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ABSTRACT

The process of synthesis and determination which are analyzing climate
and making agro-climatic index of agricultural areas makes it possible to
easily understand the characteristics of agricultural climate resources in the
agricultural region. Agro-climatic index is to assess the climate resources of
particular agricultural areas on ‘the view of agricultural production’; it can be
a key indicator of agricultural productivity by providing the basic information
required for the implementation of different and various farming techniques
and probabilities to estimate the growth and yield of crops from the climate
resources such as air temperature, solar radiation, and precipitation.
However, the distribution of agricultural climate resources vary depending on
the climate change and the index can always be changed because it is not
an absolute. RCP(representative concentration pathways) future scenarios
of the Fifth Assessment Report of IPCC(intergovernmental panel on climate
change) have been used in many recent studies. By developing and
improving dynamic downscaling of climate information as well as statistical
downscaling, many studies which are considering on the uncertainty of future
climate change have been being actively conducted with multiple ensemble
approach.

In this study, agro-climatic index of Korean Peninsula, for example, plant
and crop period based on each base temperature, growing degree day, frost
free day, and heating and cooling degree day were calculated for assessment
its temporal and spatial variations and uncertainties on climate change; the
downscaled historical climate(1976-2005) and RCP future climate scenarios
of AR5(2011-2040) were applied to the calculation of the index. In addition, we
considered on the practicability of the agro-climatic indices in the study with
agricultural digital climate map of RDA(rural development administration).
It was compared with that between the agro-climatic index calculated by
the historical climate and the agro-climatic index calculated by the observed
data. The result showed each average of six agro-climatic indices of nine
individual global climate models, as well as multiple ensembles agreed with
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agro-climatic indices calculated by the observed data, and it was confirmed
that multiple ensembles, as well as each individual global climate model can
emulate well on past climate in the four Rivers(Han, Nakdong, Geum, and
Yeoungsan and Seumjin). The six agro-climatic indices of Korean Peninsula
were estimated to be increased at nine individual global climate models
and multiple ensembles in future scenarios. However, the improvement of
spatial downscaling methods still needs since the agro-climatic indices of
some individual global climate models showed different variations with the
observed indices in the change of spatial distribution in four Rivers.

Additionally, the differences and uncertainties of between agro-climatic
indices calculated by the observed and global climate models haven’t been
reduced on unlimited coupling of multiple ensembles. Further research is still
required, however, the differences were started improving at the combining
of three or four individual global climate models, and the differences didn’t
improve anymore at the coupling of mostly seven or eight individual global
climate models in the study. Agro-climatic indices derived and evaluated in
the study will be the baseline for the assessment of agro-climatic abnormal
indices and agro-productivity indices of the next research work. For example,
if we can assume that the winter temperature will be decreased in the
regions since the heating degree day has been estimated to be increased
in Nakdong River, and YeoungSan and SeumdJin River in the future climate,
the assessment of the heating degree day of the regions will be able to
take advantage of assessment of the increasing of the uncertainty of agro-
productivity of winter crop or the increasing of the uncertainty of agricultural
system(e.g., double cropping system) by analyzing agro-climatic abnormal
index(e.g., frequency of frost).
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Lol s o2 st S48k =g abds e e 5 Q= 41971559 (Regional
Climate Models, RCMs)& ©]-8-%F 8t} 51 254 (dynamic downscaling)©] ©]-8-% 1
SITHIPCC, 2007; Im et al.,, 2008a; Im et al., 2008b). thi-2] 7|3} Alue] o= 2
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ﬂ] 7153} Auke] 2 (IPCC Fourth Assessment Report, AR4) Z 0]-2-8}o] SHFE 35977)
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2. AR 5 by

