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ABSTRACT

Increased occurrence of abnormal weather caused by climate change
has been acting as a big menace especially in the agricultural sector. Crop
yields mainly under the influence of agroclimatic factors (e.g., temperature,
precipitation and insolation) and technological factors (e.g., improvement of
breed, agrichemicals, fertilizer and irrigation system). Reduction of damage
scale and frequency of production in the major crops production area
due to the recent abnormal weather has emerged as a major issue in the
international community. The serious reduction damage of crop production
to occur in the major crops production area will lead to regional food supply
imbalance led to soaring international grain price. South Korea leans on
imports for most of the consuming crop and grain self-sufficiency rate has
recorded a record low of 23.1% in 2013. In order to provide a stable supply
of grain from abroad in pure grain importing countries, such as South Korea,
high accuracy crop monitoring and crop yield forecasting system for major
grain exporting countries are required. Recently, Korea Rural Economic
Institute (KREI) has built an international grain observation system to help
ensure stable grain to livestock farmers and the food industry. KREI began to
offer a supply and demand trends and forecast information for major crops.
However, since there is no consideration of the meteorological phenomena
such as drought, flood, cold weather from prediction time to crop harvest
time that directly affect the crop yield, there are considerable difficulties exist
in policy decisions regarding the grain supply.

APEC Climate Center (APCC) is producing and offering a multi-model
ensemble (MME) seasonal forecasts that is evaluated the predictive
performance of world-class, but the utilization of climate prediction
information for applications such as agriculture and water resources is still
very low. To assess the reliability of hindcast prediction data, comparison
of 6 months hindcast data and B.C. NCEP reanalysis data were made
during 24 years between 1983 and 2006 for average temperature of July-
September in main rice growing periods. As a result of having analyzed
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the temperature prediction by prediction model, the uncertainty range in
accordance with the prediction model appeared quite large. Uncertainty
range is reached in the case of the USA about 6.3°C. In order to take
advantage of seasonal climate forecast directly in agricultural applications,
bias correction process is essential. Simple bias correction method has been
used for about 6 months Hindcast bias correction to take advantage of the
seasonal forecasts in agriculture production research. The reliability of the
prediction was evaluated through the analysis of RMSE and TCC for bias-
corrected temperature forecasts by country. In the case of China, reliability of
predictions about the average temperature of July to September is relatively
higher in nasa and ncep model. In the case of India, reliability of predictions
is relatively higher in can3 model. For crop yield simulation, temperature,
precipitation, diurnal temperature, solar radiation and wind speed data that
are required by the crop model were reproduced to daily unit and reliability
of prediction was evaluated. Results of reliability evaluation of reproduced
daily prediction data, reliability for the average temperature in September
were relatively high in China. RMSE and TCC analysis results are about
0.4 °C and 0.7 respectively in can3, nasa, ncep model. However, since the
reliabilities of other climate were considerably lower than temperature this
problem must be solved before applying to application study.

The M-GAEZ model was modified by National Institute for Environmental
Study (NIES) based on the Global Agro-ecological Zones (GAEZ) model that
is an estimation model for potential crop yields on a global scale developed by
the Food and Agriculture Organization (FAO) and the International Institute
for Applied Systems Analysis (IIASA). The potential crop yields are calculated
based on conditions, such as the climate, soil, and input level. Specific climate
conditions, such as the daily mean temperature [°C], daily precipitation [mm/
day], daily mean irradiation [W/m?], and daily mean windspeed [m/s], are
used as the input information. The M-GAEZ model can estimate the potential
yield for 8 varieties of rice. Some varieties of rice differ in growth periods
depending on the cultivated area; 4 varieties (growing periods of 105, 120,



135 and 150 days) for Japonica, 4 varieties (105, 120, 135 and 150 days)
for Indica are treated distinctively. M-GAEZ model requires the daily climate
scenarios at a spatial resolution of 1°x1° latitude/longitude for each climate
conditions as the input data. We created every mesh of a daily climate data
using APCC seasonal climate predictions.

Rice yield was calculated by M-GAEZ model inputting the reproduced
daily prediction data using bias corrected seasonal forecast data and NCEP
reanalysis data and reproduced daily prediction datathroughanomaly inflation.
In the cast of China with the most rice amount of production, results of rice
yield in the 1990s calculated from B.C. NCEP reanalysis data substantially
similar to FAOSTAT agricultural statistics. However, yield prediction results
showed significant uncertainty depending on the prediction model. As a
result of having carried out RMSE and TCC analysis for the reliability of rice
yield, RMSE is generally large to 200-400 kg/ha and TCC appeared between
0.6-0.8 highly. In the case of India, RMSE is less than China to 80-140 kg/ha
and TCC showed generally low correlation between 0.1 to 0.6. In the case
of South Korea and the USA, RMSE are significantly large to 400-550 kg/ha,
400-700 kg/ha respectively and TCC showed significantly low correlation to
—0.2-0.2 and 0.0-0.3 respectively.
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2. 97 21w 4 vy

2.1 7134 =
2.1.1 ARHSAE
21.1.1 APCC & =22

APEC 7]$41E] (APEC Climate Center, APCC)& 107) 3]9= 167 7|20 25 -E]
71505 B ARE TR Aed A Bias) E B9 I HE VM 3 BA
slod 370 2 6702 AEAS AEE APEC 3grollA Algsta Aok 370E 2 674
4 o= A5 5 (Precipitation) ¥ 850hPaclA 2] 7] (Temperature), 500hPa
o 2] %)9)11% (Geopotential height) S E&3tth APCColA= Wiy o4 HE H7}

I A7) S8l oS Absel st AEe Aletar Jlew v Adwiet et
sl 2 (Coupled General Circulation Model, CGCM) A5&2 AFE3H] ENSO/IOD

2
A5e AT 671 B 3 S oIS ARE Aatskal gl

ol

21.1.2 7J¥ 273 Hindcast =

APCCE 16709] 7oz Aite= A7|oS ARE Alg wol JS541e &=
S Zol7] I8l APCCollA /s tsR ¥ dE (Multi—-Model  Ensemble,
MME) 7oz AS54RE esteto] mid Aleatal Ut # A7olx= APCCelA
Bt 9l 370 9 670 hindcast IS5AE oM 670 hindcast 57134
Zb= A5 5 ARSIt Table 2.104 9} 3ol oS4 vluE flste] #dg+ #771%F
(hindcast period) Q! 1983—2006'd Afolef| d5AH 7} EAlsk= 67 28 (MSC_CANCM
(can3), MSC_CANCM4 (can4), NASA (nasa), NCEP (ncep), PNU (pnul),
POAMA (poma)) & ARgsliom 7t Bagls M=z v 77]9] /4= (ensemble)
= 7T delMe REE MdES Harste] EEsisith APCColA Algah=

