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ABSTRACT

Since the advent of the Industrial Revolution, anthropogenic emissions of carbon dioxide
have engendered a relentless elevation in global surface temperatures. This has led to a
pronounced transformation in terrestrial precipitation patterns. The ramifications of this
warming effect have been far-reaching, notably amplifying the frequency and intensity of
extreme climatic events—ranging from droughts and heatwaves to intense rainfall. These
phenomena have exerted a direct deleterious influence on crop productivity, exacerbating the
crops' climate sensitivity, while concurrently diminishing their capacity for resilience. The
collective outcome has placed formidable challenges on the realm of food production. While
antecedent investigations have predominantly focused on the interplay between climate
change and the corresponding responses in crop productivity, there remains an appreciable gap
in understanding the intricate influence of extreme weather events on crop productivity,
encompassing both the direct damages incurred and the associated shifts in sensitivity.
Additionally, the potential role of anthropogenic interventions in ameliorating the adverse
repercussions of climate change remains relatively nebulous. Furthermore, there exists a
marked diversity in adaptive strategies across regions characterized by varying levels of
economic development. Less developed regions are oftentimes reliant on direct harnessing of
natural resources as a prospective avenue for mitigating the impact on agriculture. Conversely,
regions that are in a state of developmental transition have exhibited a proclivity toward
socioeconomic compensation as a mechanism to safeguard agricultural productivity. In
contrast, regions that have achieved a high level of development necessitate a more nuanced
approach in the form of environmentally tailored anthropogenic interventions, while
simultaneously endeavoring to minimize the ecological costs incurred in the pursuit of
agricultural production. Given the escalating trajectory of future warming, there is an exigent
need to establish a comprehensive framework that can accurately estimate the dynamic
alterations in the occurrence of extreme weather events, the concomitant losses in crop yields,
and the underlying fluctuations in crop sensitivity. Concurrently, a concerted exploration is
warranted to delineate distinct pathways that are commensurate with the socioeconomic
disparities among nations, in a concerted effort to mitigate the adverse ramifications of climate
change.

In addressing the aforementioned scientific inquiries, this study conducts a corroborative
investigation within representative regions covering a spectrum of economic development

levels, namely North Korea and its surrounding areas, as well as the United States, which are
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prone to recurrent extreme weather events on a global scale. Leveraging available
environmental data and multiple-source models, we examine the impact of extreme weather
events on regional food production and the feasibility and potential of mitigation strategies.
By integrating empirical models, semi-empirical models, and mechanistic models with a
wealth of environmental data, we replicate crop productivity at the site-specific, ecosystem-
wide, and regional scales. Building upon this foundation, we investigate the responsiveness of
crop productivity to environmental factors across multiple scales, attributing their
contributions. We unveil the enduring consequences of extreme weather events on crop
production within the study regions, elucidating the long-term implications from the
perspective of crop productivity losses and sensitivity dynamics. Furthermore, we quantify the
potential effects of varying levels of economic development on societal resilience in mitigating
food production reductions resulting from extreme weather events. Additionally, we explore
the prospects for climate-smart agricultural practices in developed regions to alleviate crop
climate sensitivity and curtail climate costs, as measured by greenhouse gas emissions per unit
of food production. The main findings are as follows:

(1) Simulations of situ crop productivity based on multi-dimensional environmental data
and model. The research employed a pixel-wise modeling approach and various remote
sensing indices, as well as phenological information, accurately portraying the dynamic
evolution of rice cultivation distribution in historical North Korea and its surrounding regions.
The Random Forest model performed admirably in predicting rice yield and total production
interannual variability, with a high prediction accuracy of R? = 0.83-0.87, significantly
outperforming other empirical models. Furthermore, our study supported the feasibility of
predicting rice yield one phenological stage in advance. The Random Forest model also
successfully simulated ecosystem light use efficiency in croplands, exhibiting high accuracy.
Finally, through parameter tuning of the Ecosystem Model (DLEM v4.0), we successfully
captured changes in wheat yield, maintaining a high level of productivity simulation
performance at the national scale. The DLEM model also reliably simulated greenhouse gas
emissions and soil organic carbon, providing a dependable tool for climate cost assessment
and national-scale food security monitoring.

(2) Regional crop productivity prediction and its relationship with environmental factors.
This study proposed a climate-similarity-based transferable framework for rice yield
prediction in data-scarce regions. Compared to statistics from the Food and Agriculture
Organization of the United Nations, the predictive results explained 78.72% and 76.89% of
total production variability and 69.42% and 71.15% of yield variability in the WGP and SHP
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scenarios, respectively. In this process, we found that SIF played a primary role in rice yield
prediction, contributing more than 15%, followed by maximum temperature and
evapotranspiration, explaining over 20% of rice yield variation. Additionally, we predicted
regional biomass using an improved ecosystem light use efficiency model, identifying high
temperature and heatwaves as the most critical environmental factors influencing rice biomass
variation in North Korea. Finally, based on process models and remote sensing data, we
successfully simulated historical changes in wheat productivity and greenhouse gas emissions,
and conducted an in-depth analysis of influencing factors. Climate change and nitrogen
fertilizer application played dominant roles in greenhouse gas emissions and yield change per
unit greenhouse gas emissions, while land use, climate, and nitrogen fertilizer application had
a greater impact on total greenhouse gas emissions and total production.

(3) Characterizing the Response of Typical Regional Grain Production to Extreme
Weather Events. Extreme heat events and extreme precipitation events in 2000 and 2007
respectively led to significant fluctuations in North Korean rice production. With future
climate warming, North Korea faces a higher risk of extreme heat and rainfall events. Without
adaptation strategies, rice biomass in North Korea is projected to decrease by 18.9% and 20.2%
by the 2080s under SSP245 and SSP585 scenarios, respectively, and rice total production is
expected to decline by 13% and 14.4%, respectively. This will further strain an already fragile
food production system, exacerbating future food insecurity. Additionally, the U.S. wheat belt
has experienced an intensification of hot and dry events over the past sixty years, particularly
during the wheat growing season, with over 75% of the region at risk of drought. These hot
and dry events have led to an increase in greenhouse gas emissions intensity in over 70% of
winter wheat planting areas and 90% of spring wheat planting areas in the United States. The
sensitivity of greenhouse gas emissions intensity for spring wheat has increased 2.2 times,
while for winter wheat, it has increased 5.4 times since 2008. In most experimental sites, wheat
yields have experienced negative impacts from hot and dry climatic shocks, increasing the
sensitivity of 29.9% of winter wheat sites and 27.5% of spring wheat sites.

(4) Dominant Mitigation Measures for Different Development Levels in Regions Under
Extreme Climate. Based on a comparative study of different economic development levels in
North Korea and its surrounding areas, it was found that, at the present stage, social resilience
contributes less to rice production in North Korea but significantly explains rice production in
South Korea and China, increasing model explanatory power by over 26% and 100%,
respectively. High temperatures and heatwaves pose a threat to rice production in South Korea,

but resource utilization such as regional nitrogen input, rural population, and population aged
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0-14 have reversed the impact of these climate shocks, even promoting higher rice yields.
Similarly, resource utilization in China mitigates the adverse effects of extreme rainfall events.
Non-linear models also demonstrate that in less developed regions (15.2%), social resilience
contributes much less to grain production than in developed regions and developing regions
(83.0% and 86.1%, respectively). Historical dynamic simulations show that conventional
tillage (CT) and no-tillage (NT) significantly reduce the sensitivity of winter wheat to high
temperatures in the U.S. Midwest. Particularly, CT has a more significant effect in northern
regions' winter wheat and spring wheat planting areas, alleviating the negative impact of hot
and dry climate events on production. Implementing climate-smart farming strategies can
effectively reduce the sensitivity of GHGI to hot and dry climate in 31% of wheat areas in the
United States, reducing the sensitivity of GHGI nationwide by approximately 9%.

This study contributes to a deeper understanding of the relationship between extreme
weather events and crop production, offering viable adaptation strategies for diverse economic
development regions. Future research endeavors should strive to establish a more precise
comprehensive framework for crop yield losses and dynamic sensitivities to effectively
address the challenges posed by climate change. Moreover, it is imperative to thoroughly
consider distinct pathways for mitigating the adverse impacts of climate change, taking into
full account the socio-economic variations among nations and regions. This holistic approach

aims to better safeguard global food security and achieve sustainability in agriculture.

KEY WORDS: Extreme weather events; Productivity simulation; Yield losses; Climate sensitivity;

Mitigation pathways
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Fig. 1-1 Conceptual relationships of crop productivity vulnerability

HVEY A AN AT 4 32 B S AR AN S R IR Bh IR, AR R B A RARAS K
FREF KB e AW B, R AEMIR SRR E 1. KBTI
MESVR T AR, R T RGAEIMBINEN TR 4ERFEIRHIEE /1 (Holling 19730, HAR
PN AR R G AAFAETZ M) 2 32 VR T R E S, B g AR E T B
B B E A R GAE Z BIPBIG OL S A REE S K R I R LT RE S, AR )
REfEZ KA LSRR A= (O’Connell et al. 2015). ANV KGRI E F70] LLE
ik B v aE B g A B KPR G 0, RIS AR K il R R b S B, e BEpT I E YD b
AR AE H L 0 3L UKL IR R UE T IE 241845 (Peltonen-Sainio et al. 2009;
Olesen et al. 2011; Zhang et al. 2015b; Macholdt et al. 2019). 2R, HTRWAESRGH
S, HEEE A AR AR 2 A4, 58 HAK S 98 BAT Pk 1

(Darnhofer et al. 2010). B4, LR B FRES K41 L TS T B NTE BN
ANZBIWKE TIPEMAESE N I BB FL R 2 36 T M 7 X CEAER G498 ViR FAH G
NBEWD 56345 T RRKRE S8R T 25RO AES RERIKE T). B
41: Mahmood et al. (2023) 8 3 pler 70 AU IEMNER G ISR R TC 1 Folindir [H i)
HEAEBWE . BEEAR RS, RN R 5 A KT A/ 5
DB, AT %, AT SRR T AR R G52 B4R 3) 5 T e 5K S 3

2



WCRT 7K, eI AR B K e, e AR o 1) M SR AR SR ™ B AR AR
(Schlenker and Roberts 2009; Gourdji et al. 2013; Toreti et al. 2019). K, MRAF—A4 4
H I B ERTEMHEZL DUS B ASREAT (R =) BT A& BRI S 5e 15 T4
WAEFE R TR, R R AR R 5 R BT N BT EEAF ¢

PR S5 ASA FI AR 3 R AR E A A 7= T ) — A B R A 0] 2 A R A Ty
R Z IR HAR e e 2 KAE R B RIESIUEMIE J1. ARTAE = JIVEN ik n] K8
RN=H TR R ENARIAL BT ALY B T AR KRR O p LA Y
MUBRAS A ] 3k — 20 A4k Jy ik T I TR) ROBE () /R A8 B AR T ) [X 380 RUFE R AR 78 R G
LG RAARE, PlLE7 B RZ2RAESHIN . AT D& 2 R mEOF A 5
FR K FIAEE  (Crane-Droesch 2018; Liu et al. 2018). #R1f, HLa%2 ] 2% R H B AR M
JRTTZ BN 5. BARRA G T4 R, mAHEN = A e 5 R . Bhas it
Fio RlE, MBI BARAZ IR T S HU I A R b 22 5, (H R ILBR KIN IR £ it
BAT] BRI o MR A 73 ARSI FoT a8 s 5 — 4 e e U, 49 2n FH )
SR o RS 38 AT T o B S A A BOR IR R AN F 75 5K, L5 B 2 e
Y5 )77 B AU ZE A i — 2B T o B aneks F TR o /RS JE AATLRT R RUE T &2 S
AN FE— AP 2%, DASCES AW EY) AR KRR R RSB S G015 B A A 2
'EA{E R (Zhou et al. 2017; Schut et al. 2018; Mateo-Sanchis et al. 2019). 2R, ZFEH)
PR TR R A IR AE B RO (I 90 AR AE 7= D1 Re 0T SR AR 5

FASEAE N R BR A 2 A T RORE L IX (AR, B 20 48 90 FARLIR, S B K
Uiy A A AR ATAE R AR K E, FEURE AR TR, (EHASAK E br iz )
FHE DU E PR BSR40 1993 SRR« 1994 FFEHIVKEL . 1995 & 1996 4F
PIME K 1997 FER G XA, BLK 1998 FE 17145 (Bhatia and Thorne-Lyman
2002). BeAl, EfEE PR E SR ST R AR S EAE SR, RSO A TR
HEEETER ARG R, KPR T HUEEASE AL 121 X AN o SR, S R EEE AR 1 A [ 2R
bttty DX s (6] 0 B A AR AL ) SRR AE RO AN [R] I 55 R R KT, I AR T AL 2 I 779
R W iy A A ) A7 TR SR M) e 1 [ ZORR B 22 et it 1 ORSR 4 (Shi et al. 20220, #H
tb2 VN, EERAERRET KRB X KB ELMRE, HEERRNEE R Y
AR RERMAL, TR THEEE 10% M e/ INE B R, Hi5HEE 30%0 H D04
SRIM, I 2 PU4Ek, P8 1T 5 R mR AR SE /N A PRt T R R, TTRE
SEATENE R 10%-40%. 753 E X, W )T SRS 52 52 m 2 X
(RN B A 9 T o/ A, M TE N NE = D 1747 190 J5, X
SEPk A0S 36 /22 7l e A BRI R T R T B B AR R o i X /N 22 A
WA AN AR TR AR N %%, CLFEARG AN B FEFR . L AE  FEBE LA R 3 45
SEE LT . m U AE PR R R I AR B T B AR R TN PR B RS m KT
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BEAL, RGR SR AR AR AN G B R R SO R 22 4, I R BEORUE AR R AR
A, SR n] R B AR P OB TR TR . T HL S A2 I BBy A LB A Y
AU E 7 B AR & AR HE B LA S A R A S5 B (K N 3R B 5 SRR it 1 F %
e

Lk, e DL AR A, AT 0 BL AR b RSB0 (1 AR (X (A 52
ED SAmtsext g, B (D BT AR RN 2 JEEE B Ik SR AR RGRE
DS RZ AR A T35 (20 934 28 KUK AR A 1 S AR R ER B K &5 (3)
MAER A7 T3 43 R ANGUR LS SR F BE  Fa o B R AT FAF XA A= AR fr 22
SRR (4) A SRR X 05 1 2 98 4 It 0 A g R/ T R T PR 9 7
IR T BATTELS M 58 X AR R SR B RFIE SRR AR Z I B A R AR A
NS 2 A AR A S AR B AR R et R AT S . R Fe e H5 1 22
SR (K0T 70, DR T I A BRI AS AL N 1) R 5 B IR B A P LRI AR 22 R
A RS B0 S SR T B . 2P A B TR a R R L e RR . R A
IS AL S BFECR, DA DR A) RREE AR B AR 7 5 N

1.2 ERIMNARERE

1.2.1 SIEZUNXIERE RS MHELR

AR, AR VSR T SO R BRHE, DA ERIEHE N %2 R
WO, 2455 B S E W A AT Ak o BURFIE SR AR 1R 2 58 7S VAl i
e, 21 thad ekt FREE I T Ea R H Y 1°C, BREHIg0E S T,
RAFGHAL G TR R, BARRICELK, 20 NEAFER A HIEE &L 14F
o AARAREE LR T RN ST, X AR B A T AR AR SR A K
i} 1] Y R SEA74E (Huang et al. 2017). H 20 e rhm DK, 48R3 Bl A AR i A< f ok 2
AR R R AR A SR A R B E A . PHRRE SO e I 2 AL ) R R VR
XoF 1 1 TR PR AR P R A VG B T P E R, T G BT AR AR Bk . 5 L R
FEPNRBE T i 28 R A K, HT R ™ E . MRS Bk o KU A = 1L
P, 1998 FEZ 2017 FEHAME], Bk LE T LT 2RERKERKESM, Pl 90%5
SARAEACEEIAE G o BRI R R AR f i R R 2R, LB 290 43%F0 28%.

BT R RNBUR, Hb Lk SRR S RMCEE E e, XPE
S5 PEALAF A B 52 SAF AR A B o BB AR e — . B RANEE )RR TR
AR EEAEY (BIAKFRE . /N3E. B2k MZhmem, AR Wi, 7~
B AR AR DA PR R B A5 o AR, ANV A% IR 3% T i ¥ A A B 5 G o] AR 4k
TEVI = — B T VR R O il . SRR 5 R IR A B RK B IR RAS 2
ST AWM R E (FmEE 2019), HEMSCEEMIRI 6 A 6877 AR AL

4



duERE, BECREY AL . R R R, WIAR(REEETE 1°C,
HREre BRI 5.42-9.48%, 1M HEAE = B3 8.99-11.28%. RETH=AFITH. MAEN
IrBE, (HARTFHAEME, G RAEEE SR T (B4ES% 2014). Liu et al. (2016)
HFH P SEOULI0 A0 22 Y5 [l YA R A il i ROBEREAT AU 7T, 45 R R 3R R BT
1°C, /NEZEFENGIT D ~4-6% . AT IR I Fia S VA b DX IR T v 140 i 7 L 7 8 B e
FEoRRRE . A AE 72 RGN T 45 RIS ST 1°C FBEKRE> 10%8, 4
B E K8 0 Al> 6.5%F1 2.8%  (Lobell and Asseng 2017). RS AFEAZAL K]
A7 TH] 55006 £E 4 BRAS [RI I DR 72 HRTE SR T A5 A8 A R HR £ AR 7= 1) S5 s 52 e B8] 440 1T
X T HUER A4 . R RIS A ED) R 2 5. Shaw etal. (2022) RILVSAEZ
W3 P PN AR A, XIRE B AWK, R B2 TR HE R
Chandio etal. (2023) F|F i/ MG THEHRIR L T SRR B ARV A 7= (1 52
M), AT SR PR AN e TSR 2 b DX SRR A P& i 1 AN R sE e, T P Y A R T
ZH X IVEY 4 . Chaudhary and Hanif (2022) AHBESR SRS R WK dabids
LR 20 ) 5 X AR B e A AR AR ), (R Re ik AR 7 4 .

WA WEEETERE, Haf SRR PR E AL N 20— % il TR
SEME RN (FAO et al. 2021). #1401, Verschuur et al. (2021) 5T 2007 EER
FEMT5, A JRNERER KRR 7T 5, FEUR S M
B LRk E RS A% A BB AR CO IREAIRFFEZET, M= AREE
P2 AR TERFSEI N, e R TR S a5 18 5K o AR B Ll 5 R0 sk 101 B
BT B — REBRMREA BN SRS = LS (AGMIP, 3 6 BB TR,
7E SSP126 1HIE N, T KA SR T ~5%; TMAE SSP585 #EIE T, T KA~ FIET
~23% (Jégermeyr et al. 2021), BN 1.5°C EFAZE 2-4°C, AEREZX B E KR
PRI TS R IEE N (Tigehelaar et al. 2018; Gaupp etal. 2019). B4k, itk F 4
5 B AE RN 3 TC PR 2R i A0 T A PR DA RGORR B AR 8T v B O 2 e KR AR 7 N 22 R
(Bezner Kerr etal. 2022), 31 SEAR S 5 5 1 FF . 78 455 Ifa 55 14 - 5 AR BE 1 5t (SSP260)
hERE R CO, JEAERL S, Hasegawaetal. (2018) Fiil 5% A S FAAL KT SAHLL, 3
2050 4 [ I LR RV i N B B T 2400 5. 76 CO il AT 5N 558 /N AR A2 BE 175 55
(RCP2.6) F, X—H TNy 7800 Ji. [FINS 25 R B0k AR AN 2% fR BUR 2,
fE R eSS PE-m AL 2 R (SSP370), Tilih#| 2050 FRIAANEZKWGH £15 1.83 1A
RIS E FR AR (Mbow etal. 2019). EI# K CO, & & AIH b B oAl 4+
(R AEAE T, 4R 1T A ol it AL 5 7 308 5 R BE COn IR B B T S AR BRI 3°C O ¢
RN & I 2017). tb4h, RAEEHARR IR R (FlaKEEm =0 K EEH
A BRI AR I, — DB A 5 AR, R E] 2100 FRERE BT 6°C
(RCP8.5), & CO, BN AT REXT /AN « KRG FIKFE = A AR, (L IX BB R R R
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22 7K B URAE AR R 2 AT K3 (Lombardozzi et al. 2018) .

LR, R R SR AR ER VI AR = DTG A T T AR, R
AR ISR NE ST L IX o BEE AR IR, B b7 2R 1 S R S s 2l — 25
S ERR B2 4, R TN T YL . B Mo X R E A 7 145 %2
i TR AR AN COL REET R, (RN DU G A Bk s A ZU AR B A 22 IR DL

1.2. 2 WImRSEHXTHREE LS

g AR I R 3 7K AR S B b TS5 3 T AR S A A AR AR AN B K N (Frich
et al. 2002; Sui et al. 2018). VEWIAEK AW, KAl R A PT fE 23 16 ™ B (1)
FEEUR . Rl TR miE s AR OR sRIEKEAE, X URR R R A2 A
JIRE AR K E BEA E RN (Guarin et al. 2020),

F BN R AR & 22 A a0 s ™ B U 2 —, HOSA R AR B AT e
7 o At Bl i DR A 3 ) s LS R S AR S 20210 THINHE PR 7K B,
HOES NN H D j i — 2 KORRAR B T oK, I+ R R s . 505

SN A T AT R L SRR STAR RPN EE I AE /1 (Kaya et al. 20060, a0, &
— I Gk, TR A 75 AN S A A A K (Okgu et al. 2005).
9205 e FRAIG, AH A Koo+ R BUR I A I AR 2 — . BRI &, MR iE AR
AR OK 73, FE4 Hoazs B IR I 25 AN 50 o SR EE P oK, Ko FEAR BT
AR 40 i 2 TR R 8 AT g 2 32 BELE P W, X BEAS 1 (R A ) L AR, AT BR il
THEMIFAK (Nonami 1998) . BEAMETFAKME T, 722058 MHHKMY 2325
#13%E, SEUEYHEECN. HEA T (Nonami 1998; Kaya et al. 2006; Hussain et al.
2008). TF L 0HEVIA R IA R & B ISR e, ZgEim RS~ 2. i,
TEACIE 2 T RGOS, 1RV RIS R 35270 MUK 0 RSECFR B IE R K&, M
SO T (Yadav et al. 2004). MbAk, T 51858 2 5200 RE K SRl A 1

JIRER 0 I e R AR IR AL . Ve B BN B 40 S RS, AR T BB K
WEE RTER i FE (Ahmadi and Baker 2001; Taiz etal. 2015) . X TR EEYI K,
K53 a8 2 5 35 2R S AR JH AR R EE S 45 7 (Estrada-Campuzano et al. 2008) . H4F,
IK I3 I8 IE 25 I8 % FOKTEARIE NI 221, BT B 22 (1) I5F [R] [R] RR 1, A TTXS &
K== ARG (Cattivelli etal. 2008). TE/NEZHMFEG, ST FEXDRFRIE K 3 2%
VRS M O A B, R I 4 AR AR R 1 2 A T B (Wardlaw and
Willenbrink 20000 &2, TREEL TEMMAERKMAK T AT, B e agER S
T, A FEUEDIE H R4

TSP A e PR T 2 ) SRR A, B R I 2 Ja ],
AR KEPEANGEI IR, EAERE S5 & A AR IR T B R/ R R A



Tk FRY N 2 R 457 82 I (A o Al A B A5 2R A IR Ok &R B AE VR 2 00T A P 1S B
(Semenov and Shewry 2011; Innes et al. 2015; Pagani et al. 2017), XFRRZATLIH— R
FIRIHLE AR, BG4 RAEI R G E . 5URZE KB A R UL R ARG B Ak R
Wid R OEE1ER . PERAE A ZRE1EH ) (Eyshi Rezaei et al. 2015; Innes et al. 2015;
Stratonovitch and Semenov 2015) . =i 7] e ELEE A EVI I A A B RS, ] R a2
MUK B, XL N AT RE YR B o BN, FERDTRESRGERE T, RV REE T
Fm e R, DS RMFhFEE, K& (Siddiqueetal. 1999). X2 K
NAEETR S, A SR BN HARE TR oo R AN Fhaa, I e] AR K
BRCE Y32 BIBRE] o HBE s & F H A IS 5 e L3 S AR R ZF A i
ek, MIMSFEHHEECD . MAERERS EFA, FTORMRZFHE 40 °C MAEKBSZE, 1
45 °C WARKAEIE (Weaichetal. 1996). il BT H I T & A A K
FA F AR B T RE, (HM A AR Z B 2R /)N (Ashraf and Hafeez 2004) . 5411,
FE I N B H BRI AT B AN BESE N . 3 R BT DA SR A ) D SRR AR
(Ebrahim et al. 1998), fE/NZEHr, L & AIE & #O6 #APE 170 8UB%,  Ferris et al.
(1998) & T Jst AN A Ao PR AT s 230 2 o A U P2 P T v T B o sl Yol 2 5 A 28 ik
B2, ek KAERE K MERIE 7. (e B fehidl. 2R ERE. Fkd
KEFATHA RS A AR o BB VF 2 4B 8 53— A 5 W 2 A2 A6 H 5 3 it in
EmE S AT MG . TR I A ia R RUK, AR FE AR SR AR BT Re VA
TR E 1 S 8™ E Y~ EH1J (Siddiqueetal. 1999), Mz, WIEWAEF, 1
WIRE ve il R 5 L ERTAE 0 A AN i [ B e o+ R 22 UML) ) A il o A 4. =25 52 31 sy T )
FMEEN, M AL, A SEUED & T .

R e A G M EMI R A KR B k] e s IR FEJa [, (R X) o —Fh
TEVIRT e A il . i 25 BT FE Hr i WL 52 1), 5 AR T iy BRI By (X P 2 e A2 R
VKRR, SR ERGPER. flan, oK. K&, M. BMEEYRELKT
10-15°CHIHEEE T & LRGSR (Guy 1990; Lynch 1990). IXFEIR IR K EY)
1M, BT AEYDAHIGIR O SO o 288 TICIR MR T KRR I & AR AR, A
b . A AL, IFE T RE S B SR E T R IR P I S EUR A
R\ W R EIR. M A s . fhiZE Lo BEg> o VR AR Tl A K B I P8 23 5
BUMBREZ A AN E , N S B EY ™ 1 IS8 K 25 2 — (Suzuki et al. 2008) .
R X AE ) B 3 E AR 5w 32 23R WL IR W 5 i /K 5 208 48 A BT R 45 4
(Steponkus 1984; Steponkus 1993 ). i WA BV ERE T, (RIEEKEiE AEY i E
IR SRR o EARIR M B S5 T, VRV 2R A A1 R B o i 7K 20 2 T UK & iy, X —
DX 355 1) V5 A B AR X A o DRI, 7 4 470 T R (R 0K o 7 12 X3 5 ) Rl 4 i (1)
TERUE FIBEEE . BT X AR BEIAEAE, ST N IR 7K 20 14 VR o5 150 B2 DA J )5 [ 4 i 71
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[ BRIEAS o 3K — 2 B A B] R b A DK &8 22, DT ko &4 e B AR J5 e Tt L
Wt 77, mA&FEANMEZ (McKersie and Bowley 1997; Uemura and Steponkus 1997)
S, AR MBI T AR AS AN A YR e s, a3 T S B0 o R A X PR k.
bb, RFLSTFEEYDCEEN . &S RO Al AR .

WEE SRARACINR, 7ERIREH O SR 1 Rk IS AN v B /K S A4 22 ()
$e, K R AR AT e R (Palmer and Réiisinen 2002). SAT, € BRGNS
BK AR R IR R+ WA, (HAS AT A A B AE i U a4 T, smPF/K S mT Be
SR A PRI R E ORI E . B, 1993 4ESE[E Hh g it K45 R IRIE T 80 143t
[k, X R0 UK AR 50% (Floods 1995). 1997 4F3% F LA RHLH 41
TR B A A I i 1 AR, B AR R 10 143578, 2001 46, ZLIRANE P4 Y L
TR AR Kz il S BOE B R B R RS . B 7 UK B E 24, LR
i vt e M P K S R EI R R I — A R R CEZESE 202D, i B
(1) 358 i T A ] R S EAEY I HL B ATHL R 584> (Kozdréj and van Elsas 2000), [H]4
WIAE Y% R E 1 XS (Ashraf and Habib ur 1999) . 4k, Hemisl e it 38 T ikt
ATHIMRERAE T BOE R ESCREIR , i — DR E P TOGR I & . filtn, 1993 %
POV LE M K IATE], T8RN R B B K MR, RZTER 70% FIERIEYI K
YEVI R E s 7 (http:www.rainhail.com), &5 =58, Zmre ik KK 1151
JEE 3 v T 8 52 A 2R 2 B K AR I Tofis o DRI, FEAf v H Bl R A AR B A ™
SO RN, EH AR i A K AT e 5 3 VR ek XU, 75 AR 3k — 25 25 R NN B AH S A HE
Barp 2k,

1.2.3 BTSSR MBEEIMENE =7

VRV B AU TR o s 12— 4 e B Is, a0 F RaRE 0 . o RO s
O N A T M o A TR R PR A R R S 5 K, B B 2 B U ) 7 A
PIMEZE At — 22 IF A, ot FE Rt s /AT AL RS B2 g [A]— A
WL, DLt B E A KRR RDLEE R S5 B A B A SE R
(Zhou et al. 2017; Schut et al. 2018; Mateo-Sanchis et al. 2019), 2% JL+4, FETFH—
el Is 5 2 B IR A A KAV = E TN ERAS 7Rt . SR, B TRV 536
Bi 2 [ R 2R BN A R R A SAE Y N AR R 22 e, AT RS AL M DL TR 2 BV E ) K B A
AP I .