‘GAIEHE APE 7S ASARRET ohE B R YES o188l s97IRATE

=
I, EQ7N AT e (probabﬂity density function, PDF) 4 %A &
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downscaling improvement)
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Data e
e Practical
* Climate Results U;?:Zrl'::aa'\rlm?;
* Seasonal » Agro-climatic il
* Extreme d indices % Viinerbiy
use = Crop production | information Improvement
Model * Flowering date Sustainability
= Crop * Maturity Diversity
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M M

Decisions/Actions (eg, (I)imdroving downscaling methods
additionally (2) improving and developing crop & phenology model )

Figure 1. The idea flow chart of the study.
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2.1 A3 7|55 5

Aol A1 9 (2013)0] o] 88 AAE J)FASHEE o gatairt
31
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A3 A3 32 B S 318 Ak Fof CMIPS AF& A

2013) & #asha Ho) 2 A B Ao A= He B A ul AbA S]] ofst @ oS 9dFs)
o:h;]_

A .

2.1.1 CMIP5 A5

[PCC A|52F 7} ¥ 314 (Fifth Assessment Report, ARS) ol|4 AFE-3E 221714 t %5
57 2 (Representative Concentration Pathways, RCP) o t}& AlA| U] @ A5+ CMIPS
(the phase five of the Coupled Model Intercomparison Project) & Zal|A] #l| 3-H ) ‘B3
A& 3123 AR o CMIPS AFEit-A] Haradof] o s, A shol] AR A 5-7]5
5.9 (Global Climate Models, GCMs) ] Ueh9] AF51= #1172, HA7]&, BdE5, s
5, YA T 570 71V E B 2 gekal ol 87 GCMse] ¢ Ap=gl 713 o] =
A AT Aol A Alw-ear 1 12.5km A9 R E 9 (Regional Climate Models, RCMs) 2
e AREBIITH(Table 1. 12.5km AA} Vg2 E 71l o] 752342 2= = 71787 &
S2] AE 2] AR tf7]—alleF At dlel HadGEM2—AO (coupled Atmosphere—Ocean
model of Hadley Centre Global Environmental Model version 2) ol 7] %3 HadGEM3—RA
(Atmospheric Regional climate model of HadGEM3) ol &]&l A4kl AF5 o]tk (Lee et al,
2011; Lee et al,, 2012). 531 7]3@ 3} Alvhe] @ 214 9] B3-S H71el7] 98l HH A

o= AbgatL gl e A2 o §319in.

N

2.1.2 He]5A 5l AHA|s)

S S ARl ok CMIPS A4 B (A4 ), 2013)] 2Js)
W, CMIP5E] Ak5.2] Ao W AAsh= WA, 71747 T2 #5428 (Automated
Synoptic Observing System, ASOS) 2] #5A|H 767l Fol|A 30 A=7}F E415H= 5971
HA5AR ) A5E ARSI A= 717H- #1711 (historic periods) O 2+ 19761 4-E

2005 37H4] 306 & ARE-51S a7, v 2 7)1 7 (future periods) 0.2 = 2011~20403 o] T}, thet,



717874 2] KMA—12.5km 2H2.8] --olli=, #47]717E 0.2 1979-2005 7]3ke] AR5 Sl
T3 AS5AH ] EAS AT fleiA a3 g AEE 3 HER A S FAlol & 9l
= A (Quantile Mapping) & AFEEFATHEAZ 2], 2013; Gudmundsson, 2012).
EAA o] 749 24 B2 AP (parametric) 2! B] ®4=4] (non—parametric) F9JA}
4 T AdElsto] ARE-E = Uk ARA S Al S W82 A 9] (2013) 8] B oL

218k 2kl o CMIPS AhstA) BaA & arshd #vh

Table 1. The individual Global Climate Models in the study (source: Cho et al., 2013)

