee et al., 2013; Son et al., 2015;
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Circulation Model-Weather Research and Forecasting
model chain (©]3} PNU CGCM-WRF Chain)& ©]-&
sto] Al&stal A|Sd5S F7Isk3itk PNU CGCM-
WREF Chain& A7t ofA| A S(subsystems) 2] A} A}
&= eshe e ZP(PNU CGCM)= °|&-
sto] AARE ASARS A7 FRFH(WRF) 2] 27]
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w2 B30k Sl tiE ARe R o] FolA] ek
Rl R AR g e S I 1 L ] sl I
9 A7) TR Y-S ARETO RN of|SAo] HubA o
2 71 BRAtHAhn et al., 2016; Park et al.,
2016; Lee et al., 2017; Park et al., 2020).
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2.1. PNU CGCM-WRF Chain

B o] AgE AAT AadieEed PNU
CGCM-2 APEC Climate Center (APCC)9] A7|d9|=
2 R R AR Al2El] ol 1Y F Sh
O]t (Sun and Ahn, 2011, 2015; Ahn and Lee, 2015;
Ahn et al., 2018a, b). PNU CGCM <] tjj7], 3l A=
2 &R AR 23S Z}ZF National Center for
Atmospheric Research (NCAR) Community Climate
Model version 3 (CCM3; Kiehl et al., 1996),
Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model version 3 (MOM3; Pacanowski
and Griffies, 1998), Land Surface Model (LSM;
Bonan, 1998), Los Alamos National Laboratory
(LANL) Elastic-Viscous-Plastic (EVP) Sea-Ice Model
(Hunke and Dukowicz, 1997; Ahn and Lee, 2001)2
TAE i Table 1). 7] AR %7]%-2 National
Centers for Environmental Prediction/Department of
Energy Reanalysis 2 (NCEP/DOE), a}|%F A& =7]%
2 Global Ocean Data Assimilation System (GODAS)
oM Algshz ARE ol8sIith AW HAE 271
Atmospheric Model Intercomparison Project (AMIP)-
type 22 ol g3 7T SHoF AR 2L
HEH(Variational Analysis using a Filter, VAF)& Al
gsfo] shef 5403l thete] AR EEE 285t
o, 7], A 2l sk At 271l AR S
Ahn and Lee(2015)2} Ahn et al.(2018a; b)o]] A%
of gic.

Table 1. Description of PNU-CGCM

PNU CGCM@lA] Akt sl&A25 ol gslo] 2]e)
71% 23] WRF version 3.5 (Weather Research and
Forecasting model; Skamarock et al., 2008)5 &3
ofehA o2 i S5t Akt A== Skme) o
et Hes SHOR slo] T4 9 HR HFe
2 77F 1507), 2457]0] AR}z LAYEKFig 1). s
FrzollA ARSE =] Wk A, A& duiet A
AL sl A sl A AAS 9 viAlEe

Topography height (m)

42°N 1500
1400
1300
1200
40°N
1100
. 1000
. 900
38°N = 800
700
500
500
36°N 100
300
200
. 100
[ |
34°N . o

124°E 126°E 128°E 130°E

Fig. 1. The locations of ASOS in South Korea and
topography heights (in meters) of the WRF
domain.

Component model Resolution Reference
Horizontal Spectral truncation T42 Community Climate Model
Atmosphere - — .

Vertical |18 hybrid sigma-pressure levels (top : 2.917mb) | [CCM3, Kiehl er al., 1996]
Horizontal 2.8125° longitude, ~0.7° (low lat.), Modular Ocean Model

Ocean ~1.4° (mid lat) and ~2.8° (high lat) latitude [MOM3, Pacanowski and
Vertical 40 levels (top : 10m, bottom : 5258m) Griffies, 1998]

Land Horizontal Spectral truncation T42 Land Surface Model

an

Vertical 6 levels [LSM, Bonan, 1998]
Horizontal 2.8125° longitude, ~0.7° (low lat.), o .