SR BT RT LR A . P g s R MBI AL 200 38 5 fd B Sk
Ve B e X G 5 S5 A G B TR (VIs) HALR R, XAPRRA]
DL 2R M Lo M i . ZRMERSEALE S R VIs 58—k, “IREEFEE 315
YRR, XPATYLE 4RI N A F X A5 2] ARG R SIE, (E BT R Bk = R


https://www.sciencedirect.com/science/article/pii/S0959378002000080#BIB15

(A BRAR 25 7 BRAR FE A IF HATAE AR R B AR X, Xy &% 1) H A B A e IR 4
IR I Ao AHEE T2V, DINLES 55 S AR I AR AT NAE T A=, FE MR
HRIEL T A LG 8 A S 2 1 57 B R R T HA E R HIERIL. 1AL,
RERSE R P B R 22, 52 B AT a1 4R T 7 B AU JE 1T 2 7 T RS
HIRKFR, AL AR A & N H T 2 700 LA e R s A R /oK . B
FEASIIIG N, HLES 5 SRR B I B 52 2% AR EE, TN 1 &85 SR AN i 30 B S 1)
KW

PR 5 2 5 T AR R E R R s A S R A, A A B R e
B R R B E BEAE s e S R A KK E . Bk, TR
Bnf DT TR BRI 2 . B BRI PAES 2 (8] A H.5200 (Messina et al. 2009). {E4)
BRI |32 F T 0 AR A A RS AP A 77 T IV AE 2T (Rosenzweig et al. 2014; Asseng
etal. 2015) HIRITEXUAIEA FTHE LS  (Hochman et al. 2009; Kassie et al. 2016 ).
SR, BT AR VRV AL 5 /N 37 1R B ke SR 2 1645 2. (Chenu et al. 2017,
Jones et al. 2017). HT/EVIRIY ] B A SCHPAR BCOR SR, DRI LA B 1 [ B 2% R I
FH T) ROBE () 77 B A0 o A7, X EEASE Y 38 5 >R FH T4 B 7K ST g B AN AR P BR AL 22 D 3
AR XM RR ] 1R AT TR XA E A VAR AR ) DL SO BN IR B
SUMA T RE ST o /BB AR MDA I i) il b A 2 Pl 2 04 Oy B T 32 R AR <A AR A ok 2 R B i
L7 ) ILAE  (Bondeau et al. 2007; McDermid et al. 2017; Lombardozzi et al. 2020). K
2 H Gt A P B AL R R S T R KSC S AR RN AR ) b R 22 AR, FEH AT L
B 5 KA AR AR S AT AR SR I AR X L ER A S R G
S0 (Alo and Wang 2008; Fisher et al. 2014). i, ‘B4R F TR0 s A0 R Sk S 5
155 NI IBAED AT 7, VPR BTG R E 1, IF BRI UE- A5 R 4t
Wk 7K FRorFIRE R B A8 #k o FEE TRV AE KIS FE AL A BE ST B 1 AR S R AR AN
REE SR HERS 4R B0 A2 7= J1A4EL, 38 RR A AR sk 7% A (1)L 2 A=A A R 388G WLk 5))
BTN X—HERAGHZE | IR A RO AR P2 s, DL AR
BRI RAGHLA o PRI, B MR R B 2 A AR AR IR R PR G SN AR AL 1 AT AT
T35 AR, JCIe 2 I (7] FH (] /R PR B 0 2 1] r) X s Bl o A= M PSS Y, 0075 BV 22
SEIE R A S HORAN B AE e, ALHE T ERALRRAE . B S ML SR B R
BER. B AESSHAERLIRE S 280 (Lietal. 2015; Masutomi etal. 2016). [KHixX
PR R X IR e AR ), I 52 Bl N B s P2 8O s PR 2= 1 FEAG

PGB G AR SRR S, BEAR EREREERIEMSE, B
RE MDA [FIAL 5 70 BE A B R L AE KR - SRR IR R 9 AR B & Ot REAM BT,
WA Ak B O R R U e 3R LA A 1 FH IR HHoks i R A D [T 5 Bk 1K) SE B Y6 g
FIHZ (Monteith 1972b), FiE it PR E K1 FIE L0 S HO0 T BRI A = J1fI = & .
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ITSHIRE SR B, R 2 O AR A 7 1 456 AR s 8 O FE H0mT LA AT SE i vt
W3k & (Xinetal. 2013; Guan et al. 2016; Yuan et al. 2016). Y HEF R R4 AN FE
A (1D BHIRLE T (GPP) ERILHDGEH GRS (APAR) ZiEAHIG; (2)
SEPROGRERIHZE (LUE,) T8 B TR0 MBS s ROCRI -2 Z (LUE),
A FE B 43 T . D' RE R FH 2R () — RO ] AR R A :

GPP = APAR x LUE (1-1)
APAR = PAR x FAPR (1-2)
LUE, = LUE,x f (T,P,...) (1-3)

Hrh PAR RGEA BRSNS FPAR & PAR #WIR LB, £(T, W, ... ) RRnI 44T,
FIANSUR £ (T) FFEK £ (P). Yuanetal. (2016) FET A OGA BRI 45 G0k
SPGB A 0 R0, B0, T WM AN AL 26 12 AN 5 R R 26 B8 B VE M P i 25 SRR
BRI 25 P A RAY T 32-61%, T AE A S A A T 34-55%.

1.2. 4 ERSETUIHEYME =N ESZ N

R4 IPCC [AMEMESSTENESE, iR st X () AE Mg sS ERl  h = AN 2w, B
TREE L BUBMERNIE R ) o 0Ol AR =Rkt B R FEROH N EM A KR G W B
15 ) E SRR AR, RS M%. HIB . AW 2 7 TS0 o BRI B 22 (1) A2 1T m) 1
VAR, tHEH S BRI i, BUSrk 2 b P 5 0T AN O, A B N Y
MR AR AR (B 1-1). YRR EWBRREr, S EMIKE 3 & 12
AR AL 2 AN B R PR AL . SRS S AR R IR, AR RS e RS
WA, BRI FA R TR A S B IE R, HL I DR v A T R I e IS T
IR R L . PR, 75 ZE NN TRDAR S E R S AR A& B e . — IR &
SEFHEDDIE N1 BN NIE ST 4 R B AN P Rl . B4 08 B Tt A d5 35 B Ptk s b
FERgmARFAR . JERIAVE FRE B, KRR AR 250 08 (B H3EEE 2011), [A)4%
TN S IR AR RGRY . U EME. Lo BFE A N D EIRFBUR
XFFo

I AT A AR AR A ONTE S N I BLEEE NG, AR EA D EMIE RIS
AR A7 TH S22 ER 1700 24> CRATEI R BR S£ AT I 20 R, 1E
W) J 2 T FPD 3 L P 4 it (A AL 7 P I B v 7-15%, IX PO S AL S b Fh . FRAELAS R] . REE
REY % & BRI AR AL (Challinor et al. 2014) o i & VEY0ad W 1 42 5 1) % B4 it
FEJERRILIX, 5IN T PR il s B AN 2 N2 RO b, DAKE i = & 542 =i EY)
HIPitE (Peltonen-Sainio et al. 2018; Zhao etal. 2022b) . [AFf, 7EmGEKAIPRR, il 5 i
(AT A B T 2 i 725 ESOR 14 R 8 W B8 e 1 K5 R I AL TR 2. (Zhao et al. 2022b).
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FLUR, FK TR YA BN EE I SR WS 0 S AR IE B R A T REH o Lychuk etal. (2017)
DO R R Ge 4 a1 38 2R g AR B BRI A T RGO oR R oK = 1
29-33%, FHEET FEXAOVKI AR . Ak, TED ORI S B CanfEY Or
TR TVE RGE) LA BRYEE P T2 N 9 Ry 1 35 B A BRG oaZ D A o R <SR 1
AR B F= B4k (Yin et al. 2016; Pertot et al. 2017; Gobin 2018). Fiii H HITHHE & ) —
ANIE NS AR R ) S BERE i, Laux et al. (2010) 7EHUAF7 DA g i i 07 8 f (11 3%
RS, AEASAEA AN R K AR LG T JE v ) 20 R I 30% A0 15% . HaRE S0 At A i
CR R o8t D17 SR R A P At A A B FL At 7 oW 22 31 (Woo et al. 2022), It
FIRE A RGWBRRZ BI00E, RERGZFEAEM—EAEREY . s il
Maa, fem FARVKAESRGWE ). REZeMAT 2 (Baker et al. 2023).

BEA AL Y S I R MR, )9 3 S 43 i A D NN B SR - T S
AR E MBI A T HEAE A . — TR T JE H R BRI 78 A B e i 52 31 B8 < AN 2
EEGRH L, KPR, MRMADRBERGRZ 54 7 EEEHRR 70%
(Oluwatimilehin and Ayanlade 2023) . 5% AN & F] i A& 40 5 18 55 10 X $2 =i B 5 T 1) 3=
TERR ], 4% IR ) A A AR B AE R, 3 38 5 BRI At AT Ml TR] 4 B e Rk N
(Oluwatimilehin and Ayanlade 2023 ). t4F, Maseetal. (2017) ESZAR B RS I 0 AT
AR T RO URARA R PR B B, RN B AR RS HIE R REIHT B
fifp DA S i A R T AT N B B R B FESRFEAELAL, 0 22 e o T S
MeFEr AR 25 50, ) 10 200 T B S RE B 52 B 7 E K AR A AL 2 I, RS AT
e Z BIESREURE S IRES) (Assefa and Gebrehiwot 2023). 14k, ZIEMER 51T % ]
BT B SR I 52 3 ZERE IV B AN TV RFAE BRI, A BROE e 5 ) 32 22 vk 7 PR 3R SR UK
TR R AR, FEEMAL, AR RN BEE . B EIRE HET
R4S UL K BE T 3 0 B E 25 (Adamseged and Kebede 2023; Assefa and Gebrehiwot 2023 )
SR, XL TR 1 4 BRIE FE P R TR A N SRS ) AR . IR NI ST AN
SR AT BT S A b AR A T N S, DUBR AP R AR R E R RE TS, ARl
F AT R SEPE AR £ 22 A g A B 4 i O AR T 52

1.3 HRAR

(1) FF 2 PR AR AIa A DL S 7R [X oty il RUBERR B 267 7

P BRI (R b R BB X O] (e, whE, REDC T SR SRR N
DO, SRAAPLEZ IR (IR AD . S AES RGOLRAM IR CGRaigiial) A
ST AR A S R G A (WL ALl RORBERR B A7 77 FE 70 5 8w
MR, BFEAIRE T YEEE . SMER R BREOGHEE B AR R4,
RICIU B E R R SR BB X AR 27 T 107 7
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(2) DXHORR BT 27 7 IR T e 55 A5 PR 3 1 i Jo2 5 4%

1 2 AR RNt Moty ROREE Y R 31 DXCHORURE , Bl i R XIS/ R 27 F 0 KT
A o BT RRARANE SR B, S R pLs o ST ATl 7 R M (Y T e %
P, R A X IR JKREAE ™ 770 Rl T RO TR 6 & 2 [ A B A5
B B A RGOGRM I Z AR AT XA 3, JF 0 S i AR R AR AR AL
T Z PRSI T RS R G, BUSEE N EZ X% 60 SEAEMAE 11 LR
FAEHEBOF W AR A R . BT AR AL AR H B AT A 2 1
AR, R FRE R AR A 7 A B R R R N o &, IR IR
Wi AR 3 52 A7 F1 B A A I R A B R 3K
(3) Ui TR XA B A 7 xe A i R A g i 2

MAER A 77 453 I RO (0 A JEE 5 8 70 AR g R 3 X S 7R DXl e 2 7 (OS2
fEFH 27 A ERTARAE AN PR AR AT 5, T S AR AR A T s R R AR R
[ (2021-2100 ), JFERAMFARRTRA LKA BHL. BLoh, T
BT D25 B AR R BRI L BN AL AR IR RO R A X
e T BRI N B, FFER IO/ A o A U E RS ARt
(4) TRITHIL SR XL G A it 1RO OR

FE TR ) SRR AE R AN [F] (R AL 2 2 B R R /K I ML Ui X CRfie . [
PR L T A AR, R SRR R 2SR A, SR T B 0t 22 i
et S AGEXS X SR B A 7™ ST I R e ) o JE I BEATLAR AR AL A8 43 4 g 43 . (PDP)
S BVl A R T R A i A AR S M AR AT B . U B R 7 Sk
FH - PRFUGRAA /N 22 A 7 3o W s T FA SR AR BRI T 70 o 8 B ARG B B A B s
BRZEMR N R TR RO AR U (R E 77 LRI 2 Bl R

1.4 FRAREEZ

AT 6 H T 22 VR PR B B A 22 i R AR Y AN SR SR R X 2 RBERR T A 77 7
FE BEIEAE EAR FC RS R B A7 /1 B R R IZh SR IC R o T R T
Ao AR X O B2 7 AR (P R R AU AR ) o i IR A A B s AL AT
2V KT R M T A KR AR B SR E G T =, PRl T
T RGN T 1. FARBOREEANE 1-2 PR
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Fig. 1-2 The framework of this study
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BE MH5EREEA

2.1 WXL

AR ST AR i R S [ /N 22 [X R R S i i R A=A R £ AR 77 IR 52 0 LS AS [F]
K N LA RIS a7 7. RAEEANSE ER AR KR AR IIX, BRT
A% 1o PRk 25 8 P RN AN [R) RO AR s AR AR AAE o AL, X PRANMIX AR T 2 R R R KT,
RBRATER Fe Ak 22 Wk 5207 ) 23 gk 2550 7 R A0 %8 2 2 A R sl W B 2 72 R AR 4Rt T
L ES

BASEN, TR, ZRIm H A, PO, dbF 5y ERaE, BERe s e S whE Al
Y, KFEAE IR R A AR P R S T B 60% I A, A% E 2500 3N I A T AR 4R
FEITR (Dill etal. 20210 H T HARR IS5 S5 A Cln s 26 B2 A B A2 RS R 2 D,
Wi R T LN AR RR B R E . A EN TR, HTRAE
PR BURISL UL SR RS R 2, B Bl 2 LR ATE 754 R AL (Dill et al.
2021, J 2 H 20 4 90 AR, SE 1) B 4R 95 T F BUPEF AR 6 42 7= SR T B
8 AU B $2 BRI gE O DUEAMR SR 1, U1 1993 SR . 1994 FEIVKE |
1995 2 1996 4K H K, 1997 & KAT5, DL 1998 55 %55 (Bhatia and
Thorne-Lyman 2002). RN 21 thad, SASERPIRE ™ SRR SN HER, W
B R ) EUKAA T A R I (McCurry 2012; Crespo Cuaresma et al. 2020).
Ub Ak, = P E SRR T A R ST B SR, FEUA TR FE S R A TEA L
M CLIREUR K AR A S 40, I A 2 X (P N 52 8 7 AR BkR 2810, 5
FIF A b 08 194 m ] 2R Tt X R 5 ] 20 LA AR AL RSB RRALE (B 2-1), FLRERE 3RAF 58 BE (1)
ANTFRT G EdE . RS SHEE ORIETH FURAT 038, SHERR: HZON RORIEHIX) 5
HARE (BFE, KA, FE, KEFHX) E5FEEG LM, HESE5
RIBANCFEAAEE R ZES, XA SO E A gt X AR 2 7 1 B 2
JIWI RIS J18 L T J13C#F (Shietal. 2022).
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I Bsk Dwb

[] North Korea (NK) ' - Cwa . Dwc

[ south Korea (SK) Cfa Dfa 0 80 160 320
Liaoning (CHN_1) = 1

] Dol Dwa . Dfb Kilometers

[ Jilin (CHN_2)

2-1 Wi, whE, PELCT. AR SRR A A (AR R . AR BREE 0.2 ~
0.4 A/KFEEIAFIHELX, 0.4 ~ 0.6 N PAFIREIX, 0.6~0.8 AEMFHEIX, KT 0.8 HZHEMIE
X B giBAGE 7 BRI UED X, HES W Beck etal. (2018)
Fig. 2-1 Spatial patterns of geographical and climatic distribution across North Korea, South Korea,
and Liaoning and Jilin province of China. Cropping intensity values of 0.2—0.4 are considered as low-
frequency rice planting areas, 0.4—0.6 are medium-frequency areas, 0.6—0.8 are high-frequency areas, and

greater than 0.8 as the perennial planting areas.

5 [E 2 R ERAE 2 2 U RGE R BUAMV AR 2L AR B 5K, HL/N R A 42 3k
A A A R R E AL JE T, SREVNE P R TR 1 BN 2R R 10%,
HA#E 30% 00 3. SEREH/IN RIS B2 0 A T4 0, i 248 1SR
LI, NZITTHN ARG TS BRI (& 2-2). SRENRZA S
BERIA BARTNBA AN B, B ARERT . TEAC . FERL DL A R A% 2
Ao R A R EORTRE 2 B AROD T BT B R B 1 SR [ /N P B R R KT
KRR T RIEA 2T AR, LR, M E R TR AR
AR X E/NZAE G RNR T RFE R, SEENEER T ERK 10%-40%, IR
BORE RS S A8 E it X, A 10T AR AL 15 52 50 B IX [ /N 22 4R 357
BRHUREE 9 TR/ AW, AT ENAT/NE P Bib 74 190 Jimt. X ek 3¢
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RIS O 1 L BESCRF, AR A kAl B, A B DR Al AR

A R BBk DA BRI S5 ) B AR B S SR AT 7

BME 2, A RSB BT AHE T 0 #r 22 PR AR R A 7 0 (K g DA BA
i R AR AE P I G RS RN A, FRAE LRI A b A AN R A i

TRt DR 1k R A 4 Tt P A 7
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Fig. 2-2 Spatial patterns of geographical and climatic distribution in the United States
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2.2 BIRFKIE T IE
2.2.1 SR¥IE
2.2.1.1 BUEN 4
(1) b 3

S S H I~ EA SR EZKSE 0 (http:/data.cma.cn) FREL A3 1960
R 2020 FEHIIEI ) 2419 ADub R H L B AERACR . BRI R AR A
H RIS $05% o X B 220 — S0 ot S HI AR HEAL B . FERET TR AT, HERR 1Rk
(BRI B R BT S%IEHE . Ak, BRATEAE T R st i 1 7 sE s @ v AN R 4
B %58 B IR BT (E R AL R AR R
(2) ARFI I

AW AL FH I B B M RSB EE o A T e R X SRR . X
HE3Z H 1 FF- 20 B H0HE SRR T BRI I R APtk 0 (European Centre for Medium-Range
Weather Forecasts, ECMWF ) HA% A4, 2510 0 #8800 0.1 . 2B R EAHE 7 1979
AR 2018 B H I 2 KA (24 /N i BARFISFIIRE D) BoK AR BRAR S (F
WK 2-1). ABFFESE T ECMWE K26 TUARE /T8l € (ERA-5), AMAER: D
FAEE L R D B 538045 2) i i sk EdE S, T DL AT LB R R T
FCAECE B B ) L X

KT T T 1979 2 2017 4F (5 SERTHAD AT 2021 2 2100 4F Rk
3D AN B = Fi -3 S fe SR LR i SRR 3L (R 2-2). b4k, ABFFLSEE
T 2000 fE& 2017 FR)SAEAS R AR MGG R A B ENA H e 1 X 38K R A= ) &
BEAT BT . BAAT 3, BT T 1979 % 2018 £ ERA-5 BUE 347 M R E 047
oW AR ASAE R 7 B T CRMTARIE MR, DA 2021 22 2100 4 [A] SR 1A% A
B FRR B A2 P24 O, X — I R 25 1 RS [RS4SR 27 A AR (GCMD .
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R 2-1 AWHFCE J B R

Table 2-1 Data sources used in this study

I 8] 75 [H]
Hm e K o o A Eitipu
TR TR
EVI MODO09A1 8d 500 m - Enhanced vegetation index
LSWI MODO09A1 8d 500 m - Land Surface Water Index
Normalized difference
NDVI MODO09A1 8d 500 m -
vegetation index
LAI MODI15A2H 8d 500 m m?m? Leaf index area
LSThight MYD11A2 8d 1000 m K Land surface temperature
LULC MCD12Q1 Yearly 500 m - Land use and land cover
Kgm? 8day
ET MODI16A2 8d 500 m | Total evapotranspiration
Precipitation ERA-5 Daily 0.1° mm day! Precipitation
Maximum TEMP ERA-5 Daily 0.1° K 2-m temperature
Minimum TEMP ERA-5 Daily 0.1° K 2-m temperature
Solar radiation ERA-5 Daily 0.1° Jm? day"! Solar radiation
DEM SRTM - 90 m meter Digital Elevation Model
Biomass observation EC towers Daily site g C day! -
Phenological stages Weather station 10 day site - -
Production statistics FAO Annual National tone -
Population FAO Annual National 1000 Person -
GDP UNSD Annual National US$ Gross Domestic Product
. . % of total
Population ages 0-14 World Bank Annual National ) -
population
. . % of total
Population ages 15-64 World Bank Annual National ) -
population
. . % of total
Rural population World Bank Annual National ) -
population
kg of oil
Energy use World Bank Annual National  equivalent per -
capita
. . % of
Access to electricity World Bank Annual National ) -
population
School enrollment World Bank Annual National % gross -
Patent applications World Bank Annual National - -
Net ODA received World Bank Annual National % of GNI -
Nitrogen application - Annual 0.5°X0.5°  gNm?2yr! Lu and Tian
Phosphorus application - Annual 0.5°X0.5° gPm?yr! Lu and Tian

vE: UNSD Al GNI 7 52 B E vk =) A E RSN . FAO. EC Fil TEMP 43R B [ AR
BRAL. BT ZE R
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Table 2-2 Average and extreme meteorological variables.

Ejiipa 45 FH LA
Total solar radiation during GS TS I MJ m day"!

AR AR B Average air temperature during GS AAT I K

Total precipitation during GS TP I mm
Minimum value of daily minimum temperature
during GS Thn ! K
Maximum value of daily maximum

temperature during GS TXx ! K
Count of days when TN > 20°C during GS TR20 F Day
o S F AR = Count of days when TX > 30°C during GS SU30 F Day
Count of days when TN < 0°C during GS FDO F Day
Count of days when R > 50 mm during GS R50 F Day
Count of days when R > 25 mm during GS R25 F Day
Count of days when R > 10 mm during GS R10 F Day
Count of days when R > 1 mm during GS R1 F Day

H: I Fy GS MBI RS MR MA KT, TN, TX 5300 BRI SE. HiRs <. R AHR%
K& (FE I http://eteedi.pacificclimate.org/list 27 indices.shtml) .

BTG RE (SD) ik CMIP6 (1) 27 MaERAEFEN (R 2-3) #H TR
FE b, 192 T PR AR SENE 5t (SSPs, LA T s R4 6D, HA SSP245 R
gk RigiE SSP2 + RCP4.5, SSP585 A& =ik EiEie SSP5 + RCP8.5. SD Ay
(NWAL-WG58) 4 BRA A5 A5 U 3% H 4 sl 85 3 RUBE B BAEE (NKO 1] 1299 M A
AR T B HAAERE . Gt B EEAEE = A F ARG T ﬂVRFJﬁ%&IE%nN
[P R . AP REER A 15T GCM siedlr DY AN A6 s s L‘E’Jlﬁﬁﬁrﬁﬂﬂﬂ (IDW) FHfH
JiF R AL IS B (Liuand Zuo 2012) . AR5 35T 17 S i B WL AT GCM i 2 18]
FIR RKAER GCM B H REZE. &5, Bty <R A4S (Richardson et
al. 1984), T MERIEN A RE GCM, SHEAMEITHI B EIRE . BRACEE . B
K BHEE 5 138 H 1) P2 TR R . A8 SD IR FE4HGIA, 1§25 (Liu and Zuo
2012),
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F 2-3 AWFFCHTH ) CMIP6 4R fiEAR =
Table 2-3 Information for the 27 selected GCMs from CMIP6.

it

AR

5

[E %

Z

Bl 7 (0x©)

I
1 ACCESS-CM2 ACC1 Australia 1.2x1.8
2 ACCESS-ESM1-5 ACC2 Australia 1.2x1.8
3 BCC-CSM2-MR BCCC China 1.1x1.1
4 CanESMS5 Canl Canada 2.8 %28
5 CanESM5-CanOE Can2 Canada 2.8 %28
6 CIESM CIES China 09x1.3
7 CMCC-CM2-SR5 CMCS Italy 09x1.3
8 CNRM-ESM2-1 CNRI1 France 1.4x14
9 CNRM-CM6-1 CNR2 France 1.4x14
10 CNRM-CM6-1-HR CNR3 France 1.4x14
11 EC-Earth3 ECEl Europe 0.7 x 0.7
12 EC-Earth3-Veg ECE2 Europe 0.7x0.7
13 FGOALS-g3 FGOA China 52x2.0
14 GFDL-CM4 GFD1 USA 1.0x1.3
15 GFDL-ESM4 GFD2 USA 1.0x1.3
16 GISS-E2-1-G GISS USA 2.0x%x2.5
17 HadGEM3-GC31-LL HadG England 1.3x1.9
18 INM-CM4-8 INM1 Russia 1.5%x2.0
19 INM-CM5-0 INM2 Russia 1.5%x2.0
20 IPSL-CM6A-LR IPSL France 1.3x25
21 MIROC6 MIR1 Japan 14x1.4
22 MIROC-ES2L MIR2 Japan 2.7%x2.8
23 MPI-ESM1-2-HR MPI1 Germany 0.9%x0.9
24 MPI-ESM1-2-LR MPI2 Germany 1.8x1.9
25 MRI-ESM2-0 MTIE Japan 1.1x1.1
26 NESM3 NESM China 1.9%x1.9
27 UKESMI1-0-LL UKES England 1.3x1.9

2.2.1.2 HERIRSIEEF
AHEFAEHT 2488 (AD REAETFHPHER, Hrh Al 2 XCHFKE (P,
mmyr!) S5BAEZRRE (ETe, mmyr!') HILUAE, ETp @B UFARESAF TR
KP4 BR AR B AR AR AT< 0.2, 7ENFE I TR s A o 2 B AR A R A,
X H TR ERVE N T R T R 251 (Middleton and Thomas 1992; Berg and
McColl 2021; Shi et al. 2021). ETp KH 1] 2 # 1) Hargreaves H #7115, 1245
Y 52 31| K BHER S AR I Z) 9 (Hargreaves and Samani 1982; Shi et al. 2020a). Z B ff
AR ERE, SR KA AT AP 80% ) ETp Z84k (Almorox et al. 2015; Shi et
al. 2020a). FEAAAXSHALINT
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ET, =0.0023x 0.408R, X (T~ Toin ) x(T —17.8) (2-1)
P

Al = ]

ET. (2-2)

A Ry, Toaer M T 0 ERKBHEES (MImM2d™D, iR (T) FsRKAR
(T, MM T (T M 2 KR H P[RR fEhFEAKZE (3 A% 9 AW,
IR B T N S I RIS, 8 H iR R 30°C #ie SN INEE R T
AR, X TR L O EER N REIRE FIR. ARSI E T ES
TR, RIFEREE AL B AN ) R R il S T R 9k, Hii— Pl aes8 a6+
MEMMEE W TREERIER) (EASFBUNEIR IR R 2 .