HE AddE 230 £ 27t TS 2.5° X2.5° ot} AdeE nEe] fdlty=



w719k, S HeE, 2mel 850hPaclAe] 71, 850hPad}
200hPa ©A2] HA @ P wigky, 500hPacliy 2] A e ® o]Fol Qlt}. HUA
23 RokellA e she VTR T AENS BYdA AlREe BTEe A5E
(prec) 7k A% 2mel|x1 2] Fa7]&(t2m) o] lom Ht7]2] A9 @9E ARK) ol
A AN (C) 2 Mt ARESISITE

Table 2.1 Coupled prediction models collecting by APEC Climate Center

Ensemble | Hindcast

Model name | Institute / Country member period References
MSC_CANCM3 MSC / Canada 10 1981-2010 Kim et al. 2003
MSC CANCM4 MSC / Canada 10 1981-2010 | Simmons et al. 2004

NASA NASA GSFC / USA 11 1982-2012 Molod et al. 2012
NCEP NCEP / USA 20 1983-2009 Saha et al. 2013
PNU PNU / Korea 5 1980-2012 Ahn and Kim 2013

POAMA BOM / Australia 30 1983-2006 Lim et al. 2012

2.1.2 37|53 A=

2.1.2.1 NCEB/NCAR AJ5-4] =}

i
i

718] AREA Ame S 2 ARH ASAS 2 Qlo] 7S Sl
A olgEaL Stk 7R ANkl AR AmEs vlE sl RAlE (National
Centers for Environmental Prediction, NCEP)/t|= == t)7]1-41E] (National Center
for Atmospheric Research, NCAR) (Kalnay et al, 1996) 2} +35< F7]oRAlE
(ECMWF) (Gibson et al, 1997) €] A4 A8E = o 3tk NCEP/NCAR:= 274
o] A A TrAES dielil 9l NCEP-1 AREA AFsel NCEP-2 AlEA

a2 ATstr 2tk NCEP-2-= NCEP-13 72 olddo|g 9l FHAAGNTE

APCC 7 Z0IE H= s=0F 28712 L b



O} NCEP-19] &8 ZEAM2e] #st deE 418y Zdlo =, &g
2s), FRAMYE, dEdolde] saiio] th2r] wiitel] 7]5gtell Hxpt EA

EHe] 7 A5dlolE g} vlaal A dlolE= AR R o ® dhAdo]

1= HlolHs dAF 0= nfo]oj g Zh=t) & AgelA= 1971d4H 2010
W7kA 2] 40d7F B717E dlolHE Aleshs NCEP—19 A% AREA ARE o] &3
t}(Kalnay et al., 1996).

7128 ddFrellM= 2 HlolE Ao A Bt AAEa IARE AR W
= o] Al sl Kk ARdel 77k 719 gk vERaL vkl Az S
9 F=HE Vo w 3 AFAA Hrht 93} aAlel flaals =53] o] FoA]A

o] dalol}, B Ao s BS57o s AW CRU 3.2 As9ke] nlus F3
NCEP/NCAR A4 24 H3 Bias B o] ©]-§%3lth. NCEP/NCAR A4 AHs

2 ATelA AREE W= Table 2.29) 2ok 71(FH+t, i, HA) AEE 2
]4 AA5E o|&3I¥t) A EA= precipitation rateE ©]83s] AFEESITE AT
ARRE BE ARE ARHoRE A we] Alsoln (Mo EE T42 TRAIRE AR}
(192x94) & 7k Axte] HeE Sl ad2 1 skA ko ® B 3659 A
SRR ARt

flo 12



Table 2.2 NCEP/NCAR Reanalysis 1 dataset used in this study

Label ‘ Variable ‘ Units
air.2m Daily air temperature 2m K
tmax.2m Monthly average daily minimum temperature K
tmin.2m Daily mean temperature K
prate Precipitation rate kg/m?/s
dswrf Downword solar radiation flux W/m?
wnd u-wind, v-wind m/s

Source: http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surfaceflux.html

2122 CRU #= &

NCEP/NCAR AREA 2k5.9] #Holg HAs| flall AMd Ame 719 A7 /4l
(Climate Research Unit, CRU) 4] &%= CRU 3.21 0= d AlA ¢k 4,000
AN oPde] 7PdRSAEANAN AFshs LFAT0] opto|lBE J|to R yEE
(0.5° x0.5°) & AlzHch 19019%E 2013974 A8 | 99+ o Har)e, €
B 4 HAAVR, AT duak, 7EAW 59 715l digk # dolgE Alw
stk CRUE A 71 #5738 7122 2% 715 dlolelo]=® s tlolels &
AsHA etk EE Aol B5A0] gl Aol ASo] MAss A4o]
SAstaL Qlo] Ao wE exprp e 4= Qi Table 2.3 CRU 3.21H%eA
HE WEely o] F Aol AME Wgs €% ¥ e HA|e, He

5
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Table 2.3 CRU TS 3.21 dataset used in this study

Label ‘ Variable ‘ Units
tmx Monthly average daily maximum temperature C
tmn Monthly average daily minimum temperature C
tmp Daily mean temperature C
pre Precipitation mm
dtr Diurnal temperature range C

Source: http://www.cru.uea.ac.uk/data

2.1.3 71325 BA
21.3.1 37F F=F H7HInterpolation)

Ao AHgH At55S Table 2.40049) #o] M2 T 738 27t =
7ptt APCC 67H% A 1% 259} NCEP/NCAR A4 Ak 2.5° X2.5° 9
2 EER AFET CRU #5 A8+ 0.5° X0.5° 9 ez oS zdst
BRItk o] dBH oz FAsY] 98] NCEP/NCAR A4 k5l CRU #54
, APCC A4 d5A5 25 CDO(Climate Data Operator) 7} ©]-£% %t} CDO+=
et 715 W FA R Belo] oJsf vk=olxd HolEe] Aejel s flal side
e gl Arkrpe] Hgow 7|Fastola Enk opel ARE FHolls vheket &
ofe] wloJgle] thefM e #Ale] 7hssh qtolrk CDO: v 212 WRelZ & 8%
o] A& A = o ] Ao} kst FA, 7Rl gk At
Zt(interpolation) ©] 7Fssttt. E¥== 3+ 292 GRIB, netCDF 12]31 24 vjo]
Helsh Zo] A5 o]y EHoR AlFErk CDOE o83 %8 Hil Wiole o
et AaEe] EAlSkEH 1 T AREE S remaplaf SR 7Y E AAN-EES

