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ABSTRACT

ABSTRACT

Soil moisture is a key variable that links climate anomalies and crop growth since it can
directly reflect the water availability in crop root zones. Compared with the conventional
approaches that were used to identify agricultural disasters mainly based on meteorological
variables such as precipitation and temperature, soil moisture could better capture the actual
water stress experienced by crops and is therefore more suitable for identifying and analyzing
agricultural disasters such as drought, waterlogging, and abrupt drought-flood alternation.
However, important gaps remain in the consistency of multi-source soil moisture datasets, the
characterization of crop responses to drought, and the quantitative diagnosis of stage-specific
impacts during compound extreme events. To address these issues, this study focused on maize
and wheat production across the major agricultural regions of China and developed a regional-
scale framework for agricultural risk identification and crop response diagnosis. Specifically,
this study evaluated several multi-source soil moisture products, analyzed crop responses
under single drought events, and diagnosed the abrupt drought-flood alternation events. First,
the consistency and applicability of long-term soil moisture products were assessed for
monitoring the wetting and drying trends and identifying the anomalous events in different
agricultural regions. Next, crop responses to single drought events were analyzed from two
dimensions of gross primary productivity (GPP) and phenological dates, so as to characterize
the photosynthesis-phenology dual-pathway response and its dominant drivers. Finally, stage-
specific diagnostic indicators were developed for abrupt drought-flood alternation events,
which were then used to quantify the net effect of subsequent flood stage relative to the
preceding drought stage and to identify its regional differences and major controlling factors.

To achieve these objectives, this study integrated the data of multi-source soil moisture
products, in-situ observations, satellite remote-sensing data, GPP, and phenological
information into a framework for regional comparison and risk diagnosis. Five long-term soil
moisture products (i.e., ERAS5-Land, GLEAM4, GLDAS Noah, GLDAS CLSM, and
MERRA-2) were first evaluated based on the soil moisture observations from manual and
automatic stations of the China Meteorological Administration, as well as the independent
satellite product SMAP-L4. To compare their performances in representing the long-term
wetting and drying changes, the Standardized Soil Moisture Index (SSMI) was used to identify
soil moisture anomalies, and the Net Dry-Wet Intensity Index (NDWI) was developed to

characterize the long-term direction of "drying" and "wetting". Single drought events were then
I
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identified based on the root-zone soil moisture data. At the same time, the photosynthesis-
phenology dual-pathway responses of maize and wheat were analyzed by combining the GPP
and phenological dates. For abrupt drought-flood alternation events, two indicators of
composite resistance (CR) and resistance difference (RD) were developed to quantify the
overall impact of the entire event and the net effect of the subsequent flood stage relative to
the preceding drought stage, respectively. The Random Forest (RF) and SHAP were further
used to interpret the regional differences and their major influencing factors. The main findings
were summarized as follows.

(1) The soil moisture products showed substantial discrepancy in depicting the long-term
wetting and drying changes across agricultural regions of China, and the differences among
data sources could directly affect the results of agricultural risk identification. The products of
MERRA-2, GLDAS Noah, and GLEAMA4 tended to indicate wetting trends in most provinces,
with the proportions of pixels that showed significantly positive trends reaching 75%, 33%,
and 46%, respectively. By contrast, the products of ERA5-Land and GLDAS CLSM were
more likely to indicate drying trends, with the proportions of pixels that showed significantly
negative trends reaching 47% and 51%, respectively. Station-based consistency tests showed
that the ERAS5-Land product provided a more stable representation of long-term dry-wet trend
direction, with the median correlation coefficient of the NDWI reaching 0.45 at both manual
and automatic stations, and with the highest proportion of best-performing stations in the
automatic station network (48.4%). Independent satellite comparisons further showed that the
monthly correlation between the MERRA-2 and SMAP-L4 products exceeded 0.76 in all
regions, although MERRA-2 product exhibited a systematic wet bias. These results indicated
that long-term agricultural drought monitoring should not rely on a single soil moisture
product. The differences among data sources and their associated uncertainties must be
explicitly considered.

(2) The effects of soil drought on crops cannot be understood simply as a single "water
deficit effect” but should be diagnosed through two pathways: the changes in photosynthesis
and the adjustments in developmental progression. For maize, the dominant control factors for
these two pathways were relatively distinct. The dominant drivers of photosynthetic change
varied across different regions. Under the most strongly suppressed conditions, precipitation
anomalies dominated in the northern main production region with the maximum relative
contribution of 79.0%, whereas solar radiation anomalies were more important in southern
regions with the maximum contribution of 70.8%. In contrast, the changes in maize phenology

were mainly controlled by temperature in most cases, with relative contributions generally
v



ABSTRACT

exceeding 85%. Wheat showed stronger regional differences and more evident multi-factor
influences. Under similar suppressed conditions, changes in wheat photosynthesis were
mainly controlled by precipitation anomalies, temperature anomalies, or drought intensity in
different regions, with the maximum relative contributions of 93.3%, 54.5%, and 76.4%,
respectively. The dominant controls of wheat phenological changes also shifted markedly
among precipitation, temperature, and solar radiation. These results indicated that maize and
wheat did not respond to soil drought through the same pathway, but instead exhibited
remarkably different processes and mechanisms.

(3) In both maize-growing and wheat-growing regions, the risks of abrupt drought-flood
alternation were characterized by an incomplete spatial overlap between the hotspots of event
exposure and the hotspots of actual impact, while the net effect of the subsequent flood stage
differed markedly between the two crops. For both crops, the high-value areas of event
frequency, intensity, and duration did not coincide, indicating that no single exposure metric
was sufficient to characterize the overall risk. In maize-growing regions, the highest frequency
per unit area occurred in the northern arid and semi-arid region (1.2), the highest mean
intensity occurred in the Yunnan-Guizhou Plateau (5.4), and the longest mean duration
occurred in the Northeast Plain (67 d). In wheat-growing regions, the corresponding highest
values were observed in the northern arid and semi-arid region (0.71), the Sichuan Basin (4.9),
and the Loess Plateau (62 d), respectively. In terms of impacts, composite resistance
consistently indicated an overall suppression of photosynthetic function across regions for
both crops. However, the subsequent flood stage tended to alleviate the effect of the preceding
drought in most regions of maize production, whereas wheat production showed much
stronger regional differences, with the subsequent flood stage either alleviating or aggravating
the preceding drought impact depending on the regions.

(4) Differences in the risks of abrupt drought-flood alternation for maize and wheat
production were mainly associated with event-process conditions, whereas the explanatory
contributions of most static environmental conditions, including the rainfed/irrigated
classification and topographic factors, were relatively limited. The random forest algorithm
and SHAP analyses showed that process-based hydrothermal factors, including temperature,
solar radiation, precipitation, and the duration and intensity of the drought and flood stages,
ranked among the most important variables in most regions and exhibited clear nonlinear
characteristics.

Overall, this study developed a systematic analytical framework for agricultural drought

and abrupt drought-flood alternation. The findings of this study provided a scientific basis and
v
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technical support for the data selection in long-term agricultural drought monitoring, risk
identification across crops and regions, and region-specific adaptive management under
extreme water-related events.

Keywords: soil moisture; agricultural drought; abrupt drought-flood alternation; multi-source data products;