Model Institute Country Resolution
KMA-12.5km Korea Meterological Administration Korea 12.5km x 12.5km
CanESM?2 Canadian Centre "/ff; ES}l}istiléate Modeling and Canada 128 x 64
GFDL-ESM2G Geophysical Fluid Dynamic Laboratory USA 144 x 90
GFDL-ESM2M Geophysical Fluid Dynamic Laboratory USA 144 x 90
HadGEM2-CC Met Office Hadle Centre UK 192 x 144
INM-CM4 Institute for Numerical Mathematics Russia 180 x 120
IPSL-CMS5A-LR nstitute Pierre Simon Laplace France 96 x 96

Atmosphere and Ocean Research Institute,
MIROC-ESM National Institute for Environmental Studies,

and Japan Agency for Marine-Earth Science Japan 128 x 64
and Technology
Atmosphere and Ocean Research Institute,
MIROC-ESM- National Institute for Environmental Studies, Japan 128 x 64
CHEM and Japan Agency for Marine-Earth Science P
and Technology
MME

2.2 °5R715215
2.2.1 FQ715x5= A o) o} T

4715414 (agro—climatic index) = 54 A 4ke] - A 71521 -& H 7 el7] 5k
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Table 2. The variety of agroclimatic index used in the study

Agroclimatic Index
Description

English expression | Korean expression

. o] FHotr| o] ALeHALEE Wl 3S |
Growing Degree Day AR =] Eched ;E /‘j_ g%ﬁj—% o =W gks C
i A Fet7) 2ol AGHALLEE W ghe
E{fectlve accumulated S E AT z /ﬁ_ 35, 4w oy ug L;l - %ﬁ oc

emperature (EAT) 2 FQF =Lk
Plant Period (PLP) 2 5717F Q] HH7])-& 5T o)Akl A= day
Crop Period (CPP) 22717k o] HH7])-& 10T o)Akl 2= day
Frost Free Days (FFD) FA717E A7 g A o= 717k day
Climatic Production | ) 5 g et 2R E el A4 :
Heating Degree Days Uipio] o] H3t7]-&0] 18°C o]5tE = o) oC
(HDD) T 259 18°Cele] Apol & 4%t gk
Cooling Degree Days o] o] F37])2-0] 24°C o|AtE = o] oc
(CDD) I S5k 20°Coke] Aol S A

2211 =Y W L gFHELE

A7 = (growing degree days; GDD)-> 4 2 A5 S 27 VR ghellA] A
4 A% (base temperature of crop) & M 72| 5o = 7|7
QFe] TS vehdth S HALEE 4 SRS
o} 2 AFAEL S-S 93t HA 722 10To| 2 AR} 22 78-E2] A9+ 5T
1], ok vl o] A EA-S ARFE off, vl Hitr]2elA 10CE W k= AAkskd dtt
o]of whal], & A Ak (effective accumulated temperature; EAT) <= ZHE-2 vl 7] 7F %2k
o

o] o TS SRS BRF FLABS oluldt, wlol] glo} 4-3het

Fgrowing season) &

;



AZA B eet FEAL 3500~4500C, 2] -, 3200~3600C, 7AW
1700~2300C, #*-&- 1000~1200C 2.2 <24 glek.

GDD = 3{[(Tmax + Tmin) /2] — Th} D
1714, Tmax: 9 #H117]&, Tmine 4 A 7|2, Thi= A5 A L5 on|si},
EAT = X {[(Tmax + Tmin) /2] — Th}), @ t @)

17141, Tmaciz & #107), Tmine: & 2471, Toi 45 HA L%, 1= F3a s
(FE-CHA7}A] o] k) = o)u| s}

A 1t 7]20] 5T o]/l Y5 vER= A& 717 plant period, PLP) & Al &2 %= &
x| g doletaris sH=d], ol & H17]2-0] 5T o)de] = BsztEo] S-S thAl Al
Z4akal, 7hE A= 5T ol etz 7o) a7k Hdo] AA Ag el Sol7H) ﬂ‘ji =
ob $F A 317} B = 713kel ) 53], Bre] A

]