AR = FAolth o] $49 A9, 0.5 x0.5° 9 ;IEE 7K CRU ARE 9]
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g31o] 1.0° x1.0° 2 B3h & uf Ik

aldel ZAAIA IRl At A fellA o

WS olfsle] RE AuE £ e
A 2wz ABAF He) TS 8]
o] CRU &3 Au7} A6 &= 8

ol o)A WIS o]gst
e AzE Lt HE S

0° X1.0° & 7= A A 360%18071<]
1+ A427)F EAeR= CRU 3.2949) Hlu S 9l&f

w) xck £}
Qe oleldt 1}

Table 2.4 Resolution of prediction model and observation data used in this study

Resolution
Model name AGCM / Resolution OGCM / Resolution
(lat.xlon.)
MSC_CANCM3 AGCM3/T63L31 OGCM4/0.94°lat.x1.41°lon. L40 2.5°x2.5°
MSC CANCM4 AGCM4/T63L35 OGCM4/0.94°]at.x1.41°lon. L40 2.5°x2.5°
NASA GEOS-5/288%x181L72 MOM4/720x410 L40 2.5°x2.5°
MOM4/0.25°(tropics) o °
NCEP GFS/T126L64 0.5° northwards and southwards 2.5%2.5
MOM3/0.7°(low lat.) 1.4°(mid lat.) oun co
PNU CCM3/T42L18 2.8%(high lat.) L29 2.5°x2.5
POAMA BAMv3.0/T47L17 ACOM2/0.5°-1.5°lat.x2°lon. L25 2.5°x2.5°
Observation data Resolution (lat.xlon.)
NCEP reanalysis 2.5°%2.5°
CRU TS 3.21 0.5°x0.5°

APCC A H0|E EE

SYR0F 2871 Y 9
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Figure 2.1 Difference of resolution before and after downscaling method
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DIFF pr NCEP(mon) = CZ[MCRU(mon) — CZ[MNCEP(nwn) , mon=1,12 2.1)



2
0,

NCEP A2 zFgo] AFAAdoA Algiba] A AR Y8 CRU 3.29)
°] HwE E3 BiasES AXRILE zF g 34 40d E2H(1971-2010d) 2] NCEP
AEA A= CRU 3.29] 715 #k& vlwste] 1 xfolQl DIFF - yveppes T8}

1l
714 2 28l NCEP AE-AAgs 9 Fayo] vlmE Q)

ol

BC_CLIMycgp = CLIMycpp + DIFF - yopp (2.2)

NCEP AlEA A82] 7% gt CLiMygppel 71 A9) DIFF gy yepp® WAl 0]
SBCH NCEP®] AA] 229 715 @9l BC. CLIMyep©) Hth,

BCyepp = BC_CLIMycpp+ ANOycpp (2.3)

SBC¥ AREA AAwe] P8 BC CLIMycppoll 48 Anomaly S TgHo 24 Hojxint.
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NCEP Reanalysis Data CRU Observational Data

(1971-2010) (1971-2010)
\ \
Tmax, Tmin, Prec, .
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Figure 2.3 Bias correction method of individual hindcast data
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BC

model

= BC_CLIMyep+ ANO, ., (2.5)

2.1.34 AE 5 ES] Anomaly 53

AAS B Fde W ol sl ol Hglernw Zizke] M= WL

- [e2ire] —
7= WEo] AdHE ] Wsdol A7 vEhdth o= B59 AdisAel wis dA
3] A7) witel 715 gk A MRt 254 WEshs AnomalyE 7HAAl Hrh BE

WHEge A71E A5 Al SES7] S1sl Storch(1999) ol 2k o] A=

Anomaly 53 (inflation) & U 2)3} o] 28313t
g
INF_ANO, 3, = ANO, g, ¥ ——— (2.6)
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Figure 2.6 Flow chart of yield calculation by

M-GAEZ model(Source from Shin(2013))




Table 2.5 Input level of each country(Masutomi et al., 2009)

Country Region 1 Input level
Bangladesh Southern Asia Low level
Brazil South America Intermediate level
Cambodia South-eastern Asia Low level
China Eastern Asia Intermediate level
India Southern Asia Low level
Indonesia South-eastern Asia Intermediate level
Japan Eastern Asia High level
Korea Eastern Asia High level
Myanmar South-eastern Asia Low level
Pakistan Southern Asia Low level
Philippines South-eastern Asia Low level
Thailand South-eastern Asia Low level
USA Northern America High level
Vietnam South-eastern Asia Intermediate level
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Table 2.6 Input data of M-GAEZ model

Spatial
Data names resolution References
(lat.xlon.)
Soil type Digital Soil Map of the World 5/x5/ FAO, 1995
Maximum available | ;00001 goi1 Map of the World 5/x5" FAO, 2000
soil moisture
Elevation GTOPO30 307%30” USGS, 1998
Trrigated area Global Map of Trrigated Area 5’5/ Siebert et al., 2005
Cultivated area Major Crop Dataset 5/x57 Monfrze(gl(;ig et al.
Country boundary Gridded Population of the World 2.5'x2.5 CIESIN, 2005
Fertilization use World Development Indicators Country World Bank, 2006

2.2.1.2 FH& I

S 7 2E] whgshs A SRS M—GAEZ E3oA ZHe S3eks 45—
4 93k vepdelz o] g5 B AFoAE= FAO—-56 Penman—Monteith WO =2
FH A S mm/day) &t 2o 4RSS (Allen et al., 1998).
0.408A (R, — G) —l—’yﬂuz (e, —e,)
o T+273 2.8)
0 A +~(1+0.34u,) '

71N, ET e 712845 mm day '), R, AEFHANAY = =L
(Net radiation, MJm *day ), G= EoF 9 62 W% (Soil heat flux density,
MJm ™ *day™ ), T= %1 2mele] AF7712(C), e, = I3557I%(kPa), e, =

b 2419 7]