AT+ AR R RESHEERR 0.1°) FBERER] 500 KR, HitH
2000 % 2017 RSB WK A= 5 (GPP) (3R 2-2). BRI, FET WL M4
IR AT 73 HER N 0.1/ S AR SIS B HT R AR 2] 500 K, DAVCECA: 9 & 1 25 6] o
HeE, METHE T 2000-2017 AR IRR E A A5 DN 5 A AR A7~ 318 2 18] P4 i
P2, FREETZAR 2 AN A R T BARAE 22— SR Ll R S R A 1) S
T Hor, O T AU R BAD IR B R RN T 0 0 A B S AT AT AR A
RERE . DL, WRBHEMEKT 1 8vhTF-1, MRS EE & TR T HhaEmn
(Tianetal. 2012), FHZEULAM S, ABFFAH —MaiEZEENBIE, BOEIER S
N, AMEE T AR 2R IE R — MR HEZEIE B N3 (Ren etal. 2012).

2.2.2 WM HE
(1) JE
NTEEARGHEFRMAREL T, RAEFISRAT 7 X KA &, A5
M ] 38 B IR T 2% (ChinaFLUX) 1 3REL T AN EEAHOC (EC) BERIZ H ik
BRGAH (NEP) FIAZS RGP ()OI A, I [R5 2 2003 4222 2010 4F . X
WA EC AT E LA B (116°34'12.72"E, 36°49'44.4"N) Al wE KAl
(128°05'45"E, 42°24'9"N) [ftifr, 4 alERARHAMHFEHRES RS . Kk, Rtk T
EC iHEHB ISR RAZHAMRIRITROTE T EH P BAES RS CO e, FFRkH
EAE VRS RSV H LT,
(2) Yl
SN T TR R L a0 Ml X KR AR K R ARSI I T An N g6 RS R], BRATT A [
KEBIEILERS 250 (http://cde.cma.gov.cn/home.do) HFFREX T A [E 3L 7# 44 #L4F 1 R
() = B AR AE M I YME R - FFHRE Zhou etal. (2016) FLHTZH] T 1EWIME T (% 2-4).
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Table 2-4 The crop calendar in Korea and neighbors.

A /4 H HH NH +H J\H JLH +H

fl F M FMLFMLT FMLT FMLT FMTL F M L
TKHE 1 2 2 2 3 4 5 5 5 5 6 7 7 8 8 8 9 10 10 10
yNE) 1 2 3 3 4 4 4 5 6 6 6 6 6 6 7

BN 1 2 3 4 4 5 5 5 6 6 7 7 7 71 8
W RSB P ELTEEEFIEERSH (Zhouetal 2016). F. M FI L 518K LA, Hh)

AT

IKFE: 1-HEF, 2-BRRMK, 3-BRMK, 4R, 5-r8E, 6-ZAREM], 7-HhAEI, S-FLEUM, 9-mk
A, 10-0535%

K& 18P, 2-K%F, 3-=M, 4-98, 5-1elH, 6-453% 7-Hih;

TR 1-4FM, 2 KZE, 3-=mHA, 4B, SHRTTHE, 6 hEE, 7 FLEL, 8 HiE.

(3D HHE] 5 A

AHFFOEE T )R 6 B DA HE IR IGE DLEM v4.0 FERfE /N = B AR =S
R RS B, O3 = A F 200K P sT . Bigig TS r. i 7
74 ANuh SR BRI 33 NI E SR HEBOUIN £ DL 2z 36 A LI MLk i
AR AT TARRLIGAUE, XLk SR T R BN AR WA (B 2-3).
Ak, AREFIE R SEE A ME (USDA) 1960-2018 EHI/NE K7 Giit- 3, #E—F
IR T AR LE RSO 5OR R /N2 7 d s (R AR A 7 T v i e R el e (1 2-3).
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Fig. 2-3 Spatial distribution of situ observations in the US wheat-planting regions
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s AL

B, T 1960 2 2018 4F [)/NE = MR S IARTT, BN A
()T PO E AT IR TT, FAoOUl R 15 ke 1m0 e [ 00 F L A v (e X DA B Al
RN RIS, S adE 29 NA/NEIRIG AT 23 NMEANEIRIGH, BT R
385345 T 32 B CF IR HL X, A R 56 H ( LE MK T 5% (Zhu and Burney 2021;
Zhang et al. 2022a), “Kharkof” FHT-4/NZz i, “Matquis” FHT-H/DNZEmAf.

2.2.3 EREUENH O

2.2.3.1 BUEN 4
(1) MODIS 2 BEdhs A FLAT A i

KA TN T S A A SIS A, B FEH T ARFE L (LAD. 38988 e 4
fa% (EVD. ZE#Uk (ET). HYGHEIFMEREZOL (SIF). HREE (LST) DLERSR
BT s, DLEpTE SRS B R E BT TR

MTHAFE S (LAD: AT LALEVEZEIRS K1, HTIHERE &, K
N LAIL SR &7 & 2 (A7 1E 55 2 A S PE (Parker 2020) . LAI 34l (MOD15A2H Version
6) K HTEEERMTARD (NASA) HIF R S5 6 1E L (MODIS) &K= i
MODI15A2H Version 6 #& /MU A% W7 i, FL23 18] 73 #0500 2K, I R 22K 8 K.
iRt AR R EPENFRAE 2 (Myneni and Knyazikhin 2015).

R AP TR R (EVD: EVI ] DUR/D Y E ZH 5E SRR T, DRt
T RN R R T BRI S, P s R ' AN THE A M (Huete et al. 2002)
K, AHFFAEH T MODIS ) MODI13A1 Version 6 77 &K1t EVI A/KAE 25 18] 73 A
B, HasmsrgR 500 K, BHAIZEKN 16 K (Didan 2015). FRAE H & KAE & %
(MVO) VETHEAFRFIPEIAR BV S K8, DA b e KR 228k .

Z&HUK (ET): NASA ) MODIS 7= i /1 ff) MOD16A2 Version 6 $2{H 1 2% i) 3
A 500 K. BFERZEKSN 8 KI ET i3t (Running et al. 2017). 1%/=#hZ& T Penman-
Monteith 77 #2842 B, T HRERE 28 BOR AZE B 7K 7018 & (Monteith 1972a) . 4K 5T
i H MVC J7iEA T4 R ET Mk

H 6175 5 i 28 2 %6 (SIF): SIF & —FhJE THEYs A4F H It A2 Fr i 20 4R F (650-
850 nm) WIGHIFTA(ES (Meroni et al. 2009; Guanter et al. 2014). AHF5E 1) SIF £
& H Eumetsat MetOp-A/B 2 F & ] GOME-2 (Global Ozone Monitoring Experiment-
2) ALJRES AR 734-758 nm Y EBLH SIF {6 (Joiner et al. 2016). GOME-2 FI#% M{LiZ A
SIF 4 /E A PR A () 4 N\ A% B

IR (LST): AHFFE M MYDI11A2 Version 6 3REL 1 72 (8] 1 5 (LS Thight)»
ZSRAIRABE T 1200 K250 0 3R 8 RV Hih iR, Hoh @ AMEITRES RE N
MODI11A1 LST G JCHFIME . AW ALK LS Tnigne [ /R SCEN FEHONER IR, FFHET
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R S 1 M 2RI AN 2 A i R B T K AR A KT AN SN E Y B I UG AN 4
S Ta]

AT 5T A8 ) MODIS #% WAL /& 35 /£ Google Earth Engine (GEE) AT T
B TAC R, B RAE & A S A T 3, Itk — 55T MODIS 36 S F 8 v 5509
—L IR (NDVD . BESRE 4845 (EVD . HiR/KIEE (LSWD DL A #T 40 4k
S A (NIRV) . BARRITHE A 0 F

EVI =G PNIR ~ PRed (2-3)
Pir +CiX Preg —C X Pgiie + L

NDVI = Prir ~ Pred (2-4)
Prnir 1 Pred

LSWI = PNiR ~ Pswir

(2-5)
Pnir T Pswir

NIR, = NDVI x p, (2-6)

HA prea> Pnirs Pswirs and pppe 73 MARGRLLIE B I 20N B IR L0 ANk B AN s i
BRSO FE . LERNEEE RARE, H TSR NIEENE . AT AL Sk
R AT ) A 8 B Lo T Cy R U S R PE R A, i W YR B 2L B AT RS O, DAY
BB I AE LI BRI (Huete etal. 2002). EVI AT S H MR E N: L=1,C;
=6,C2=7.5,and G=2.5. fEHIAIELFES, AEFFAH MODIS 15T E 454 B
BT R ERZEKINESE CBEKTN 67-100%), AFEEZE. B, FAK. R,
A FAREE T B S R TG, DAY i KRG 4 A H ]

T BRI A RS DRI 2R 520, A SRS L8 T R KR AR A B 2
F T 70 5 2 LR i X sk = N BT B R R, I LR IR () AT VAR
BRI ENE, KA UEFMEHKEHA RS (WCE) RIHRZEHB K CkE
MOD16A2, % 2-1) HFEKH LR DA #EMRE S, X R#EE Y 2001 4222 2017
o BEAL, BATIEAEE K A X KRS WCE #E4T T FERE SR ORI P48 15
(2) Fili A 25 2R Ge R R g N\ B3

AT R R T KIS (R 4L, DL S 2 28 W) 29 HE 2% SR DR Z)) DLEM v4.0 15
B, BFRERS CO R, Ry, ISR, LB A, EWEIE. RIERZEIE
W RS S BHE R EY YRR (3R 2-5). 1860 -3 2018 41 [ SHik H A
GRIEE (PR, KPHARS . Bem . SARAPEER ) T Ib L s Ak R 40
i (Mitchell etal. 2004; Xia etal. 2012) A Fi—E XA I - OEIELEL (Mitchell
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G A LA ik

and Jones 2005) Fl1 IPSL S {EAE I HE4E (Boucher et al. 2020) HH{d IR IE I RR R T
VREEMN (Liu et al. 2013). M 1860 fEF 2018 F 1 H P KA COx ik EH R E T
NOAA GLOBALVIEW-CO2 #i 4 48, 1% % #ls 48 & T K A F oK & 0 & 3K 15
(www.esrl.noaa.gov). M 1860 42 2018 4 (1) P34 KA BT FEEE >k 5 T E br a2k
KEME: AGAC) FPRZEEFE R AR IER (¥ —SEEAEI, CCMD
(Eyring et al. 2013). HIEWEAIL MR B ISRIC - WISE 43R 35851 T Hoifs £
(Batjes 2008). M 1960 %= 2018 = F4EE LA AN S5 Db Bl 48 CEESHLE &
EE1) K E Yuand Lu (2018). 1910 £E5 2018 SEMIEEEMFCAES IR 2l B &

E AL (USDA) HIVEYIEARE 27 i Al USDA B ARGt ikS: (NASS) E 2 1E
WP T AR R B R T R 0, JERA T Yuetal. (2018) HHRIZS R % . M 1910 4F
B 2018 A (1) 4F FEAE Wy 2 I it FH £ dE 2 {8l USDA-NASS 11 M 2% 2018 i FH 22
(Mehring etal. 1957) 1 USDA - ERS (2019) F[E 5 2 i\ BRI 2 5di S #1 (Cao
etal. 2018). M 1860 “F-F| 2018 4 I 4F FE F i FH # 4 &K H T Bianetal. (2021). M
1950 4F 2] 2018 4 [ 4F B AE W) 5 5 E R A0 4R 02 R T 5L g E R T 00 b S0 4R
(McManamay et al. 2021) 1 USDA-NASS HL 25 #E kAR FH [ AR 3t 47 2 [a) B )R Ab #E A5
2, H HAEH MODIS A EHEE (MIrAD) 1 AFEaEHE (Pervez and Brown
2010; Brown and Pervez 2014). 1960 &3 2018 SR EE#EF om F £ g £ 2k B TR
FiARAE B Aty Chttps://www.ctic.org/CRM) [ E FAEY 7% B8 & #E A & (CRMD ¥ (1989
EF 2011 4F) BB E ST R A BOE . AR B CEE O OB E A B S B SRR
FF—2. CRM E¥a 4 B 46 1) BB 7 200 BB 2 SR DU PP 2, @i ks CRM
(2B RN 78 25 BHE 2SR & 58 DLEM v4.0 A R E 2R . B 2 CRM $ilE 42 5 CDL
FHEREYECAE L EIFT USDA-NASS WI{EVIFE TS &, G5 T P s SRR s
SRR 2 B) 43 A1 o PN RORE S A B W R/ E 0 M ) A2 N USDA-NASS (1) 18 it 15 (Nass
2010) HERAFH, iz PR HE TR ZHOT LA R AT T O AR A B AR, B
FEHO AN R s, IR 2 2 BT SRR (Tian et al. 2010a; Tian et al. 2012; Xu et al.
2019; Tian et al. 2020).
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* 2-5 R RS RGBT T B SRS E
Table 2-5 Input datasets to drive DLEM v4.0

o N
5[] I 8]
Hm e I [F) 5 52 o . Ky
TR TR
Climate
North American Land Data Assimilation System
(precipitation, solar
1860— product; the Climate Research Unit-National Centers
radiation, maximum, 5 arc-min Daily
2018 for Environmental Prediction dataset; and the IPSL
minimum and mean
Climate Model dataset
temperatures)
1860—
COz concentration 2018 5 arc-min Monthly NOAA GLOBALVIEW-CO2 dataset
International ~ Global  Atmospheric ~ Chemistry
1860— (IGAC)/Stratospheric Processes and Their Role in
Nitrogen deposition 5 arc-min Yearly
2018 Climate  (SPARC) Chemistry—Climate =~ Model
Initiative (CCMI)
Soil physical and
One time 5 arc-min One time  ISRIC-WISE Harmonized Global Soil Profile dataset
chemical properties
LULC (e. g., cropland )
) 1860-2016 5 arc-min Yearly Yu and Lu (2018)
fraction)
the United States Department of Agriculture (USDA)
1910 Cropland Data Layer (CDL) product, the USDA-
Crop rotation maps 2018 5 arc-min Yearly National Agricultural Statistics Service (NASS)
survey data of county-scale crop planting area Yu et al.
(2018)
Crop-specific 1910 state-level N fertilizer use rates from USDA-NASS
nitrogen fertilizer use 2018 State-level  Yearly and the national-level commercial N fertilizer
rate consumption data
Manure nitrogen  1960—
5 arc-min Yearly Bian et al. (2021)
application 2018
MODIS Irrigated Agriculture Dataset (MIrAD);
Crop-specific 1950— county-scale irrigation reanalysis dataset derived from
5 arc-min Yearly
irrigation map 2018 the United States Geological Survey (USGS); the
USDA-NASS county-scale irrigated cropland area
county-scale tillage practices survey data obtained
1960— from the National Crop Residue Management Survey
Tillage map 5 arc-min Yearly
2018 (CRM) of the Conservation Technology Information
Center
The earliest and latest ) )
One time State-level ~ One time USDA-NASS survey report (NASS, 2010)
crop planting dates
Auxiliary data (e.g., ) ) ) )
Obtained from previous DLEM studies (Tian et al.,
topography and river One time 5 arc-min One time

network)

2010, 2012b, 2020b; Xu et al., 2019)

VE: R Youetal. (2022) HFHLH
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2.2.3.2 XI5k TEEEA

M TR R KR A KR A2 A MER B, BESCILBL RIS B bR (D iF
SRR I CAFR B B K R R A1 s (20 e AR BY B i e 2, DATIIII /K A8
272770 KRB AR K 2l L Vﬁ SYEEL PR ARFI A B . T RA
%fﬁm,fﬁﬁ$ﬁ¢mmﬁﬁ TE—#h, KFEIEH T 4 AIKER, 5 ARBRK. £
6 A7 H, BhigiigEL, %i%A&E<%2M IR AAE 9 ARBEWEE (Zhou
et al. 2016).

IKFEREFR H HASZ IR B IR ), JUIAE s 46 B N A IR L X o 25 R i i R I i
M X BB IR YE V2, AN R R KRB R R T 06 A= K B (R AN [ o DRI, AR SR T 38
SRS GOU K, L3 H Hb 2 U FEE PH A8 17 100 S 36 1 b U P8 s FH U AR i R
TR ATAT M o HRX — ik d e B A B A [X o b 4h, A 5TR] F MODIS (14
[ HB R IR (LST) £t K e K FgE KM AT 4 A& oI (8] (Zhouetal. 2016) . HAK
M5, ABFTER 0°CHFUE H LI RI/E /KRG AE KR BITF AR R], SR 5K IE U R
M BT AR TE] . R, RIEMIRE T (R 2-4), AW OB KRBAEKZERI R4
BB, BOIEFN-FEAk. BAR-rBE. rBE-HORE. dhAH-mEk. Uk, DU A T RS
Ao A E N 50 K. 50 Ky 40 RAT40 K, PAUCECAME H AR EG (K 2-4).

2.2.3.3 KiEH M HIE

IKFERI A ARG B2 2 HE RN R . REFAET 2 2B0KB oM,
{FL i 25 () 3 F 26 (1) 4 FE /KRG o0 A BRI SN ARDG i . (R, ASBF SR T 2R T4 oc
K AEHIE (PPPM) J7i% (Xiao et al. 2005; Xiao et al. 2006; Dong et al. 2016) 2=k T
2000 & 2017 SERKRE AP, SCA L 2015 SEF B EZR 1 /KRS I 4 18] 50 A DL S 36
UEFSE, PPPM 5k EES RS HILKE 2-4,

Quality assessment file ,'/r
MODIS images i+ L Time series data of NDVI, EVI, LSWI ]—

Cloud, Cirrus, Snc
Remove bad observation ‘ SRTM DEM

PALSAR forest map

The transplanting period

uoynnapd sdvw a1
Apppd pup sppusis Suipooy.y

of rice defined by LST

Flooding signals

I

Paddy rice maps on 2015

|

- | mobsi s, ' [
SOT+80d ‘ N
L

:‘ AOIs of rice and VHR images from :

! nnn-ricc G m][,l(. Earth :

] L)

i i

l Land use maps Gc'm'mun;, ¢ AOIs !

4 ’. Validation

Confusion matrix

K 2-4 X8RO 7 A B AR
Fig. 2-4 The flowchart of rice paddy map using the PPPM method
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PPPM 2T [l R T /KR FE L (LSWD . IH— b5 (NDVD FH o RUAE
a2 (EVD BIRFRIFZ1,  DUR I ANES A8 30 5300 AR KB B KB MK R AR (Xiao et al.
2005; Xiao etal. 2006) . LSWI [ %PE LB UE & F TR bR TH /K 72 & & (Qinetal.
20150, JRUETER AR B W KAE T R4 T/KFEM, HIB1VE Rl AN A m] B sz el
WAKAE S . N T EZRAKTEX I, AR FREE 20 IR e S, AR T — RV
JB, A RHEREAL I 1 E4N{E 2, 152 (Dong et al. 2015; Zhang et al. 2015a). ST
W9ER M, LSWI 5 NDVI (8 EVD Z (8 H)2% & 0] LA Sl ) k(S 5. ik,
AT AR LN B e T WK AE 5. LSWI>EVI 8 LSWI>NDVI. 4T MODIS 5
RIS TR) TR R S5 HrT SR D, B FUR KRR R R SR TR AN 50 RAEKF] 80
K, DAFEAH A HKES (Dongetal. 2016). T /KAE S A4 R Frs:

{o (LSWI, <EVI and LSWI, <NDVI)
Flood =

(SOT <T<EQT) (2-7)
1 (LSWI; >EVI or LSWI, > NDVI)

Hr Flood FonE AR, A BUNITG (SOT) MEH (BEOT) & T BN E
SCHs T MRS I B e B o SRR, A TR T HE KIS R AR A R K5 5
fEBA R s A i MG okt B, TR (FF), AR A
N
N

flood

FF = (2-8)

good

HA Npjgoq REAERANT BOAE R I ot 200 il A0 2 /KRB RS ) 808, Nyooa /T
FERRIA N R4 o W Ak s i . B E, A R FF AR T 10%0, 8 0E SURZKFE
M (Dong et al. 2016

2.2.4 Gt ¥E

IKAEF= B gt EdE ok B B T8 MRS Gt RIAE 2007 4F 2 2016 R IHIR K
M AITF AT GRS, B EZOKRE R . ARt — PR T 8Bk
RH P SIS ST 1 JIRERIIE O, BRONIR AN KRB AR, X DA R
REETEMME] . K, ARG FEEPRE T 602 ANMEZ s A 537 A~
FERLI . 7B R A A X R R IEA AR M BUS AR A ik, R EWE
AR W] BEARAE LIV AT e P . REAAAERX PO P, AHIX AT AR 2 B 7] SE
WA O R P E G o AL TS BEAR & AR 2 (FAO) #2414
] 7K Fg 2= B B s DAVPEAl B & ) TN 45 8 Chttp://www.fao.org/faostat/en/) . B4k, AHFF
IS B AR TR (WFP) B S rhIER 3135 1 2018 A1 2019 FFRARE 2
FoKFEF= EHHE (https://www.wip.org/publications/) AL UE#E TR K AEAE 7= 17 1 2% 8] 4
Ao BT REAE O I 2 LA R N AR AN, J T I B[] B3 4] 2 T B i 72 7] LA
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s AL

B2

AW FAAMEE T ARG B F T4 2 &5 R J1 500, £E FAO 4iit i)
I & AR E VRN VR, KA [ G vt w] i [ N A2 7 Sl (GDP) B RS
AT 0-14 B AN 15-64 5 NI RIS AL BRIERIH . AN FRANER, L
FIHE AT 7 R BRI S (58 2-6 F13R 2-7). B8 2000 454 2019
FRERRES . FAO FIEHE R I8 75 8 4200 “Unofficial figure, Symbol for
indigenous or liveweight meat, Official data, Aggregate (may include official; semi-official,
estimated or calculated data), Calculated, FAO estimate, Calculated data, FAO data based on
imputation methodology, Data not available, and Trend ”. ASHF 7048 F & B, 481 95%
K H “Official data” 1 “ Aggregate” 25|, VAR S =AM . ok, folA=F i
FURITE LTt idE i Lu and Tian (20170 $24, AfAIT4E 0.5°X0.5° /4 18] 73 93 T IF A
1 1961-2013 SFABRIAS Bl , IF 92t R Ao

R 2-6 AWE ITHRIINE IS VETR bR

Table 2-6 The vulnerability indexes for social resilience

RV ES a9 1k Fbw 45
Population ages 0-14 (% of total population) Pop. 0-14
Population development (S)  Population ages 15-64 (% of total population) Pop. 15-64
Rural population (% of total population) RP
Energy use (kg of oil equivalent per capita) EU
Resources use (H) .. .
Access to electricity (% of population) AE
. . School enrollment, tertiary (% gross) SE
Science and education (S) o
Patent applications PA
) Net ODA received per capita (current US$) NOR
Economic development (H) .
GDP per capita GDP
Nitrogen fertilizer use N
Agricultural input (H) Phosphorus fertilizer use P
Irrigation Irrigation

SR H 43 AR R GE B il FIEEE N it . ODA Rl GDP 43 Sl ARER B 77 A S B2 B AL ] Py A2 7= i
B

2.2.5 HAit#i4g

AHFFLIET 2015 FA A HEEN 1 KBE PR (VHR) 8 LLACK B 4Bk
P52 B IE F E (www.eomf.ou.edu/photos/) & H TEIBE Fr, ok 7K e 40 A I P o A 1k 32
17 7 vHE . AR I A TEAE R, 620 (Dong et al. 20160, AHF 5T AT ALK
W& T P s VHR 248, FA8 23 2 BEALHIFE T7 3, DA OR & FRFEAS 2o A (B 2-5).
BARMI S, B2y 2015 4F MCD12Q1 (A FHEE 4, K s ik DL K S an i IX K1) 53
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NETIE OKFE BHAEYD . FRMRFIHAR TR IRERE . KR DL B D) . IR, AE
BT ZHERR T BENUREA, DR TR IIX (200 2Kx200 KD RO R
Xk (& 2-5b). FARYEDT 5 VHR 2GR H R (A MEIFHRE T AA 4
- 56 R BOSER X R, A A TE R L ML TE 55 1 AOLs #i RS RR . JE, K KRERI >
RZKFEIX IR (992 4~ AOIs/42,400 METT), K HABAEYD . BRI AR IR HE . KA LA
FRE VR AR KRG X3 (2691 4~ AOIs/121,753 AME T .

KWL EET GEE “F- & 1 SRTM H7 24040 56 4 W) 90 K7 (6] 73 H e
AL (DEMD, TS 5 s AR A3 R

R 2T BT RGHKCP KR SR SCIRS %

Table 2-7 Reference for social-economic factors for social resilience

R IR &= EE DU
Population development O’Neill et al. 2010; Wang 2020
Resources use Riahi et al. 2017; Parikh et al. 2012; Fuso Nerini et al. 2018
. . O’Neill et al. 2020; Crespo Cuaresma et al. 2014; Lutz et al. 2008,
Science and education
2014;
. Nakhooda et al. 2013; Cinner and Barnes 2019; Smit and Wandel
Economic development
2006
Agricultural input Wang et al. 2021; Challinor et al. 2014
120°E 125°E 130°E

45°N1

A LasoN

40°N- F40°N

A Rice (n=992)
A Non-rice (n =2691)

F35°N

100 200 400
120°E 125°E 130°
K 2-5 Z T m o PeR B IER I 2015 SFKRERAIE /7340
Fig. 2-5 Distribution of rice validation points in 2015 based on VHR images (Shi et al. 2022)
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23 ARFZE
2.3.1 ZiBIRAIEHL

2.3.1.1 KIGRE
(1) Gt

ZYRZEM A )T (Multiple Linear Regression) &4t i1-27 4 —F T @ 2 f 4 Hr 2 A
HARS —MESLRNEREZ BRRN L. ERERLERIAMY B, SHTFZAE
AR B0 R AR B SIS Ol o 22 IR RN (a1 & AR I @ T — R, ik 5 AR E
AR & 2 AR AR, MTTHEAT TN AR RNHENT . 2 IR M [ ) R A 0] LR IR
N

Y=B+BX +B,X,++ B X, +& (2-9)

Hrhy B GEWNIE, BoRBEET, By, By, .., Bp e &/ B AL & 1 [H 0 R4,
Fon QAR AR, X1, Xy, ., X AARRIE, eRIRED, FRBAT
AR BEAL AR AL o
(2) HLEe5 IRy

HENYERNAMALE, JRLRMERRRLRRE 7 AR R AR B, H R T AR E
VRO o AW FERTEE T =M AR A (BENLARMR . SCRFMENL. N THEmL) 1R
L, FFRd e A T 5 SRR ARG A P A RS N2 s AR AL B T

BEALARMALA (RF): RF J&—Ffs F 2470 KA R RS . RF i 3 il 2545
PRI S AKE B, JF il it 5 0 & (Breiman 2001). RF HBEAYFI H L2
NN ZREEFVRFAE A BSCAS [R] 08) [ VAR, A2 =] B ST A I 93 A1 4H [F] (Breiman 2001
AN [ AR B 53 S A AN TR 2 SR, 1 L AROPR [ AR (90 000 &5 S 2k T BT
H1°F3{E (Breiman2001). AHf 5 Hf# FH R 27 F ) “randomForest” fUf4% | RF #&
B, JRRTITTFUE R, S8 “mtry” 1R EHIF 7R 2 DR R LR, HH =
H “ntree” WEANKT 1000 BAFERLE B R A

TFEFENL (SVM): SVM & —Fh 3t T 45 ) KU i /MU A G 1 B AL 28 4 ) B
1% (Zendehboudi et al. 2018). AHFFAIH R FEFHH “e1071” BT SVM B,
T 3ok A% 1) A% R BSOR XA 18 2 R R S B AR AR 0 R BRI S5 Db 7 Rk %, 1T
HARSHEENRINE.

NI ML (ANND: ANN el [ shih @ AR 8 27 [ AR LR o R . £
B FEGRR, FEAMARTER S BIES S . AT R F2FFH “nnet” £
Mg T R LR A N g A R RN Z . RS M, i E N S
N ERHEMENEE. 10 &) M1 (FRINF=E) 175 A H . 33 “decay” Al

31



PHABAMRIBOR S 1 221 S

“maxit” 73 BLE N 0.01 711000, THARSEBENRINE. AL, FEHE ANN K
B2 R e Bs 34T 1 AR AL B
(3) ZHEILEM T

% B4 (Multicollinearity Analysis) J&17E 2 26 PE RIAB R S, FH TR 51
FPEAS B AR & 2 [ 32k M (collinearity) W)@ —FhGeit 771k . WAEZ AN HAR R 2 H]
FEAE BEAROCNME, AT R id i [m] A R 0k v I AN AR e FXE DU RE I o o SR 2R M v g
SELLUTFRE: (1) RECARREME: SEAHKE AR f8 83U H R B THEAEAE
FEARHR IR BNROR, TSR R PR (2D MR T TR B T JRZR Pk @, HELLIX
SRS B AR R IR B SRS 20, AT FRAIS 1 AR ) R AR B AR A I REfE /0 : (3D i
WIS L PE v R T 20 8 R 5 B A I a5 RAER, s B I gi it
HEWT

77 Z MK R F (Variance Inflation Factor, VIF) 2% 8 L2 Ve o0 #r b B 46 br,
TPl 2 2V [ H AR b B AR B (RIS R RR B . VIF 58 7 ER A
AR EIJT IR R, BT IR S AT Z K . VIF K, Fox HARE S HAb
H AR & A AR AR AR O o VIF ()75 7 2o 5 T [m AR (R A 22 207 o ABisc AT ]
IEFEH BB EE A HARRE, FIREBZERICNX X, Xic1, XivneuXp, HH
p e BRI S VIF iHE AR F:

VIF, =

1-R? (2-10)

Hrh RZ RAUEHF R BB RERITNE i AL RIRERE, B SABREIH
B HAL B AR F ARG . shA, B AR MBERIA AT TR E RIS HdE,
SECT BE TR AR T S TR . DA AR 2 R, ASHIE ST Iy 2 K R
TR T ZEILL M, DL AR E M e B AR AT, 2 VIF EE I 10 A
BIRTE NN E N ZEILE M, BT LLHERR . AR S R 127 F 48 FH “car™ Y
“ViP’RREGEAT 7 VIF K. 8T VIF 708, AR 7R E R E, FRRER
UE VARG 8o i b B B R 2 IR (3R 2-8).