Q
J E] A2 =], o] 9} 7|87 9] o] 21 S5 11 A 912 A7) Fo] A
2 o] $E o] A )3 WAl ek weo] Qv (Shim et al., 2008). 2713 (crop
period, CPP) 53 2h&-2 = @ dolekal sh=tl, d Hat7]20] 10T o]/}l 4= et
itk o Ht7]20] 10°C o)/de] HH A F2E- S-S Aldstar, wpe ot /3 5 %

45 9 A=A Qo] AE7I7HS F
Q3 #]3xo]r}. $A, Shim et al. (2008) 2 ¥ €] Z-¢- A2 Sl 4] 15T o]go] Hojopit

gA FEI KT B ohle F7] ARS AT 5LEA 57 1509 WA whlo]
o= e za—s—}o% 15 o]4Fo] Bt 97} 15 o]} Wol x|z ¥ke] A9k o] 7I7H 5

E o83 H o] A7 |3k A E A sl A = ARE-SRAL Q)

1o
Jo
kol
@ 2o
>«

thar sh r/‘r.
PLP = >day{[(Tmax + Tmin) /2] > 5T} 3)
CPP = Jlday{[(Tmax + Tmin) /2] > 10T} 4)

1714, Tmax 9 #117|2, Tmina & # A 7] 0]|t},
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Figure 2. The weather stations of each basin (hydro-unit) used in the study and
the resolution of each individual GCMs (source: Cho et al., 2013).
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Table 3. The number of weather station in major four basins (hydro-unit)

Basin ‘ number of weather station in Basin
Han 15
Nakdong 21
Geum 13
Seumjin-Youngsan 10
Total weather stations 59
2321 FEFEE
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Figure 3. The change of observed plant period (PLP). The difference of plant period between
1976-1987 and 1988-2005.
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Figure 4. The change of observed crop period (CPP). The difference of plant period between
1976-1987 and 1988-2005.
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Figure 5. The change of observed growing degree day (GDD) based on the temperature 5C.
The difference of plant period between 1976-1987 and 1988-2005.
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Figure 6. The change of observed frost free day. The difference of plant period between
1976-1987 and 1988-2005.
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Figure 7. The change of observed surface temperature under 0°C. The difference of plant
period between 1976-1987 and 1988-2005.
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Figure 8. The change of observed heating degree day. The difference of plant period between
1976-1987 and 1988-2005.
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a) Plant Period (T,.= 5°C) C) Crop Period (T~ 10°C)
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Figure 10. Plant period (5°C) and crop period (10°C) on each GCMs during 1976-2005. Black solid lines
represent observed PLP and CPP on the top PDF (probability density function) plots. Red dash
lines are the extended line of median of observed index on boxplots.

AE2E ALV A9, 870 A 7R e] Fe- 218, TP WISt w2 A
S5 FFAE7|7HE 2089 2 YERTE MME Baol X 7P Wivr) 58 A58 w 3

£713K2 2179, KMA—12.5km 7] 9-E 2ol A 7P W57} 58 22 S8A5713T
o] 2259 2 VP tH(Figure 10c). Figure 10dE 2, KMA—12.5km (223%) = A 2] &kaL
870 71 715299 MME B, 37 AELE 2845771 T39S 2174, 25941

& KMA—-125km (2159 = xﬂ%}ﬂ Bt 202¢, 755 AR > KMA—12.5km (233
D) E AlQlskar et 2249 = ERstTh 24 30 717tel] st AE 2= EHA &7k
st 97) A 715 de] B A 18%% ALtE o], AE2E F3A47]7H2 &
AR A vEb o, AE717H) vix7 A 2 SRR 0] B9 A 71
=dl 9 MMVE 3+9] 3792 22 710 & el



a) GDD (T,,,,= 5°C)
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Figure 11. Growing degree day (GDD) under 5°C each GCMs during 1976-2005. Black solid lines represent
observed growing degree day on the top pdf (probability density function) plots. Red dash lines are
the extended line of median of observed index on boxplots.
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Figure 12. Frost free day on each GCMs during 1976-2005. Black solid lines represent observed frost free
day on the top pdf (probability density function) plots. Red dash lines are the extended line of
median of observed index on boxplots.
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heating and cooling degree days on the top pdf (probability density function) plots. Red dash lines
are the extended line of median of observed index on boxplots.
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Figure 14. Plant period based on 5°C during 1976-1987.