3
ﬁ
o

AR 5Z719HkPa), uy= E3 2mollAe] E4(ms ), A= X

27 (kPa C™ 1Y), v= A%A A% (kPa C 1) 2 e



Talz7It B9 7167 A ofd) Aol ek

4098 [0.6108exp(17'727T)}
7+237.3
A= 5 (2.9
(7+237.3)
A5AT v okl Auigte] vk,
v=0.665><10"*P (2.10)
A7IA Pe ti714-E YR
T ¢ HEARE R,
Rn = Rns - Rnl (2 1 1)

2 YERAY of7|1M R = Aol S5 s & BEAL olUA] (Net solar radiation,
MTm %day™ ), R, AZANN 932 WAlE= &= FaHEAl o= (Net longwave

radiation, MJm™?* day™ ') & ERATE

=3 A

’

Fd

Hol| FrE= &= HEAF olUA] R, =
R, =({1—a)R, (2.12)

2 WA o714 oz BjERAL oluA9] AR (LM, 71EAkE]l dabke] 7

- 0.23) 2 R+ AxEH| =Edh= Bl9EAL o dA](Solar or shortwave radiation,

MJm™*day ") S ViR

(|

T3 Amde] mEehs HUEAl oluA B

R, =0.16 /(T

max

7

min

'R, (2.13)

APCC HZol= & sg=0t 2871% 7ty 21



2 YepiA 714 1) = 4 Hawe(0), 1,2 4 HAA7IZ(0), R A9

A=) Tdsl= gokEAl oUX] (Extraterrestrial radiation, MJm 2day ') E 1}

ok A o] Aol TEshs Bk AL oUA| R =

R, =20 G {w,sin()sin(6)+ cos ()cos (B)sin w,)) (2.14)

T
2 UehiAE o714 G = Bl (=0.0820M7 m *min 1), d,& A7 BjF
AiAge] G4 (HE): radian), o, DEA] X (S radian), Y= YE(atitude,
@9t radian), d+= HZH(Solar declination, ©¢]: radian)= YERATh d., 6, w, = o}
g Aapo] A E T

27
d. =1+0.033 cos(%a (2.15)
§=0.409 i (EJ—1 39) (2.16)
409 sin| = : .
w, = arccos (—tan (¢)tan (4)) (2.17)

o714 J= 19 19S 18 3= 2d5S vepic

e, 9] 421D 9 ABRN $F2 WAL 2 FRAL A R, okl A3
o] hehict.

7

+ 77 R
R, :a( mae K 5 i ) (0.34—0.14 /e, )(1.35 = —0.35) (2.18)
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Table 2.7 Temperature profile interval symbols(Fischer et al., 2002)

71 (C) ‘ <5 ‘ -5-0 ‘ 0-5 ‘ 5-10 | 10-15 | 15-20 ‘ 20-25 ‘ 25-30 ‘ >30
A L9 LS8 L7 L6 L5 L4 L3 L2 L1
A2
qE>AL | L% L8a L7a L6a L5a Lda L3a L2a Lla
ALE>F L9 L8b L7b L6b L5b L4b L3b L2b Lib

Table 2.8 Temperature regime requirements of Indica rice(Fischer et al., 2002)

Crop/Growth Cycle

Sub-optimal Conditions

Optimal Conditions

Indica Rice
(wetland)

L = 105/120/135/150

Climates: Tr, STr (SR+WR)
L5=L6=0

L3 + L2+ L1 >0.833*L
L4a < 0.167*L

L4b < 0.167*L

TSgc>2400

Climates: Tr, STr (SR+WR)
L6=L5=L4 = 0

L3+L2+L1 = 1.000*L

L1 < 0.667*L

TSge >3000

Table 2.9 Temperature regime requirements of Japonica rice(Fischer et al., 2002)

Crop/Growth Cycle

Japonica Rice
(wetland)

L = 105/120/135/150

Sub-optimal Conditions

Climates: Tr, STR (SR+WR),
Te

L5atL4a < 0.400*L

L4 >0

L2a+L2b < 0.667*L
Lla+tL1b < 0.200*L
L4b+L5b < 0.250*L
L6=0

TSge > 1800

Optimal Conditions

Climates: Tr, STR (SR+WR),
Te

L5a+L4a < 0.400*L

L2a+L2b < 0.667*L

Lla+L1b < 0.200*L

L4b+L5b < 0.250*L

L6=0

TSge> 2200

Climates: Te=Temperate(&2Cl), STR=Sub-tropics(0t& ), WR=Winter Rainfall(74 & Z %),

SR=Summer Rainfall(({&Z4), Tr=Tropics(ZCH)
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2.2.2 ZE 8= MY
2221 Z]5FA00] 12 EH FAYIE 3}

AEo] e oM = vfoleufAl] ALk Qlo] AR el Qs F nf
oleuiA A vk FTEFIPYol & nlo|emiAs EAo] Apm Agouw &= ujo] @v|
2 Akl disiie Rl o® ofel e Ao® yehfal Slok(Fischer et al.,
2002).

oJ714 B,& ©uAG 28 <= nlo] oA YAk (kg/ha) S YER) I B = W@9d A
g e T vpolemia At (kg/ha) S RS AEC 5HYY 355 B £AdHE
wpo] e mj A Ak (kg/ha) S LERATE B3 - FEtTEe] 4 ulolemiA AAEES e
Y= <= vl oA BARSE (kg ha ! day D& o) 2 2o 7 ekt

H

b,=b,—r (2.20)

o714 b, FHAG 2= = vpo] oA YA (kg ha ' day ) E UERAL b=

A e T ololent AR (kg ha ! day DE 2 FFel ol wjo] 2]

o] AR RIS AAH T8 AT Aol AEe] o] Aue FHa

215 2
2 T2l 9L W] 5= vpo] eujs AKES b o7 Uehfd o] u F ulo] o)
2 ARG b, 07 UEhIT o]7)4 ZE A 43717 B2k Hit < Hlolen)
2 SRS 05X, 07 LERd $ glon] ZEo] A& o]2Ho] A4 IS