Sea-ice ~1.4° (mid lat) and ~2.8° (high lat) latitude | F1astic-Viscous-Plastic Model

- [EVP, Ahn et al., 2001]

Vertical 3 levels
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Table 2. WRF configuration used in this study

221

Contents Description
Horizontal dimensions 150 x 245
Horizontal resolution 5 x5 km
Vertical layer (top) 30 eta levels (50 hPa)
Lateral boundary condition PNU-CGCM
Relaxation zone 4
Integration time step 40s

Shortwave radiation
Longwave radiation
Land surface

Surface layer

Planetary boundary layer
Cumulus

Microphysics

Dudhia Scheme [Dudhia, 1989]

RRTM Scheme [Mlawer et al., 1997]

Noah Land-Surface Model [Chen and Dudhia, 2001]
MMS5 Monin-Obukhov Scheme [Paulson, 1979; etc.]
Yonsei University [Hong er al., 2006]

Kain-Fritsch [Kain, 2004]

WSM3 [Hong et al., 2004]

T}Aol| Z}2z Noah Land-Surface Model (Chen and
Dudhia, 2001), MMS5 Monin-Obukhov
(Paulson, 1970), Dudhia scheme (Dudhia, 1989),
Rapid Radiative Transfer Model (RRTM) scheme
(Mlawer et al., 1997), Kain-Fritsch scheme (Kain,
2004), Yonsei University (YSU) scheme (Hong et al.,
2006), WRF Single-Moment 3-class (WSM3) scheme
(Hong et al., 2004)0|t(Table 2).

PNU CGCM 2.2 ZAX|+ Fo] dial] vid =]}
3lo] 87HH <] lead (lead0 ~lead7) = ZE-5ko] 1986~

scheme

o [N
o
)

o8 fH =45 lead2 ~lead72] HindcastA}&=(6
LS WA Ahn ef al., 2018b; Kim et al.,
2019; Kim et al., 2021). & o= Bt
Sh= T ASAIZ17F 7~10d0f| sjgete® o5 &
33l= 0IRUN~05RUNQ] A7E ARSI tHFig.
2). @ 2yo] ES Eol7] flstel o A=
AI71E 3E$SH= RUNSQ Axtof simple composite
method (SCM)E &-§3to] Hst ENSE 24819t

2 60+ THA 0= AE o] et A|Hof tish o

U

20209} A|7HE Hindcast A=E AT A& & 22. 39| n2sl ¥ XM2sh 7|E
o, 3~54d Zr|ForRY FUsle HEE 4% 2o 19 TR AuRE 52 Qs ZEE YLT|To]
03RUN, 04RUN, 05RUNS & st WRFS] 74| 71 ge Aw} 71 AL ZhzF 759, 20042 thokslR]|
WRF
8-month lead hindcast downscaling
JAN FEB MAR APR MAY JUN JUL AUG SEP oCcT NOV DEC
01RUN | Lead0 Lead1 Lead2 Lead3 Lead4 Lead5 Lead6 Lead7
02RUN LeadO Lead1 Lead2 Lead3 Lead4 Lead5 Lead6 Lead7
03RUN Lead0 Lead1 Lead2 Lead3 Lead4 Lead5 Lead6 Lead7
04RUN Lead0 Lead1 Lead2 Lead3 Lead4 Lead5 Lead6 Lead7
05RUN Lead0 Lead1 Lead2 Lead3 Lead4 Lead5 Lead6 Lead7
06RUN | Lead? Lead0 Lead1 Lead2 Lead3 Lead4 Lead5 Lead6
07RUN | Lead6 Lead7 LeadO Lead1 Lead2 Lead3 Lead4 Lead5
08RUN | Lead5 Lead6 Lead7 LeadO Lead1 Lead?2 Lead3 Lead4
09RUN | Lead4  Lead5 Lead6 Lead? Lead0 Lead1 Lead2 Lead3
10RUN | Lead3 Lead4 Lead5 Lead6 Lead7 Lead0 Lead1 Lead?2
11RUN | Lead2 Lead3 Lead4 Lead5 Lead6 Lead7 Lead0 Lead1
12RUN | Lead1 Lead?2 Lead3 Lead4 Lead5 Lead6 Lead7 Lead0