Figure 15. Plant period based on 5°C during 1988-2005.
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Figure 26. Plant period based on 5°C during historical (1976-2005) and near future (2011-2040)

in four main basins, which are Han, Nakdong, Geum, and Seumijin and Yeoungsan

river in Korean Peninsula.
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Figure 26. Plant period based on 5°C during historical (1976-2005) and near future (2011-2040)

in four main basins, which are Han, Nakdong, Geum, and Seumjin and Yeoungsan

river in Korean Peninsula (continued).
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Figure 27. Crop period based on 10°C in four main basins, which are Han, Nakdong, Geum, and

Seumijin and Yeoungsan river in Korean Peninsula.
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Figure 27. Crop period based on 10°C in four main basins, which are Han, Nakdong, Geum, and

Seumjin and Yeoungsan river in Korean Peninsula (continued).

40 ¢inEn



3232 YA Lo] o) ezl ntal F3

Figure 28 A4 HAA L% 5TE 7|50 AXE AT AdZH 34477k} 2AAL)

2] @ RCP4.5%} 8.52] 717k w2 (2011—-2040) 717¢oll thdk 7jd 7|5 el Gl

boxplot Az}e]t}, 971 7 71522} MME 2] A7 2 7E Alrke A%

HEAFR o8 Akd =g el Fato] vlw A 2 dX|star ik v Aol A

g2 2tol= QIAINE 970 A 7152 @ MME B 4t2] A7 e o] Birollx S71ek 210

&2 G7 = o, G54 oA CanESM22] =414 2 RCP4.50014] 35%, RCP8.50114]
49%= RCP8.50014 2] w2 do] T 2 21 0% Lelsith

OBS Historical_Han RCP45_Han RCP85_Han
5500

5000 -

- apsiatige itk A A

Growing Degree (°C)

4 e

|
LT e

bomms

.
q

o

3500 -

3000

b1 N O = 5 W= w o = T < w o = T < w
8§ £SR3 itepiy £s3FidgzEe gsgeidFziezat
5 g Blg ForeSHT = e =20 2 w = s L H==0 2 g% 2
g [ o O o oW n n g Olo 6. o w o n g ERR=I
SETMg R TE L83 TlgwwF e o8 4L TEgwuwy E o5 1h
8 I Sl » Q=@ S o o f » 9 @ 8 4 o F 2 17}
=~ ] a £ o T o o a = 9T o o a = 9 T
wow = w W = w [TEE T = w
[CANC) Q 6 6 Q 6 6 Q
o o O
€ < Z
= = =
OBS Hist_Nakdong RCP45_Nakdong RCP85_Nakdong
5500
.
.
5000 -| . N . ®
* 3

4500 -

4000 - i

Growing Degree (°C)
+ .
- |
e .
=
* |
I+ =
o [lil-»
¢4
w11+
Y
| ew—{TT+
o -

g _-__;____7____.__ G S
3 . .
3500 1 ® . *
L] . o
.
.
3000 +— — T T T T T T T — T T T T T 1T T B T e
NTOTE = Y EEw o = . < w
? EENNNE“’VJUJE E%SEEEﬁﬁﬁg EEQNEE“’EEE
2 ©n==0 8 FZuwzxs ©n==0 8 =2wxs Drg=TE -GS TMT L2
g 8w on n 5 EO 6 T I o W n o n £ O e o W n » El © fo
- cuwwgE ? = R T il 14 = e o S0 S R T T~ = i 0 i
8 " FisE"gfzb “g8%pra82i5 TpLiES 8314
== o £ ozx Q@—aTd o X o T O—aTa 2 £ o T
| E i = 5 |w | rl—d
o o (<] (OB o [CENC) Q
1] o o
4 4 <
= = =