N

14 SeR7171A 9] 71790 BRI N ] it A% 4 wolemla A
B obelel g How vk 5 itk

ot

B, =05b XN (2.21)
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o714 Aol F3) AABE Wl F wlolenls YASE b, & ok A3} Lok

b,,, = F>xby+(1—F)xb, (2.22)

gm

AN Fe 4% 75 I5E RS YERL by 75 7 Eell digt & o] oA
AAEE (kg ha™! day V), b= #AFS Go] gt E vlolemls AYAET (kg ha !
day HE UehY 4% & 9BE F= o9} 2o Aow Ykl 5 9tk

F=(A4,—0.5R,)/(0.84,) (2.23)

o714 A= FHHAQ A9 Hof DA cal cm? day D) E YERH R= Axd
o] Tddh= WA cal cm 2 day 1) & vERATH

ATV)

EjoFo 2 HE] Seh 1S HigkS wjo] Ay FEAEE P v AAAVIRE Fo U=
F7188 o] g3 40| 758l M—GAEZ R&elA= Table 1.107 o] Held 3
< ¥ gEherE o] &sta Qlvk F Afelemis BASE b, > B, 0] 208Y & A
2o 790 tfaf] o}efj2la} o] Axto] o]Foixth(Fischer et al., 2002).

0!

o o

o}
F0.84+0.01P, )b, + (1 — F)(0.5+0.025P, )b,  for P, > 20
- :{ (2.24)
F0.5+0.025P,, )b, + (1— F)(0.05P,,)b, for P, <20
A el emi A AARES AQRVIRES] B 7VIERE ol88] A=Al M=l
ek FAEEE B oHpol v SR TPl ] AF Hiol e EASEE
AEEE Uy A4A7IREe] e mlol v AR ETE W olM o] wlo] euf s ik
o) /20 7Pds) Akt
ST Zw & Hpol oA RS b o] Hld wo] TFel ot wpol v &
AEE 1, offek 2ol YRtk
T, = kb, +¢,B,, (2.25)



sl glo} =
BE 2= gis] k=0.280] A&

A7IM k= #hEol A=

rr

SR
ok o= AE 579 25 vlE drE

% 2o o
s wrow Fyp ZEy) vl F 2hEe wet ofelel 22 A0
et al., 2002).

210 72 YePNCH Fischer

{0.0283 (0.0044 +0.00197+0.00107%) &%
Ct -

0.0108(0.0044 +0.0019 7+ 0.00107%)  H]

e m] Pt e S]] B ATME 4(2.26) 9] o

g olg3irk
B, & A% APIRE N ot = vle] el AASES ek ofelel go] 1}
Epct.

B, =0.25b, XN

(2.27)
2](2.25), (2.26), (2.27) 24H
by = 0.72b,,,/ (1+0.25¢, X ) (2.28)
A2 A7 Nell g

Age] ¢ vjo| Qs AL ofds} Py,
(0.36b =< L)/(

o 1/N+0.25¢,) (2.29)
A7IA L2 FEAAFLAD 7 54 wie] by, ol thk Al LAI ] b, 2] BlE LE}
itk LAI= 2= %5 ¥ o] LAI(Table 2.10 33) <l tisl 44717k} AA
o H|Z A=k

B, =

37
HEA R 7PIEATE 1S A A SR V= o o] AEETh
Y, =HXB, (2.30)
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22 ek ALE YeRdY Input levelol] wet FFHE Table 2.10%

Table 2.10 Crop parameters for biomass and yield calculations (Fischer et al., 2002)

Dependence of Rate of Leaf
Low Inputs |[Photosyntheisis (Pm) on Temperature
(Deg ©)

Intermediate
Inputs

Japonica | 105 040 | 50 03537 | 03 25 0|5 15 30/35/35|30 5|0

120 040 | 50 | 035 40 | 03 25 10 5 |15/30(35/35/30| 5 0

135 040 | 55 035 43 | 03 30 10 5 | 15/30(35/35/30| 5 0

150 040 | 6.0 | 035 45 | 03 30 10 5 | 15/30(35/35/30 5 0

Indica 105 045 | 50 038 38 | 03 25 0|0 |15/ 30/35/35/30 5|0

120 045 | 55 038 | 40 | 03 25 100 | 15/30(35/35/30| 5 0

135 045 | 6.0 | 038 | 45 | 03 30 10 0 | 15/30(35/35/30 5 0

150 045 | 65 | 038 48 | 03 30 | OO0 |15/ 30/35/35|30 5|0
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ET= KFET, (2.31)
K=K,+K (2.32)

A7 K= AeAlr, Ky el 71e o2 Y UEss aie Uil SAtag,

K= BEoriee] Soads Uehdth Aels Ao F2Aee] SitEs 19
_Z__
[e)

Zhal 95 o i 2= teate] mie e 2= FFolu ASdH, B9
W 2, o5 oo 7154 l ofsf #ho] v=A yepdth SAtad A A=Y

ST A A Al wet Wsh] diitel 2 ATtelxe fE A GAIE initial
stage (K, ,,,), reproductive stage (/& ,.;,), maturation stage (/& ,,,) % oIl
=l tieid= 2 A DAl wet K, =11, K, =12, Ky, =102 23
39 tH(Table 2.11 #%). EQozREd] Zulgg KL olgldlyl o] AEwr)
(Fischer et al., 2002).

A7IM K2 S A4 AR B 25004 TR QI i AaEs vERiY

fcq_u ]—UO] %j\v‘\i; -X—Oﬂ}\‘] é—\l% EOO]:'O/]
T QA A7 10s AGAIR e Z) A Ao s fxstE S TET) =
ofgjalt o] YeRd 4= Qi

k=1,2,3,4 (2.34)

w3 22 G Al tiet FxztE SEAR TET = ofeiAd) 2tk

dd=dl+d2+d3+d4 (2.35)
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TET, =Yk, ET, k=1,2,34 (2.36)

A 2z 23 dAlell thet Al 2 SEARRES: ofefj4l} ko] YEhiXIth

d0

TET, = Yk, ET, d0=dl +d2+d3+ d4 (2.37)
j=1
wgk o ©e] B4 Wel A Sl BT FAO (1979) ¢l <Jsl ofefia]a) 3to]
veRd = Stk
W, =min(W,+P,— ET,, S, ) (2.38)

71N P 9 Aeake Uehle 8, E Vs EdRE A% 59 (Figure 278
Ehic,

e fW+P =8, «de(1-p) (2.39)
aj p; 1, else
B, W h (2.40)
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Figure 2.7 Distribution map of soil moisture storage capacity
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Figure 2.8 Distribution map of irrigated rice area
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Table 2.11 Parameters for calculation of water limited yield(Fischer et al., 2002)

Length of Crop

Stage Max. Max.