Fig. 2. Lead-times in 8-month lead hindcast experiment. Left column indicates initialized month and top line
indicates predicted month. Lead2~7 (dark apricot shaded) are dynamically downscaled by WREF.
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g AR 2 S-eubetol A AulE= T FE52 90~
160 H ol &tti(Park, 2015). HhRt F50] T2
717} ok A 717k 7HRIARE GsAl 7ol whet
sl 9 A2se] WY Qo] w2 AIVIE LSt
o] Sjo}ab|749 19~209), 7Ha7](79 200 ~89
102)), 447189 2021~02] 302 <t WAIsH 1L
odlot Aeslol thatel AskAl SHITKRDA,
2018a). Fo| AA7]E 1o W AL 7| wat
e ojs chrshe, dubon FEE: 71
2 A-83cHGibson and Mullen, 1996; RDA,
2018b). o] 7Nb|eF w7 BE A FHarle
(Tmax)o] 35°C o]l ] meafela o] yjzic)
(Table 3). aL2sfjof] e Hsfoll= A1, T4 =2
7] a9 e ol Stk T slelita]=
4 F#7](Tmin)°| 16°C v|Tt, 7i317]+= Tmino] 17
°C m|Rk /d<:7]+= Tmino] 8°C m|9td wf A 2sfe}ar
4] W=ltkTable 3). #23sfjo] w2 o= Fas}
£ e, e H s A4, A 9 Ee g

Fol lck

ofzigol whett Hatk & Ao By el
2FF &o17] $I5te] Tmaxet Tmin®] 4t % 24
2 HEAFF+= Variance Scaling 7152 AR5}
(Teutschbein and Seibert, 2012). 27 7] o] AR&-=]
Tmax 9 Tmin ¥ AR 7V3A S VHSA=
(Automated Synoptic Observation System, ASOS)2]
7270 A& ARESFItHFig. 1). Variance Scaling 7]
o] A2 Eq. 1518 Eq. 47pA]0]H, 2} £A19] Sjul=
Table 4°f YelC)

Troaet (@) = Trmoaer(d) + tm(Tobs (@) = tm(Timoder (d)) (Eq. 1)

Trodet(d) = Troger(d) = (T;’llodel(d)) (Eq. 2)
*3 2 i Um(Tobs(d))

Tmudel(d) - Tmodel (d) [Um(T;L%)del(d)) (Eq 3)

Troaet (@) = Trivger(d) + pim (T;l%del(d)) (Eq. 4)

Table 3. Threshold of cold and heat damages in soybean by growth stage

Growth Stage

Cold damage Heat damage

Floral Differentitation Stage (From 1 July to 20 July) 16°C -
Flowering Stage (From 20 July to 10 August) 17°C 35°C
Maturation Preiod Stage (From 20 August to 30 September) 8°C 35°C
Table 4. Definition of symbols and sub-/superscripts used in text
Symbols

n Mean (location parameter of Gaussian distribution
c Standard deviation (scale parameter of Gaussian distribution)
(d) Daily

Sub-/superscripts

*
K], kD %3
m
obs

model

Final bias-corrected
Bias-corrected in an intermediate step
Within monthly interval
Observed
Model simulated
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Table 5. The computational formula of HR (Hit Rate), HSS (Heidke Skill Score)

Verification method

Define

Above Normal Normal Below Normal
variable Ano = +val -val < Ano < +val Ano < -val
FCST
+ -
OBS 0 Total
+ A B C D
) E F G H
HR (Hit Rate) i I 3 K L
and
HSS (Heidke Skill Score) Total M N o P
A+F+K
Hit Rate = P (Perfect: 1)
(A+F+K)—C1
Heidke Skill Score = P—C1 (Perfect: 1)