maize and wheat; spatial heterogeneity; risk assessment
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R, EHOK R HIRAPIRES 5 R g o =P AT .
IKIRAF T T3 RFLRR, REZE )RR AR, 75 AR TPl LIk R,
J& T IRROKIEWE . BAE K NWAKEEERE1EH AR TRELBR N, B 800k 1 5 1520,
HAGR IS T B . A2 S AV FR OB R, BRI T AR A wT I FH 2K 4y
(AR . BT IRIR K, T T Bl b 3B R 2 111 40— 717 P 242 3 W Bt () o J K, DRI e
W SO TEERI T ROK, H&ES LIRS UM o¢, ki HIEFREE X
(1) bb 3R T AR 1 2 A B W R K R FFRE /7 (Briggs 1897). Briggs X H3/K LA 4 i
X153, AT R IR AT AR IERIAESE . BEE N ERARM KR, UET eSS
B E T s RANHE B R LA RAE LR RN £ B ZEm,
RHEES/KE GEEHTENER K RES TLiREZ . BIREKE OKE
U BB SATR B A 4 T, T BRSO KZ R T /KO ED DRI RS K3k
ML Z b, REEEESME) REEENKiEE (Houston 2013); fEH
RPEFEbRE T, M H AR SR (EJKHER G s RRKE) . EE S (MY
WK o Bl 5 K D KA B e A ROK & 2RV EY v - K 5, FFisE—
G5B R BRI LT U RT KAt B DAFR S RE R 52 Bk (Widtsoe and McLaughlin 1912);
FEREEFRARZ I, 0 LK H (BTG RAE L5 B AR F 8 T 3L I ek 73 52
Wa) PRIV R 5« MR SR AR T R 138 B 08, X —1abn MBE B A FE R — i RE 1 K018
AN 5 b - 33 b (R Sis B (Campbell 1988). X =ZRF8FrILRIFI R T — AN N
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I B A% B3 BCR A T AR BURE € ALK 20 B840, SO BT A TIN5 R () R i 5 4
WEARHE o SR ERBLFERE T, AR Ko I S W AE 708, A R AE T 45 SR A
JRIERTE R, (BRI . BN 2R . MECLEZEIEI IR (Reynolds 1970); Kk
S (TDR) Sk S 11 (FDR) %5 B A& B8 e 0% St IR B S 5 I, L&
W FEATE sh i Ay, SR 45 a2 L3, R R, HARMZRT A
WA T, MECLE T 2 X E (Pawar etal. 2014; Seyfried etal. 2005). 4=EKiE
BBl N ST T 2 AN E B H DU P 2% . 40, &) SCAN. SNOTEL Al USCRN
P2, EIELE 5. 10, 20, 50 K 100 FEOKEEZ MR AL L s, it TS aE, K
BESER B sh ik 3R R EE  (Karthikeyan and Mishra 2021). AN{EEEHEILE S
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PR ENARE (BKEESS 2016; D% 2000; Wang and Shi2019). SitFEE;, FiE
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X 3K o BUR H AR % — E M4 (Barre et al. 2008; Entekhabi et al. 2010; Kerr et al.
2010; O’Neill etal. 20100 , &H T RERRIEKCIGRHF, (B[R] 73 B BAC (2%
+A D EENMBGEK (40 Sentinel-1. ASCAT) fRAtE =AM 2 HER (FHAEAHR
XD, BfE'5 5 ERAKEE S AT (Brocca et al. 2017; Paloscia et al. 2013;
Torres et al. 2012; Wagner et al. 2013); 1165 5 AT AP RE I i & Mg iR s
[ Fa b S K IR, B 53 B 26 90 1 20 52 25 R A 247 82 (Zhang and Zhou 2016)
TR T B L R B S TR R E BUECK W L8R B B, H R R
ZAENE. (3) BERIRIALEHE 3L TR 1 i AR A B SO Y. (1 Noahy CLM. VIC
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A, KM M7 5 ERAS-Land. GLDAS %5 (Araki et al. 2023; Xia et al.
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MR K S SR BB, 6T AS RGP J AL 3G R ML Ve 1
W, ST SUERIPEIEF, EHOK SR B U TAIAS ISR, ROV
AKSCA G AR TR AT 25 RGeS RLR (0 B DRS00 R RS
AR, LR AR R FAR K R A k% 5 R R K
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AR, TR 5553 1R GL 2 Bl B K FEK A E Rk AL T 51 . HAZ G
fEFEAT FEEIBAEI A, SRR S TR0, 2 EaE3Ym, o F ik
Y)i& 3L ar T o (Zhang etal. 2025) . (3) T35 % & — PO B (2 1) 5 6 B b 4
FURFAE 2 A2 AH X (R IS 18] P4 58 J5 R AR R B ) T R 5 5t X Bl PR ) IR A D) 46
S KAAR A SR IR VM. HOME 2 T AES KRG AEE &
RN ST 5155 1 MU, S RE LS B W — e bl AR B D RE, AT
Bl “1+1>27 BRI R ERN (Qiu et al. 2024; Zhang et al. 2025) . ¢ F, AS[FIZRAY
1) T 4300 B S T AR AN R ) A P R 2 i A s i R AR . DR, XS SRS
HEZDAS B . BLERMRAT S5 PN TR, AR T /K BT BERE 7 AT R = fige IRV (/A% L
7N

HATHIWI R 2 RET BT T8 (FUrE) W@, misiies QERE kR
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2 HRm sgm, DU HAE AR T Has R AR 5 omiE . XFRRE HI8IEE =
i PR B 5 D 0 T BT 5835 A FOAR 2R, 2 UG R T R SR N DL =AY Z
P He Al 5 Y RIS UE VS A AL S I AR A0 AS M 5 REAE AL R AR BB
i ANGE T IR B BRI DR v gk o X 26 R T L [RIHES) 1 BG4 IR BN IR AT (7 =X
AR, SPRRE TR, Fordr ook, 28 B S DI A B R S, B2 4R
FET TR BT FAM TS M (Hirschi etal. 2025; Liuetal. 2019). 2R1M,
ANFEEAE IR R L A i 5, AR A A 5 R i AT I A A By B, X
PPN 8 PEAE 2R T R A IX (g 36 RBR R TR X380 SRR S %R H (Rehof
etal.2023) . U, ERAS-Land 5 ESACCI /=5l T Bon 8 Z T4k,
MERRA-2 | S5 2 1% (Hirschi etal. 2025) . —4HX 22 77 i B 4 BR EL G AF 5T
R, R AP SAE KR DR 35 A G, (B4R SRR St a] . 3 R i 1)
AR, THRATRESYRTREX, FAERAKER (Liuetal 2019). X FOAH € M
MR TIRAVEAL PR A e A R AR A S S ) e . (SR, X Ry
BAEREEAROW X Clirr BB 7)) RN KT T ARG BN 4%, 7R E AR (Chan et
al. 2021; Liu et al. 2015),
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E 55w R S N SIS 24 51, PFRES SNBSS H/ZEPYRE,
[ o S i A AR A R BORS 4B A 2 S5 0 2K . 1988 T RBRIE S SR AITERK
J&, RGVEHgmH| AR LR T R HEEH R O BON TS (Rehot etal. 2025) o B2
HANGEE BIR FAF AT FraEmE) . semyafl, EReda R AR SR 55k
Ao WEFLRIL, AIRT-F IR 5 9 k s FE 1.52 1%, HIX PSR T
BEXEREXEIE EEZSF (Deng et al. 2024). REKA 5L — DR, AR XM
FFTRRUAAAETA R, )40 wE 2 PN o ™ AN B T R A Lo i s, TR
VK i JU B8 5 AR SRRk ) B s SRS I — 3 4F (Rehot etal. 2025) o IX Ak 4T
TR R AL, SR AR T 5 BT A AR S X R S B A T SR AR AR . BRI, T
PSR R R R m e, RAb LR X R R, s ra A &
T 8k e JER M X ) S YR A e % (Deng et al. 2020; Li and Ma 2015; Wang et al. 2011 ).
HARS| 255 S8 H 0, AR EEZR X (b PR KT 7750 &
7% 1] Jo M AR U X3, HLA L A SRAE R AR A0 AN 23 [RGB 3 R, X
Fohn ) 32 B2 NS Asmaa Ik 3), 52 KR EESAERZ I US| (Bi et al. 2023; Chan et
al. 2018; Li et al. 2022; Liang et al. 2025; Zhang et al. 2023) . EIXAIHLH] KA Z M, B
T ORI GE T AR O 0 M G 1 B T EE A R . B e s, IR R
HRAMERFARERG NG ILFEFERMS R . R 25 K X IR 2L
T W IAMRA S %5838 (Sheffield and Wood 2008); 1 A 25155l (CAnR L aa L) 1T
W, SRR 2 X L8 AN A AT BRI SREN R (Liu et al. 2015). & & IH KA
Fifa i, AERY) 65.1%M IR AT A TR T, AR AN 52 S K
ML FIFZI (Deng et al. 2020). {EFEREKIZ, HEME N NHKEZBERE L
B2 0 RN, AR IIE TR KIEFRE, s 7K PR 28248 (Chan et al.
2021). ZRTMT, HETHEFAE 3 B HIRAR R 5 N GG S SR sk o7 A7 e 77 208 B
Pk, Rl 2 T e A R IR S R 72 B2 & F A A8 BARE A .