(% of growth Root | Depletion | Crop

cycle) Depth | Fraction | Hight

(m)

Rice(wetland) | 1.1 1.2 1.0 | 10 | 30 30 | 30 | 0.5-1.0 0.20 1
Rice(dryland) | 0.5 1.2 0.6 10 | 30 30 | 30 | 0.5-1.0 0.20 1
Wheat(winter) = 0.4 1.1 04 | 10| 30| 35 25| 1.0-1.5 0.55 1
Wheat(spring) | 0.4 1.1 0.4 10 | 20 | 45 | 25 | 1.5-1.8 0.55 1
Maize 0.4 1.1 06 | 1530 | 35| 20  1.0-1.7 0.55 2
Barley(winter) | 0.4 1.1 04 | 10 | 30 35 25| 1.0-1.5 0.55 1
Barley(spring) | 0.4 1.1 0.4 10 | 20 45 | 25 | 1.5-1.8 0.55 1

Soybean 0.4 1.1 05 1520 | 45| 20  0.6-13 0.50 0.5-1.0

Table 2.12 Parameters for calculation of yield loss(Fischer et al., 2002)

Yield loss factors

Rice(wetland) 1.00 2.00 2.50 1.00 2.00
Rice(dryland) 0.40 0.90 1.50 0.50 1.25
Wheat(winter) 0.20 0.60 0.75 0.50 1.05
Wheat(spring) 0.20 0.65 0.80 0.55 1.15
Maize 0.40 0.90 1.50 0.50 1.25
Barley(winter) 0.20 0.60 0.75 0.50 1.05
Barley(spring) 0.20 0.65 0.80 0.55 1.15
Soybean 0.20 0.80 1.00 0.80 0.85
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Figure 2.9 Distribution map of global rice harvested area (Leff et al., 2004)
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Figure 2.10 Distribution map of global rice harvested area (Monfreda et al., 2008)
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Figure 2.13 Global distribution of FAO soil maps
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HFe AU B GAo] olFolE Aol TR AxpE WS B SR
GRASS GIS?] aggregation &°l &J3ll =7} 44 A= (CIESIN, 2005) & =3t =
7} 8 Saeko w AbgHr,

Table 2.13 Simulation settings of this study

Items ‘ Settings
Model M-GAEZ model
Crop studied Rice(4 varieties: indica, 4 varieties: japonica)
Simulation periods 1991-2000
GCM MSC_CANCM3, MSC_CANCM4, NASA, NCEP, PNU, POAMA
Climate observations CRU TS 3.21 datasets, NCEP reanalysis datasets

Daily mean temperature( ‘C), Daily maximum temperature( ‘C), Daily
Climate conditions minimum temperature( ‘C), Precipitation(mm/day), Solar radiation(W/m?),
Wind speed(m/s)

Major producing China, India, Indonesia, Bangladesh, Viet Nam, Thailand, Myanmar,
countries Philippines, Brazil, Pakistan, Cambodia, Japan, USA, Korea
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Figure 3.1 Average temperature of NCEP reanalysis data and CRU 3.2 data
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Figure 3.19 RMSE and TCC analysis before and after B.C. GCM from July to September in China
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Figure 3.25 RMSE and TCC analysis before and after B.C. GCM from July to September in Korea
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Figure 3.29 Average temperature changes of seasonal predictions in July in China
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Figure 3.32 RMSE and TCC analysis of seasonal predictions in July in China
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Figure 3.34 RMSE and TCC analysis of seasonal predictions from July to September in India
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Figure 3.35 RMSE and TCC analysis of seasonal predictions in July in India
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Figure 3.36 Average temperature changes of seasonal predictions in July in Korea



Korea (July_Sort)

— 13 < can3
[®]
N Acan4
woqq 4"
[ X O nasa
z o
09 i:‘ @ ncep
X pnut
0.7 4 + poam
0.5 T T T T T T 1
-04 -02 00 02 04 06 08 10
TCC
Korea (August_Sort) Korea (September_Sort)
15 4 15 4
S 13 @ can3 S 13 @ can3
N Acan4 N Acan4
I(-II)J 114 Onasa I('II)J 111 Onasa
: ® :
09 QA. « @ ncep 09 @ ncep
X pnu1 X pnu1
0.7 4 + poam 0.7 4 ‘o + poam
P
0.5 T T T T T T ) 0.5 T T T T T T ]
-04 -02 00 02 04 06 08 1.0 -04 -02 00 02 04 06 08 1.0
TCC TCC

Figure 3.37 RMSE and TCC analysis of seasonal predictions from July to September in Korea
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Figure 3.38 RMSE and TCC analysis of seasonal predictions in July in Korea
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Figure 3.39 Average temperature changes of seasonal predictions in July in the USA

APCC 7 Z0IE HE s=0t 2#871& Y 75



USA (July_Sort)

—~ 13 4 @ can3
(&)
N Acan4
% 119 X Onasa
= <
4 09 - N A @ ncep
o X pnu1
0.7 4 L4 + poam
0.5 T T T T T T 1
-04 -02 00 02 04 06 08 10
TCC
USA (August_Sort) USA (September_Sort)
15 - 1.5 -
13 A ¢ can3 13 A ¢ can3
[®) [®)
(s A can4 < A can4
LI(/JJ 111 X B Onasa LI(/JJ 111 + Onasa
z Tea z °
09 A o @ ncep 09 A @ o @ ncep
X pnu1 X pnu1
0.7 4 + poam 0.7 4 A + poam
0.5 T T T T T T ) 0.5 T T T T T T )
-04 -02 00 02 04 06 08 1.0 -04 -02 00 02 04 06 08 10
TCC TCC

Figure 3.40 RMSE and TCC analysis of seasonal predictions from July to September in the USA
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Figure 3.41 RMSE and TCC analysis of seasonal predictions in July in the USA
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Figure 3.47 Rice production change in the main rice production countries

Rice harvested area (million ha)

India

China

1961

1966

1971

1976 1981

1986 1991

1996 2001

2006 2011

—Bangladesh
—DBrazil
——Cambodia
—China
—India
——Indonesia
—Japan
~——Myanmar
——Pakistan
——Philippines
—Korea

Thailand
—USA

Viet Nam

Figure 3.48 Rice harvested area change in the main rice production countries
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Figure 3.49 Rice yield change in the main rice production countries
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Figure 3.50 Comparison of FAOSTAT and KOSIS on rice yield change in Korea
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Figure 3.51 Rice yield trend in the main rice production countries
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Figure 3.52 Rice yield trend change in the main rice production countries
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Figure 3.53 Rice production, harvested area, yield and yield trend in the main rice production
countries in 1990s

3.2.2 & s 54 ¥}

|

3221 Ag)= JRE #§ & 7% =Y T}

0!