Cl = (MxD)+(NXxH)+(0xL))+(PxP)

(Hit Rate, HR), Heidke 7]< #<43(Heidke Skill Score,
HSS)Z o] &3}%ItKTable 5). HR¥} HSSo|| gt A
3 AW Kim er al(2019)9} Kim er al.(2021)0] Lt
EfutQleh HRYF HSS= aL-28f 2 A28 Uy d<=9]
Hx} AAIL 9] +0.430 (Standard deviation)S 7]F2
2 3}o] 3E8-2)(Above normal, Normal, Below normal)
2 UHro] B3 v)w B7keteltWilks, 1995). HR
2033 o HSS:= 0 olfold of /o] Qletal it
skelck dlSde w7k flste] 714 S i
SAR(ASOS) 9] 72709) #E A 7P} 7R =

Bl A% e &
. # 1}

3.1. Tmax 2! Tmino| 2| M=

Kim et al.(2021)0]4] AR&-3 WS XFarsto]
¢Atoll A ARE-Sl= Tmax 9! Tmin®] KLOJ/d 5] tf
o] A HSITE Fig. 32 34RH 109717 2+ ¢
Tmax2} Tmin2] NSD2} RMSES] 22Uz} F 9]
TGS Ve Tdolck, wzkal, maha), webd), 22
A eghsl, 7o) 93 A7FEE 217 OIRUN~
0SRUN % ENS9] ®¥A # Tmax % Tmin(Tmax
ORG ¥ Tmin ORG)¥} Variance Scaling® & X2t
Tmax ¥ Tmin(Tmax_VS % Tmin_VS)o|t} Kim et
al(2021) ZATke} up7iz]2 01IRUN~0SRUN o
ENS RLfRof|x] B3} gho] gko]l v|s NSD7} 1.0

ofh mE O rlx

f

7Vl RMSEZ} 2H] el = A S 7 Hol Variance
Scaling®] HQAS & 4= 9tk A% AvlTmax VS
9 Tmin_VS)9| Ho)/d5-2 Hu(Fig. 3), A 349
Tmaxi= 0IRUN®] 53} 441 Lehdeh. 4~10
40| Tmax= ZF €2 E3F5H= RUN % ENSojjA] &
ool B3 $ASI Ueni, S, 49
02RUN, 59& ENS, 6~7¥2 04RUN, 8¥&
04RUN, 9~1094- 03RUNO| TZ3} SAISHA| LJE}d
W} The0® Tmin®] 29 4~10918] Tming 7+ 9
2 sgsk= RUN 2 ENSoJA] megso] gt &
ASHA LrehdTh 53], 493k 792 02RUN, 54, 94
2 1092 03RUN, 691} 892 04RUN, 797} 9212
ENSo| #5371 frAkstAl vehdth 2AgE dat
o] &Y polA=9 Wi Tmax2] 7% 5~6%, Tmin
O] A5 7do] th of H]8f| HodFo] =Tk PNU
CGCM-WRF Chain& AFg8t] 3~1099] Tmax 9
Tmino] o3k NSD9} RMSE =A% Aups
Variance Scaling® & H A3t 7lo] gkof vj3l #=
I AR Uebgen, 2% 7 48 o] Tmax 3
Tmin9] HoJALL Hulxog HE RUN % ENS,
53], ENSojA] o450l A vebgth & Akl
A Bl ASA Ted) 8 A Ls) WSS
Variance Scaling2 53l 2% 01RUN~05RUN %
ENS 9| Tmax ¥ Tmin& ARE-Slo] EAI8}1aL, 5
AE %= 01IRUN~05RUN ¥ ENSE BAw Ans
o]ulghe}.
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a) Temp (MAR (b) Temp (APH c) Temp (MAY d) Temp (JUN) e) Temp (JUL) f) Temp (AUG) @) Temp (SEP) h) Temp (OCT
(=] [=] Q' [=] o [=] [=] [=]
Blen |B]® g [B]e® [Bfed [EByeg” [T o [BE [P €
AvsE  RMSE mwse CAwse vse  mwse  awse AvsE
i) Tmin (MAR) Tmin (APR] k) Tmin (MAY) mn (JUN) m) Tmin (JUL) n) Tmin (AUG! 0) Tmin (SEP! p) Trin OCT]
a Q- a =1 o n a a a
A CE I I R B L TR - 1B
a N " [m] By (]
Wwse  mwse  awse hwse e s Cese T s
ORG O 01RUN 02RUN O 03RUN O 04RUN O 05RUN O ENS
VS O O01RUN 02RUN ©O O03RUN ©O O04RUN O O05RUN O ENS