SREREFUAT R B R, 0 s AT T I A% OBk BT 2 5 850 7 K e fik
THI — S0P R LR A A 72 1 B 1B Z RIS R . IR B fa Bt
SR P EEARAS T T IR B A T ) P RS . AR AR S B HR Y R R R B
BB T, e U P A /& — k% (Songetal. 20200, A

[ i A2 R AR UL 5 Ao %1 0 A K22 5% (Hirschi etal. 2025), {435 L] 51—
7 i
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T R, Rl T RS B R AT, SRR 2752 e I A R A
RIERIC R, 12— AR S SIS EN SRR AN, SaThF ik
B, (R4 B BB P 25 A% O AR T OCHR I IE S e Bk CURHERD IRE 54
BERE CRE RS S %, Ko i s il 3] <L 5 B BRI COMRE,
SEGEE SAVIRAET )1 (GPP) RIE, WA E IR JE R (Jiang etal. 2025; Peng
etal.2024); SULEIRF, JyibBEgET, (EYERIHINERE . gl F N (g
WD BIYE IS (Liu et al. 2022; Luo et al. 2021), X EIEMR“E AR Ch
¥ FIFSLARE ORED. X T“BE o R8G5, HaEEREES 2.
HI I B0 5 e O S5 3 A S VR IR S0 70 S5 AR huadi v, SR BE S i e — A n R
TR, SEEY AR DIREAERII Rl N2 2 AT &, WKE R B, AT A
“UIHI>2°H K ERN. (Qiuetal. 2024) o FERRUESEIGIESE, F¥i S MsEY A&
Hreg, 5lROEE TR MBS IR, Hnse I E B ARSI (B
MRS 2024; WHiEE%% 2025; Biet al. 2025; Gao et al. 2019; Xiong et al. 2018; Yuan et
al. 2024). WEZERE, T F5 555007 B8N AR S g mAn, Ha 44 /Wt Cg
FETF R HH G 8205 B EINE, BT iass B R AERTHL (Gao etal. 2017;
Xuetal. 2021) .

VEVIREZK 43 o ) e B2 FF ARS8 5, T2 2 BUER AL . A2 B M BRI R 1 s 1 2 4
FEE, R SRR R EEYRBZM, N (G 5EK (Co HIHM
EAHIEE (Calvin fEH vs. Hatch-Slack fE¥) Aok R H K BE Z R, XKD
P B i 97 SR S U B AR AN ], B CAEI B R EREEFE TR IR E S
)1 (Karami et al. 2025; Opoku etal. 2024). fEABMEZM, EHREKAZMEE
e AR AR, AR K R HESR) VRN Ko AL, LA ) i
A HAREMER I CRIFZE 2017; Eser et al. 2024). fEMEIT 52, MFEM L
BT RESEE. K GHRWA/KRIEZE, VPD) KSR T R4S, Hhassan
FEBTE SR T 2 K (Lobelletal. 2014); h4h, 1EVIHR R AT M SREUR 2 115
IKITRE ST H LR RO, AR AR AMEDI XN R E LT R H UK (Yu et al.
200700 X TR oA, ARV L — 552 B F M E I8 B AN SRR AR I DL K
SHrBeRe R KRNI SR A B B9 3L [F] 4% (Jacques et al. 2021; Pissolato et al.
2024; Toca et al. 2025) o & FRHH it 4n EWE ] B0 OR 22 AR il , {280 v P A0St T E Wk 1)
LS5 (Lietal. 2022), TMREFRAO RGN 5 9MESS

FUEHLHITE FAAWTERAL, AT AFAE 5 R PR, il 2955 X6 Al 52 XU 1k
AEVEAL ST 2 I E T AL R, K& TAR I, e oGy b & Bl i 5
—i@# (Jiangetal. 2025; Tian etal. 2025), =K & B TS —HEZE N, ELHAAN 5T
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iR NN AR FESPRINAZSS s 81 b1y < B2 PAIP2 ROT VS &k = A (e h 2 R Y U iR R PR 1 A S
BRGVHE 2V AR A A AR X ARGk S FE vk, IRt — D g™ dh 22 75t
T FA ) 5ol 5 00 s A A RS TR B A
(2) 2K TR (HFTR) WEYEE YRR B & RAE S BSHLH A FT)
ARFE5r

FRGERIE 7 DA S — S A B A — R bm 22 i A, o DA N 78 o A i Rl AL A2 1 5
KRB IR % aéﬁﬁﬂﬂfpﬂﬁtn K53 e B Rl S0 SR (GPP) SENa/EY)
PRGOS AR, AT S g B HERE S oGt A B BUR EER AT . BT
ﬁ%%%ﬁ*Th,ﬂzTEﬁRELWGWEﬁ%%ﬁmfﬁﬁﬁé%ﬁ\%ﬂ%
ZIm I e R G A 0 A [, XHEYISERL (C5/Co) BRI EFPrBS 118
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BE T, W R S A K I 4 0 M 5 4 00 S M 5 % 5%, N B LRI
FRAL 2 50 UE B B KR
(2) BT (HIJWTFR) B “E—WE” BREMNAE S5 EFERHEFIHE

T VR P RE S R B R AR AL, MOIE T “GPP S — WM 5 I & R AE
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B (RS AR P N 2 18 3k 7 B B 15 38 B S L (R4 R T N, S LA ST 5 T
FERETE AT, B SEAFRAE S B BOKBGEAE . P 5t 5 KRB RS WA I B L
FERUARL A% ) 5 BB N e A2 TR i IIRE R SRR S R4l &, Hs
DX g5 P S 2, Dy 32 BB AR 23 X 0 i B 3 R PR (LB AR 5 0 2K 46 2

1.42 $AREZ

A 5 R G T R FEAR T B S 5 s v AN R X N A RO I
i) 7 3 — %00 [0 8, 3G B o 45 A0 B —— SO VPl 5 AR AE— T R R B 5 1
K—2 2Bl MEAR LR ARBRERE (B 1-1D). EHIRESIE, £k
LYK P 3G E P (ERAS-Land. GLEAM4. GLDAS Noah. GLDAS CLSM.
MERRA-2). I8 & A7 W 5 SMAP-L4 7= 5, HICNAEYD A 10) 70 A 5 0/ RE A=
B BWIgAF" )] (GPP) LARFEK. 85 AR BT shE% (SOD EFR 253
iR, TERG — B EE SR R

FEVEAL 5 RAERT B, A4 im At - 581 B 8 ) (SSMD 541 5 B 5 £ (NDWD)
LKA A tEbR, FERAE ROR SRR TT I, WU w K a5 TR
Py LB FEE 1 2 ) 2 BT Bl o 53l SOULII/SMAP-L4 & 3s —SbExt L, DA R SR 5L g4
AR S RAEGE SIS L =AN T, RGUESWHK I P 3K 4377 S 7R AL 16 W)
HH 38 P S AR E R . fESRSEAE b, JE T SSMI R A L3R, FFPAVAEKE
H (GDD) ¥ S51EMWE s D5, EWAFHATRE GPP S5 K BEAR X TK 3
PAE R S S Lo s A1 R S “GPP—) iz By [ i 2 1) O SR BR R AL T 22 (b [ 39 it
HEES YEES BEED, IEEMEDRE (EKNED . LR B
FE Pl B S L EER SR LT R oy Z gt X L. i — R LMG 77 Z 0 SETT
%, BB KPR, AR RBER S SR R T GPP 55 S AR TR, M
T VR ) A (R B 2R R 1 3 5 3K ) DR 1 e 22 S A0 /e FHARRAE

W5, AR AL WY B 1) 554 05 S S IR UOT AR 484177 (CR)
AEBTIZE R (RD) B BB FR brde i 5 AT R A R A, 20 B A 3 B I 4% SR 5
s, B A M IE AR T KB b BOf SN, FF IR CR/RD 7% [8] 53t 51 14 (1) S B UK 5
PRIZ S Ma s P22, AT TR I g 4 b K 23 il W 0 5 52 5 o 3 XU TR0 ) PT 52 R 7
R
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25 YRR 5 PR A AL TR AR B

P HREELIERRE  EIRRE gty
% R ASLLS‘ R%/?\JLE m— 50 —— P R/ K PR A S <R /S O
-Noah SMAP-L4 = » =
% GLDAS-CLSM/MERRA-2 = | gpim o GPP/f= & R TR
==
e IR K 7 S — B RPN 5 Al e S R P S b
i | ssMI/NDWE | U A KOS LA M R 1 5 B
% : Speaman (ED! i 2 L SMAP-LAIK) B3 —Fe Pt L
i LA L S A R0 S S R
-
+ LT “a—WiIR BAWRAT 5 SR E T IHE
g2
Pl | EFssmr o WRRS - GPPSEY) GPP-MIREN o o o ——
M| FREM S FSH D RRE D RN ¢§A;§Ec>ﬂ§?c>*%ﬁ"}
w | By M e (URED " ‘
N =
% Wy 2 PR AR £ T B BT AT S e 5 4 B 5
T[4 e RS (CR) | s W THEHLA AR SHAPH) |
|| PSSR D) Uitk (Ro) e [ CRRDEMARE
p el I S ot :
2o QI .
B || TR R R CR/RDZ [ 4 J5 55 > CR/RDZ o] 53 [ P ) S
e | O S R Ep IR W A H :

L g L A L )

[ 27 ERERFREERRESEFPEAR R X NEMERK LW |

Bl 1-1 AW AR .
Figure 1-1 Technical route of this study.
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o WX 5ERE

BE MRXS5HIE

2.1 WX

RYE AP Al S A AE P RRE,  F E R A IR AR IX (Han et al.
2024): RIEFE (A, T FREEFREX (B). ®mifEFFE (O, mEEE (D).
Him R (B KILH FIHEFIE (). )1 (G, ErgHhlX (D) Mz iimli (D,
Kl 73 HE 2R AR v [ R} 2 e BRI A B B2 5 s A0y (hittps://www.resde.cn) o FoK 2247
fiT A-D. FMG X, NENEFFHET B-D. F. G A 1KX., HREREHEX, 4
FRPHAE AR AT 20 B X (BRI Ev H X /DR AL Ev H XD Or B I X80 a5
B, S T SETRAE BRI R R A SE R (B 2-1.

| ET R

]
>

¢y EX

w - =
< i =3
T T

Planting area (10° km?)
(]

FERNIA (10% km?)