Figure 28. Growing degree day based on 5°C in four main basins, which are Han, Nakdong,
Geum, and Seumjin and Yeoungsan river in Korean Peninsula.
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Figure 28. Growing degree day based on 5°C in four main basins, which are Han, Nakdong,

Geum, and Seumjin and Yeoungsan river in Korean Peninsula (continued).
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Figure 29. Frost free day in four main basins, which are Han, Nakdong, Geum, and Seumjin and
Yeoungsan river in Korean Peninsula.



RCP45_Geum RCP85_Geum

Hist_ Geum

OBS

T

T

300

280 -

T T T
Q =} o
@ 3 N
~ ~ «

(shep) Aep a@a143s0i4

JWW-LSIH
WIHO-WS3 ODYIN
WS3 OOYIN

VGO 1SdI
piowu

W39 peH

WZWS3 1049
OTNS3 1049
CNs3ued

ungzlh

ANWA-LSIH
W3IHO-WS3 OJYIN
WS3 OOHIN

YSWO 1sdl
pwowiul

W39 peH

WZNS3 1049
OZWS3 1049
CWs3ued

ung'zL

JWW-LSIH
W3HO-WS3 ODYIN
WS3 O0HIN

VSO 1Sdl
puwowiul

W3O PeH

WZWS3 1049
OCWS3 1049
CAs3ued

wxg'zL

paniesqo

RCP45_8SJ-YS RCP85_SJ-YS

Hist_SJ-YS

OBS

il

@

é

!

i

i

L

¥

il

:

:

:

T

i

L

=3
ke

280 +

T
o
S
31

220

T
=}
3
~

260 +

(sAep) Aep aai41s0l4

180 +

160

JNW-1SIH
WIHO-WS3 OOYIN
WS3 OOYIN

VSO 1sdl
puowu

W3O PeH

WZWS3 1049
OCWS3 1049
CAs3ued

wyg'el

JNW-LSIH
W3IHO-WS3 OJYIN
WS3 OOYIN

VSO 1Sdl
pwowul

W3O peH

WZWS3 1049
OCWS3 1049
CWS3uedy

gzl

JAWW-1SIH
W3HO-WS3 ODYIN
WS3 OOYIN

VSO 1Sdl
Puowul

W3O peH

WZWS3 1049
OZNS3 1049
Zns3ued

unig'zh

paniasqo

Figure 29. Frost free day in four main basins, which are Han, Nakdong, Geum, and Seumjin and

Yeoungsan river in Korea Peninsula (continued).
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Figure 30. Heating degree day from September to May in Han river and Nakdong river basins.

Frost free day in four main basins, which are Han, Nakdong, Geum, and Seumjin

and Yeoungsanriver in Korean Peninsula.
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Figure 30. Heating degree day from September to May in Han river and Nakdong river basins.

Frost free day in four main basins, which are Han, Nakdong, Geum, and Seumijin

and Yeoungsanriver in Korean Peninsula (continued).
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Figure 31. Cooling degree day during summer (July to August) in Geum river, and Seumjin and

Youngsan river basins. Frost free day in four main basins, which are Han, Nakdong,

Geum, and Seumjin and Yeoungsan river in Korean Peninsula.
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Figure 31. Cooling degree day during summer (July to August) in Geum river, and Seumjin and

Youngsan river basins. Frost free day in four main basins, which are Han, Nakdong,

Geum, and Seumijin and Yeoungsan river in Korean Peninsula (continued).

3.1.1 Multimodel ensemble estimators
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Figure 33. The number of models in multimodel ensemble affects error estimates on growing degree days
based on temperature 5°C (left), and frost free day (right). Average root mean squared error
(RMSE). The red dot shows the average of RMSE.
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