Ao E5At5¢F B.C. NCEP ARtA] o 9] 7| $2t55 o]g3l] ALt 4 =9 A
Aef|S Ays S22 FETFo| 1gste] 1991l 200087k42] 10de] oigk «
AA & FEES ARelela 2 AdE 7o & AL R Hatste] FAOS =7k
2 ek B4 259 vlwE AT Figure 3.54% B.C. NCEP A4 < w9
71¥ARE o] gdl AkESt 1990 Hat & ERFe] R s YR gloH 2=
o e JHE o8] Al & Aol o]fojAal Qe AYRES FESIIth

o

o =
S M-GAEZ Egomie Axpd A9 ojddd ko] tigh Ju Alwe] 7Fssitt.

APCC Zol= HE sg=0t 28712 7ty 91



Figure 3.55% B.C. NCEP #A=E 8oz dojzl 199128 HEA o|dd #xE
ERa Qi

Figure 3.54 Distribution map of rice yield in 1990s [B.C. NCEP reanalysis]
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Figure 3.57 Analysis of RMSE and TCC under the before and after anomaly inflation in China
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Figure 3.59 Analysis of RMSE and TCC under the before and after anomaly inflation in India
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Figure 3.61 Analysis of RMSE and TCC under the before and after anomaly inflation in Korea
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Figure 3.62 Rice yield in 1990s in the USA [after anomaly inflation]
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Figure 3.63 Analysis of RMSE and TCC under the before and after anomaly inflation in the USA
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Figure 3.64 Analysis of RMSE and TCC under the before and after anomaly inflation in
Bangladesh, Brazil and Cambodia
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Figure 3.65 Analysis of RMSE and TCC under the before and after anomaly inflation in
Myanmar, Indonesia and Pakistan
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Figure 3.66 Analysis of RMSE and TCC under the before and after anomaly inflation in
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Figure 3.67 Analysis of RMSE and TCC under the before and after anomaly inflation
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Table 4.1 Trends of cultivation area and production of medium and short grain rice over the
three northeastern provinces in China

‘ 1980 ‘ 1985 ‘ 1990 ‘

534 853 1,200 | 1,643 | 1,737 | 2,680 | 2873 | 3,708
]{jﬁ -2%34 388 483 546 550 490 568 659
2% -7 254 326 420 436 585 654 659

-S54 211 392 677 751 1,606 | 1,650 | 2,391
A 534 423 610 973 1,029 | 1,794 | 2011 | 2,603
;;—{ -234 236 263 369 262 377 417 506
x| -Aed 108 184 289 297 375 473 579
= -S54 80 163 314 470 1,042 | 1,122 = 1,518
Source: (MYZXl &, 2009)
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s S ofdee A7 Hek 55 3 wuE A0 4% BT By
34, W, AR, T 5 G| olFolAE Holo] M A 4 mFel AAShe
M) 5-10%1 B0kl 717 BergAel w7 vehiel slzsie] skl et
FAHOR B An|FS T % P R L I

7} FAE Hola
A9 oz WMol AA el Qo] & &=
2ol )2 vldo] H Qs

wolzd Rk kAol thet =714

AA B AL oF 90%+= oFrol A e THCE AAtE L 9l Table 4.2¢f
A RIS = Qlzo] AR, ANl wolRe] HAkow FUlshe FAE YER I

Atk oprlo} Ao BE FEE= IR E H, HEY, 3748, o} So
Rom A FelmowE ey, dyorel, WA, ~EETt Fol Ak H=
AlA Hd & FE=olm tE ool w7 gl FEAI 2AF FsHA ¢4 9
o A7k oF 9007t Eoll Gk FEFE Hola vk vbd AEHE A Ho & 5
YHow I & AgEo] 85% Fwolil YA 15%% Hi= TOo2HH 7S F9l
FHES gsha 9oy Eekgst ¥ AlARICR Qs & 71 o] F5ake] & vk

o Q% AFFH Beke Relor|E Ak AT AWML BF 2 B4 w9

Table 4.2 Trends of world rice production, consumption and trade CtQl: diot =

e A A7 oAl o}
g | 2wz | w93 | sz | 2az | 393

1960/61 150.8 156.1 6.4 138.6 143.6 4.5
1970/71 213.0 209.9 8.5 195.9 191.7 53
1980/81 269.9 270.1 12.4 244.9 241.8 7.9
1990/91 3514 343.8 12.1 321.7 308.4 8.0
2000/01 3994 393.8 24.1 362.7 346.8 183
2008/09 448.0 437.8 29.1 403.6 378.1 22.5

Source: FAO, USDA
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FAO Soil Unit Ratings for Rain-fed Conditions

(at High Input Levels)
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96
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B (126 |4 [a|a|a|a|a|a|a|a|alala|a|a|a|a|a|a|alala|ala|a|a]|a]a
ic |127 |4 |ala|alalala|lalalal|alalalalalalalalalalalalalala]a]a
D [128 |4 |a|a|a|a|ala|a|a|la|a|alalalala|ala]alalalala]a]a]s]4
IE (129 |4 [a|a|a|a|a|a|a|a|lalalal|a|a|a|la|a|a|alalal|ala|a]|a|a]a
IF |130 |4 |a|a|a|a|alalafa|la|alalalalalala|a|ala|ala]la|a]|a]|a]4
P s T e e e T e e e e e U A e e A A e T e e e e A O A O 3 I A
S =S e " 7 e e T e O A e e e e e A e e e e e A e A O I I O
Jo | 148 |1 | 3|33 (1|1 (1| 113|331 |3[3[3]3|3[3|3|1|1|3][4][4][3]|1
S [ I 1 = e e e A e e e e T e e e O O R R O - S I I
Jt (150 | 4 |6 |4 |4 |44 |44 |44 |4]|4|4|4|4|4|4|4|4(4]|4|4|4]4(4]4]2
Note: 1=100%S1, 2=100%S2, 3=50%S1, 50%S2,