2.3.1.2 ARG T ARER (FLWIRE)

FESRDGRER] FH 2B R AE 115 GPP I 7 273 7l v FAPAR fle (& 2-6). 2RI,
KEAS R ISR A5 2 H00 8 R 7 A S N s MR . JF Bt &
GPP WmfEH AGaE TREHE T, FHARH THEREZNERE M. AR K
TR T AL A o ot B G RE R ZR AR DU B IX IS EY AR . BRI S, FIA
VIs X PAR7oc RAL T GPP, &WkE Vis 7T LLEE BI#fHh I AE AR5 R SRR &0
(eLUE) WIFER, LT BRI A RGOLRERI AR (eLUE) & LA GPP Al
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M REES (PARToc) HIELZ:
GPP
LUE, ,.=——=f (VI -
€ Toc T A ( S) (2-11)

TOC

R 2-8 LBRZ EIANER R R Z K 1

Table 2-8 VIF of environmental variables after removing multicollinearity factors

15 5t A UEA ISR A UEA ISR

SIF 1.263465 EVI_heading 1.846721
ET 1.766692 EVI_tillering 3.282167
. Precipitation 2.751896 EVI_transplant 4.463249

SHP scenarios .
solar 4.185720 LAI_heading 2.093355
Maxt 3.436204 LAI_tillering 6.686988
Mint 4.661015 LAI_transplant 5.500101
Rice area 1.551720 EVI_tillering 3.406763
SIF 1.278514 EVI_transplant 4.606789
ET 1.884019 EVI_mature 3.220474
. Precipitation 2.893356 LAI_heading 2.508496

WGP scenarios A
solar 4.445239 LAI_tillering 7.647277
Maxt 4.074025 LAI_transplant 5.790485
Mint 4.730382 LAI_mature 4.637721

EVI_heading 1.951327

ffH 8 K1 GPP (gCm?d") Ml 8 KFIIPARroc (MIm2d) THE &R 2
eLUEroc (g C MI™). EVI. LAI #1 NIRv 73 il F T-RAEMEH IR G 40 . 5 FNJE AN
BE, MM eLUEr o5 VIs IAEZME R R f (VIs) o 1X BIRATE H BEAL AR AR Y
PRI R 3 AN 2 U A 48 B T AR 2R 1 06 R o SRS G R 38 I )l md RUBE
FVIs) R 28 B A 456, T X A &S RGOLRERI %R (eLUE7pc) . HIIX 5k
GPP A 4R N X ke LUE o M IX 3 PAR o AR -

GPP =eLUE, . x PAR. (2-12)

N T RSUERNBEAE eLUE A1 VIs Z [R AR SR, AT /M@ sl a4 (3t

397 MNREA) HHATAREAL, MRIEAEOEHCSEI4 10 F4E. @IS 10 $rA8 X EIF T

AT (R RS BE R 22 (CFE 24075 0L 2.4 ), FEEHCSEIEAE Moo i se R H
A FIRFURS
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B 2-6 JLREM AR AR R EIE (Pei et al. 2022)
Fig. 2-6 The basic theory of the light use efficiency (LUE) models (Pei etal. 2022)

2.3.1.3 PitESRGRE (HIRERD)

BAREHAE S RS (Dynamic Land Ecosystem Model, &#% DLEM) & —M &
JER R E T IRENAES RGN, EH T 2NN AR CAIE H BIRAE) F73 /] R

CHOKBTK, MSOUEI DX R A2k DL 2 H A BOSGER1) 1) /E, H B ARAE TR0 3 28

AN TP Bl A= 25 RGBSR FI D RE I SEMR, ARG 8 52 n 0k i BoK i 1 3 1T S AH 418
WX BN R B IR R G B 5t B0 BRI, RS T AEIEE ., KL AW
HiERfE2EERE (k. BAIBEIERS ). A& B AR AN EIENRTI (S
A8l R A AN R FH /78 5546 R AR RERAEI AR IR L2 3 B
K BEAMERSE), DEAEERBER-ANLKRGTENT R NERMEEAER.
DLEM BB EEMEXT K = RIEE (A3 COxv CHs Al N2OD. Filith 7S RSk
BN KA A FE AR AL DL RTRTAA AL« DTl R e T 00 i R S50 H S5 2R AT 38 L 1R 2 [ iy
11 (Chen et al. 2007; Tian et al. 2010b; Xu et al. 2010).

DLEM f4E ALK GALE: 1D AP, 2) AR S, 3) HEEY kit
L) Py, 5 LHORAAER, Uk 6 siMMEtaiEs (K 2-7. gz, &
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o) B AL PEAS UL b A 2 AR e N RE R K Rl B O P B DA R 5 ) L A B A A2
WRMAR S dRARESE, IR BRI, Ko Mae Rz L LSz,
T BB B A B RS, Qe R R PRI o BCA A s . g
AR 2 AR IR 70 2 R B A A M BE R E i Bl IZHE5 8 T AL
WA A Al e AR A S A b ERAG 3 AR, A DLEM . BE [R5 it 1 22
JREE (COxv CHa M N20) HIHFE. ShA AL BRI A D I 51 A
WERBNAS, B8 T AR RURAALI (2R Y B A SR 0 A1, DL T PR AR
PR ANE S o LR PRI B2 A AU M e L S bR CBFHBSERE)  BRARE L CRAR
AR WEREAN A TR o SRS A A IRAO S A 7 77 i & FRAKE)
SHIFEN, LR AEYIRT shy R vk Can bt A L JETARORE /NG 19 S 454 I - DLEM
SR NI T EE A ES R G EAT R, SRR AES RS N TR, 2306
AR, WL IERHE A RS PE AR, W LIRS R A S RMAE B
IR IR AR, IF AT B A T AN K I R A T S B AR S R

SRR

Regional Climate and Atmosphere Chemistry
(Temperature, precipitation, radiation, wind, pressure, humidity; CO,, Ozone, NO,, NH,)

Radiation, Humidity, Pressure,
GHG Wind, Precipitation, Temperature
€Oy, Oy, NO,, NH,

GHG Biophysics Ecosystems
ion Refl Transmissi

Evaporation, Sensible Heat Flux, Water
Balance

Water
Temperature
Radiation

Soil moisture
Temperature

AT
Canopy
conductance

Disturbances, Land Use

Land cover,
and Management e corer

Nutrient,

|

|

|

|

|

:

|

|
Disturbances: Diseases, Drought, PFT, Water |

Flooding, Hurricane, Wildfire, etc. | Plant Physiology
Land Use: Agriculture, managed ﬁ |  |Photosynthesis, Respiration,

|

|

|

|

|

|

|

:

|

forest, pasture, Urban, etc. Allocation, Nitrogen
Uptake, ET, Turnover,

Management: Fertilization, Harvest,

Irrigation, Rotation, Tillage, ctc. SAEHOIoEY

‘ y
i
) De (
ation
Biomass PFT ntrient
Growth f.
Efficiency

Dynamic Vegetation
Suceession, Biogeography

___________________________
Carbon, Water, Nutrient ;

Water Transport
Soil erosion, Seil warer discharge, River discharge, Nitrogen leaching

Carbon, Water, Nutrient

Water, Energy, CO,

> Water Reservoir

Lake, Stream, Ocean

€l 2-7 DLEM #AfE 42
Fig. 2-7 Framework of DLEM (Tian et al. 2010c)

DLEM v4.0 A FEr ROV BLHGR 3L T 2 AT R R A (DLEM-Ag #1 DLEM-Ag2) i
ITTFR I, AFE T RAVEVI BN A A KSR = S B S B (AN e . B AIBHE) (Renet
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al. 2012; Tian et al. 2012; Zhang et al. 2018; You et al. 2022) . #H& AY 75 X AR LR B Al =
AP IFE B xS AP B - XSO AR FHRE MR I RE D5 TS T 2 s, T2 RAIEY)
YMERE e FPEE AL AV EEME LS. B, AT TREE
RV K B IR, HEE T 5EYERKMERCPIAE L 7. HIk, KBTS 17—
FET I AT BC )T 58, RILA R0 B 70 e B9 g 2Rl R AN R R 48 2 o Bk o
W 2 AT RS, JRIRMEAK I IR R B U #ATEN . =, PPERIEROH RN
AR A A A FE PR N SRR R SE T R IR . SR DY, ARBEFTRLS T A AR A
BOTE, Ho b EOE R T LR R VR BRI IR R .
Jo, AWFFOBEEA BB SN T DLEM v4.0 1, BIBHE. B BV A e 3t
RIS R, A8 FH SCI Ae e B ST 1 Bhas#e /T 58, DAY 43 A AN () A8 AR
.

F£ DLEM v4.0 88, 4 CO FFIUE T 380k e 1) 7 5, 2 2IROC S 1ER L 1
IR R . B IR MR TR DL A RGN BRI AL AR A S L] A 4% . CHa 222t
FALBK A A L BT R R IR ) R~ NoO ARt I T S AE ik
MR, BRI F RN TR DL E AR EOIRE . 2 T It L 404
TOHRR Y )7 B AR = SR HRROT 2, R SRR ) Z R BAEA, BLA
LNVERAEIA T NI B RIm S, (Tian et al. 2010b; Ren et al. 2012; Lu et al. 2022b; You et
al. 2022).

DLEM v4.0 RN 7 DUFR#FE T 20 Coadfts DBAME SBHE), X2 T HHER
JE A RCR UL AHHE 5 78 i SRR T A S B R EL BT A E /Y (You etal. 2022) . #
PEXT AN A RS R IAE = AN (1) T #HHE S B R sk 8 7E 5 1A
e, WTTEHT /A0 1 HIEANURATR s (2 IRE S B E. @ MEIEH LR AR
o CanmsAt . RASACFIME ): (3) 3 d R AR . BB LE AR B A AR 7 i 1
V) (BInA&ZRBENBE), FFRIEMAEMERAE T —FEYEKZFETN T (Huang et al.
20200 AEA)EE DR 50 R X 7 PR S M a s PR AR LA SIS i v o B R A R AR AR
W E

2.3.2 VARG
(1) FHRES
FHIE A3 A7 A — M T S AN PEAG P AN B2 AN AR B 2 TR ) 98 RARFE ST 7
FHIAE S BT AT AR BhRAT] T AR B 2 RIAH BAE T, DAREATZ A2 BAFEL IR R
FEM R, R I A2 BOR#AHOC 5320 (Pearson Correlation Coefficient). F7 /K
WAH G R B T LA B R 2R R R RE AT 1A, e BB TG fE-1 2
1 2 08], BRI MM RECN 1 I, BRI E 5S4 B, BI— MRS,
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HoE MESTE

AR ERSIEN, R TEEEMRR YHKXREN-1 N, FRHNEETS
FAHIG, Bl — BB, 5H— A EEaE, S REEMER KR UK R
i 0B, FORMANREZ EEA SR REE K RIERE.
(2) TaEBEEMN ST

A FEE T FEHLAR MR B 7 2 MR R 7 AP & A 7 52 . 78 R 15 5 AT
AR “importance” PR E AR KTk Z . “Importance” )5 X &3 Ny /b H—
B S AR AL IR B, BRI T RS H5INGMEART IHEA RN R, @
HWIONRIMEZ (Out-of-Bag, OOB). fEAWFH, HWAIKRHIIHIEZE (MSE) H
bt (%IncMSE) KffEAA RN EEM. BAME, »—MEE#ITH, HE4R%EF O0B
FEARRHADZ EAA . SRGEHIS1T RF B4, M OOB 45 R . =N
HEMEZAFI OOB FEAL JF 4G OOB FEA 2 [B] #1352 7 (Liaw and Wiener 2002).
R b, R E I M E SO

Vi, = Ntl > (V= Ya) (2-13)

Hrr, y, /& RF FJR 46 OOB FEATHHAFH 1; vy 42 HHEFI G 1 OOB FEATHE AR H
(115 Nipeers RF Y (R B4R . IBHIEOLT, B m 1040 & B M RN i B B R e
Ko
(3) JEFBLIRIE (1 U= K 5 Hr

AW EE TRl M AR A ALIEAT 1 11 AR, DURRET%E. COx ot
FIR A CBISIEYERAE) . ROURE. BHE. BB 200, REMESS N 25 L E /N
(RNFZRANTE) P iR = SRHEBCE R, RIS AN 1860 4F3] 2018 4F
(£ 2-9). BRI, H—MERISLE (S1) BAEE A IREh R 2R ] F )
o B8 /MERALSEES (S2) ARER T EE/NE = B AR = SR HE U S A F, BT sE
BRI NIRS) o BT PRI R R IR B /N 22 7 s AR SR HE R A B SR
S2 Z MM 2SR . S3-S9 MR AR E T — DA MR IKF R (F 2-9). If
H A IREN R R TR 55 S2 F S3-S9 Z Al 5. bk, AHFFRIERET S10 Al
S11 2 [A] 22 R Ak L i R AR Ak sz i, BRI - b 78 55 1738 A 7T Bt 2 i 1) 4kl
EHSIE N CIEEMAEED . Fik, XFTF S10 1 S11, AT B & B ik
1860 F/KF, LAX 433 B EHE R T i R ARG Twk. Lhah, AR TR %
T ABHERS R, DU E X /N 22 P AR = SRR I AR, I Bk i
B [ 2 Bt (NT) AESGHHE (CT) (S12 A1S13).
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R 2-9 H LA AR S

Table 2-9 Experiments design based on the mechanism model

i TSR Climate CO. Ndep Tillage Nfer Manure Irrigation LULC
S1 Baseline 1860 1860 1860 1860 1860 1860 1860 1960
S2 With all drivers 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1960-2018
S3 Without climate 1860 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1960-2018
sS4 Without CO, 1860-2018 1860 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1960-2018
S5 Without N deposition 1860-2018 1860-2018 1860 1860-2018 1860-2018 1860-2018 1860-2018 1960-2018
S6 Without tillage 1860-2018 1860-2018 1860-2018 1860 1860-2018 1860-2018 1860-2018 1960-2018
S7 Without N fertilization 1860-2018 1860-2018 1860-2018 1860-2018 1860 1860-2018 1860-2018 1960-2018
S8 Without manure 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860 1860-2018 1960-2018
S9 Without irrigation 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860-2018 1860 1960-2018
S10 Climate+CO2+Ndep 1860-2018 1860-2018 1860-2018 1860 1860 1860 1860 1960
Ss11 Climate+CO2+Ndep+LULC 1860-2018 1860-2018 1860-2018 1860 1860 1860 1860 1960-2018
S12 No-tillage (NT) 1860-2018 1860-2018 1860-2018 ALL NT 1860-2018 1860-2018 1860-2018 1960-2018
S13 Conventional tillage (CT) 1860-2018 1860-2018 1860-2018 ALLCT 1860-2018 1860-2018 1860-2018 1960-2018

E: Climate 45 H ¥ SR E s R FEKAR BRI BRS » EFIH LULC 3EAT ALl S
T BT BRI IR, BUE 1960 LAY AN MR 22 [ 20 A £ 1960 SE/KTANAZ . eAh, il AR
PRI T BRI AREAT, DR A AR IR 52 5 /N AR R I R L MEA O, B #EFR LULC
S =RAME 1000 * (VNZZIZEERITHARAAL) +EFUME 1060

AT SR 100 FERF 18] R N CO2. CHa AT NLO 4 BRAZARIE 3 (GWP), Pl g
C (HF gN) NIEAFA N E CO W (gram CO; equivalents) )77 KK THH 15
=R HRRURE AT (IPCC 2021, HAKITE, GWP Kk /M2t SOC #H47.
N2O HEBCR CHa HEE) CO, 24 &2 i

Eco, =(Feo, /12)x44 (2-14)
Eyo =(Fyo/28x44)x273 (2-15)
Ecn, =(Fon, /12%16)x27 (2-16)
Ecne = Eco, + Eno T Ecn, (2-17)
GHGI =Eg. /Y (2-18)

A Feo,, Fyyo0 M Foy, SR MR (TgCyr) . AMLTE (TgNyrd) I
k& (TgC yrY) [l Eco,, En,o, M Ecy, WZHIRELL Tg COx 2 Iy L) 4,
i FATEEAFBEHER . Egue, GHGI, FY 4373 = SR HER (kg CO2-eq
hat yr). i S AHBGREE (kg COz-eqkg™) HMINZE & (kg hat yr).
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2.3.3 AIEFBAIFFETUNHESR

H A A2 A ER AR AR B AR YR X, TN AR A A = ) 52 R AT FH 1 T W 00 A
Givl o LAHIFT A EE R A X (b S RS D A, et T — AT
(OHESE, AT TR Mt X KRG = 0. BRI S, B TUsAR U, {8 E
LT R ARAE QRSO 0 F0) R - SR Ae) S AR T A 2R, R J W i A B 8 31w £ el
HEATKFEAE = D7 B TN AN SGIE o AR 98 8 e s T 3 [R) Hh 2 3% B2 4048 (MODIS_LST) F
Ve A (B 2-8 T3 2-4) THEKFER IR, FEREL T 2007-2016 4 [EAN[F-F
Vg SRR R B AR HVE 0 R, T JEaE— 2R PPPM 41| 2007-2016 46 A
FEIC T HREERRKBEI AR, LRPEREET GEE &7 & LA H A FF K
KOl 72 B o ey, HE TR A TR0 R CBI KRG 20 A AT AR . AN 4015 93 61 EVI AN
LAL. SR &E. ZBURH SIF) VLR AT RS 8dE (BRRFEEKFEE 1) Mg
T VYRR PR . A TIE LU T 2R MR AL AS 2% ST R (N AR 4 3
R 2L BEHLARMRD (RIS B2 DASR B AR 7= B0, IRl — P i U AT
4 B 5 i I F5000 A AS (5] AR KA 5 R BKFE B LG ™ . e Ja, fEH 2012-2016 SFREKG
ERR A AZ (FAO) HIE F R EEIHRIAE T Hik g R (K 2-8). thah, ARWFFidilise
T EHE FUR B THRIE (WFP) BISAEEAE KFEAE ™ D18 LA IR FL 2 18] 73 A o w] ik
B ETHESE ] 2-8 FvR, IX— WS T AU B T4 7 S gl 440 40l
AR SR RGRIFM, BRI & 2 255 0 PR TR ig s .

2.3.4 WBEFHSIEXE

AW TPl T A K 20408 (2021-2060) F12080s (2061-2100) [ AR AL AP~ &
k. ARMAERANT BN (AAT. TXx A TNn) #5800 L (1979-2017)
R RIH (202120605 2061-2100) #HEHME A E R X FAEE. TS, TP, TR20.
SU30. FDO. R50. R25. R10 M1 R1 (% 2-2), MXFARALE T H AR IME 5 7 =51 2
oo XFARKEFEER A, HATE LT FAO KIF= B4 1t (productionF) AL X
WA EITHE TP B R, AR SR GEEN o FPLRIRKREAE
Ve Z DR HAL AR E) . AT

P.= B, xaxA (2-19)

amean = Zin:o ai =N (2'20)

HH Pgo & FAO IKFEF= R GLTT X By, 3078 B RE, AL T 1B A R A= ) 2
QRN T ER L RE amean e o VHEAS H0 7 S0 HA P 35 1) 7= & 5 4 R4
(2000-2017 ). n FARFE, A FREICIA (500 K X 500 KD,

AR ZKFE = B T I7 9 - 38 e e RN RF 528 PN 11 A P 2 1 e A«
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Hrp,

A

Forecasting rice production and yield: repeating step C, D, E, and F using data from Phenological stagel-3

P

Ppre ZB ><amean A (2-21)

Py [REARRINIKFE T F o X By oI K% X GPP FE AT, B, AT
ARKANT SLHIAEAE GPP DAL it , T 5 AR A N A P R i B

e e e e e e e e e e e e e e e e e e e e e e e e e e e
] c |
| Rice phenological calendar |
|
|
: MYDI1A2 LSTign Weather station observation |
I Phenological :
: A Rice phenological definition model |
_____________________________________________ 1
Phenological window during rice growth B
Seeding 50 days Transplanting 50 days Tillering 40 days Heading 40 days Mature Harvest
/ ’ Stagel Stage2 Stage3 Stage4
[f = S| S S S S S S S RS S S ESSS SR S B SR B S S S N | S S S S S| F— 71
| I 2 e
v Extend window to 80 days C v v v MODIS time series

¢ Extract vegetation inde: \

I I
I I
I I
| : |
| Maél\r’r;um Maximum Maximum Maximum [
: | EVI EVI EVI |
| | L
| Maximum Maximum Maximum Maximum ‘
| I
I \
I \
| [
| I

Q

S

LAI NDVI LSWI LAI LAI LAl §

=

Inputl | Mapping spatial dlstrlbutlon for rice | Inpur2 Input3 Inputd
_______ —

/- - %Y" """ """ v -"~"~"7>=7"”"" " "“""N -~ ~“‘"‘"“"¥/~"7V"\QW. /= |
\ |
I The sum of ET S |
| S|
\ [——f—————————————————— - S
‘ \ \ | The average of SIF E‘ I
} <_L Production model based on LR, NN, SVM, and RF +7 The average of 0% :
|| 10-fold | Analysis of regression Temperatre E |
\ cross | | 0: |
| | validation | . | The sum of P |
\ Yield model based on LR, NN, SVM, and RF -« Pz H I
\ | Analysis of regression <— = |
| | | The sum of Solar % |
| S S il i Radiation U |
| —— |
‘ vaining idation of f |

FAQO rice production and yield data for NK

Selecting the optimal model for predicting rice productivity

Food and Agriculture Organization
of the United Nations

Rice production in the different sub-

The spatial distribution of rice yield

Rice production and yield testing
for five consecutive years

in NK

E Predicting rice production and yield in NK

2-8 ALAS A ) TS Y AR
Fig. 2-8 Workflow of the methodology for the transferable model of productivity prediction

Testing final results in NK F

|
I |
I |
I |
| |
regions in NK :_»:
I |
I |
I |
| |
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2. 3.5 {E4%E = iRim R S E a9 B & H Uk Tk

N T RN 2 7 A AR HEBOM A v A (R R SRR &
AT N DA S URAE S A AR AL, ForbeR F RR b A 56 S B H T R AR I 8] Fr 1)
ZIAEI N S 2R, 1 20 SR BN E 7% (N 1960-1979 =2 2009-2018 45D # FH T 4347
OB T VAR SN AR =i IR SARHEAR DL AR = SR HE GRS 2 5]
i AR AY, X BAEFCONBURPERA ) . BRI S, B SR IR BI S (8] B 4 (4 i A 72
BT TR LRI . R, TR TS T, B SO TS5 0 25 SR AT DA
(6] T B e —SEAE uAnie, BARIALEEAN 5 i] 2% Zhang et al. (2022b). 1979 4E 1)
Rept-cabon 10 T M 1960 EF| 1979 E[AIF oA 5 /N 22 BRARA Z TR F B 15K 2
(34 REDH-yield < 0, REDH-GHG > 0, REDH-GHGI > 0 Itf, F7n T H s F7U
F40i ;17724 REDH-yield > 0, REDH-GHG < 0, REDH-GHGI < 0 It}, TS %K)
BRI o B, A FUAE A — Je e itk A 5 vE T3 T RN sl R AR B M (P
B, PAZHTET AR S (P<0.05). thAk, ABFFEAEH MK RS0 MR AN X 38+
TIPSR N SRSV I 3 ) G o

2.3.6 A MEHERSIET L

AR FEHE AL WK IV IR AR B TR VA SR (AR Atk e 7
X DXIAR T 2 A DTk . AT 70 A8 RS I 2 VRO T DU HE A2 et 350 <2 BR 11
SRREAMMX (F 2-9). B, BABETAERGICHHBCRBRLE S H I 74
ORGSR B BB AL (500 KA HFR A 8 RIS AR L T X kA= 4
B, FEXTTRIAEY AT TR X IGE. BhAk, T ERA-S B8 (LG 0.1°11 =
) R AE H A T25 KD #E 2000-2017 SRR REA KT A HHE T IEE (NKD. 5
H (SK) PLREPEZFAMEARS (CHN 1 2) B+ - AMRmSERE T, X548
B TR LR RS . SR )5, FATIEE PPPM Al MODIS ) T2 7= 2L T 4Ebr
IKFEAS AT B, DAHERSE AR KRB X 3K, 4075 0 TAE AR A 2-9 TR
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Satellite observation Biomass (GPP) observations in
from MODIS products CH_1_2 from EC towers
Daily Tmax, TS, AAT, TP, TNn, i
p : TXx, TR20, SU30, p—
Tmin, Rain, FDO, R50. R25, EVI, LAI, LSWI, Building eLUE model based
Rj‘?” at R10, R1 at 500m NIRV, LST g on RF
0. grld grid during rice GS
from ERAS of 2000 to 2017
Rice distribution . . Social-economic
B GPP NK -~
¢ based on PPPM from ith |06Bass( . I)m uti statistics from FAQ
27 GCMs from 2000 to 2017 with 500m spatial resolution and World Bank
CMIP6 under Remove
SSP245 and multicollinearity "
SSP585 with VIF Mask Response variables
‘ - v
Statistical downscaling . "
Building random forest model based on data Interpolating the
TS, AAT, TP, Thin, TXx, TR20, > from 2000 to 2017 for NK missing data
SU30, FDO, R50, R25, R10,
R1 at 500m grid during rice
GS in2040s and 2080s under Model evaluati
SSP245 and SSPE85 odel evaluation
Projecting climate change and the The contribution of climatic
——  |osses of biomass in NK at different variables to biomass changes in
future scenarios NK based on %IncMSE

National-level
climatic data from
2000 to 2019

Analyzing effects of social resilience for mitigating National-level social-
limate shocks in NK, SK, and CHN based on the ecanomic factors during
e 0 S 2000 to 2019 over NK,
moderation model SK, and CHN

l Selecting social-economic variables

Quantifying the contribution of social resilience on rice
¢— production changes for NK, SK, and CHN based on random — Partial dependence analysis
forest model of economics (RFe)

Bl 2-9 PEANEASERR (2 AL B I ROR 0 AR AR
Fig. 2-9 The workflow for assessing food security in North Korea and the effects of social resilience for

NK and its neighbors

The contribution of
social resilience

FRUR, RS A pis R AR R B S5 RS R VR A, ASHIF TR T NP 3R B — 2
£ T 2000-2017 FEHEE KRS XA A% SRR A AE SR 2 T BEALARMAE Y (RFY),
[ B IS R A PEEAT T 90UF, M E T &N R R EEE, B0 BT RE
BEAY, 454 ERA-5 32 H 057 A8 E0E (19792017 4E) LU 27 ANEERA AR
SSP245 A1 SSP585 1f & T HIARNKAUEE S, HAT 7GR . JRATTH] X L5040 75
DY BREE ) g RS AN AR R, JFUPAL T HAE 20408 AT 2080s HIAR B2 4RI . B
Je, AFEAEE. EREARE, AT 2000-2019 FEREF LS E (R 2-2) M
BT RE (R2-6, K27, 50T 7 A WKE T IR R AR 7K AE 7 &
ST g0 [RIRS, TR . s [ R0 o [ R0 o Al 20 AT, R T M KR A = 11
DU AL S 2 U R T I AR R i N Ak, DA AL I 4 25 K 52 0 Gn ] s i 8
IKFEAE =