=3
T

2000 2005 2010 2015 2000 2005 2010 2015
Year v
—e— A: TREFE —e— D WA —  G: PU)IEE
= B b+ . v E: HREaR —o— L TR
—a—  C: TR R —— F: KT FirR L mEEE

P 2-1 v O A 25 XN RN A ) 23 [R) 0 An B FRahds . (a) FoK A (b)
INZEI AT (o) BRI FFahas: (d) DI Fahds.
Figure 2-1 Spatial distribution and temporal dynamics of maize and wheat planting across major
agro-ecological zones in China. (a) Maize distribution; (b) Wheat distribution; (c) Temporal dynamics of

maize area; (d) Temporal dynamics of wheat area.
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2.2 BiERIR A AL TE

2.2.1 HIRIEFE uh R AL 42

ATCRA THESRR (CMA) $EAEF s s A oK 8R4 (B 2-2): A
TS (1980-2010 45) 5 HBIMNEHELE (2010-2022 ). N THIEE G S
H 8 H. 18 H f 28 HAE LL/MREREE (10-100 JEK) 38 5B -5 3545 1) 145K
e, TENEZEFEMERIE (Wang and Shi2019). RS SN, ik 122 4
Ul BORAUE A A B0 BSHIORIEER, A £0ES: 20 F0EdE, it
THREAEY LK ME. thh, BINEEE SRR 480 Al s 4aE H 0-10 JE K 1158K
S EdE (Lietal. 2022), fRERH AR HILFEADT =002 = H & /DES = FHAR 5,
m IR S . AEAHE T BRI an A, SUE N R R E (0-10
JEK) 8K .

PR 2 ST I 257 A < Sz T T W 3 A RS SR R B R LT AE DX ) i
PR BT (ks A 3 T AR R ), B E IR E A KA E 3K
S ESDRAS, T AREM L T A I R B A /N B Can i B Gk A
PRERLINIZ)) AT 88— R B sl ouml . Rk, 3 sid st — 2 R Lgs T XA
SRZEAT 5 Rt R 1 ot R 88K i SR F Rg e, SESIE RO N AR, N T H -
POPENEIEE WU B AR SRR YE, RN E SRR EMAH, (AHAAER
() 73 2R 35 L T RS2 U0 W ZE s R SR PR APE . M EEZ R, Sl sl s it
AR ) W RN T A AR ) S A R, AR R T AR 5 2 BRI A AR
B R, S UK — SRR BRI E M o IR SRR N T R R ST
DK P S 2 7 o Y T 2 IRl LT 2 R

(2) AT A W

Bl 2-2 AR A ) B LN TR A IEE (o) 5 BB JEAMES (b (1243 18] 43 A o
Figure 2-2 Locations of manual (a) and automatic (b) in situ soil moisture observation sites used in

this study.
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o WX 5ERE

222 HIFEE MR~ R
(D KW P H H R 5K 5 77 i
IR T IR 2 A K 8] P 5 0 B R 338K 73 8 = . ERAS-
Land. GLEAM4. GLDAS Noah. GLDAS CLSM #1 MERRA-2 (& 2-1). AHf{RI (]
— 3, A REEEA TR ERZH PR, A ARET SRR ERE
T3Sy, PHZIRBEE S AR b e oG —, B2 NEERN S EAHE, iRz
8K A IS A SR HE S IO T RS HkAh, 0-10 JECK LR KA
ZEHUR S ) B e IR, RAE IR A3 W R BB B A
ERAS-Land HH WK H AR A TR R0 (ECMWE) FFk, SRV ZE 38 450 1)
HTESSEL Fifi [ /7 5 PA S Tk i e A KB s A 3 %77 R R 33K 4 I, 1
FE R HER KRS IH IS (Hersbach et al. 2020; Mufoz-Sabater et al. 2021) .
GLEAM4 J2 5 T TR 230 P2 Wil 28, sdid B s e s 3, 3R A Priestley-Taylor
THERIZEBUR, MR LKy . R OCEAKCOE R, (HARAT IR R
(Martens et al. 2017; Miralles et al. 2025). GLDAS HiZEE T i K/ (NASA) kK,
P 22 25 B T LI s IR 2 Fr) I T A = o o ASAE TR A L PR APIC & - B& T Richards 77
& (VY= 1338 F1 Penman-Monteith 28 (& 77 %2 1) Noah #5244 (Zeng and Decker 2009),
PARCR F /K SCma Rt (HRUD 732, HATRERE T3 B 2% [E AR -t T /K AH H
EFE) CLSM %! (Jose et al. 2024). Pihit GLDAS ¥k B[R4k 387K 73 Wil .
MERRA-2 [F¥E 1 NASA JF %, FET GEOS-5 HEAEM M KB R4 . HEH S
GLDAS_CLSM [ ] Catchment i, AHA0A 1 BRI 1 H5 B2 OUmi i [R14k,
B ER T FE—S KIS &5 E  (Gelaro et al. 2017; Reichle et al. 2017).
(2) SMAP Level-4 [f4t+3E 7K 5> Bl
SMAP Level-4 (SMAP-L4) &I 2=IES:. RN 9 ARM 3 /AN 3K 5
PP, 5201543 H 31 HARIERE AT - %7 i F NASA ] Catchment fifi I8 (CLSM)D
SR PR RRBIEAES S, MR T T TR RIE IG5 AR Level-3 77 i, 2E
T+ T 3K WL SRS B (Chanetal. 2018) . 76+ E fUIRIESE %K B, 5 ERAS-Land.
GLDAS_ Noah 1 GLEAM4 %5 HAth 7= fh AH LE , SMAP-L4 EL A5 SR [ w22 A1) AR AR 2,
FRETE AR I H R B K304 (Hong et al. 2024). NP4 5 2 H A 2
ARFFFEICT 2015 4F 3 H & 2022 4 12 H WilA] SMAP-L4 1) H V343 = T 58K 5 B
(0-5 JEK), FHT RGN LT
(3) SMCI 3K /3 ds
AW 5K A SMCIL.0 £i#54E (Soil Moisture of China by in situ data, version 1.0) 3k
K G (Lietal. 2022). Z8EE N — B THLEF I IR LR =25

HE PR AL 337K 7 i o e A [ 1789 AN B AL WL vt 54 FE Atk Il ZRBEALAR ALY,
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J45& ERAS-Land 20 ST EUE I P A AR FE S, LB R0, MR e 188
Y5 2 RS BAE PRS-, A pl 7 78 o5 Hh B Xk, IS (195 208 2000-2020 4 7
[y e 1 A B H R K80 . 7= maet 0 2 100 JEREREERE A L 10
JE KN TEIRG ) 10 JZ 338Kl vHE . SRR B, T2 EHE SR AE - [A) Nl 5 [R) J 37 S50
R E RS E (ubRMSE /+F 0.041-0.052, R /vF 0.866-0.919), ST
ERAS5-Land. SMAP-L4 & F i/ i, AIAE B B TR a1 1) 38K 0 Bl A2 1
AR, EH TR RG-S ARSI AE BT

EEXIANFRE T E AR, X SMCILO FEHEAT 7 AR FARER . 78T S0 EYI 5200 )
BT, T 0-60 EKZE 10em REMRX 732 LKy, THEH 8 RIFME DL
YIRRIX K ahAs, FFRIGTHE SSMI, F LLR AT R34k KPR g . 75 787 S it
FoH, BRI 0-60 JEOKVRFE 38K 70 HUH IR EEINACTIME, PARIEAR X 13K
SROL: BEJE, M HRERIE RGN 8 RIEIMGIIE, LAVLECHEY: GPP #dkE i [a] 75 7t
RIFPAS AR e fE, BRI A S SOEAS BRI, ¥ 8 RIFFIHRIX 115
K4 SSMI, H TEATIEK D 7H . TEUWHNE, IR A
Jirf LK AR B (IS IRIG(E S SSMDD 247 4% BR 2 75 KAV ZE 2% B AE K Z it
1704, AR ERBH 7E 450 SR AR 3 A2 B %

F 2-1 BT I P I R P i
Table 2-1 Summary of the long-term soil moisture datasets used in this study.