Fig. 3. Mean Normalized Standard Deviations (NSD) and Root Mean Square Error (RMSE) for daily maximum
temperature (Tmax) in (a) March, (b) April, (c) May, (d) June, (e) July, (f) August, (g) September,
(h) October and for daily minimum temperature (Tmin) in (i) March, (j) April, (k) May, (1) June, (m)
July, (n) August, (o) September, (p) October. Circles (Triangle) of red, purple, blue, green, yellow and
black are Tmax ORG and Tmin_ORG (Tmax VS and Tmin_VS) of 01RUN, 02RUN, 03RUN, 04RUN,
O5RUN, and ENS. Tmax_ VS (Tmin_VS) is the value obtained by correcting Tmax ORG (Tmin_ORG)

through the Variance Scaling method.
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=

Fig. 4= F2| ASAPZIE(N] 9 4%7]) 23]
hagelgzo] ok WEOBS) % HFHOIRUN~
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719] =, 0IRUN~05RUN ! ENS Zi}5 2, &
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~33¢ g wo| ghsl= Ao &2 UERdTh R o)A
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o3t Sejutet giFE B3, WEE Ao BEw
A2t 39 *(va*]ﬂ ALl A dape] Higk
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_;
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"lét

(0OIRUN~O05RUN = ENS)©| A5 v 37HE
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A3s 2y, Sevet 99 Fdgtol A= 0.8Y
2.7, 3.0%, 3.9, 3.8¢, 3.5¢ W 3.6YUE =0 v
aff oF 1.9~3.1¢ ¢ Ho] t'“”%}h Ao g vepdrh
wSoA= vt it A oollA A2s7} Ay
she, 53], &2k e 9 ks x[efA A= 3.0
%, 7.0%, 10.0¢ oo g thE Ao vlsf @o]
ARt} v IR = oA e A5z} vIHsHA o
AH‘(%]-J:_ x]oﬂg ii]. EHHH hui] I:HIL]—E':] ;q T% iULo}_

749l A8 T2} Axsk) s =, 01RUN
~05RUN 2 ENS 7%4~ K, TaMa} ojol
o] 2R 0.5Y, 2.1, 1.9Y, 2.4, 2.0%, 16E il
0.8YU= HZo HlﬁH °F 0.3~1.9Y ¢ Ho| WAst
Ao LPEME} Bl okl et YA
= 2| ool A A28l7) Wagske, 53],

=

2 o

et e
CFE Aol uls) B3k e W e Aol AL
3 ERQlZr] ok 2.0~8.0UR T Tho] ¥RAISIC) ufik

AR B E ALt wselA waske A
o vz, e 9 ¥k AHe msH 4 A=
H57h AAT. 44719 B, 02RUN~0SRUN 1
ENS 272 mw, Seluet o waglo] A= 03
A 129, 139, 129, 1,19 9 1.0¢4=2 2F 02~0.5¥
o ol WAYSHAIL 11 Xjol7} slotiial] 9 Ak
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