PR SRR B IR R TR R USSR AL S R ) 52X e A
FEFFAERI S0 o X TR E IR BEMRAE T, — H RGEBE IR A A, B R
A F) G —FRAS, HHXE LK E B RUEIRAS . Rk, YK & 738 % 4 52 SO YE AR 1R 45 44
MIIBERIRE ST, FEHRR A RG] AR B nT fe T 80 R AR FE . Ak ik ) 5k
FARIE EESREZ MM LR R AT LIRSS A Em . BRI RS 5
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PAKCHE A, A ATTOE R B IE NAL ARk, TR DA & R R A S A T 2T TS A
HE NI AL RE S, 1 E M AR AR SRR E . e E R E
SRR AR TSN OB, N AR FR K — 50 R B #UE 400 thah, AWEibiy
N 506 2 Dk % A LS AR [ — AN B AL 2 2 5B, Fo 2 055 50 178 4k
PN E NFEA A2 455 0] /B (O'Neill et al. 2010; Wang et al. 2021c). REUE &2 05
RBERIFEARE, H2HRITFMEE I (Parikh et al. 2012; Riahi et al. 2017; Fuso
Nerini etal. 2018), BCAETHKE Hbra 7 8RR HMEZNE, 807 “SCAAN
HREIRIFATAIE A . PSR RREE M REYR " LA “H 24U R LT 5 HUBR E SR B2
(el RE SR B X PO B bR o [E1F UL IR, AR it — D5 i T ol Az = p g
BRSO TR TR A 77 77 DA S RIS AR A 7T 5 0 R 7

YT oG TR ASANEEMEN ST s, AR T YRS
B ESRAEAD 2000 4EZ 2019 4F B2 FAO A FARAT G5+ 50d . S 2 Hedis () Y )
S AR 25 R 2-10 Fion. BRI S, 28V RN SG B IR IR I Bk sk 7 AN S 4L
AT (BIERRIERIA . S5 E NFR . BERAL R RS, RN HE R
BEAURE BE AR B S it 35, AHRL ) R2AE 370079 0.704 0.99. 0.99 A1 0.92, P ¥/
T 0.01 (& 2-8). Bk, HAEALH 45 R 0T LA H T )5 SE B A A4 22 2 50 0 AT

Missing data
Energy use
RZ2=0.70 P<0.01

School enroliment, tertiary
R2=0.99 P <0.01

Access to electricity
R?2=0.99 P<0.01

Patent applications
R2=0.92 P <0.01

Social-economic variables

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Time
K 2-10 FAfEAE 2R 775 E0 0 T 45 56 E

Fig. 2-10 Interpolation of missing data for social resilience and its performance in North Korea.
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AT FC R A AR SRAR T pt = W R 1 G A S A v it 178 77 (Hogan et al. 2020) .
B, AT EALE. sEEAAE (FH CHN 1 2 H A mEdE 5 FIFrE & A%
AT T XIBRZ 5, 5@ R T 7T ULE. Hik, AT a2
EHET AL, DA BEA R EE AR AR AR KR P B AR BR AT AR« PR, A
BIE T 22 YR AR A (Rl VAR Y i aze 1 o 7K AR B AR A S M) FR) P AT AN i e o AR AR A
G NV . R S R IR (PR B AR R MARBR Ao i e (VR iy
) HTEMNHAES, WEBENERTEN. &5, AFRAEBERNPS5INTH
R R EZ RINAZ HAER, DYIPIRE A 2 N R8N . BART &, Wik
PR E (AR Y MEZE XD ZEFKER (REBREZRTT RN O T 56 =
Mg CGHTAR 2, WERITARNRETHTSEH. X8, KMREE T /M5
PR, RIS TR S K, FELLTIRR:

Y =aX +bZ +cXZ +¢ (2-22)
Hrby, Xo ZMXZ 0 nRERAZE OKRE 7 8E) . BAE (R xrd) . R E
(W R SERN ) AT . Hed ay b Al c Rl E AN EIAT R ¢ Ronik
Zo WRRH ¢ BFE (P<0.1), WE/RZBEGRZFRTTUN . 77258 TR A
[F] AR 5 2H A 1 B B 1

L& BHE 2K D10 KRG S W R I R AR B . E T BEATLARAK (Bl VAR Y AR
P AR R R TR I 1, AWFAET RF B (3R 2-10) ittt o&F T Es
KRG B A IR NG &, R R A “A3” A 1R A& DL s R
)32 2 1K

K 2-10 AHTFTHH RS T BEHLARMR A A E L AR 7Y
Table 2-10 List of non-linear models based on random forest used in this study
RS ik s I I ¥t FE J32 ]

Gridded rice biomass and

Building production model to
Random forest climatic variables from
RF» 2000 to 2017 project future rice losses with
model for baseline  remote  sensing TS .
climate change.

products
Random forest Rice production and Quantifying the contribution of
RF. model for variables of  social 2000 to 2019 social resilience to rice
economics resilience from statistics production from 2000 to 2019.

RF FERIIZ Y ntree T mery 530 ¥ BN 500 F1AZ S50 & 197 7R o b4, B9
P77 %% (MSE) B 73 ECN 7 Z2 R FE A FHAR VA A% B 3 Bt AR 2R A A 35 e B2
(A5 W, 2.4 75). @it “random forest” FLH] “partialPlot” EREL 1T T 4 NS & 112
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BRASL, FEVPA K= & ot DU g2 R 2 TR 3Bk &R o 5T NKL SK
A CHN, AHFFCRA T = 187 51 73 B2 158 EHIE, DA S RF. B2 (R Aa g vk
SIEMR IR XIRAEAR L, A5 S0 08 ) R A6 1 4 5 I [R) e 51— e X 0y, BRI 5, 3R
fITEL 2000 4248 2012 A=A (R BAE 5 —Hr IR EAE, 2013 422 2014 4F 1IN [A] B
VE AR R 36 B, SR J5 DARE AR R — N TB) TE) [, DAL s B 38 75 B A 3 4

2.3.7 SIRBBEEMER REBRSETL

AR SRR BRI EY T L B RR = A HEOT BT LR, (et
ANV AT RFEE R . AEARWTTTH, GHGI B H Y™ & Ak COx i = U H
B SOC MgiaVEsahs, LMa It T AR~ AR A=l Fr8ett. ik, UREE
RUFFVERRE SN RGN IATE 171 7 F) E S 85 2 I 8] R A1 GHGI - A gt 1 CRD
GHGI X T A R HORFE L) (B E S it . AW 18 1 PIAMOBHERE 5t (CT AN
NT, % 2-9) ~/NE= B = AH A BURTESI S22, 85 Sehrii = AR
ST SO B, SR 7R R AR RO AR I RIS T A e . AR T S
R L X R e DB Bt L 75% PR3 AR T AU D, Bk et — 2B il 1<k
BERBHETT R R AT, IR Lz BRI, et EAL T St R R SR
(IR o BT S B R BRI E SN 2 PR 1 SR A0 P SEE By o7 N 4F P U 5 B 1
s NEURPERIZE S . BARH AR T

if SY,<0 & DY_,>0 , NE

if SY,>0 & DY,,>0 , NE

if SY,<0 & DY,,<0 , PE

if SY,>0 & DY,, <0 , PE

if SGHG,<0 & DGHG,,>0 , PE

if SGHG,>0 & DGHG,,>0 , PE (2-23)
if SGHG,<0 & DGHG,,<0 , NE
if SGHG,>0 & DGHG,,<0 , NE
if SGHGI, <0 & DGHGI,_,>0 , PE
if SGHGI, >0 & DGHGI,_, >0 , PE
if SGHGI, <0 & DGHGI,, <0 , NE
if SGHGI, >0 & DGHGI,_, <0 , PE

Hrr SY,, SGHG,, M1 SGHGI, /7 MR /RTESLbRE = F/ANER &, BESRHEBONR
BARARSRE (I BURNE . SY,, SGHG,, F1 SGHGI, e /RERF RSB B 11 N S2Br s 5 5 HHE
i e, = SAHE ORI = SRR 2 (8] K BUS 2 7. NE F PE 43 4R
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OBV S AL T AR AR AR R i . LAk, £E 60 SFHI TR TP, BHERN (NE AN
PE) ARG — D Grit LR ABHEXS Ry e X AN o A B AR AR R H LT
%$$$ﬂm U322 (X 2 52 SRR 1 7 TR0
R RI B RO e AR AR I T5% I, T RE SCOAZSB X AR 7 52 /8227 B AT
%WHWL&TM%QW R E MFHE S Z B X AT 75% MW= I 2%
¢§%$%ﬁmﬁ U R B E RN AE T M sl B FU IR DR FF O I, A X B 5E (X3
(IR A S B RT LA 58 A0 Hh A o T AR S AU . TR, R SR B O
Fe I I BN RIS e T 3 25 28O ) 2 [ A A2 B

2.4 FEEVHE

AT YoE R (RD FARHENI TR ZE (nRMSE) PR BADLRAS 2,
I R 4 JZ 58 CRAIE T BRI L a2 S B R RS B . RATTEA RPev (RPca) A
nRMSEcy (nRMSEca) SKIFAEAE XIGUELS R, Hf CV T AR de s R 3 Tl il
I SXIRAE R, T Cal THRRRE RS TARHESIE R ESE (Shi et al. 2020b;
Wang et al. 2020). =& X3k I B AR IR AT LUy N LR JUAN T, 1 50 dE BENL 7
TP (R Y “caret” B4 1) createFolds B %) : 285 LLEE—HT/E AL, Fla
EAEAE NI HESR , B AT WL 5 SIR R B R A7 0 dee)a s MR LUAH R D7 P ks
FIr A BMRER ISR AR , 115 21 2 ARG B o FRATTHE X Lo qtl 25 St P38, 1R A
BLAS 57 IR R ARSALLRG B2 R S hn it o ASHIE 7000 RS FE VA S 3t B A T

R? = L0 %)+ () )} (2-24)

Y (x(0)=%) E (D)= Ya)
MSE:ZL(X(i)_y(i))Z (2-25)
RMSE:\/Zin—l(x(i)_y(i))2 (2-26)
NRMSE = Rg_:E (2-27)

Hrb y (@) A x (@73 BACRBAEAIE s vy AT o 73 B - TR 5 51 £ T
PE: n RFEARECE; pe e MLIE T 1H .
Xt T BEHLARMAE R, AW FLAME A8 4MR % (OOB) L/L{)”thlﬂ‘%ﬁ” E’J%ﬁﬁ?fr
REAEERE k i XISl B S, X Tl siEMPE, Eid RF B
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OOB 5 T IF MR EI b (%Var), TERAAE M BRGS0 £ DR P
ffio FRARI:

oovar =1- o0 (2-28)

2
y

Horp SZRAMAH n EABREOHER, MAR n— 1. MSEgpp & FYVPHERE, iHH
JIEIR

1 N —o0B \?
MSEOOB = mziﬂ( Yi—Yi ) (2-29)
Hoopr 300 R i AT (P35 48 SR T
PEAL, A7 3EF VHR HE A1 EH 8] FE R 1 36 0E A R 7K R 43 A T e v 1k R
AEA 7RG FE R AR P23 K B (PAD P RSB (UAD BEKE B2 (OAD LA K Kappa
REOATIAE . BRI AW T

q
oA=M (2-30)
n
q q
n n, — n.n
Kappa,,, = == qukﬂ-k* = (2-31)
n-— k:lnk+n+k
UA =
. (2-32)
k+
n
PA = (2-33)
n+k

HA gy, nyge, Mg 70 AARERATSRAVE . SISRAVE AR EXALAE. 11 n A1 q 73
AR IS AEAE A KRN 50 R

e, AR T T kA ERAR MY SR KR 57 ML 7 e T el k7K R
SERBIHERATE, JFIRUE T A 2012 SEE] 2016 FEES: FAE T AKRE =, DA IR ik
HDESRY QU IEE SO LT ETS & N v TT/AS Wl NP

a1 5750 100
B G (2-34)

Horb A ACRUETASE s yi A1 x 70 RS 1 I B AL AL A B e AR A B s
REEr .
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F=F EFTZRMEZIREMERENSE SREE~N

3.1 5|8

BRI T . RN R T B BRI, I HX R A
JIRIATEETRIN AR T B OKPRAR (Jiang et al. 2020). BEA ARSI TR M. Lk
AT 7 R B [R5 ok LA K2 AR AR AR ARVEW) P B B, AR 224 ] R Bk ok i
i (Zhang and Zhang 2016) . EA/= &2 A AE = JFIAR RIS 1K B e Fa A, R i ik
K )RR E R AV —, T RO AT R AR RO A UK
HAH B e BRI, 7R 8 T L 0 A2 USRS 461 7 £ b A%« 328 H 10 T B R SR
RATTRIEY =X TR FH 2R E % (Jaafar and Mourad 2021). A SERI/EY = & T
DA B T A RAZ W AR ARG I SR B S FR i it 5o JXURS: , -3 BB SR Al 7 & 2K
W Y HOR B AL, BRI EH T (Lobell and Asner 2003) .

VRV BRI THE B k12— e a0 an F R iae it . v RO &
R EE AN T2 . BEE R SOR B R AN I /5 3K, 8% 58 2 B s i 7= B At
PEZE At — 00T . ¥ ARG . /N TG AATLAN R RURE 12 I N T] — A Hes i)
P, VASERS A EY A KSR RO EE R SiE BB AEREE (Zhou
et al. 2017; Schut et al. 2018; Mateo-Sanchis et al. 2019). it 2+, FTH—EHEE
52 B IR AL 5 ARV BTN ERAS 7 ARyt . SR, B TR = IS 1A
2R BN KR UL AR N BB L R 22 5, B0 AR X DA 4 T 20 B /) 7 A e 2 1)
ARG B, R SR B AR 4G IR T 2N ) 2 Ok AR A A6 FR AR AR AL A K
BN HIT P B T DA A 22 05 WK, AL o ST AR B A ST

SRR AR ARG RN o B AL 52 21 B8 (Kukal and Irmak 2018;
Feng et al. 2021). ‘EANHIR LA S HR M0 5 WA, XA BB FEA 52 br S
H1753) TUEW] (Wolanin et al. 2020; Sidhu et al. 2023) . 2 J§Z& 1 3132 B FH 572 AL
HARRMERIAL 50778, BTG AR (Leng et al. 2016). 4y | @A B AT S Ret:
HY AR, V22 B SO ORTE B PR BT AR B ) BRSO, 17 2 A T AR AL
HAEH (Liand Troy 2018; Tebaldi and Lobell 2018). ItAt, #B4-HF 7815 2 Y& 81 9 Fh 7 0
T ZIRBUR AR AR AR R R, H N BINE =R GR 2 E H 52 2
T RBEAHEPE (Blanc 20170, SAEGEEAA, Hlds IR KL 26251, el
DAL 52 2% 1) R B0 AT s TS £ (Crane-Droesch 2018; Liu et al. 2018). %7
Plas 2 SIS, BRI 2 BB FOR H R ] T EY ™ B 200 (Hoffman et al.
2018; Feng et al. 2019; Leng and Hall 2020). T H X8 & E R m, Plas2E A0
WP e B AR TS . WL I 20 D R, BITIE I R &t T 32 B4tk
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B BT DR AR B R )

Vo SEEBIAI LR T A R TI, AHEWT A X e S IR A A AR L, AL
PR BORZ IR TS AR B 250y 72 57, {H2 FL o R B ARV R G TR T AN o %
RHT o VED = BRI F0 H FEAS B2 e B 9 5 2 (R X0, T R e K] D9 £ A FH R P A
T3 R A58 X5 A 0 B0 S e I 0 2 P A s 6 P AL 2 = U A SR A 4 7 2 I o 1 T
MAERAYE (Lobell and Asseng 2017). &2, 3T 22 P 5 AN 22 YsiAs 2 1) 7= & Tl 75
BRI () TN B2 5 AT R, O ELE Bk 5 5 B Vs T PR ASE 2R DR H ASLADA )
ICINEYIR

AR EATFUAE ) 2 VR A BB AR AN R A 7 A O s R . BT S, B
PWEFERRRENS AR R EAEY @ =N DL A KR & AT = . 8|
VEY A 7= 38R IE kg sC DL R SRR & O, B TR =N NEE: (1) B TR AT A
W Z IR T, RN 2 IR B R Gt BRI BE ) (20 SR FTHLas % > it
1)1t i F) FH R ASE R RAUL 0 B BOWL (KT BE 705 (3D IR I B ASE R BLAUL HH [a] 1246 0 I 1) e
7o

3.2 ETRWERB MG BERR N 2ok FEE 7~

3. 2.1 IRAKFEMEEAFHHIE K FE= B 5

e X, EYAEKE T 2 2RERS . B 3-1 EBn Vi 2 FEr 82w
FOMH R (LST) BB [A1284k . B H SRIREE AR A LST (451 2 4 2= (1) e 1 I B A
BAERmin ) BT @S n s Mg g, PRS2 A W E i B3
o HIZRETE IR, R BETET T . £F 0°C IR H B 8] KL A fE—4F
156 100 RATEE 300 K. @kt — D LeEWiE H Fr, KL 0°C IS4G F 25 I 18] 5 7K F
AR RAD B R R AV & . S5RERH, TREE SRR E (LST) Z A
AT EREMARME (HRAE r=094), KFILRIE LST Gef% A 20t s Wia: H ARG
FEAAAE L CILIE 3-1),

Kl 3-2 J@on 1 KRB AE K =T AL R 0 S 4 AN 45 TR 1] o 78 R 6eE Je FL R 1A X
IKFEAE K Z= AT AR AR AT UG I TR AH Z2 R 40 K. AR, T4 B E 5|
ERREZER, KEAEKIET AR IR RGN A8 m LR, FEdk—IP 4 55 BV
e B R 45 R 1]
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Fig. 3-1 The changes of air temperature, precipitation, and land surface temperature (LST) in the Tonghua
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Fig. 3-2 The starting and ending times of rice growth and the transplanting period over North Korea
and its neighbors in 2015.
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I TR RS R PR FE U SE B AR 5, B WK A BERAR EVI IAH DA FE 41K
I A ZE UK S 7 75 51 ) LSWI WA . LSWI TR BHLE RS B I (1 L /K T8 31
%, X ATRERAFTEE T F FE . 72 LA R X Tt — SOt U K S 57 5
AR 6 HZIa I, SRR SR1, AT R IR K AE 5 th tH A KA
MR RZ (B 3-3), IXATAERE ROUAE KRR A, AR 1 2 PR . oKL
L HAl N D9 30 5 B R K7
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Fig. 3-3 The change of three vegetation indices calculated by the MODIS product over North Korea
and its neighbors. The gray boxes represent the flood signal during the transplanting period determined by
the method described in the text.
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iy DX P 7K A 43 A Y0 6] D) DA v [ 5 R P A R P B X T NK b X PR /KR b X
107 5 W G RN R VR X . A FUE— D VR T KRR B AR, AR T
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F IR Leth X (7K FE /- R BA & R RE BE BKREIX M 5, CH_1 i B dE 208
F|7 98%, W T CH 2 (89%) M NK (71%), ifiif CH_2 F1 NK ]/ #5 B (User's
Accuracy, UA) 73518 99%, BT CH 2 (86%). fEIF/KAEIX1K, CH 1. CH 2 M
NK (A= e 25 m T 90%, 1 FH P #ER 35 T 95% o AW 507 A 17K e 1]
W15 2 BT 7T 45 52100, Rl e NK M IX il vER R (PADY N 71%, HERT
Dong et al. (2016) MIBFFZE R, B, AHFFCHIE R KR 50 BB &S R hE E,
AT HE R T0IN BR - AR Al SR KRG A 72 77 i N8

My
& E \ %,ﬂf“.‘\}
ol ° N 1)
Z e, Y o
s !‘k“; e
) o T R
b7 45
e
{
ORI
)y
&, b
(=3
Z
&t -
ke, -
-
={ //
o
< |
N w B i\
A 0 125 250 500 1% - Y|
T S P
Km Z f) = 'i//\)““

125°E 130°E
B 3-4 FE WM ANME ST B KR ] B 52 B 2000 - 2017 4E 7K R e 70 A
Fig. 3-4 Map of rice paddies from 2000 to 2017 based on phenology- and pixel-based paddy rice
mapping (PPPM) on the Google Earth Engine platform.

3.2.2 IKFEE~ HIEMSIEE

AR T VYR R, F T WGP A1 SHP 155t FIIKREE= . AT
PEAL X LR A (RS B, F A0SR T 10 3ras XIRAE J7vk, A R? (W R¥0 M
nRMSE (FrifEfbI AR Z) ME NP TR . 75 WGP B8 T, 7KAE L7 Rl L AR A ]
AR IR (R?=0.86), RLTZMHFIH (LR, R*=0.68). &M% (NN, R*=
0.68) FIZFFMEAL (SVM, R?=0.68) HiA! (] 3-5). BhAh, 10 $ra8 XIRIFRI4ERE
] RF B R I e (R%cv=0.72, nRMSEcv=53.1%), i LR. NN Al SVM 7 ]
RZcv H 78 0.69+ 0.69 F1 0.7 (58 3). T SHP f& 5, RF BAILE L= Tl 5 T 1) 2%
PR AER (R?=0.87), 1 LR BB FIRIEZE (R*=0.46) (K 3-6). HH 1047
L XEAEIZE R EoR, RF BARUHERITE (R%cv = 0.66, nRMSEcv = 60.6%) 1T LR.
NN F1 SVM #% (5% 3-2). #R1fT, WFFERIL RF A RRPAELHAMSE (R
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B BT DR AR B R )

AERHE AR R2ca = 0.95; BFEHE AR R2ev = 0.66). 5 WGP 1E54HLL, 74 SHP
AR, FrA R RRS S I AR R R (K 3-2). AR S, Rica M Ricv 7
FIBEAE T 0.08+0.08 A1 0.13+0.08, i nRMSEcqa A1 nRMSEcy 7 AN T 7.21£6.35%H1
11.50+4.48%. JRE L, 1 SHP Tl A1 SRS A BTSSR R Bt 4 AT s RS B2,
v RS- RN

R 3-12015 FIEERIFEIL T 5 WA KRS A Y E

Table 3-1 Confusion matrix for the rice map over study area in China and North Korea in 2015

X 35k Syt KFE (%) JPekAE (%) FEAE (% HEFEE RS SRR

KA (%) 29.1% 0.6% 29.7% 0.98 0.95
- JEKFE (%) 4.7% 65.6% 70.3% 0.93
a TREB (%) 33.8% 66.2% 100%

FA PR 0.86 0.99

KA (%) 29.1% 3.3% 32.4% 0.89 0.96
- ARIKFE (%) 0.1% 67.5% 67.6% 0.99
pen

ITREB (%) 29.3% 70.7% 100%

FHFORS 0.99 0.95

KRB (%) 8.6% 3.6% 12.2% 0.71 0.96
- AEKFE (%) 0.0% 87.8% 87.8% 0.99

SREB (%) 8.6% 91.4% 100%

FH PR 0.99 0.96

E: N T KRR KR X I EL A, AT A REARH LA o beit- 5. 54K 10 TR [ R A s 2K
439K 41603, 51811 Fl 39672,

DU A8 2 6] 7RG B = ) P00 5 = B BAUL 25 SRR Aeh . BRI S, 25T WGP %
HEATPRAL S, RE AR (R2=0.83) fiF LR (R?=0.49). NN (R?=0.59) f1 SVM
(R2=0.71) (K 3-7). T 10 $13 XEAE, HFAHE—PUEsE T RF AR H BRI,
H R%cv N 0.58, nBRMSEcy N 14.25%. AL 2~ , LRVNN Al SVM ] R2%cv 4334 0.45.
0.55 1 0.53 (5 3-2).

53



PHABAMRIBOR S 1 221 S

@ Validation @ Calibration

1200] @) LR S | yNN -

=
g
=
N
N

E . e gos L
Z 800 -
< & 06
£ 00 E
H £os
Z 400 z
E ° E
= =02+
200
p<0.01
0l n =602 (181) 00+ n =602 (181)
0 200 400 GO0 800 1000 1200 1400 0.0 0.2 0.4 0.6 0.8 1.0
Production (kt, Observed) Production (kt, Observed)
12004 (€) SVM e 1200 (d) RF e
- i
. s
_ 1000 - _ 1000 s
2 o e g ’
= < =
= 800 5 800
g < g
& » e
Z 600+ Ly Z 600
= . =
& ]
2 4004 ° 2 4004 °
= =
£ . L4 . £
= 200 . * R’ #0.68 = 200 R*=10.86
. p<0.01 * p < 0.01
04 n=602(181) 04 n =602 (181)
0 200 400 600 8OO 1000 1200 0 200 400 600 800 1000 1200
Production (kt, Observed) Production (kt, Observed)

K 3-5 B FoKREAE B g0 a BRI S I8 E . 20T G o) Bl R ook B AR R AT
SRR IHE -
Fig. 3-5 Model validation for estimating rice production for CH1 and CH2 in China using four
regression models with predictor variables during the whole growth period. The red and blue colors

represent data from validation and training sets, respectively.
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Fig. 3-6 Model validation for estimating rice production for CH1 and CH2 using regressive models

with predictor variables during the seedling-heading period
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Table 3-2 10-fold cross-validation using four regression models for rice productivity in the WGP and SHP
for CH1 and CH2 in China

nRMSECal nRMSEcV
155t TR Rc, R2
H = =4 Cal [6)% (%) (%)
LR 0.68 0.69 59.66 58.04
NN 0.73 0.69 56.23 58.15
WGP
SVM 0.68 0.70 60.34 57.53
. RF 0.96 0.72 20.98 53.07
Y
LR 0.46 0.43 77.10 77.03
NN 0.68 0.62 63.76 68.92
SHP
SVM 0.64 0.59 62.80 66.26
RF 0.95 0.66 22.38 60.56
LR 0.50 0.45 15.87 16.14
NN 0.62 0.55 20.03 21.47
WGP
SVM 0.78 0.53 10.56 15.19
L RF 0.95 0.58 5.17 14.25
Lives
LR 0.50 0.46 15.87 16.20
NN 0.62 0.55 20.12 21.55
SHP
SVM 0.62 0.50 13.75 15.49
RF 0.94 0.58 5.26 14.40

XTT SHP 15 5t N DYFP AL, RF [R] V575 /KRG 5= 0 77 T R I i £ (R2 = 0.83),
i LR EH R ZE (R?=0.49) (] 3-8), @il 10 #7158 LIEAE, W7t —FKAE
1 RF BRAE(EH] SHP s i (RS2 (R%cv=0.58, nRMSEcv=14.40%), H%iz
T, LR, NN I SVM ARG FERAR (3 3-2). MIXTFAEH WGP %5, #F st g2 5
i SHP 548 ) DU RS T FRRS BEmS A B B (3R 3-2) 0 FUATAT . RPcal M1 R%ev 430l FAIG
7 0.04£0.07 1 0.01£0.01, 1 nRMSEca A1 nRMSEcy 435381 7 0.84+1.36%F1 0.15
+0.09%.
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Fig. 3-7 Yield modeling during the whole growth period for CH1 and CH2 in China using four

regression models and statistical yearbook data.
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Fig. 3-8 Yield modeling during the seedling-heading period for CH1 and CH2 using regressive models
and statistical yearbook data.
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3.3 ETHAZWNRBMBSYWNEHREL S E M E

KA FLE e Google Earth Engine = F & F R 1 3& T4 {5 A5 oo i 7K e il 1
(PPPMD 532 (8] 3-9), LIRS F 1K FEHLIEL, %5774 T Dongetal. (2016)
(R 7E 5 Bk, AR DR AE R R FE SIS R AT 52 S o SR FHAE S R GOGRER FH 2% (eLUE)
B0 B e 2 LR I IX 2000 22 2017 FRIKRBAEYEHAT T BRI, FHoHzs
BT T MRS IR HE . 25T MODIS (500 KZS [/ HER A 8 KA K MM R 4: A W
fER AT HLIX (R EIE A M E G FEH EC @RI IEAE, Tl 5 s ef o H
FlAHIX 8 RIS KM BVIRAET J1. R ITENRATET LRI ESIER R
Chris FERBE KD, PR AR SB RE 1 ) 5 5200 R DA LB BILAE AE 77 77 AH OC B AR B HE 4
Fo BARR) eLUE 1581 7 3R ANEHE AL BR AT WAL 7153555 o
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Fig. 3-9 Land cover and climatic zones of North Korea and its neighbors

K 3-10 fe 3L 1 eLUE RERIMITMTERE, 45 R WL RS A 1t A B LA 50
(EC) HIMCFMAESRIOCRAMAREE . SRMBHE OB R, Tz
LRI EREA FH R IE 1 90% L L3t s I AR Ak (1 3-100 o X F A A RS R G =
VEV G RER AR B BEAR A TE B 0.1 2 0.5 Z 18] A T i — P I0IIE eLUE Y (115
KGR, BEFEEAT 7 10 Hra2 XAE. 18] 3-10b 7R 1 28 XBHIER RE RE (RD LU
AR 22 FOME A B A Ve . AT 5, S )IRIER) R E AR ELE 0.75 £ 4, I
REMS AR 0 WA AL S R L T 80% KT O, REEA RS2 LR ME (P <
0.01). Z5 EFTIR, eLUE 57 fre B H AE AR AUAR B A 25 2R 48 DG REAN F R Uy Tl H &% i
(R 73, AT T X 2R 7 77 B A 7
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Fig. 3-10 Performance of ecosystem light use model for modeling rice biomass