SR WESYER RERE

77 i KE . 2%
% Spatial Temporal Surface )
Product Type ] ] ) Main reference
resolution resolution soil depth
TN (Mufioz-Sabater et al.
ERAS5-Land B 0.1° NS 0-7 cm
7 i 2021)
RE PEK .
GLEAM4 o 0.1° H 0-10 cm (Miralles et al. 2025)
P AR A
GLDAS Wi 111 2047 [
B 0.25° 3 /N 0-10 cm (Rodell et al. 2004)
Noah Xl
GLDAS  ETHm
N 0.25° 3 /N 0-2 cm (Rodell et al. 2004)
CLSM Pl g A4 7
KAFI T 0.5° x (Gelaro et al. 2017,
MERRA-2 N NS 0-5cm
7 i 0.625° Reichle et al. 2017)

223 {EISRIBIE
(D 1EMG 0510 5 e 5t
AH Fe R I ED 5 5 75 18] 43 A B Y5 3 ChinaCropPhenlkm #(#54E (Luo et al.

2020) . IZEAEERIE T AREIR DA (GLASS) MHEAIEE (LAD 7™, RH&IE
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o WX 5ERE

BRI T8 (OFP), £ T 2000-2019 F=9 [ = K EMAED (K. N KRB
(11 2 B AE = . FIEE ST rUE S BIMEVE, SR T A G Y O
WM ERS R, B R (AMS) WA (0 LLIGUE R B, 4 1 s s iR 22
Wik /N T 10 R, BRASIT I Wt s R Sh S B 4%/, AR RBER L R G sliih
BRAGMIIR ML T B R . S K EEE B

FEEHRE TRAL BRI B, A 98 58— M BSCE B T S BT R AN 22 (R W i 15 23 (8] 43 A1 43
NRBEAEY SRR, AR 2D B TOKRBN P IL S IS B e, &%
ANFEEYD, e R A T R AL IR« [R]BS0 7K 43 Folh s i S8 AU ) DG B e B B T oK L
= HA SRR A, N2 OR T A AR AN R, I DA A e &80T
K. BTA G0 T3k e A EMAE KN IHT, R4t SR 4
SRR E ARG

e EART FUR R, YRR T R o i 5 B 2 i FAR OISR T & — 1)
B KR o 72T RAHEY it 5t b, Mo H TR AR EM K BB, LUE BT
AR BT 52 Bl ) 22 AR KR . BRI 5, 2 T4l Rt I — QB £,
W 7K o5 BRI 1) S A (R BHRIARN X R R A=A B : B — 6
TOREEYIER . Ja . BEMEE G MRt 20 8 RERIFHM:; B B S5Hh
() ARAEES (B () HIAL8 RAWD FHME; MBS EmEE ()
WE2AD 8 RAIMEIIEM . X—R0 77 F BT RGEHHRVEVLEA R K 7 Uk E
ZF B ) B . fE R R, KR F AR B S M (R
KO BRI VN IR, R FAERI S AR AT S S A A S PR, R
DEAS R MG B 52 87 S R S 22 5

(2) GPP ##

AHEFCRA GPP FdEYEEH PML V2 #¥E4 (Zhang et al. 2019). ZEIEERE T
Penman-Monteith-Leuning #58!, @it 7= 3 RS VLGS T 280k 5 8 9% 4 7]
(R AG S, F24E T 2000-2023 4EHATA] 500 K23 (8] 4 # A1 8 RN A] 43 HE K (1) 4= Bk GPP
Fime PML_V2 #AUFIH GLDAS 544l . MODIS HHAEE (LAD JeHbR [
A 2 TR AR TN, TE 43K 95 AN AR DCIE fE ik J8 BT T S8R v 5T,
IGUESE RN GPP G HRE B (R2ATIA 0.87-0.92, ubRMSE A 0.041-0.052), fEm%
B b S BRAE G SR B B Bhas . BB R EROKRR S HUE] . S 2 2R R BeE
WA TR 5, @ T RREASRGE I 5.

PO A AT 8 B bR, X GPP AT T AHMN. 1 HUb B . 7T R XHEW
WHFFE T, M PML V2 R4 iR E GPP A&, HHA M PR EREE 1 AR, U
VUG HABEE = S S RS, BT 8 R HRe it A K Z AR = 1 57
T & R Wb S EY 1R FH I . 75 25 S8 FARt R, AR PML_V2
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IR, B 500 KAgPERBIWERMAESE 1 AR, MBI LBBAE (FEERFETIEA

KIS F )5 4G GPP 7 H oA T B A AR AL 7 51, DAVH B X ek 22 7 9

R FELFIRBI AR M (Forzieri et al. 2022). 75 BREAIULIH A2, P/ NIE 7L 250K GPP

MR PR E AR RN A KZEN, DA ORI 7 4510 5 VRV AR 3 72 B A %
(3)

A TR B HEBE IR IR 5 ClrrMap250 £id4E (Zhang etal. 2024). %54 S8t
BEREMS I EEE . 2 E T S TR 2 U R EE (RIS IREL IRA M
FOoKH A AED, RA¥EZNIZ %, AT 2000-2020 4 H E BRI RE 75
M, B HREN 250 Ko ZP= EEEERE I FE 78502 58 T A RGBT
O A EE R, JFRIHZ 20000 DMSEREA & PR REREDUK S LA EBE K
AT T RGIRIE . BEZEHER I, 2000 4. 2010 4FA1 2020 41 SR 4 FOE A F 0.79-
0.88, H. CIrrMap250 it 55 114 8 1 1h1 AR e 0% ffe e 4 RE R D UK B 50%—60% 1748 5%, K
FEAR T I [R5 it o 250000 £ v Aff S e 17 o (61 VR TR AR (R ) 5 BhaS R, R Rk S
M e S ABA FEAR AL T 5 B EEBRAE B S

BEXS AR S04 B A%, X ClrrMap250 R 3ET 7 4% — a3, 526 R A
HURFERAN 250 KA HERBIFERAE S 1 A B, DICEH AW~ =R )E. 78
TF-BEXHEDSE T T b, RS R S E o A B AT R R &, TR AE
AFEEYI E AL AR E . £ R R H At st rh, BRI UR s — P 5 %
KAGTCHAT B AT, AR A TR T R BT, BT X0 AN R 2% 1
T B EY I R 2 R

224 Hitn¥dE

(D SRBARAE T %S HE4 (SOD

AHE TR R G IR B A X i R G RIS EAREE (CMFD v2.0) (He
etal. 2020). XHHEERA T W H AR TR H 0 ERAS FE i 53R 6 5l il
s, R T T N T RE B AR HI4F £ ISCCP-ITP-CNN 1 TPHiPr %8 5 5 F& 7K 77 &
FRAt T 1951-2024 FHAIE] 0.1°7F[A] 73 FE A0 3 /NI [R] 73 HE 3R I T A RE R, B
FEARUR. BRI R S5 AR B . CMFD v2.0 ZEBUEAS RS . IR E (74 48) I
A 78 # Y0 E (70°E-140°E, 15°N-55°N) JFHE AT i a B30T, AREm T
ZVREAE P & ST HE S SR R R R AR R R, 2 B A E XOREG TE RE 7K L
FAE A TE o B B AU 5 7 R R G R B ER R 2 —

EFXT AT LA F AT B bR, X CMFD #5347 7 R —Fildb . 5564 3 /N3
HER I R AR HEE R A 8 H RS BEK B0y H g, SRV 4% ST 508 H P31
b5, AUCECAEY K R m R, ARG e —PAamE 8 Kk, £
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FEAHED Mt s, ETHPSREE TAEKEH (GDD), HTFYEIIEES,
A FHAE IR S B RS ASE TR GPP MW 8 S (R RS M (B R 35 Al
HUEFF T, EF AR T R BB I B A T M B R R R B R G
THE. WAk, ARMERRESES =, AEEEZEFEMRKIEHF (NOAA) S &
MWL (CPCO FRELT SO, FHEFXREAS R 87 S AR THE T S AR 1)°F 35 SOT BA K
HAFFUETT =A A B3 SOL, H T 43 M A5 DK 50 I8 X6 Al v = () &2

(2) ISR T

AR5 R FH %) 338 M i R 1 e o A e 438 R P R AR 58 R (CSDLv2)
(Shi et al. 2025). ZEIHERES T 11209 A2 U7 52 g H 1 CELFGEE x4 1%
WA, A LIS BRSSO D RN 20 2R A B
T2, RSN T ) 5 m R IEAT UH RN, AR Al 1 B X8 0-2 KR BEVE I Y
6 MniE L= 23 AN IBER AL JE PRI 90 SK 7 [A] 23 R MR 72 i o B UE 45 SR 28 BH, CSDLv2
FETRUIAS FE A2 (B 40755 I 30 T A% G L3R R QI 7% SoilGrids 2.0 A1 HWSD
2.0 FIUA =8, BEBE A BERAEH B T8 1t 1) 25 (8] 48 SRR . MR BE GRife s 38
MM TPDC “F-& (https://data.tpdc.ac.cn/) FKHL, JFIHTHER N 90 K.