4=100%NS, 5=50%S1 50%NS, 6=50%S2 50%NS
S1: Optimal conditions
S2: Suboptimal conditions
S1/S2: 50% optimal and 50% suboptimal conditions
S2/N: 50% suboptimal and 50% not suitable conditions
N: Not suitable conditions
wh |wheat wr |wetland rice |dr |dryland rice gr |pasture/grasses forage legume
mz |maize by |barley sg [sorghum ol |olive oll palm
ry |rye pm|pearl millet |fx |foxtail millet ba |banana/plantain cotton
wp [white potato | ca |cassava sp [sweet potato sy |soybean sunflower
su |sugar cane |sb |sugar beet |pb|phaseolus bean |rp |rape seed groundnut
ch |chickpea CW [cowpea
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APPENDIX II. FAO Soil Unit Ratings for Gravity Irrigation

(at High Input Levels)

CROPS

alalalalalalalalalalalalalalalalalalalalalalalala]a]a
alalalalalalalalalalalalalalalalalalalalalalala]a]a]a
4 alalalalalalalalalalalalalalalaalalalalalalaa]a]a
aalalalalalalalalalalalalalalalalalalalalalala]a]a]a
alalalalalalalalalalalalalalalalalalalalalalala]a]a]a

alalalalalalalalalalalalalalalalalalalalalalala]a]a]a
aalalalalalalalalalalalalalalalalalalalalalalaa]a]a
aalalalalalalalalalalalalalalalalalalalalalala]a]a]a
alalalalalalalalalalalalalalalalalalalslalalala]a]a]a
aalalalalalalalala|alalalalalalalalalalalalalaa]a]a

aalalalalalalalala|alalalalalalalalalalalalalaa]a]a
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alalalalalalalalalalalalalalalalaalalalalalalala]a]a
alalalalalalalalalalalalalalalalalalalalalalalala]a]a

Soil
Unit | Text. |Code |wh |wr |dr [mz |by |sg [ry |pm |fx |wp |ca |sp|su|sb|pb|ch |cw|gn|sy|sf|rp|ct|ba|op|ol|al gr
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11

12
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16
17
18
19

26
42
43
48
49

51

52
53

55
56
57
58

60
61

62
63

65
66

68
69
70
71

72

all

all

all

all

all

all

all

all

all

all

all

all

all

all

Re
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Rd

Q
Qc

Ql
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Kl
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Hh

He
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Hg
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Be
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Bh
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Bx
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32333333 |33 |3|3|3|3|3|3|3|3|3|3|3[3[3[3(3]3|3
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74
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76

87
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89
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91

92
93
94
95
96

104 | 3

106 | 3

106 | 3 |6

107 | 3

108 |6 |3 |5|6 |6|5|6|5|5(6|5|6|6|6|6|6|6|6|6|6|6|6|6|5|4|6]2

109 | 4

10 |3 |2 3|3 |33 |33 |33 |33[3|3|[3|3[3|3]3|3|3|3|3|3]|3|3]|3

111

M2 |3 1233|3333 [3|3 333|333 ([3]3]|3]|3[3|3]3[3]3]|3]|3
M3 |3 |2 (33|33 |33 [3|3 333|333 ([3]3]|3|3[3|3]|3[3]3]|3]|3

M4 |3 |2 |33 |33 |33 |33 3333|333 |3]3|3|3|3|3|3]|3|3]|3

M5 |3 |2 (33|33 |33 (3333|3333 ([3]3]|3|3[3|3]3[3]3]|3]|3
16 | 3 |2 3|3 |33 |33 |33 |33[3|3|[3|3[3|3]3|3|3|3|3|3]|3|3]|3
M7 |3 |2 |33 33|33 |33 3333|333 |3]3|3|3|3|3|3]|3|3]|3

118

M9 |3 1233|3333 |33 ([3(3[3 33|33 |3[3]|3|3|3]3|3]3|3|3
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147
148

149
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all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

all

Bk

Be

Bv

Bf

De

Dd

Dg

P
Po

all

Pf

Ph

Pp

Pg

Ao

Af
Ah

Ap

Ag

N
Ne

Nd

Nh

F
Fo

Fx

Fr

Fh

Fa

Fp

Je

Je

Jd
Jt

50%S2

50%S1 50%NS, 6=

=100%NS, 5=

50%S1, 50%S2, 4

=100%S1, 2=100%S2, 3=

Note: 1

50%NS

S1: Optimal conditions

S2: Suboptimal conditions

S1/S2: 50% optimal and 50% suboptimal conditions

S2/N: 50% suboptimal and 50% not suitable conditions

N: Not suitable conditions
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APPENDIX III. FAO Soil Phase Ratings for Rain-fed Conditions

(at High Input Levels)

Crops

wh|wr|dr |mz|by |sg|ry |pm|fx (wp|ca |sp|su|sb|pb|ch|cw|gn|sy|sf

gr

rp | ct|ba|op| ol

8

6
6
6

4
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7
8
9
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11
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13
14
15
16
17
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PETRIC

PETROCALCIC| 4
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PETROFERRIC| 6
PHREATIC

FRAGIPAN
DURIPAN
SALINE
SODIC

SHIFTING

ROCK DEB

OUTCROPS
DUNES

SALT/IFLS
LAKES

ICE CAPS

50%S2

50%S1 50%NS, 6=

=100%NS, 5=

50%S1, 50%S2, 4

=100%3S1, 2=100%S2, 3=

Note: 1

50%NS

APPENDIX IV. FAO Soil Phase Ratings for Gravity Irrigation

(at High Input Levels)

Crops

wh|wr|dr mz| by |sg|ry |pm|fx (wp|ca |sp|su|sb|pb|ch|cw]|gn|sy]|sf
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2

6
4
6

4
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8
9
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12
13
14
15
16
17
18
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PETROCALCIC| 4
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PETROFERRIC| 6
PHREATIC

FRAGIPAN
DURIPAN
SALINE
SODIC

SHIFTING

ROCK DEB

OUTCROPS
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SALT/IFLS
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ICE CAPS

50%S2

50%S1 50%NS, 6=

=100%NS, 5=

50%S1, 50%S2, 4

=100%S1, 2=100%S2, 3=

Note: 1

50%NS
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