3.4 ETIEEEMNAER RN /N2 E = NFRE SIEHR

AT 5 3@ 3% HH RDULI AR () E R S0 UE, 5E T DLEM v4.0 BRIl /N = 5
=SS R B S TS BRSBTS =AFEP IR,
WA AHE 74 ADub S E 0= s 33 MNMEESAEWN L 36 > HIEE LK

(SOC) = WM& s, XECHHR T | EE M/ N RBRH WL dp . Ibak, ARG

IS S E ANV ER 1960-2018 I GE T mdE— Ik 1 BRI /N 22 47 bR 5 IR 3
BAHIRE S AR Z AT, RATEHAT 1 2 TS HURAE 70 B DL e IS 1) 5
E, RLFEMTRIARFEE. B ARV AR ) 25 18] 43 A LA SN TA] 7 2 Bl A
%, 127 Youetal. (2022),

L MR SR E R (DLEMD RSBl /a2 42 I 22384k, &
DI T 0 A 45 35 [ 25 S AS [RI [a) At s /N2 =i 0L (B 3-11a) . BART S,
DLEM AR 13 UREE TS 52%IR)/Na2 B2 484k, JF Bt 2] 7 H X RE
(/N2 AR (R*=0.64) . BARBIRIRB AR AE — 5 BRI, A2 16 B AR AR 4L
AN NEFY 5, KRBV TR SRR AT .
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Fig. 3-11 Simulation of situ wheat productivity based on DLEM in the US
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Fig. 3-12 Simulation of situ wheat greenhouse gas and SOC based on DLEM in the US
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3.5 INGE

KRB FEET Z VAL R T AR IR T T @5 BiA | 2 R ORI A Y
BEF G i ROBEVEM A 7= SR I 2 U ok B T Gevt- s 38 5 38 00 0 H ]
i ARG, B RE BRI A . AT DI AN I B 22 5, DA BT AR 775 TRUIR #f
(IR, T 9 53 0K 22 VR AR G0N BN 5 ST AL . AR 35 R 40 RE AR FH 2R A5 A At b
S RGEAINELL T, DAUPA Sl s R VR AR 77 T ASHDURG S

W R I, T 2 Pl s BOR s (12 A8 oA A% (PPPMD BB T 7 S5
fief ] L) i M IX K FEFRAE 23 AT M B A8 A . FE T oK FEAr B A o] PR R 7, Bl HLAR
PRASEZRY B AERf AR 4 B 1 ZKFE = AL P2 AR BRAE A (R?=0.83-0.87), K& BEAL T HoAth
ZIGRA (LR, SVM Al ANND, 8l 5 WGP 155 F B SE Rk xf b, AHfseit
— D UF BZ A v DA T — M (—ANBIBASFD TR FEAE ™= 7. s, 2 ThE
PR S AR RGOGRERN I A Sk I B L 7 B Tl s ST AR R HAS R
GOGRERI R (X IRAER R > 0.75, P<0.01). )5, HTERENAES ARG A
(DLEM v4.0) 7E S A HAE 5 s D 2 1 3l s /N2 4 K 2 50 = &840 (R?=0.52),
I HARFFE TR 0 B R A P2 SIS FE (R?=0.64). [RILZ 4L, DLEM {1598 A&
e (0 1 REALAD, 1 3 fURUBE R 2 Bl = AU HER (GHG ) R?=0.66; SOC HJ R*=0.64),
X AR AR A R b S AR VT A DA A B 5 ORUBE MR B 22 4 B it 1 PT SRR 7 %6
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FUE XERE|ESDINEESIMEE T RN X &

4.1 5|8

BT BRI A N ER A DL AN R T i) o ME PR S, R AN 22 4 ) i 5]
TT7Z&E (Tilman et al. 2011; Wheeler and Von Braun 2013). #Effi. JBF . S80 Ti
MR = EX T BUMN . AR AR 2 AR R E PR R & 4 B X EH B (Whitcraft et al.
2015; Fritz et al. 2019),

TEMAE RIS 752 3 2 IR B R ZR 15200 (Guo etal. 2021). Taoetal. (2003) #&HH
8¢ WY ik AN 23 A AR SR T s SRR I B AE ) AR KB B DG A P AT IR R
X KRG R AR o B K 51 R B K AN BR G H AR H, IE ] #e 2 EBUK, A
7P E IR R RIS 2 I B e B B RS LI TR], e R A B AR A I [
LR ETEUIEA R 28 B 2 (B3 FE (Tao etal. 2013). 40, #um ik HAF SR
HIE I it B B ATy 71 ROk & 52 s 0 4 4 UKL ) L), 33 B 17~ &4k (Fuller et
al. 2007; Butler and Huybers 2013, 5 {41k 7] fe 3 BUKFELE T AL IHIE 32 7 35 )
i# (Shimono 2011). [k, ZEVEWIAE /3 TP AEZE , AN 5YRME
BB REEN . thAh, &I NE e TR A4 T 2 M A ED A KAE R, W1 EVI
S5 R A 2 P AR A Ak, I TIAR AR AL (LAD U E Z E AR L, LUK BH
S ERTOE (SIF) MG ERE S, Zhang et al. (2021) WFFIESE, HEFHEER S5ih
FimE (LST) HIZREraMda s, EVEY W7 LT mr WG 2L ME T8 2.
Peng et al. (2020) AR 73T TR SIF 72 ST HE BUH 45 A Tl R /EY) = &
Ji T B A& BRI ).

TR P G AR AT 7 NG . RGN R . I A5 R 32 B — b fif B
Mg A, R R R AL R 2L (VIs) 577 B Z (A I OC R RS [HH 7% (Shietal.
2013). ZRT, ZIBEAAGEH T RERHIX, KB HE T B H AR 2 R AT fE 2338 Ak
BN ENE . BeAh, AEGEHGETHBME AR 1RV & 5 I AR i 2 (R Y FE 2
K7 (Mahlein et al. 2012« HL&s"7 > HOR B LM b2 S UM, A2
AR 5 5 TN AR f 2 (] ARG R E 2073, BIanBENLARMR (RF). SCHFI) &
[B)H (SVM) FIFZE %% (NN) (Everingham etal. 2016). Thorp and Drajat (2021) F|
FH 3% A 22 P 2% F1 Sentinel T2E Hcdl, TN 1 7K A8 A2 KB B IS E] 2244 - Cao et al.(2021)
XFEE T B/ N AU AR ST IR0 RE MR B2 5 ) 0000 b (B KR ™ B B, 45 R oRiR
JE S IR AR T I AR A . AR, R SR (1 DX 3 FH 3 A2 PR Tt oo O R 58 1
P, TR LR T b X R X AT BUES [ TR R AAE G i B (Ji et al. 2017;
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Lambert et al. 2017). BT H S#URIME. ERBERERFFIMNEER, FREMR S it
FR) T U0 R0 55 T A 18 AN e . B X S 8 A, T e R SE BISGR S N
MHB—EJEA R AT . B, EM RS CansiaERIdEmD, RHME SRS
50 7SR TN P 7 B RN PP At R B AN 22 4 i) i H A PR AR

BT AR A E YRS AL 18 /N AR 3 () R SR e 115 2. (Chenu et al. 2017,
Jones et al. 2017). AT, TRV W) S CRPR RIS, DRI 217 2 5%
P HR R BE = Sl o hdh, X SR R I TR AL 7K ST B A AR M Hh k4 2
RIS AE . EaR R PERR S 7 EATER I IR A 7 . YA AR MV B T T2 s /1 LA Sk
SR (R RE /T B0 B AR B i b A= M BE B A (TBMD AR IZ A0l
AR % fR AN IE N FE L T B ) LR (Bondeau et al. 2007; McDermid et al. 2017;
Lombardozzi et al. 2020). KZ % TBM #KE 1 FF4HEI/KSC. VB A Yk ik
AR, I H AU — 8 5 R AAHAR G, DT A SR 2240 1) 52 (Alo and
Wang 2008; Fisher etal. 2014). [Eltk, EATTA] A TABE40L 7 s A A SR Ui 5 R B XA R
WA= VPR AN B B TT RS I E A RO - - RGN Bk K FR TR
HACHR . ARG VEY A KO R AN AR A B S B 1) AR A8 R G AN BE e FR AR 4 1) 4B 7
JIREHL, B RE R S A A5 A () = SRS e LI WL B ST, X—TTRR
e 2 | PR AR NN B RO A B s, DL ROV IE B RS A Y S AL o
PRI, e AR R B 22 A RS A A W (R I G RS LR AL 1 AT AT 1 T 56

BT Bk, AREHFRASFHZ AR AR, S 7 FhET
BLES 2 ST EOR AT B E A 7 JIESE, F T PO A s o X () A2 7= 7, 9
PR A VLA 2 S BEOR RO GRE R A 28y, 255 38 5 00 54 Tt X I3 E Y S ) 4
A= 070 B JE, 1575 S B A P B e R AR DR RURE 7 U PR A ) A b, R SR — AR
filith A= 25 R GRS (DLEM V4.0) 48 78 DXIUREEAE Y A 7 AR =8 A HETBORALL A 2 30
DRIt A& DLEASE GBI M3EE A 8 R8RS LA il TT
AR e @R 7L (1) R R TIAE L 7E 2 RIARE b Re g4 i s e K Ag A
15 (2 73t ZIEAEL R FAEEY) = £ 100 i = 2AEH s ) IRFEH — A AE S &R
GIERIBHLR R EEY 2RI (4 sEED AR T RRE SR = SR BL
TEVIAE 7 B S AsARA

12 ETEHBRRGH HRTNE B8

4.2.1 ETrEBERRIA L F 88K EE~N

WGP 155, 2013 £E[F7KFE L= TR HERG K (65.78%), 1M1 2015 4F 1 Fi
HEM R = (91.09%), 2012 2% 2016 4= HAEI -S4 % 78.72% (B 4-1 FIEE 4-
1. 7E SHP 1H 5T, 2013 F /KRG &7 TN HER R [FFE AR (66.10%), 1M 2014 4[]
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Fig. 4-1 The performance of the extendable framework for predicting rice productivity based on FAO

statistics.

% 4-1 FIH 2012 - 2016 FHRA A Z3H0H SR i /K A = B Ft
Table 4-1 Verification of predicted rice production for NK using FAO data during 2012 to 2016

1 5% iH 2012 2013 2014 2015 2016 T

FAO (kt) 2,861 2901 2,626 1,946 2,536 2,574

WGP Forecast 2,102 1,908 2,234 2,114 1,983 2,069

M Accuracy (%) 73.49  65.78  85.07 91.09 78.16 78.72
Forecast 2,114 1,917 2256 2,452 2,145 2,177

SHP Accuracy (%) 73.89  66.10  85.92 74.02 84.55 76.89

FAO (hg/ha) 50,817 53,035 50,019 41,831 54,119 49,964
Forecast 63,398 65,009 64,052 65,999 64,786 64,649

o WGP
B Accuracy (%) 7524 7742 7194 4222 80.29 69.42
qup | Foreeast 63461 64251 62514 64924 63877 63,805
Accuracy (%) 75.12  78.85  75.02  44.79 81.97 71.15

RFKREE T A8 04, WGP 1 5N BTN, ZILIE . L IE AL J50E i
DX 7= B B R AR T F At X, T~ 22 SR Y- 22 B TE (4 P AR S EOR (B 4-2). Tl
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Fig. 4-2 Projected rice production in different provinces of North Korea using whole growth period data.
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Fig. 4-3 Predicted rice yield at a resolution of 500 m in North Korea from 2012 to 2016 using predictor

variables during the whole growth period.
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Fig. 4-4 Testing the predicted rice production and distribution at the provincial level. Panel a is the
average statistic production from World Food Programme. Panels b and c are the predicted average

production under the whole growth period and the seedling-heading period, respectively.
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Fig. 4-1 The contribution of available environmental variables to predictions of rice production and yield
from the random forest model. Panels a and b are based on rice yield data with WGP and SHP scenarios,

respectively. Panels ¢ and d are based on rice production data with WGP and SHP scenarios, respectively.
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Fig. 4-6 Estimation of regional biomass in North Korea from 2000 to 2017 based on integration of

machine learning and ecosystem light use model
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Fig. 4-7 Estimation of regional biomass in South Korea from 2000 to 2017 based on integration of
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Fig. 4-8 Estimation of regional biomass in Jilin and Liaoning provinces of China from 2000 to 2017 based

on integration of machine learning and ecosystem light use model
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Fig. 4-9 Temporal dynamics of regional mean biomass in North Korea, South Korea and Liaoning and

Jilin provinces of China during 2000-2017
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Fig. 4-10 Simulating rice biomass and attributing the contribution of climatic variables based on random
forest model in North Korea. The blue and red points represent the calibration and validation data sets,
respectively. The dashed and solid black lines are the 1:1 line and the linear trend, respectively. The
marginal density in panel a represents the distribution of calibration and validation points in predicted

biomass (y-axis) and observed biomass (x-axis).
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Table 4-2 Cross-validation of random forest model for baseline in North Korea from 2000 to 2017.

A8 XIRAIE R? NRMSE (%)
First fold 0.779 10.30
Second fold 0.779 10.32
Third fold 0.780 10.28
Fourth fold 0.783 10.24
Fifth fold 0.784 10.15
Average 0.781 10.26
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a Winter wheat-USDA b Winter wheat-DLEM

Average Annual Production (106 kg) Regional Means * Standard deviation
USDA: 29.2+56.1 (108 kg) & DLEM: 27.4+67.2 (10° kg)
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Fig. 4-11 Regional comparisons between DLEM-based (a) and survey-based (b) estimations for wheat
production. The simulations from DLEM were averaged county level to match the format of survey data

from United States Department of Agriculture (USDA, https://quickstats.nass.usda.gov/).
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Fig. 4-12 Spatial-temporal variations in greenhouse gases (GHG) emission intensity, net GHG emission,
and yield for winter wheat in the United States (1960-2018). The line graphs show trend lines for two sub-
periods (1960-1990 and 1990-2018) and the entire period (1960-2018) represented by two blue solid lines
and one red solid line, respectively. The shaded bands indicate the 95% confidence intervals. Negative
values for GHG emission and GHG emission intensity in each graph indicate uptake.
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Fig. 4-13 Spatial-temporal variations of greenhouse gases (GHG) emission intensity, net GHG emission,
and yield for spring wheat from 1960 to 2018 in the United States. Two blue solid lines are the trend line
of the two periods (1960-1990 and 1990-2018) and the red solid line is the trend line of the whole period
(1960-2018) in each line graph. The shaded bands denote the 95% confidence intervals. The negative

value for GHG emission and GHG emission intensity represents the uptake.
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Fig. 4-14 Spatial-temporal importance of multi-environmental factors to net greenhouse gases (GHG)
emissions and yield for wheat in United States. The direction of black triangle represents the emission
(facing up) or uptake (facing down) resulting from environmental factors for net GHG and production of

wheat.
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7, WsEbrie A e (B 4-1a, b)), o ERIEAEES Gtk 2 22 5l REMRE T 768U %
A TN SRR ok B B 4 1 AT S BUN 7 &Sl (Shi et al. 2022). I,
YRR fe B AR I, RLE— 0 2% (B AR 22 R T fERZ A o b4, B0 EEd K
JET FAO Msafet 4 KA = 1 Guit, H HAE N T SE M8 R R /R T R i 30 E 45
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Fo BRI, X LB T IR S b DX TR 5 AN B4 R B8 80T o i) 7E B
MK, KRG = B 0 Al A Al TT B AH ELHRTH, AT I B g () X s SR o ARSR I 9T
(1 —ANEE B 7 ()2 TR ks P I 2 5l DAEAT AT 300 o

IKFERIE AR A — AN BRI B TR Bt B e ™ . AR, B
FE TR 277 5 AR B 7 AP [ AR R SR AR T B R PR AR LG, 98> T B KRR A A B BT S
NIRZE ARG« KT ZAESER UL, KRG AR AL T B GOKRE AR I Zh A L, A &4
XTEME, FF HLI 5 SR 52 2R e AR AR R e . PR, AR AR A K S
N RITAR IR . B AR DUKFEF R I AR = 5 7 40% MK A8 8= 24, XA
SER R G H AR, AR R R H DX 20 BT 30 2 4 FE I [) 3 2 1) SR AR, #T B
VEVI AR T AR AE s B A B = B 07 TR B A il ZALMIE (Rezaei etal. 2021), FF
TAEAE R RIEHIIX, AR 7= BB 2 B AR TR AN 2 B 7= BT IR BN (Rezaei et al.
2021; Zhu et al. 20220, &2, FEFETIRHN T BEIFAL R Gi2 D21

R FRAYPCIRER T a0 — NG AT KRG A 77 J1 AT AT 1%« BT 50 0E £ SHP 1858
FIKREAE P AT E A EEE A 1D el KRBV TG BRI, KRGERT
ST A5 A5 A 0 SR v T A %3] (Jietal. 2017). Changetal. (2005) FiJ B0
Wi 3 ) S 5 R B R h T TRINK RS A . DRI, R U T RE S TR ARSI e
I3 2) AT T2 TR SGy A R AR SR A 00 A= 7 D T g o AT R I, T SHP X
0 0K 50 (P R TR AE PP /KR 7 B TR B LE WGP 155 5 R B8 A2 . 3 ] RE 2 IR 7K e i et
FGRM B 822 S 80 G R J1 TR, HEM PR 7 BRSFE (Fangetal. 2014). X} T
B KM, (EY)= s i T T 58 B e sk 1.t DRI A A P o B AT
VR A HE RGN ZNEI, FRRZB B S A T HA R B, A2 AR
FE = s T 75 2K .

4.5.3 SETFERESNEFEMEESAEHMAT K

A TR ISR R B AN BEAS 36 ] (1 /N 22 7= B AR = AU H i AR B
S (B 4-14). SAT, 3G Rt A LASR s/ 22 7 AL T B2 S 8U™ H I A5
5 YLK N2O HE (Liu et al. 2012; Mueller et al. 2012; Zhao et al. 2015). i JLH4E
K, N2O HEE 5 /NP~ EAH LIS T 45 (Zhao et al. 2015), FrEEXIN N2O HEL
BB BN BB NI 1 K (Butterbach-Bahl etal. 2013), i3 i IE S 85 A
RIEAR TEMHI BRI RCE (Peng et al. 2009), I T A A0 A1 S il AL A2 o R JEE )
W (Butterbach-Bahl et al. 2013; Prosser et al. 2020), M ihnEE | 138 fiE = S AR E B
o — AV HES R, B EF AR T Re Sl 55~ R K. Rk, 2R
B TE CRAEAE A 7= 1 19 [ B 9/ T SR HE AR 2 [V AP 1

/NG P B R SRTE R i b 52 R AR I B A o PR K S 3L B
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WA B, MR 2 520 5 SR iR EAE PR OC B T AE P i A% (Plaza-Bonilla et al. 2014).
FETFAAET R4, Ko BRI 1 L3R R (Tellez-Rio et al. 2015),
SEGE RO IR EAER FEFE ). Beak, T i s O i) 1) A 3
AACHTIS FEREAG TR AEA, /N 232 380" = T % (Assengetal. 2017). %
TRRIEFEE A, /N2 7 Bht vey s IR HIRT ) B IS TRl 55, R IR SRR T S 3 n ™ == 4
KR (Zhang et al. 20140 . BhAh, I A A AN R T A 3 B AR AN AR E

(Bhattacharyya et al. 2013), 5 51 & B VAR i S04 i 338 o 5 22 (1)
=R

4.6 I\

(1) ARFRFFLER T —Fp B TS ARAR U TR AESE, T TR0 B4 4 i b X
K FEF & IXHELLEES T ZIREER AN ST BOR, 58 1 B KRS ™ 222 10 1 RE
7o SEEEERRHASM SR, TS R WGP F1 SHP 155 F 73 7l ks 1
BRI 78.72%F1 76.89%, LA FRPAR R (1) 69.42% K0 71.15%. T 2 [E] 4% R S5
SR AR B AR — 8, R SIF R/KREE =M ) 3 SR &, £ SHP
WGP 15 NI TTHRE S 15%. HGR H i R A BUR, JLRIRE 7B 20%17K
FE B2 AR A o AZMESR AR — 20 SOl RIS B J5 , 97 B F A AR AR PRI B e A i b X
FH TR A 7= 7 0000 AR 2 B R RUBE = & 0l ) 75 3K

(2) BbAh, ARFERFFFE— DR T HE T LA > A 52 0 B o8 A S R4
G REF F ZR AR A SR X S A S R . B ST R I 25 18 4, R o ] X e A A
W0 AL T AR, R A RS B EEGAFREE R R 1m0 E
T ARG A AR () A E R IR Y, B2 8 TR . AR
U M A T DX 3 AR A e 1) s (A ASE RO N (D S SV AL, 7 B ) 0 2 ] e S v A b s Jit
T =AM AV ERSRHE . SIREMACIHAELEE S 7 XISE RN
Ak, S TR T R B I R A R AR B BRI . %8 RS SRk AR
AL R AR AR R VA B SR A T — MR B R

(3) ffa, WFFUSET ik RS A RN 25 [A) R SR AT A B AR, T 1960-2018 435 [E /N7
AP TR = SRR, R TT T IR R AN BN I AR AE TR . BT
RIS EZRIANTEF, RENEZEGETER 72 7.3 Tg B ESUEHERR 56 Tg 1)
FEE. M 1960 FF] 1990 =, A/NERIEESMHRGRE . 3R =S HEERN 2
HORMRIG I, {HAM 1990 FH] 2018 FF&J | W3 N, IAMHE /N B = SUEHRGR
FERESE BTb, X% i T R = AR HE O S BN AT 8. AR A RN U il FH 2 B
AR = SRHE RO = A E ZEIRB R 2R, (AR ARG e TR
2 B0l 2 AR S HE SO B AR
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FRE HSBXEREE X Rim XSS AN R FFHE

51 5|8

JRUE AR E AN A = A B, SR 2 50 4R, AXERVEE PSRRI ENTE
—EFEE R ZE T MK . 5 1850-1900 fEAHLL, TS [X R A S T R
AT AR LA, X SR T A B . 5 bRy, @y il KSR
ST CAEEHE TN TR EA TR SR = 5, Aot 3EM . .
I FE LN 2 AN HLIX R o 35 . AR 22 TR T 3500 S 1 SR AR AL X A BR
WEA - ER T BE N, %, Bandaraand Cai (2014) f8H, WX (GLFE
TR E L ENRE. JRVA/R . BT A B 2R 2RISR, AR S EURE
A FERINAG B . Fahmidaetal. (2022) FIBF7CRM, SEBILERRF/R . SndE
NG AR B L A BRI, W EENA TR — e E B2 . AT, Abbas
(2022) 30 BRI FR) Rl AR = 52 3 S A AR IR 1) BTS2, Rl A 55 5% 1 48 1R T
B EEATR X

FEAEMATALSE R RIFE WL SR 1 AR AR i BOH) r= E i 25 . Lobell et al. (2008)
BTt JriE i 21 LW EYDR SR IR, B FUEE A R R 1S N i
RPN R B A AE AT R 2= THI G A AR A 3 AR, T ROk e Ka, HE
AR =B P B R 28%. 16%- 8% 6% M 2%. HAMHF TG 25 s Hz LA
AR E AN 77 AR A B R R 2 40 52 B P AR AL 1 5, P RE S B0 AR
XA EEW =B 89%, PidE. ZRAEFETEALINHLIX 205 T % 85%. 32%A1 29%
( Thamaga-Chitja and Tamako 2017). Rowhani et al. (2011) HIBFF IR HIHSR T F %
VEWI BAE AR AT RE RURI R %, TRiT3] 2050 4E R T 2 SR IR, ZE45 1k I F9 IR 3
I 20%, XA AEFECE K& N4 3.6%, % FFE 8.9%, /KR FBE 28.6%. £H
ARSI 72t S FF 7 iX— W . Petersen (2019) #F 58 K ILEEAEM L= 52 2 miR .
IRAF 2R, bEESET R, FRFRG7 8 038 PG R, S AURECE 2%
T EVPAl SRS AR 28 72 R RS2, R ) R AR AR AT W R AR Bl
S5RE, UMRESRBEMN e

SARBAL 2 5] R P2 Bk, 1238 U VR BUB M 33— 25 Rl A R 8= IR
W o Bl AR ASNEARRE, MEPDAE P25 SRR R R AR R B e B 7 3
KiE. Malikovetal. (20200 7w TS AEASAT ARV RE M (1) 50 A S ook, ROAE P2 D1
Hh DX (VP72 5 AT BB 52 B AR SR A AR Rt BE K, T AR 7= D0 X R i
AIRESZ BIMIREM AL/ o XA RE B TRV S0 AR SR AR M UBE B 2R Y .
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WEAR A UL S HoA A M BRI = 2B R R 1 7 (Mondal et al. 2015), FFHAEWAFIAE
B X SRR BUR AR E R ZE S+ . Auffhammer et al. (2012) KILIEEIE, /K
TRV A PRI o ™ Bt 13 B S B R AR TR R o AL, AR AR P U B B A2 A
WAHS 3t — 2PN B == XSRS 2, B0 Fengetal. (2021) T EKE~EHA
fie 57 Bk R FT, R IAEYD IR 0 XRS5 B+ R AR P & (BUR G
MERD =8 Z AR E 3G R g n . + 52600 T A BRI /K 8T8 AT se A 2 BLR#b |
F 8T IS FEAE A = U PE 38 N (Meng etal. 2016). Trnkaetal. (2016)
5 XIS AT [FREIE B T BRMAEY) = B S SRR RRAE T BN, JF HAEF X,
AN A R PR 85 R 38 A B LA = 2 (R s e b i 25 B R . VB B AR p el R AAS
b 3 5 ) AR AR A A RS, PR M XU S 2 1 RE S M E = & . (HEAES
AR (5200 T, AR S SCAR AR 2 EY R R s R O B m e,
AL [RAR H R EYD I T 28U (Lobell etal. 2014). EKIt, 78 AW TF I 4h 1 %
5T, AN NE B SEER 15 Be8 Oos sl i RIVEY) AL 77 M BURPEAE IR KRR B ERR
R, XA 87 (1) )85 R F R i b s I A B AR AL L AR A R AR T A s
e BHIE A 1 B R

Lk FRTIR, A FA T DL AR AR A S B S AT R X ] (BREEAISEED, HET
% PR B R0 8 25 1 7 AR AU AR AR E ) A 7= B 52 i DL SR SR KRS, FE ik — 22
B AT VR U I B A B, B AE [B1 25 AR R 1) e (1) A R AR K
A 77 1R 17 52 52 00 DL S A R BRI AE 40 2 URS: A2 AT AR AL ) s (2D /NS AR 77 0 Bl o 4
FA ey B DL R AU A B A R A AR 1) (3D /N AE I R R B A AR
AR i~ FA A e 187 DA S G RBURR A () K S B 2 2 e AR AL )

5.2 WRImARSEFHXTKFEE 7RI H SE RN AR AR SR B A 5 5k KU

5.2.1 Wim RS EHXTEREKTEE A £

BT FAO BIEHEE /KR S AEE H D Seit, 7T H 45 3R BoR1E 2000 41 2007 4
HfE KRG ISR R (B 5-1), fTERAEFRERIFRTRMMELFER, Reidin
HEERIZET . BRI 20 thalj5, SRR KR A P Ak R ILRRLE BT A (B 5-1),
B2 E PR BRI B AR B E N D ET . MBUA SIS R, AT
Do 5 7 14D AR iy A A 5 | R S A b o T A2 S BB KRG 7 R i B 1) R B TR A
bR A ER A,
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Fig. 5-1 Value of rice production, imports, and exports for North Korea from 1984 to 2017 (from FAO).