WO EIREAEEAT TS — b . B, M CSDLv2 HR A& H2 il 7 ki & &
kG EANSLBRBE = AN R L@ 1t , SR IR BEINACT-3 77 0HE 0-60 JE K L JZ 11
BIME, DA IR A ALt M. BEJS, K 90 KAy e i LI | e A s d it 7
EREHFEERER | AR, HEEIERAEEREZR 1 AR,
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FHE ZY LR BUE G 5 TR E S R

F=ZE ZRDREEFE—HIMPHESTEMEEEER

3.1 #hik

AT N RGN UM R PR IR R M (ERAS-Land, GLEAMA4,
GLDAS_Noah, GLDAS CLSM, MERRA-2) 7f Ff [H X3k I K IR B, BEMR LR =4
SEERIA . (1) IR 2R ST R SR I A R — Bk . B[R P S
Z) i v [ X R R B RS . T RRE SR ERE b, RO R E NS R 4
HazR. (2) B aT R EA S IR RS BRI frR] A (N TS H
A1) Fl SMAP-L4 P REEHE, REEMSTMolaA M A, b IS SRR
DLW GFERE o (3D MR /K SCAAG SR U B I PRAl A1 R B YRR & 7= b 7E L L - 5
SHEFES (CLRITIRIE B, SR K SO AR RIS R AERE /7, LA
FE S BR 5 T Il o R P . e DL By AT, AR BAE AR TR K e A
AN 7K SRR SR AL R 5 R K0 128 FH AR AR A VP A BE 7

3.2 iR AE

3.2.1 fRENTIRIEEER
NG — 225 RN T i B B AN TS BRI, i 5RO 8
AP B EAT A — A SR AL 2 (Konkathi and Karthikeyan 2024):

HE, RSN KA — AR 0 BB 4 210, 171X 1] «
— SMt — SMmm

o S (3-1)
KA, SMONIFZIEH - IRIE A ;. SMmin IS Mumax 73 73 A 5N I 18] F7 51 (0 B/ IME S Bk
fE.
Hk, BH—AERETLE 2 Beta 7041, LASRELZE AR50 bR 2
b =F,,(SM,,,,) (3-2)

X, POARBIUMR. % Beta LA R, TR S RF A6 bk 5 AR

BeJa s W POl bRt IEAS 20 A (1 S5 R B0 3 R bR A T 38R FE PR 4

SSMI, =@ (P) (3-3)

AR ¥ T A5 F bR E AL 358 1R Fe B SSMIT 741 BAG = MME 5 B 5 %, 8T AIE e
mn AR EUR 55 o
322 FRIEEMBRE

BT SSMIME, i+l fEAHETRARFMBME, & TR 58 FMiafkts (Carrdo
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etal. 2016) . SSMI<—1 [ H MM N TR iaFff, SSMI>+1 DGR EMEFEAf. X
SEE AR IR) RN AR H BEE R BT RAL . 5B RIA T B2 20 T ha A 142
RFAE, T ARR BRI B B K R i AR, IR £ AR TR AR E RS —
FIHBME, URMEZEFREGES, - ERERRG R,

TR E SO SSMIEAR T -7 BUE ) SR i 25 -
1,,= D (-1-SSMI) (3-4)

P 7 R PR ) s SR SSMIT A vy T3 57 L 1 B2 i 25 5«
I,= Y (SSMI,-1) (3-5)
3.2.3 ¥EDH
RV KSR A KBRS, AR 70K FAEZ 2L Theil-Sen {11 & (Vannest et
al. 2012; Wang and Yu 2005), fEAZ7C TG RE HHERE .. TRmE 5EHERE
[y B AR AR
FE SRR BE X P A I [] sR 2[R 2R R v A7 2 -

X. —X.
ﬁ:medianL - 'j,l<i<j£n (3-6)

J 1
X, Xel5X0 A S SRR EE.

NI BB RGN, KRB ZBRME L Mann-Kendall a5, %7758 %
fhTE IR B 5 — W B A, P08 S 5 1 3 Mann-Kendall £55%, M2 TH/K
S TR P B kil AR g 1t . FBEAAE 0.05 AP EREHIDNRIF B . ST E A
TR BT T B A B A R AR X, AR X 3K ST =24k

3.2.4 —HMITM
SR FH T B R 2 R AH 5% R BOPPA AN [F) L 3BV B 7= S AE I 1) B — 20 (Schober et al.
2018; Sedgwick 2014). ZIESH. BT R A0 b R d, &M THBoRE EA
[ 7= o Z [AE R JE LR RE . T 5o S 0 3 9 U7 T A — B v A
Wi R 2 R pidid T R E PRI P AIX 5Y 2 [ R0 &R
6
n(;azl—l)
K, di=R (X0 —R (Yo NN ZIHIRRIRE ;s nAR AP K E . pfd 9 IER 7RI 8] P [F]
A —F, B+ AR B E AUENIR P M E R AR R, BIA—F

3.2.5 FmE5EBRAEEM TG
AH T 1 e i W B R S AR SR AN [R] - 35 00 B R TRk A AR AL R — b . 3T

p=1- (3-7)

24



FHE ZY LR BUE G 5 TR E S R

KPR AN iR AT VA . — 2 2 T3l SO 5% bl G A N 0 1 43838 8 DUAF
REESHAT, B 2h I EHE WARYE v A DA REEPEAL: R & mii&% 5 SMAP-
L4 B s AT X .

REEFHIE TR ESEST TR SRFEMNMERES, FIANGFTIRBEZTEE NDWI,
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Figure 3-1 Theil-Sen slope estimates with significance tested by the MK method for annual mean soil
moisture, annual drought intensity, and annual wet stress intensity for each product. Zero values indicate

pixels with no statistically significant trend (p > 0.05).
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Table 3-1 Seasonal Theil-Sen slopes with significance tested by the MK method for annual mean soil

moisture, drought intensity, and wet stress severity derived from five products across China. Seasons are

defined as spring (March—May), summer (June—August), autumn (September—November), and winter

(December—February, including December of the previous year).
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Figure 3-3 Spearman correlation heatmaps between product pairs based on regional time series of

J5; B: b FREFTEREKX; C:

HERFHLIX ;T

annual mean soil moisture, annual drought intensity, and annual wet stress severity across China from

1982 to 2022. Each panel shows pairwise correlation coefficients and corresponding significance levels

for each variable. Region labels are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C,

Huang-Huai-Hai Plain; D, Loess Plateau; E, Tibetan Plateau; F, Middle and Lower Yangtze Plain; G,

Sichuan Basin; H, South China; and I, Yunnan-Guizhou Plateau.
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Figure 3-4 (a—¢) Spearman correlation coefficients between annual mean soil moisture time series from in
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situ observations and individual products across all stations. (f) Spatial distribution of the product with the
highest statistically significant correlation at each station. (g) Frequency distribution of the best-
performing product across all stations. (h) Box plots showing the distribution of Spearman correlation

coefficients between each product and the observed data.
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the best-performing product across all stations. (h) Box plots showing the distribution of Spearman

correlation coefficients between each product and the observed data.
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Figure 3-6 Frequency distributions of Spearman correlation coefficients between observed soil moisture
and NDWTI time series, calculated at each station. These distributions are used to assess which product
best captures the directional trend in hydroclimatic stress. (a) Correlations between annual mean soil
moisture and annual NDWI based on manually observed data. (b) Correlations between monthly mean

soil moisture and monthly NDWI based on automatically recorded data.
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Figure 3-7 Radar plots showing Spearman correlation coefficients between SMAP-L4 data and other
products based on monthly data from 2015 to 2022. (a) Correlations between monthly soil moisture from
SMAP and each product. (b) Correlations between SMAP monthly soil moisture and the monthly NDWI
derived from each product. Region labels are: A, Northeast China Plain; B, Northern Arid and Semi-arid
Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; E, Tibetan Plateau; F, Middle and Lower Yangtze

Plain; G, Sichuan Basin; H, South China; and I, Yunnan-Guizhou Plateau.
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Figure 3-8 Time series of summer (June—August) drought intensity and wet stress intensity over the

Yangtze River Basin for each product. Red vertical lines indicate years of documented extreme events.
The y-axes represent annual drought severity (a, c, e, g, 1) and wet stress severity (b, d, f, h, j),

respectively.
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3.4 ig

341 BBRTERFSEN A RES

H ] X3 22 R S 7 i T 110 2 S AN A 5 WA i g 2 B [ VB 28 RS A O,
AT AE S &= o I — KA RGNS 7 R B R Th 22 A OG . IS4
TSR R B P AR 5k LR R SO £ RS AN ], SRR S S
AT A4 BERAE P DA RS K SR R AEAFAE 22 57 (RIL, bk e it 2 T 1 22 57
BEATRTEE, B BT MRBEA FIEEE £ KB = 7 5 R GURME R R .

BRI R A R 0T R ) ERAS-Land 77 5% ] HTESSEL i ik, Y2
B L A I A P E AR A ik . R )Z R (0-7 em) 5 2 R KRB )
AR H, IR A ABAUR AR & R E 2 4 A (Hersbach et al. 2020;
Mufioz-Sabater et al. 2021) o FEABFFIFAGH, ZRBrHE HAKASESE S TR
A faE i, IS AN T AW RIS B . RS RIRER I, ERAS-
Land BEW 42 22 H0E g R v (1) 38 R /K SO AR I A, AT R B 1A I TR RS A 1 o AH
tb2F, EEFHURK MERRA-2 F73 477 i %= T GEOS-5 ~F & Al Catchment LSM 15
T, AR AR AL R E L R K SRR R B AR IR . BT R iR R
iR RE WM ZI S (Gelaro etal. 2017), 1X 1] G838 55 H 6 58 B (7] )] S (R 2
PP R KD BRI, (F AT BT R T S 0 ) U B S A A o AR E M, XA
5 SR R Ie e R . R MERRA-2 5 SMAP-L4 78 H R ¥ 5% FHAE
I8, (R AE AR I S (I 2022 SRR TR 1998 EJ KD [E EF Ek
255 10 200 i R X R 55 o

GLEAM4 1E 3k T B WL I 3K 2 (1 7K 43 P A B, 1) FH 4 20 0 18 I N 5
Priestley—Taylor 78 HiUK 7 R EAIX TIK 5. CERGEEEE . SHEMRR, JHaE
T2 Wr 7 RAE 1 K SOIREAS & (Martens et al. 2017; Miralles et al. 2025). iX#f1i2
W AR SR RE S IO TR E (0-10 cm) HIEKEIA. HXF 2020 FRKIT it
AKIRTRRZA R, BT E R X 300] 7K 2 R P s OB, SR T AR AL A R
A (40 2006, 2011, 2022) 50 e ARG L2, FF H 5wk nOuilE 55 1) — 2
PEELSS, UHAAYTREX. E£EEFH/HE GLDAS HE4L T, GLDAS_Noah Fl
GLDAS_CLSM 7ERE R i Fil 5 . Noah AR VY 2 3% 4544 F1 Richards J7H%, 45
£ Penman-Monteith ZEHUR /7% ; 1 CLSM NS FH /K SCa B 3T &=, R ERGE (0-
2 cm), FE SR 1 F112 37 (Jose et al. 2024; Rodell et al. 2004; Zeng and Decker 2009)
XL SE ) 22 e o s oW KRB A 5 il R ET7 . RE GLDAS-CLSM 5
ERAS-Land 25Ul 2 3L H K AT FA0ME 5, (B HAERAE 4 B ot T R FH4F (W1 2006 )
IR PUAIXT 8 ST, Sk 5 M NDWI #3810 — S IR A .
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TR, R ERAS-Land St 1m0 8 3 (0.1°) 7 55 A A e il 1) FeoE
PERE, (EIEHIE S 2%, uh AOWIAR B 0 X3 Cans e )5 ), HOAH B AR SRAF e &
BWFARH, (EIXLE XK, KRS IR 2 DL R 3k FE SRAE 1) Ja) BR 14 2 PR L
AT5EME (Houetal. 2021; Niuetal. 2021). [F#f, GLDAS R/ B EA 2B 2R
FAE O — BRSO AR, (BRI FSRE CanEme) 1 B =R AEE % A BR
(Lucas et al. 2020; Rodell et al. 2004), H.7E 7 fl #4 2 H o6t WL 20 31 5 88 S 405 2 1
PG 2 5 ) 5k SOOI B — BPE . ELR % FEVEWE R o IX — B R A = BEVEE X (3
VT JED Sema iR 2, O AN R K AT sm 2 ] 3K 0 sh s, S8 500 H L&
itz (Liu et al. 2025; Piao et al. 2010). [KII, 7E%5 3838 B 7= 5 FH T 40K o By
EWETURN, TG AR AR BG5S R PR YRR AT AR R

342 HIEEEAmI—H8ME. 12125k

JE Ry LR R AR KA IS EERIH AR, (RIX PR T — O
6] T HOK SCAT AR —3. 11, ERAS-Land 1 GLDAS_CLSM 487~ [ 4 b [X
BT T8, AR EAER AN AR I LA R AR o S AR AL e B A7 AR B3 72 e X e
S SIS [P A B A (B > MR A O, WATRE S DR UM . RE RSP T A3
DA “I042.” FRAET7 2REIAS R B PIAR 26 o 20 B AE 3 4 v JR A b Y iy X BT 5
ZHLIX B BN R - SR R BB o S BITRIE AT O 5 R 390 P R R P A A T S
A HAEF o5 Mt (Seneviratne etal. 2010), THASHE ALK RILEE—2H £, EiFG
AR [A]ROBE b 7= it — BOPERT, R BRI “Ia iz et ™ T HO) o R 5 A Ao M B2
SO . (EEVENE T R REME A IX, ERAS-Land AT 2K B ETF2MUES, S0k
AR RTEE Y 5K #4348 (Liu et al. 2025; Piao et al. 20100 #H1%. XIRIR fhiash
AR S e T B N2 — K AH BLAE I RAE M A MR BR T A 58 4 2 S A% SR ) 42
A

TEFTA VRS 2 i, ERAS-Land 5 N T3k AW NDWI — 8t e, X BT
HARBBRN Erfae . SR, REHEMEGE 8 HHE SMAP-L4 1) XA ¢
PEAIRT G . W MERRA-2, JIFE 35810 2 A NDWI 77 1455 SMAP-L4 I H fx
SRR —EUE,  FE R FON DX 3 SR K SO A T S U . X — R ER N (B0
SMAP-L4 F T [8] 5 41 08560 B R ARG I B 5 75 B2 5y SFL ek ) 95 A 4 5 7 ol A
T s R ()38 E PR A

N R L A S S UM AN 5 [ AR, ARBFFEEIN T NDWI, i $8 40K iF 5 7
WREN—NG—ES. SERETRBENOGTEKS 7 HARE, NDWI B A A
PEZE SR RAE -39k 7 e, AT R BPik a o Aol R & R B )+ R A FEFH . X
— &L S £ G2 BB A% (Seneviratne etal. 2006, F 5 ASHTF 78 i) %t B 45 5
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FI—%: ERAS5-Land 5 A\ T3 s 30 () NDWI — #1485, 11 GLEAM4 5 MERRA-2
TE 7K ST vty =51 3 ) R 8 4l 12 5 50 25 () 46 3 NDWIT 33y, (B7E KA — EohE AR
55 . NDWI B € 5 fEi I 85 T ) 1 S 0 B AR O 67 A ELHRYE B s, IR AE —
SEFERE FIRBE R RS SRHE . RE AR IR I “ILIZRAERE S Chndis 5 48
KREFES S AT BRI RGN ) #47 B XG0E, B EIR SN NG L2 TT R A5t
PERSTUEATIGFR AL TIE 7 o BRI S, IXEeEh FCFR NDWI E N B A [F] S
5 TR G LR —ANE AN iR bR, T HETHEE = ST Lo S R