BT 22 M S RS AR BORT S B M, E R IR o v T S AN B K 4 il £E 2000
EAT 2007 E 51 T EAEEKEE S EWE), #F - R R AREAUE AR R S R S IR AR
Py iEAT LU T AR 22 38 T SE 2407 (K] 5-2). BARTIE, BFFEEEE] T 2000 S i
AR ECR I (TXx, Higm R R RME), KRR 7RI AR, 33
H R SR T = (SU30, feim iR T 30° C R%E TR20, &) iR T
20°C I RFD. 1E 2000 £, TXx. TR20. SU30 A1 FDO S5 B MK 45 5] b 54 Hy
X 27%- 35%- 37%H1 54%, F5o) 72 75 5 PO A g S A K FE A X (1] 5-2 R 5-
3). FERABFARIGEARAKFEPAE X, BTN & 1) B35 38 0 A e S = i PR 3 BN = &
> (K 5-2)0 X 2007 45, B FAE & S AL, FRAS T 78 e B AR AR DX
KRG & (TP, AKZFELFIKE; RS0, HEFEKERT 50 2K REO. RIS, TP,
R50 F1 R25 (BE7K &R T 25 ZKMRED BR800 5 5 BAHIX ) 87% 72% 1
80% (K] 5-3), KIHREHIFFEKSFEAREDIN 5 2 BIVEVIRRE o FIL K R 55, IXLefEK
AR i S AL (R RE TR T R BT, SOASE >4 4 e v iR R R T AN e IR ) BT (TXxs
TNn, HERRHEME) . EHA—RIZE, 2000 4 H 8w iR A 2007 4F 5 R KK
Uity SR R AT KRR AR KR B ORI, B dhA- oy BERY B, AbEX — & DIARIEYIE
ARG U, CHY iR AT R e, XA SEEAKE AR LRI
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(B 5-2). BEZ, Wk SFH B KR BAER [ A2 /] RIS
JRIR B, BE BRI AN LR

2000 2007 2000 200 7 B '—ED
China China China China L — AT, F
E Se - f o\
: A4 Wy PN
3 @ — 7 y | AT N
5 r \-.% -
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+ 2000 N T <
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| e ey 30
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Anomalies > -1 Bi< 1 7R & 1579 X8 18 b rpale BUK 6 XsARER 73 B 2 st A )
Fig. 5-2 Spatial-temporal attribution of rice production losses in 2000 and 2007 across North Korea.
Panel. Anomalies > -1 or < 1 indicate regions of non-significant anomalies, and are shown in grey. The

vertical gray areas in panel b represent the period from tillering stage to heading stage.

5.2.2 BABERRSIET (L

BT 27 AN EERAEAEE (GCMD) AT UETE 5 (SSP245 A SSP585), A<
BT T T ARRSURAR A S KRG B R 5 o BRI A SR A gk R I H 2 35 1 iR
FERNFE KGN . BRI S, ARHE 2080 4E SSP585 1B 5 EoR, AAT. TNn Al TXx ¥4 5l
4N 2.96+0.93° C. 2.324+0.59° C Al 3.81+1.12° C (¥ 5-4a, d, e). 2 NHIFHIA,
FAL R SU30 7E SSP245 F1 SSP585 1 5 44 7 Bl 97.6+43.77%F1 221.94+
77.09%, 1X B R Ein R ECK L 1979-2018 = 11 HE I fi5 5 22 = 4% (& 5-4g). LA,
TP. R50 A1 R25 7£ SSP585 i 5 T~ 73 nl ¥ 0 19.93 £7.74%. 7.57£12.53%H1 13.42
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+9.75%, 1H R1 K870 19.23+0.86% (B S5-4c, i, j). MR, TEiLH R Fl S 5%
fE50, BT ARRIVSEASE, B il A0 4 AR RS A4 S5 35 1 A
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Fig. 5-3 Density distributions for anomalies of the climatic variables in 2000 and 2007 over North Korea.
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B ssPsss5_2080s Ml SSP585_2040s [ ssP245_2080s [l SSP245_2040s
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ssp245_2040s | - |- i} -1 - - |----
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5-4 FTBEHLARMAN 27 > GCM RN EHEEAR R AR i R 1o AE LRI A ) B 2 s 2 vh s
. B al2f0& TS AAT. TP. TNn. TXx. TR20. SU30. FDO. R50. R25. R10. R1 [fj#H
XA o
Fig. 5-4 Projected normal and extreme climate change in North Korea with a random forest model and 27
GCMs. The black lines within each box indicate the multi-model median. Panels a to 1 represent TS, AAT,
TP, TNn, TXx, TR20, SU30, FDO, R50, R25, R10, and R1, respectively. The relative changes of AAT,

TNn, and TXx are difference values, and the rest of the values are percentages.

W R IR A BRBEA R L T 5 AR 2 B B SR EAR A AT e, (E R
JE FEBR P 3B NI AB AR 230 HH A RIS 2R B4R B 3% 3 B 9 A4 3 DX Ja 2R~ 1)
BRI 2. BRI S, 2% 40 2, s XU A 5S¢ A & ) 3 e 52 e 1L HE A
UEa%s, #Hlan TR20. SU30. FDO. R50 A1 R25 (/& 5-5), HAhAEE (f445 TS. TNn.
FDO.R10 F1 R1) [ & Z AN 2 BTt R I H & FE ) — B o 26 T 27 e BRAUE A,
AT FEE— 0 LU T AR A [ 35 AR I T AR SSP245 AT SSPS85 1 e I B AU AU -
eGSR, WA BRAEE R E AR T B IR R B I TSRl B itk
Gb, PEER L TEE R R m e, R B AR R R T e, X
M AR B AR T 4 R T M B s A AR (I 5-5 AT 5-6).
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Fig. 5-5 Empirical cumulative distribution function of twelve climate variables between North Korea and
Jilin and Liaoning provinces of China from 1979 to 2017. Coefficient of variation is used to measure

fluctuations of time series.

5.2.3 RESETL TEAEERYIR BI1KL XUE

FH T AR SRR I e il AUR R i A8 S PR R Bk 25, AHEE T 2000-2017 4R, FREFZK
TP E 2] 2080s 7£ SSP245 Fl SSP585 15t T2 40 /b 18.9%FH 20.2%. 111 7K HH
PRI Sk 13%A1 14.4% (B 5-7a). BHEE ARG TN =, G S0 EARE Bl
(AR R A FAT FEOKRE 2 28 TR, AR 20.2% 8 A V) &4 25 7] 5 20 A< ik i 55
AR R Gl ot — By, BRI gl &8 — R TR . AR RAR AT B 2% 5 i
AR AT Z s, I B FHLX AT e R I A R B s . KRgAE
Ve R B B A X R AR AR B A VG R AN AR (] 5-7b), IR MR R IX 2 R AR
BETX REEVEAZTERNIXGRTHIN, (BB FRE, w6 207G 5
X AV E RS A RSESRE R —8Ulih. £ SSP585 T T, MRiE 27 M4
BRAEAE TN, Filvh£E 2080s, ARE 37 X HIKFEAE PS40 208k S 00 5 A i B AS
FE CBURMIBPRAE I Z2), X R B 77 DORE RO KRG AR 77 XU f5e 7™ B A A Rt X (&
5-8),
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Fig. 5-6: Projected normal and extreme climate change in Liaoning and Jilin provinces of China with a
random forest model and 27 GCMs. The black lines within each box indicate the multi-model median.
Panels a to 1 represents TS, AAT, TP, TNn, TXx, TR20, SU30, FDO, R50, R25, R10, and R1, respectively.
The relative changes of AAT, TNn, and TXx are difference values, and the rest of the values are

percentages.
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Fig. 5-7 Projected rice biomass and production losses under four future scenarios in North Korea. a, Box
plots of projected rice biomass (left panel) and production (right panel) losses under four different future
scenarios. The black lines within each box indicate the multi-model median. b, Spatial hotpots of rice

biomass and production losses under different future scenarios.
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future scenarios. SD values demonstrate the uncertainty of projected hotpots of biomass and production.
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Fig. 5-9 Topographical distribution in North Korea, South Korea, and Liaoning and Jilin provinces of
China
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Fig. 5-10 Risk and trends of extreme dry-heat events for US wheat over past six decades
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Fig. 5-11 Response of wheat greenhouse gases emission intensity to the dry-heat events during 1960 to
2018. And the red and blue bands show the negative and positive effects of dry-heats, respectively. The
black triangle represents the mean value and the black points are outliers in each boxplot. WW and SW

are winter wheat and spring wheat, respectively.
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Fig. 5-12 Response of CO», N2O, and CHj to the dry-heat events for winter wheat during 1960 to 2018.

And the red and blue pixels show the positive and negative effects of dry-heats events.
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Fig. 5-13 Response of CO,, N>O, and CHj4 to the dry-heat events for spring wheat during 1960 to 2018.

And the red and blue pixels show the positive and negative effects of dry-heats events.
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Fig. 5-14 Response of wheat net GHG emission and yield to the dry-heat events during 1960 to 2018. And
the red and blue bands show the positive and negative effects of dry-heats. The black triangle represents

the mean value and the black points are outliers in each boxplot. WW and SW are winter wheat and spring
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Fig. 5-15 Temporal dynamics in the sensitivity of wheat carbon to dry-heat events across the United
States. In panel (a), the dashed line represents the year 2008, while the solid lines indicate the sensitivity
of loess regression. The shaded bands denote the 95% confidence intervals. Symbols indicating the

significance test of trend are as follows: # for p > 0.05, * for p < 0.05, and ** for p <0.01.
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Fig. 5-16 GHG emission intensity sensitivity variability of winter wheat (panel a-c) and spring wheat
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(panel b and e), and compound climate (panel ¢ and f).
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Fig. 5-18 Irrigation frequency in the planting regions of US wheat during 1960 to 2018. Panel a and b

represent spring and winter wheat, respectively.
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FESE T R AR EAE . oo s 2 e A, AR AKX R T
ANE )& N AT g, (RIS A T AS [RIRE B ) AR (Wake 201200 AT TR A2,
MR T AL SR T, &5t o XOE W 2l 52 85 2 f 20 (Fischer and
Knutti 2015; Diaz and Moore 2017; Hallegatte and Rozenberg 2017). MEZFrMAEH &, K
RIS i DX R DL E SR B K B A N TR A G et it 1 & e b X 4R —
SE BT IR A GE AT, TSR B A5 AR e AN B g R AU, He AR ML S g it T T g BE A
R T 25 K T HIIEN /7 (Hallegatte et al. 2018; Marotzke et al. 2020). Xf T K i&
X, 57 7L EIEMHAE It S@5 IR T, 72T R EREA 08 R 25 i)
N NE LB RS 22 I FTE T R AT set gl R = AR, 3ol 4
FE IR R A I LD SRR . DRI, R L X S 2% A i it S T R A
Gr R IR, Bt 2 Gr R SR, o 25 B 70 5 22 I B v AR R 70 B — [0 B4 T XS
TREAEEME )1, 2R T 4t 225K 1 IBR§] 5 4 MEEE T

BT AL BRI 738 L RE 7 388 8 3 A0 A X =g JRU IS R R e £ it 22 4 1R DR Bt
K2 (Smit and Wandel 2006). #:22055 1k R AN UL A% 4t (9 <6 fih B8 7 AN itk i i »
WAFE NS BEMA HR, BE . LRSS E KA, XL RIR A
N IR AR R IE R 4T (Hallegatte et al. 2011; Clayton et al. 2015). XK E F1H—>
HEMME, — Bl TEANBRE, RGeSl ER S N RE, I HARMERKE 2R
GEIRAS . BRI, PRI 38 N S AE DR R [F] 465 74 FN D BE R IR 00 4ERF BB W A2 AL,
IR ST, FER IR R mT A el 3 B b W ) R AR S . AR R T NG 3
5HERRGZ BB R AR IR S M il . HORRI IR 55 52 U5 L & %
PR, ARATTE S B REIE M A2 AL (Lutz et al. 2008; Crespo Cuaresma et al. 2014; O’
Neill et al. 2020, FGE AN 2238 5 LE BT N A1 2> S ARl R R A4k, 3 s ATFEL T
AL B A EHLPT /7 (Smit and Wandel 2006; Nakhooda et al. 2013; Cinner and Barnes
20190, Ao E ) BE A A AN S8, N HZER AR K —#7 ok 3 2L
B LR BLAh, ASBIAR AR N 1145 04 i Dk 28 A IE B U AR A ) — A B 2 2 E Pk
Horp 2 AN 57 3 )1 AN 8 N EEAR AL 2 255 A8 (O'Neill et al. 2010; Wang et al.
2021¢). REIERA AT RERIIEA IR, R R i) HE 54 (Parikh etal. 2012;
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Riahi et al. 2017; Fuso Nerini et al. 2018), B& E T8 AR HFromif 1 555 F H #) &= 25
P, $RH T CSRIANEREIRAG AT IE R . RIEERI AT RESL BRI DL “H & K R
B TR s ask B AR SRR AT R B X M0 H bR 2R, 1 £ IWF AR DK 4k 2
W TN BN S Mg RBSAESE T, DL AR XSO £ AF 77 vhose DL Z I (9 N 24T A XU
ENITTRR, I B G TAL @5 AR IR A5 A2 A AR o S A1 0 B il 22 4 [ AN
S T TH T S b

FF NANEHER)SEE E (climate-smart, CS)  SEB & — 5 Ay Sle it 105 & M. 2
WHEZE, BUm AT R KV Rets it — D50 HF CS MISRPRM L, DA ORTR BE 1) R 4% FL
BAEARAA B R /1 (Gilbert 2011; Lipper etal. 2014). CS #HE B fEil i 4 & +
A5 TE 5 T BIMHERR CRUAR M ORI ORI RS Bt 2 AR ik
TR, AR R R EYIAE = 71 (Lipperetal. 2014). 2 RIS xR ZE R HHE
HH TSP . BAS RL 2 A 5 T St P AE A ROl A P2 A & AR IR R AR 20T
ZK4N (Berry etal. 2008; Ganetal. 2014) . ZRT7, A5 =AM B 2505 v B A T
E T H UGG 5, B3 ReE . SR Z R (Zhao etal. 2022a) . ZLHZIIE
B AT DAk R3S 261, 0K NOY. NHY FIE U WIRZ LB B R 2, Mife
B (CO AALTEEL (N20) FINO AIIHEAL (Liu et al. 2005; Mkhabela et
al.2008). MHELZ T, —SeH R BHIGIN 7 EE R AR ZMGED &, NG
BT HIEFE L CO, N0 FIREL (Janzen et al. 2006; Mkhabela et al. 2008; Lognoul
etal. 2017). Ak, BiESZEIE DR 3R SR (A S5 M, BETTIE BAEPDI8™ (Six et al.
20000, AT, (EAEANMXYEEN, Hom TR FAUR DL R B ok, 1S
AR BB E SR = AR B IR T = AR BN RCR L AT AT MR AT R 32 BBk
filo BRI, DUOCARASUASE %) T XS it A=A R e B A S B 2 G i A 738 A 7 1 52 Wi AR
ROl Rk R IATIE -

A TR 7T AL B A [F) A0 2 5 2 A 2 3 AN TR 22 5% e /K1 () SRS 3 X g 5]
WIPARTT T A 2 100G S A AR A AR AL = S 2 i R . BRI &, B 2
TALRRE., SIERH B2 E . KRBV NE AR Z, @it o b i
CRKGEHIX, FETHFRAT 28 SHAE EEMGED ZEZER, 817t
Y TR KRB AT I DTHR . HbAh, AW TERE— 8 TR A 1) b L PR A Tt DAY
N E I VAR REZE TR o Oy 7R T AU B B B G2 e s R AR R B A2 7 1)
SO S B R GRS 77, AR SCRASE B /N A 7 XA i oo R, SR AL & — ARk
P T R ARl AR S R G (DLEM v4.0) . 75 B 51 i 2 PLSE BB T %
T (D) EEZEERNZERAEZERME O E 2 —; (2) 12143 E 2 i
TR RGRATUR B SR M0 X, PR A PRI T R E I s (3) SEEEI I SR
Reff SCRAE R A ) S BRI AR BB s (4) TE R 25T ke 7K1 1 X A= 2 =R Y
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» RESE YRI5 H KB Al S G2 ff U5 SRINTE 77, JF D9 T 5 oAb [X 472 4t 56 3 1)

M mR

W =

SBEH
Bz

6.2 REFHMXIRBERENEMRE—UHEHLIRER NI AG

6.2. 1 A RE NI AR E X SUIFT LRI EREIER

JE NAURRISHESK T, KRR P8 W 2 2 5 AR B AR, (ALK
SR EERE, WX EE ZOKT RGN R /R E 7 KREA = k. kBT
RSz BN 5 BORMACE R R AL IR W Oy 7 B R 16 K RE 2L
ITTER, AR T SRR (FAO). tH FUERAT DL R RO Bl 2 55 4 057 4t
T, R AR N SRR BHEECE  @if kR LSRN,
SRR T AR 7. I 6-8 S | M 2 A B AL R S /KR R (R AR SR,
S E M EAAL, S S E TI A AE E (B AR OGRS (rho < 0.5 HAE
F)o

of

LRI N2 VK I, BE (P<0.05) FIF[E (P<0.01) M4 iR
Ve, (HERARE A THACRAEE (R 6-D. b, HESME TS TELZEHE
A E K FEAE =424 (P<0.01), [FREBYMRRERE 2 SIFe R T 26% A0 100%. etk &
JIFEARAERAEE = AR BA IR, X R E KRB B EEZ S ER R TS (R
6-1). BbAh, WFFE RIS PK S 56 E A o E s 7 S s ep o E 2 AR m 4
s . BART S, BFEHX SRR (TR20, AAT, TXx F1 SU30) XJ7KFE4E
FIECBU, SR XS A AEF N R FIF N A G 1 X B i () o mm, L4
Rk 7 KFEE™ (B 6-1). fEFEWMER] 7R, ERIEMEGERA (s
JIBERD A BTk Al o B o S P e SR A0 (I 6-1) o (RAE RS IF AR UL 88 211X Fp
BRI ZR RN, PP S5 4 2R D)2 T AR AR R S BUKRE = = r3g i (&
6-1).

Fo6-1 WAt ER b EAE A R AR &R 1 2 JE R A S R
Table 6-1 Goodness of multiple regression fit based on different input variables for NK, SK, and CHN

Hfjif 3| H
LETPANG 28 = R2 R2 R2
SRR 0.60 0.72 0.47
FE KR IR &= 0.31 0.98%** 0.81%%**
AR TR 0.68 0.91%* 0.94%**

E: *p<0.1A, **p<0.05, ***p<0.01,

100



SENE MR U AN R R KT b X AL 3 S g e

R1 —

R10 H
R25 —
R50 —
SU30 +
TR20 —
TXx

TP < J

PA —

P

N —
Irrigation —
GDP —
NOR
AE
Pop.0-14 —

]

¥aouys
ajewl|p

BaI0Y YJION

aaual|isal
|ejoog

N:TR20 —
TR20 4  #**

RP:SU30 —
SU30 —
RP —
Pop.0-14:TR20 —
TR20
Pop.0-14 —
R10 <
SU30 —
TR20 —
TXx

TNn —
AAT —

P -

N -

RP —
Pop.0-14

AE.R25 kk
R25 — *%
AE —

R25 —
FDO —
TS 4
P - =
N -
Irrigation —
GDP —
PA — . Main effect

AE —

. Moderating effect
SE )
EU - . Single-factor effect
Pop.15-64 [] Two-tactor effect

f T T T T T T 1 T T T
20 15 10 05 00 05 10 15 20 25 30

©a.10) YyInog

)aoys
alew|

asualIsal
|e1o0g

yo0ys
ajewn o

soual|Isal
lejoog

L euyp

Slope of variables

6-1 HEE 5 [ A o [ R AL 2 R D G AR KR A = I AR S . AR R (7 IR AR
NIRRT R AR RN KA A 7 BORR R AR S o R € BT PR B 2 W 75 R 40
SREWN (PR, BEWERIBTS: *p<0.1, **p<0.05, ***p<0.01.

Fig. 6-1 Social resilience mitigating climate shocks for rice production in North Korea, South Korea, and
China. The slope of each variable (direction and size) represents the positive/negative effect of the
specific variable to rice production. Circled values highlight the significance of fit (P value) obtained from
the F-statistic for each moderation effect model. Symbols for the significance test are: * for p <0.1, ** for
p <0.05, and *** for p < 0.01.
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6. 2. 2 B E SR E HBIEhZS M

KW T IE TS LTI AR AR (RFe) BHT 7 A 04T, DA &k
52 OIXFEREE . R E A KRR A A TTER ZE . TEAL SR I AR, mE
B R AL 0-14 2 N OFERAEER KRG A 7= A b 7 £ S AL (P < 0.05). #iE T
IKFEAE PR 2 BB HiE . 0-14 5 A ANIYE YA P SR AT BEVE I FH B 2 25 5
(P<0.01), MirFEKAKBESBMEER0-14 Z A0 R AL ABIFE AR
R A E A4 BEFES (P<0.05) (K 6-2a). LB KIEMXIERE R R i
X, SRR AN 145 HE) LU R R s th X BRI o, T A s L X PR s} 2 30 A 0 K R 2 7
VRIS (] 6-2a) . RFe MIRHNSS it — 20 a1 1 +L2x W & 77 5% i B A0 o K g AR
P EE TR (O RfERE T 83.0%1 86.1% M4 Fr/K g4 =481k, P<0.05). tHLLZ T,
2R 13 EHEE R TTRREAR, N 15.2% (P < 0.05) (K 6-2a). ik, KiEHLIX AN
R HR o X KRG AR P2 B2 B4 s SRR R RN, 1 IR R I b X BE 52 S A3 A8 4k 1)
fillZy (K 6-2a)

Vo B i 2 ATIeE | S5 i R Y = D e P N e S i N 1 DS 2| B P TR
TR RFe TIINRIN (3R 6-2). LR IIA IR AE SRR 45 S35 E B |+ & )
L5 R KRG AL = 2 (A1 190 R (RPN 0.38) 3z 18 55 T 56 [ A+ [E (R? 43731 9 0.81 A1 0.71),
I HIX PR IR0 FR 200 AR 1R 227K (HAEER) nRMSE 9 0.35, FHE) nRMSE
4035, HEE nRMSE 4 0.35), XRWPESIKE Jiia it s 7oK FEAE =B, A
WHRSAT PSS R, KB ESE = EY & A5 b s AR BERR 22
2 EAERIET.

F 6-2 BT T 5153 FE =475 I RFe HEAL IR
Table 6-2 3-fold Time Series Split Cross-Validation for random forest modeling of social resilience

TR K A i [] H
. R? 0.01 0.63 0.94
First fold
NRMSE (%) 0.38 0.33 0.04
R? 0.52 0.81 0.93
Second fold
NRMSE (%) 0.32 0.37 0.05
. R? 0.61 0.98 0.30
Third fold
NRMSE (%) 0.36 0.12 0.03
R? 0.38 0.81 0.72
Average
NRMSE (%) 0.35 0.27 0.04

FERAEE, SUMUKARA A R E (PR, KT RE) BRI BIE
AW RN (B 6-2b)0 AN R ET-0.6 DAL, KRG BT ha T i, Xn]
REAE ONFERFAZ B TR S BRNAIR, RIAZER PR SN 1 K45 5 IF
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AN TFEN g0 AKREAE RN R R I ARG A e B AE v [E B AR 3 T — BURIESE SCRF
(B 6-2b). BARTNE, ERKEEKEHRIIX (FAEEFRED, KFEA A LA
A1 0-14 % N sl (B 6-2b). N 38K A R A& 75 R /AN H £ #4
HIANTNRHIL) T R OAGEHIX 2255 K AT P B K (Schneider etal. 20110, filt1, AHXY
B R MU AL 7K P B A AN M X DTk 1 R o KRR A 77, O Bl ZE RS B Rl A
(Amare and Endalew 2016) . fERIEHIX CEhi[E D, KFE=EX 0-14 5 A F R0 B 0 AH
5 XA REA] AR AN [RI M XN 850 (1) 22 7, RIS HBIX 75 22 I b 42 N 1 HeAl,
DA X 7™ 85 [ 4k 10 8 (Kim and Lee 2021), FFHA1RA 782 4R ML 57 5h 771 K48 in sk
fEr . RedFI et 7R AR HIX (R ED FKREr =&, [EXREHIX GHEED 152
e U AH f2, 3% 72 BT AR b X A 2 8 1 85 433k T 850 (Scheelbeek et al. 2020) . £5 Al
W, ANE RO BN A o R [ R KR AR RS2 R AN (] o

A FERE— 28 A 1AM AR AN KRB A= T B0, = A XK KRG A 77 X Al
NI ARG A i S 2 4n 1] 6-3 Firops o e rb SUIE « A AR JRE B P o 7 i 2k 7 e [ A v 3]
SIS, T AEFHEEX =N S B AN R B N DA B il 2 () R I
6-3). MRIEBEAARMAGE A L HARSMRZE, BE . BENCATERE 20 A fde 1 Afet . i [E A
[ AKAEA = A I-4.8 % « 51% A1 77%, Hor At () figeRe O Ul X R WILE 2 il A
T RO SE B R SR KRG 2 G0

6.3 RIEMXIRERENERER—UXESEREZRHERG

6.3.1 ETHERKERER THRMHER R

N TR N OBHE S 75 BENS YR A i A A S B AN 2 R %, AT AT
M T P TIGRAE AR GIHE (CT) M5Bt (NT) XN R BURE R E R 5
. BFFCEEREH, EL/NEEX, CT ANT HEAEHABIBUEREZ SR, mEE
NEFAIX, NT HISZ R (& 6-4). FAKIT S, X 60 S8R4T 70 Hr KB, CT
NT 208 25 B T S [ Pl s X & /N 220 T O BIURE s NT AR SE BB X 1 4 /N A2
AN MR DRI SOV B HIRCR (] 6-4), FHi NT £E#HE 90% HIF /N EZ fie
XA A 7 ESIER] (B 6-4b). FERFEHLX, IATRAIAED 5L A 75 % HOMEZR FEARER
EVE TRV E SC B A N R E T 5 DA ORAE AR T REB AL I T- A P IR &
IR . R, AHT AU SE E I DCR A CT A NT SR 32 SO T
%, MIAEAGHSH DT INHERE NT Sk (B 6-4)0 JRTM, —Lahh X AR G SM5 B =B
PEJT S, X WRAE AR X B AR B S A RE DR /) 22 T & SR HE O P 1 T34
UE, R EERIUHAR S R IFANX — 2 (& 6-4),
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Kl 6-2 #hox kB IR EO K FE = AR I DTk . R EMERIR TS *p<0.1, **p<0.05, **p<
0.01. & b rp MRS ) de A& 22 T 07 R WA N i 2 o 20 MRS P o P 0 RS €2 ] 27 )
FRAEFELAN SSP585 135 5t T /K F /™ & .

Fig. 6-2 The contribution of vulnerability indexes for social resilience to rice production variability. a,
Symbols for the significance test are: * for P < 0.1, ** for P <0.05, and *** for P <0.01. b, The non-
linear response of rice production to standardized values of the four most important variables of social
resilience. The black lines are smoothed representations of the response using best-fit polynomial
equations. The green and orange dash lines in the partial dependence plots represent rice production from

the baseline and SSP585 scenarios, respectively.
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Fig. 6-3 Agricultural drivers of rice production in the study areas. The red lines are smoothed
representations of the response using best-fit polynomial equations. The trends of the lines, rather than the
actual values, describe the nature of the dependence of rice production on the agricultural drivers. The
shaded bands denote the 95% confidence intervals. The gray shaded areas indicate calibration data
between the 25th and 75th percentiles, and the percentages of production variability explained by the three

agricultural inputs are indicated for each sub-region.
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Recommended tillage practices
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K 6-4 BHE S B2 T A S0k 3 U o B2 A RO M B o BRSO (T - 3o yid
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VETRES A A Sig - (18 TV-VD.

Fig. 6-4 Tillage practice effects and recommended strategies for mitigating the impact of dry-heat events
on GHG intensity. Tillage effects (panels I-111) are expressed as the probability of reduced sensitivity to
dry-heat events through tillage practices over the past 60 years. For each grid, tillage practices with a
probability greater than 75% of reducing sensitivity are listed as recommended tillage strategies.

6.3.2 BRIMHER REM/NZE - HRIIRI

DUAL i FEIRFAE S B AE HE R X3P 2 35 BRAIR 17 /N Z2 0 A o T PSR TR 7 AR =S
PRHE R U, Sl 56 VG AR & A HEBOGR FE  BURPE KL 9% (K 6-5). X
PR 32 B PR iR == SRR P E UM E A R £ 5 R, BIVAE 45 3836 B A 70931 B
T2 6.4%F 1% K THAERE (B 6-5). XF T&/ANERIE, JeT 5 mARHHE
JTRBER T 5.83% i S UAHU) T AU, IR I 1N R T AU
P (+1.39%, 1ES RN o 5= ARHBON ™ R USRI & A S A S e
T AN R SR HETBOE L U T P 8.9% (] 6-5a) o BRALHHETT S M R AR AR X 4
N HENRZE, BAKIMNE, FIKT 6.91%HR = UAHBIBURE, JFRE T 0.56%HH
FrEBURTE, T Ee SRR E TR HP IR I BURE R T 9.29% (8 6-5b). MITA] 7
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Fig. 6-5 Changes in wheat GHGI sensitivity based on the recommended climate-smart tillage. Panels (a)

and (b) represent winter wheat and spring wheat, respectively.

HeAt, AT B IRTT 1B SO X8 AR & AR HETB A 42 R ) 5
AR CEVBHEAE AR A I S 88 e A T2 A AR AN B T RN o X T &/ NN 5
PR S K 1) 58 2V B AL BB I TR T 5 X TR AE AR T IR IR R 0L R 5
B A RAHE AT Re 2 IR = A HEBOF B0 U B R R RN TR 58 42
RN, NWLEE 2 Bt IR 8] 1128 T D 55 (a5, SR SR W OR K e A 7 A RO AR A I T
KSR 224 T A BUR BURAIE R IR (B 6-6). A SRAERHE SR T3 1 7080
DSk A AT IR, B T IR 2 B IR AN R IR, X0 T AR E
s R B AR A S B DA T A S RS A 4 2% i) B 21

SENEARE, BN ETER E AR SN BE I 8] 81 52O 8
fla— 2 (8 6-7). Filtn, CT X = TAHRBI 5E AR O 2 B8 R AR 1M
fi&, 1 NT X7 AR RN ) sh A2 23 1 Set&nja P EErES . ARTHER
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Fig. 6-6 Effects of tillage management on the sensitivity of winter wheat net greenhouse gases (GHG)
emission and yield under extreme dry-heat events. Panel a, b, and ¢ represent compound dry-heat,
drought, and high-temperature events, respectively. The positive effects for net GHG emission and yield
represent the uptake and increases, respectively, compared to the all-combined scenario and vice versa.
The shaded bands denote the 95% confidence intervals.
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Fig. 6-7 Effects of tillage management on the sensitivity of spring wheat net greenhouse gases (GHG)
emission and yield under extreme dry-heat events. Panel a, b, and ¢ represent compound dry-heat,
drought, and high-temperature events, respectively. The positive effects for net GHG emission and yield
represent the uptake and increases, respectively, compared to the all-combined scenario and vice versa.

The shaded bands denote the 95% confidence intervals.
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6. 4.1 HRME NIXHREAR B R ERIFNY
FEFIEE S AT (FREATED Z0E, KA I AP 2 5 el 15 T4t e
PR3 1 38 A A DR A S A AN RS i T L . RORARRAAL S, B 24
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A e R KR 52 2 TG M RE TR Ak, gl sk, &3k K8 (Acevedo et al. 2020).
BEUEA A2 AR (Engle2011). BbAh, HEME. MEAE. CRAPVEFHEFIEY) B R0
EN T REEE”EEE (Fangetal. 2019; Corbeels et al. 2020), {5411 Challinor et
al. (2014) KILNNIENLRE ST Al RAE VIR0 AR R 7-15%. AR10, R A SGER &
TEV P&, ARRATI AT BE 4 PR At Bl i R 0V T I8 52 7™ B ) P B Ok o 5 SIAT 9 IRk
TR AR & AT AN E PR AL B DT TRUEME B A WRSOR AL RE ), 7 S AT,
FHE— R AR I RE 7 A2 N SR IR G2 L] (Neil Adger et al. 20050, #8ET
ZTFR B EAR TR —MWEEZN 7. X RO E L E KRG TR R R
BRURAIH  BER R S LA D T I, A ORI A el = AU AR &2 AR 11 1 T, K301
TR S A 0 (Surminski et al. 2016). 2ATM, WUERLREGEEMATERM, ERTRES
X RS PR EE . (Miao 20200 ST JGiZdid 57 5 #MaE 4 25 X, BURBIEY) = &
AT RE AT R BORMEJa SR o ORI B SO0 A AL SE e 55 B 0 BHIR. B35 IR
JE I 52 S AR, A ATTRE A S5 RN G Rl 2 07 THIAS 2 SCReEb R AE AR AR
B RURS: S5 AT T, Rk BT BUR R AT DR Ui AR A I A RS2 (De Cian et al. 2016;
Hsiang et al. 2017). #hox& G R BUAH BLAE F 2 BRARE 5 I 55 PR AT G In k2 52 0 )
R AEARBEFT Y, I =N X R IG OUHAT LB, WA 1A R I ARG LK i)
T T E B . Ak, R AT R PR A R R SROKRE B A2 =08 1, B i 2 A 2= 1
AEEFE KRG (B 5-9). Bk, ARRIEE 22 MRIHEE BRI S a5t
(RAE FLAEH o

AT TR T AWK E AR 22 2T EE AR, A AR B A 2 e X
W2 AT AT BRI X, AT PP AR X et X AR £ e AR OUAN R T RF 4 K f
FREEDI TR, R YR DB T . RS TREH =MW AT RS
THEAR A S 2 2R R, DASEAN S A o () B 10 IR0 DR 20 B B RS A o DRI, AR A
HUHEE 224 1 43 B v] DAY 8 31 HAt A 25008 PR A B IX . AT Ik AR R 455 1 ot
RO X ARE i, AT DA AT A e R p AR 2 e i M, i A A T A
PRAH S AR X (B andEd . B2 T SRIAIAR B D BOAR R 222k FTTRLI 2,
FEHLIX AR 22 2 T 2 H A T AL S TR . 5 TR B 400 2 o A= 1y Ji A1 AR X e
TR RS AESE A BRORR £ A 3 52 B H A B i AR N 8 ) I BR 1], B an AR PR R
S HIXHRRE A IHRB T H 2014 G LORE P RGN, R 7 E41 2 dmT LA
THE AR R DR, I A R RN B R R PR B R T, AT DU E Hh X AR
AT IR, SRR T A T — PR R K E IR O R 2 2R R R
B 2 AR CRe )R 18 B D BIACKR A e, IRLE H ATk = v 520 BT 78 1 DR A
ML IR1T R B R B 2 PPl .

AR, FAEER R EA A R R EUR B AR OKREA™ AR 471
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60%LA_ED, Mm-S E . L, HARM ARG INEY) 2 Bk v] 5E 2 TR %
S RBEIRAR . M AR AR 1 51N BN RIS 5 A U X PR R 2 A i
vk, REARAE E R B SN 2 R, R 2 SRR AT AT R0 SR B
AFERR, TR B AR LR, (Renard and Tilman 2019). {E¥)ZFEHEAE ARG R
GURE SN A RE > 22—, ATDESI S 5 2R R ZRERIAES R G55 K
RAMRAALTI 2 AR S A A AR RIS, W] e = ks> BRI R B 3 5
YU AT EITNIIX, XA 2 e ROL T HER A 2O 2, POV E R IR &
RGN RN, WRERE E T F AR B2 RER 7o W 1 5 53 N i X 11
&, AR R X R 2 gt 7 — DA AR RS . AP R4 R R
WY, Ak 2R 7 O R AR AT A AR KA S R TSRS iR (i T AT E (iR AR . kIR
T AR FUR] DL B AR AR & XU, FF e rIAT PR AT 3005 T3 A H AR it e
RORA BT 3R i SRS RR . RN R LRI AS A2 I T R s AL A A 2 F
HUE

6. 4.2 SIEEHEXN K E /N EZ = EFRE SEHER A

AHEFEY, ARBHAET N CRIEFEMBHEM R X227 8 AR = R
TICHT - BB B S A7 AE X o PR T 3O g R A by, e RE
SE B IDXCRBE & AR SR mE ,  DASICEI A T ) XU G2 i o 3P o 20 ) 22 ) S o A 45 21 3
W E YIRS, B van Kessel etal. (2013) $8H, fEBIEARMAT, TGk AAHERDR
it NoO HFBGE B S, HAETBAMT, %HH NoO HEs L s MBHEE & 1t
b, IR = AR HRCAT B 52 B G bR E LR R S N TA) RO B2 () 4% (Groffman
1985; Venterea and Stanenas 2008). T pH {EAZ{L (Dick 1983). A= WIHETE 4 Ak
(Minoshima et al. 2007 ) F1 5. B %3 55 B (Fernandez et al. 2009 ) £ AN AT $4 (A 28 (5200,
BRI 2= AR S X LN . Sl H IS OL T, ARPEHEE B o R B Rk S 2i1F
BRAEAIS, AT 38 00 A2 25 R GERRCAIE A X s T FAAROR S ORI o SRR o B AN R 2 i)
AEPDHET ) Z 1) ()P AN BE 56 A ORI T U B R R E DT 38, N 1 S ORRE b /)
Wi RSN E DA P (R ), 5 S DR ) e R FH 22 1 A R R A R S i

6.5 NG

(1) F T 7 L J 10 b XA R 22 B A /K s EEIE 7S, At e MR I AS
[FIAS B 2 [ AR SRV 85 o B R AL R I, 86 (P<0.05) AT (P
<0.01) KA HIfFRERE ) B E G o, (HAEREE T AR AR E . HAh, HaRE T
A 5 [ A0 o [ B 7K A = AR A b B S D9 B P HIPE R (P<0.01), 237340 1
26%A1 100% 7K AEAE ™ sk o 55 1 b X 0 e i AR TRORE 7RG A 7 ) B 2R T DX 48
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JEFN . R CTH0-14 5 N D385 7 iXse S fepp e (e, H 2t T 58 & kR
PR S I G A E SR, R BEUEOR] FH G2 1 Al 3% I S Sk P A7 T 52 0
SR, WA R A VKR IR AR PR R FEA B 2, BT 2 S AR AR R E
BIAE R REHLIX, #h2 R JTAR AR P2 DTk (15.2%) 8z ik T- & i i X F & fg
HIX (514 83.0%F1 86.1%) .

(2) #F 60 £ LENSHRUL L, CT A1 NT 5525 PRI 1 35 [ A B X 4/
FXT ER U, FEH NT fEAGEHLIX AN 2 R /N2 Tl [X R 30 HE B 3 35 (1)
R, TR 90% HIR /N MEIX R B T = FAEH . STl S5 R Z BB E Sng T LA
RPEAS 31.2% 3 X 1) GHGI %S U, DA B E S e i 3 BRAIS 1 /N2
Tk )T iU, A EVE RN GHGI BUBMEFRIRZ) 9% (/R 8.9%, %/
N 9.29%). WAk, AR X A BRI BV BERHHE T b, X R IX S X
AR FE S5 B E R 7] 58 TGV /N 22 A8 77 I 3B M o AR 70 1) R I i A
TAESAGAZRE B LT AP Bk S0 P 0 A=A R 8 0 A 3 S R A N BIAR £ 2 A el
SRR VAL R B E
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HtEm SEHREE

FtE FRSRE

7.1 FEZL

AT 5T AR LA 5 B N R BDCIE SEAT 7T 2 T 2 YA R AN A B B8 Te i s U
R ARG RN DR R B A7 RIS, AR SR Atl B VAR & A 7 5385
IR ISR IR, I MAEY) = B ABUR AR A, Fa 7 hdm RS FH AR X
BB AR RN . IRGELTF R AP 257, R TAE SR RS e S
W R G AR T R IFE— DB TR T REEMIE 1. AW IO+ BIE lom R UK
R S5 R B A 7 2 1A I B 25 9% 2 BL R AN IS sh Ay sz i U AR AL 5 R B A 7 (1 Jre it
ERAAEEEM . BRI FIRSEACT T RIS VEZ S i 7 71, NBUR T/
A BRAURAZAG T 1) TE & PR AR B A7 AR AR A R A ARG, o] SR S A 1
s EELSRAT:

(1) T 22 VPR B B AR Y BLADL 3 RORR A A2 72 )

A TR B G TR ST & 2 P IE IR B LA R IRAE 2, Bl 1 i L LA 1
b X AR R AR 0 A1 P I S B AT AL o BEHUAR MRS TR A 7R 5077 AT SR B AR A 1 T
TR, IR T 80%, BN T HARZAR . RN, UESE T KRG
FEESRET R B AT AT BEAh, BENLAR MR LA RE RS SCEUW R RS R 4t
JCREM R ST . ), XM ERRGARA (DLEM v4.0) BT 240,
RN 1 SR N IX i ORI A8, R BB AR AR /e A i R
I = SAHBON IR AL, DS AR Pl AR & 22 IS4 17 ) S T

m
o

(2D DXIORR £ AR 7= A0, B G5 BRI DR P i B 56 2%

AW FEHE H — P T EAR AR R PR HELE,  F T AR A5 b [X 1 7K R 7 = T
Mo SEA ERRAR AL WSt Bdima b, TS, RAE A4 B BRI RE R - U 5 T o
BIRERE T 2R 51 78.72% 1 76.89%, LA BLF=AR (1] 69.42%H1 71.15%. HH, SIF
FEKFEF= BT R 7 R EAE, HAREE 15%, R &EREMZAR R, 3
[FIffRE 1 IS 20% KRG =R . Bhah, AW EE Soft A2 RGO REF FH %
BRI Sk A= W AT T TN, R IO v T AR VIR A 5 M 3 /KR A ) 8 A B S R A
BaR o T i R AR AR RN R SR AT AR B AL 1 36 [l /N 22 IX AR AR 77 29 A 2 SRR I
(0 7 s A8 Ak, R B ASABZ A FT EURE it FH E BRA /N2 7 B R = SR HE SR A i 2
SAER, AHLHORI . AR AR Ut 0 s e AR HE R B AR A T R

AR
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(3D HLARY DX SRR B A 72 X6 Wl ot R =S A ) il R R AE

Tt 5 IO AR iy e i A AR ity B K A 0 3l S 3 T 2000 £EFH 2007 4F B EE K R = = 1)
JZL 5 o B A AR R ASARAE W, WA T I B v PR AR o PR AT B 7K RUBS: , - 2 SRAS SR AR
JFIE NS, EE KRR A F] 2080s 7E SSP245 Fl1 SSP585 1 5 R4 4 Hls /b 18.9%
H120.2%, JEBS KRG =R 400 R BE 13%A01 14.4%. b4, 35 E/NEME X e LN
AR T IR 0TI, JCHAR NSRRI, B 75 % I M X TR R R
XSE T EEEIL 70% 4 /N FHE X AN 90% ()75 /N 22 Rl X A & 28 2= BT HERU
i 2 ARG, R TN AT IR . RN (R A HE TSR
JERPESEIN T 2.2 £5, AN FIBUBRMEITE 2008 LSRG T 5.4 5. fERZEUNE
SISy 5 RN B TR IS R, X BRI T 29.9% 14 /INEE i AT AT 27.5%
(R /N2 il )R P R U A

(4) Wy S T A R R JE 7K b X PRI 35 1 2% A i i

BT w0 XA [R1 28 355 i J K (R0 LU AR L R, BB BE Ak 2 W & %t
B KR A P DTRRABARG, 1T % e L R0 o ] R K R 2B P2 B R R T, I T 8
ik 26%F1 100% 155 7 fAE AR o 5 [l b X 1) vy i AN AR GRS /KR A 7= OB {HL IX 38 A
BN RN FL 0-14 2 N FRE DI 7 =g s md, S22 1 58 & K
FEEE. [RIRE, o BRI G2 AR T R AR e S R ) B i e o AR AR R R R
BRAE R RIBHIIX (15.2%), Fhax Pk 5 SRR A2 7 [ DT iz K T A IA 1 X AR fig
X (53504 83.0%F1 86.1%). M SHBEBANER, HGHHERM LB X R
F AR T 32 [ A X A /N0 i R, KRR S B E AL IX AN 2 AR
INFZEFRE X SR I T A 2 AR, Rk T A T A IR = AU R B A T 5
M) o SIS A5 B T A S T LAFE 4255 31%I00/ N2 (X N AT R PRI, = AR HE TG R
(SRR, T A 42 38 /N 32 A 7= X ()R 3 SR HE AR B U BRI 2 9%, A
RUFEAR TR A= B SR

7.2 W OFET =

AW SR ENHT SR .

(1) MBEFETTIR)Z 0 L, AW SO S ARA B B 45 5 ] 7 e B A 2R A Kl
R T AR ER R R A TR, R SE L T o M i DX B 2R N
ENEBAHIRE IR, o AZAEZE AT HE— 2D i XA DAL ] T4 3R A Bt M g s X (451
WRARPHATRESEMD, A BT e BOR B 27 77 AR B 22 S tROL VP A

(2) WWTFEERNEE R R T E, BT T8 T [F) S ARBUR I AN R R 2255 A ek
PR DT EEAIT T, B PEHAR H AR SRR R AR R SR AAMEAE T, R R
T 2 W T G e W A A AR B 2R S R A9 0 B AR R . R
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AR R SRt 1 OCBE WA AT SEBLI AR, o 1 RO IX A 2 R T B S
BRE, A3 BhT 51 AR & RSN LR, DA A RO 4R & 4 Rl ik ] p st
R o

(3) WWTFENERE RZ T b, ABTFOIESE 7 AEYA P A T iR = A HE R
JEERE AR 3 RS U SURISG N o X — R LIRS 1 s ZS A5 AR R 150 0 Pl 2 11
B BRI St (T R SRR S R REAE RS e S X SR Mt TPk E, JF
AR RS BT S o A R IRE A URAL R - AR T IR TSN,
PR 7 B I M P A AN A BE AR LAAS R ORGSR EE R 0, IRl 1 AR & A LR
ARSI A 5 B B3 i SV EAE ) = B AR = SRR B, DA O T R R AR b
R

73 ARFEMRE

AR T HohBdEER T RSN EE, HotridERafEhm. K.
TR R, AR — NSV 2 A E MR RS SR SE (Dee etal. 2011) . BEAF,
AT R E (LST) ARE UK A KR AR B, R AT 7RI LST
A SR 2 B AFAE RAFRIAR S, (5 LST 523 N (B a4 et J2 A AR L3R 2
AR 2 57D FIRCI AT e 2 51 AR EME (Pengetal. 2014) . A FF AT FA B 45 FE gl
VE NSNS R TR A, SR T X DAR 52 = 1) 22 1) - 338 8 1k o HL4F T 3
Kol AR AL R AT BE SO E P, DR 3 M R B R AE N . AR AR,
TANE LIV BT T ED A 7 DAk v W] Re A AR 3 22 e . BV RA R N HL R i X R
T AR SBARFAE, 358 S o M AN AR S A A AR DR — B0 L8 2% 44, Folberth et al.
(20160 KHL, VPAL S AEAR A0S 7= & 1) s B e T 828 A, DRy L3 M B R K 43 22 i
BUBCK 7AW e, — ADNEZEREEAFE X ED A EE CRREME T
O AFEREER, WA WA ERE, FIEER7KRE GRS B R )] e K T
[, XA He 5 M E S G ARA < . EARK, 75 ZE— BRI ST M A R DO A A E
AR, B HGINREMESS P R .

X T R R AR ) AR AU DA R AR RSN R, AN FEATI SRATAE — L8 AR A 4 PR 1) R AN
SEPE . 9T, R it A RN A o R A 1R R R AR AR T R R LE AN T MR
J5 (Spehar 1995; Butler et al. 2018). AW % FE/KFEIEF B Hs2m, T8 = 5
PR, DR X 320 7= 22 57 5 T AT e A7 (EVEAE A 8 7 (Wang etal. 2021b). X1
GPP #i i, BRI AT 5] N AL (COL) IKIE, XM TN CO IKERE T4
RAEVIRK TR $Em= R RS E 75 & =R JIFE 4 (Hasegawa et
al. 2018), ANGIN CO2 ¥ FE MR AT §E 25 ] SE AR (g (1 S F 2B a5 Pl 1 H =2k
SO o 7K ] 1 7 V2t R AN 1 SRR, BT &, KR ) B B AN i 1 T SR H 18
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TR AN RO B o A AT A 28 K 5 £ (Dong et al. 2016; Zhou et al. 2016).
AW T @ Gt B RBE AR R T R SR I H R R G, (AR R (s
SEREE) S/ EAFRKZR (Wang et al. 2020).

S FAEAS R G RV AN 2 14 o] RESKUR TR [ A g PR . 1o, i ]
RETCIE A WP LA R e (DRl 78 o AR B D 6 = R AR = SR U
Rz o oAl ANBEFTEAE S T AR BRI ], TR AR KB Beh T S (1)
AR FFRR SN (8] 4R B 2> 2 /IN 2 (1 [ Bk e 77 (Hlavacova et al. 2018). i fa, AWFST
BAFRIESTRHM4, FULERNAKIATHREME G 1 FR R SHEYIRR
HME LA PEAG . EAR H RTAOBLE DN T A8 N ARV R R 2 BE AL, (HE 7R 2
BB FARY B AR = SR HE RSB I 3h 2 8 4k UL LA AN [F] /N 22 R 1 22
T FERKMSMEAREE T, BT VEYIBR UM 2R, 7= B AR == SRR A
EPEH SR R, ARSCIT T 45 L om i 75 2255 LR AN [R] /N 22 it P ] F AU 1 22 55 DA
J R i BUR KIS . T AR A EE A W KRR R E, 1
KR I T 2 P AL 28 S8 UE 7 K B Tk e 45 R A e e, R4 T4
W AT EENE.

KK TG LR LR AR RIS T 50 i U SR E AR R, IR
SRR . BT, BRSO A BRARAT T ERR AR P AR, TR R AR SR A
I SR, R oG T 5 & K1 B K AR AR 521 o R NI FE S5 E 8
Ol = B AN BT B AT T O, AR BB UG SR s TE N TE I s AL .
Ab, ARSI FUIE AT LLIE— R 1) TR B B HEE ] 2 75 2 L@ RS AR Bk R
TR T AN [RI B 1) B AE A [R] A 2 A T B SEBR R AT LA o A, JRATT AT LA AR AR
v AE PR T BRI WL RN, 45& Jadb Aol BoR, BRUT T2 PR E 7 ROl i
AR, DABE bk B A& R o FEIRAE R 2 A € S AL AE 5 T, T DAE 6 5 X
ARSI B 1) S4B 0 A0 S M B0 1R 40T, B AT A ARk L 24 R A it A T
s R A R R S, RHES R RO R R IR A B AR 2

MK S, RO SO TERNTSHE AR5 Ah 0 o ] 4 b A 7= 7 10 5 1 (4 [
TSR HATAT AR TR 7 RO, (RE R E RO T RFEE R R . IR0 75 2205 22 R
MEAE, di6R8%. LB RIS 2 AR R AR, 3 E R R E
Bk o
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Fig. S1 Projected rice production in different provinces of NK using the data of the seedling-heading

period. The green, red, orange, dark red, and brown bars represent the 2012 to 2016 years, respectively.
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Fig. S6: Scatter matrix of social resilience indexes for North Korea (undeveloped region). The lower left
panels show the linear regressions among two variables, and the gray bands represent the 95% confidence
intervals. The diagonal panels are the frequency distributions. The upper right panels show the Pearson
correlation coefficients among the two variables. The symbols for the significance test are: * for p < 0.05,

** for p < 0.01, and *** for p < 0.001.
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Fig. 7 Scatter matrix of social resilience indexes for South Korea (developed region). The lower left
panels show linear regressions among two variables, and the gray bands represent the 95% confidence
intervals. The diagonal panels are frequency distributions. The upper right panels show the Pearson
correlation coefficients among the two variables. The symbols for the significance test are: * for p < 0.05,

** for p < 0.01, and *** for p < 0.001.

144



(S

Prod. Pop. 0-14 Pop. 15-64 EU RP SE AE NOR PA GDP
0.3
024 Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr: 7
0.1 -0.772 0.390. 0915 || -0.810* [| 0.863™* 0.868™* || -0.876™* || 0.877" 0.925* [ =
o
Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr: 8
-0.804*** | | -0.899*** || 0.902** || -0.798™* || -0.960™* || 0.760™* || -0.714* || -0.812™" ;
g
Corr: Corr: Corr: Corr: Corr: Corr: Corr: P
0.479* -0.484* 0.308 0.698™* -0.370 0.187 0.339 g
®
/\ Corr: Corr: Corr: Corr: Corr: Corr: m
-0.998** | | 0.959*** 0.948** || -0.910** || 0.936** 0.980 [
m Corr. Corr: Corr. Corr: Corr | 5
-0.964** || -0.950~* || 0.916** || -0.938** || -0.982** | ©
/\/\ Corr: Corr: Corr: Corr: o
0.851™* || -0.884™* || 0.978** 0.969~ ™
Corr: Corr: Corr: »
-0.891*** | | 0.803*** 0902+ ™
Corr: Corr: Z
-0.898** | | -0.942** | @
Corr: 3
0.970™
/\_/\ o
g
T

24011012 240 1

210

WP 8 HhE AR R B RO 2 T RITARCE S AR Z MR, K EARR
95% B AR XA XFALRMZ A, A LI BE R 1N A BRI R R 8. *p <
0.05, **p<0.01, ***p<0.001
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Table S1 Multifactor- and management-practice induced GHGI (kg CO»-eq/kg), production (x10°
kg/year), and soil GHG (Tg CO»-eq/year) from 1960 to 2018 for US wheat

KNF TN
Ly Fo BN s HE (R3]
E4SES-Zi]
1960-2018 0.17 -0.006** 0.06 0.005**
GHG emissions intensity (kg CO2z-eq/kg) 1960-1990 0.27 0.004 -0.01 0.003
1990-2018 0.06 -0.010** 0.14 0.009*
1960-2018 40.17 0.238** 15.39 0.217**
Production (x<10° kg/year) 1960-1990 37.44 1.035** 11.88 0.364**
1990-2018 4318  -0.544**  19.29  -0.219**
1960-2018 6.26 -0.163** 1.05 0.082**
GHG emissions (Tg CO2-eq/year) 1960-1990 9.92 0.411** -0.10 0.029
1990-2018 221 -0.438** 2.33 0.148
RALR
1960-2018 0.03 -0.001 -0.066  0.006**
GHG emissions intensity (kg CO2-eq/kg) 1960-1990 0.06 0.007**  -0.148 0.005
1990-2018 -0.01 -0.05 0.024  0.009**
1960-2018 16.21 0.263** 5.23 0.131**
Production (x<10° kg/year) 1960-1990 12.49 0.528** 3.00 0.157**
1990-2018 20.33 -0.119 7.71 -0.110
1960-2018 3.05 -0.085 -0.21 0.077**
GHG emissions (Tg CO2-eq/year) 1960-1990 5.13 0.403** -1.28 0.018
1990-2018 0.75 -0.299* 0.98 0.160**
FEAEE
1960-2018 0.003 0.000** 0.003 0.000
GHG emissions intensity (kg CO2-eq/kg) 1960-1990 0.004 0.000 0.003 0.001**
1990-2018 0.002 0.000 0.003 0.000**
1960-2018 0.15 0.004** 0.00 -0.001**
Production (x<10° kg/year) 1960-1990 0.09 0.002 0.01 -0.002**
1990-2018 0.22 0.002 0.00 0.001
1960-2018 0.12 -0.003* 0.05 0.001
GHG emissions (Tg CO2-eq/year) 1960-1990 0.17 0.005 0.05 0.006**
1990-2018 0.07 -0.007* 0.06 -0.004**

FE: *p<0.05. **p<0.01
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BT 1B 1960-2018 SFEIR 5T A ZAVE B i N (/0 220 = A HEGRE (kg COx-eq/kg), &
(x10° kg/year) H--380E %= SAHEK (Tg COz-eq/year)
Table S1 Multifactor- and management-practice induced GHGI (kg CO»-eq/kg), production (x10°
kg/year), and soil GHG (Tg CO»-eq/year) from 1960 to 2018 for US wheat

B
1960-2018 -0.018 0.000 -0.005 0.000
GHG emissions intensity (kg CO2-eq/kg) 1960-1990 -0.022  -0.002**  -0.006  0.000**
1990-2018 -0.014  0.001**  -0.004  0.000**
1960-2018 0.19 0.001 0.08 0.001
Production (><10° kg/year) 1960-1990 0.20 0.013** 0.07 0.004**
1990-2018 0.17 -0.009* 0.10 -0.002**
1960-2018 -0.75 0.004 -0.07 0.000
GHG emissions (Tg CO2z-eqg/year) 1960-1990 -0.91 -0.073** -0.08 -0.005**
1990-2018 -0.57 0.057** -0.06 0.006**
BHER M
1960-2018 0.065  0.004**  -0.004  0.000**
GHG emissions intensity (kg CO2-eq/kg) 1960-1990 0.009  0.001**  -0.007  0.000**
1990-2018 0.127  0.008**  -0.001 0.000
1960-2018 -0.18 0.073** -0.13  -0.005**
Production (=<10° kg/year) 1960-1990 -1.24  -0.051**  -0.05  -0.002**
1990-2018 1.00 0.225** -0.21  -0.007**
1960-2018 2.52 0.169** -0.08 0.000
GHG emissions (Tg CO2-eq/year) 1960-1990 0.08 0.024** -0.09 0.000
1990-2018 5.22 0.331** -0.07 -0.003

7E: *p<0.05. **p<0.01
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