343 AERINANTHIEEEREMERR

BRI R 7 i TR AE PR 2 RS — S5 — R 1) o A B s S A A b i S e o —
S 1T TR R b K B R P ) e LA R T OGRS Rl SRR () . X
SO K SO R E 2 AR AL DG, BARFRRRIIEM . R RR SR DL SR Z i) -
SURBRFE . 77 SRR S T 1 3 0, T R T I T 3 R ) S B R FH VA 1 T
FEPE. B, GLDAS_CLSM S8 BiAYR 3R 2 HIBIR L (249 2 em) FISEUBURPE T
RIAEE; 1 ERAS-Land BEEARE, EN6Z A4 HH B R 53 02 14 BT 7% 100 BL R 90 1%
.,

AW, AN FH BT BB RS KA B EMAN L FER: (D EH—
vk BERBEHRIXEE, DARRS R CRATE M; (201012850 AU E 43 Fic:
PETIHRS E M (W ERAS-Land) 557 5 % BUSME (1 MERRA-2); (3) XURR 7+
PR 3 P8 N R B R R SN S AR R KRR s (4D ST e PRI RN 1R £
HRIK: H R oy Bk BT B SR E Mha e oh, IR TRIBIRES X A, BT L
B ) (P B RE 7 12 N i R 25 A ASIL D (A SMAP 5012 3R 7 i 2 T 4RA4L T 98 77,
HIX 75 B LA 26 B o v O B THDULI 9 2% - (Karthikeyan and Mishra 2021). 7E 24/ 214
N, RHEERE IR P BAME R — PR ATiE SR, Bl 254 ERAS-Land K
AFENE. GLEAMA SR X 7 3 (1 BBk a RIRFAIE B & MERRA-2 X X 3848 26 [ R AL
BE71, DT RREFE:. fH W NDWI X2 BA e s, BB T1E5a A A
PR LR — B D R S R . BRI AT ERR Z R A —EE, e AR
SRR 56T B K BEIR A BB (AL B T AR 1A 4R

3.5 ARE/h

AW 5Lk % ERAS-Land. GLEAM4. GLDAS Noah. GLDAS_ CLSM fl MERRA-2
KRRV A8 AT P IR B A, 7R 1982-2022 4R [E) T A [ X I P RE AT T
RGNS WEVEAS o 8 b HU TRT S AW SMAP-L4 T £ 4 L K 85 K2 57 e 5%
RGEHTEAL T 257 S AE AV K 73 ol A8 e 07 ThT A AT FEE L 2 A — SO KON AR B 7K S
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SAEFEAREIERE ). RS RBR T 7= mIAEE R 235 778 MERRA-2. GLEAM4
H GLDAS_Noah #87~ T ik (92 E 4%, 1 ERAS-Land 1 GLDAS_CLSM I £ 3
HTREUES. ZZAKE, EAHFAFAEIEIRER T, ERAS-Land 7EKHAEHRN F
RN Fafi, 5N T SO ) — Btk s, mlE BT 40 ROBE IR 4R S =25 L
W2 —. 52 HAMURZ, MERRA-2 5 SMAP-L4 P EHHEM—Bkim, AIHAm
S RSN O T A B, E R AR AE RGEPE IR 2 o IR S T AMERMER BH, B3
Ji SR i A i AR AR ML X, B AT AT B — P i R 0 8 A AR A
A=/

BT BIRVPAGZE R, I L 5 SRS 4 R AR K SO R #r B 75 oKk, A SR Y
557N T BRI FUR A 2 T f O 5 L8 27 = O VAR A AR B 1 7 P K o B
£—SMCIL.0 (Li et al. 2022) o iZEHE 5 LA VL th R A& 1K) ERAS-Land F7)Hr %k
BTN —, AR, THE SR, RS T REHSELIRER, 8
ik Bl L AR PR TR B FURE AR . SMICTL.0 $43E 20002020 4 [H) & H 73 Fre | M) 10 2 (5
JZ10cm, % 100 cm AR 1 1 km MK SR, HAEFRSIEFRIGUERE (ubRMSE
T 0.041-0.052, R /T 0.866-0.919) LT ERAS-Land. SMAP-L4 %57 FH /™= . ik
P BHESE, BEAELE T A PEAS il i) ERAS-Land fEf& % Fa e M7 e %, st
HE ST PR 5RELIEEE, NE S EYR XK By o ettt 7 HiE
Rt R it o

HERE, AT 7S BIEER GRS RE, LN HEEE E.
RGREN T BN RA VAR, EFEESE T RRME: i R ERE TR
2 (0-10cm) IR MHEMEMR X ; A 2305 RS oh R A E R S e R AR
TRIBEAERHHTE], SMAP Fd (150 IE BIAER R X L6 R 25 1] Re s it 91 45
W SR K RS M EEEAY. REGFELRRR, ARIERT =
DEFEDTER: (1D ) AT LIRS 7 — B RGN — k5 40 B0 b
#E; (2) 5IN NDWI, 1ERRAEARFRMET T 58 FMIGE SR 7w abs: (3 WAl T
7 i O S HE b A AL e O S X S O R . 2R BT, ARHRF SO
S5 R AE ARV 7K 43 Jolh 3 M 00 P R SR AL AR AR T T I — AR X AE S
B B R RERL A R ) U AR DA AR R T e AR U S S AN E MR R S T R —
Rt 7%,
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ENE AN TIBETF RS MRS R 28 & H AN

4.1 #hk

KEBAE R G R 2K 5 S (HIE 5D 520 £oK 5 /M 22 7 &8 ) N AE R,
FHOUE A R 5L T & R — Wiz Bl 1R 7 8 1R Ik A i %7 23 A SR o 2 A SR AR AE
B AET" 71 (GPP) 55 FE (Pheno) 75T R 24414 T BRI ARALRFAE, XF £ K (Ca)
MUNZE (C3) HomaRiEE T 703, o, GPP IE S AU 3 20 M R ALV YOG & Rk AE
JIWIHG 585 %240, Pheno 1E5¢ 8 AR 57 8 70 A R AR & B #ERR Ntk (3201 5%
(HER). FEVIAN A, A e ISR A 3 5 X BRI e A, 1Y
REMBERIETENR, HT 2@\ B AKX K E . JEik, nRE AR Rk
Gy VMR DR G A e R IR A (GPP1T, Phenot). Jt& AL 38
—YMERHFEIELE R (GPP 1, Pheno ¥ ). Y& L2 M — e dE R (GPP | , Pheno
P MGG R Z A —YE R AE 2R (GPP |, Pheno ¥ ). ZHEZRBAEMNIGEFIL S
YIE RS S AR, VT T S Ehad A R AR — R SR EM A KR E K&
LRI A AR . BTk, AR B SIS KEAR: (1) EBHm RS T
TR AN PURh A BRI 22 - AR AE s (2) S STRRRE: PPN AFEZRES GPP
e e 1 BARTRE . (3) R IKBh L. B4 IF LT B0 T 5 AU R 1 iR
V) GPP 5z S & IAH T TR o

B2, DS DY ZRma BRI () 255 70 b, AMXBERS LA oK 5 /N2 B R IE O
A R SPEE T RS 7 NI A RHE, ERe it — D RI% “FFEESZ T 5, N
AFHED A R X IR IV A FAE KGR X — ) #,  RIX 559 L 3 3= BARTL N
Tk A AL s, WRELIRI N R & SRR 2, WL NZRIUA &5 K 8RR 240, WA
PR B E Y A KR E N BT R P E AL S (it B EAA R I R AR

4.2 WRIEZE

RNEGIVHEYD G A S R LK 76 CRIETFD R pLs], A5
W T — A2 BB ESR (B 4-D. H%6, T indib LR E IR E0R I+ 2 F 44,
ik AR KR F L SR SRR 1) X 5% . Hoak, sEfbawigd 71 (GPP) M
Vi G JE AR T IIE B e 5, FFARIE D6 & S5 W Mg 5 5 1 B [R] A2 A0 R 29y DY
FhEFm SR, B, FARMIRR (FoK. D LRI BERSIEE . Pk
BRI - 38R FE 0w R AE AT 43 JZ 0 5, SRH Lindeman-Merenda-Gold (LMG)
T BT R B OB S R -0 GPP Wi = B AHGT DR, R GEARATT AN [R] g
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KBNS IRBHLE 12 7

LHOK S TR R RHIEREIR “HE-AIR”
£yl Sarhr I 82 2 2 3 2
v v

AT RO

RRWMEEE FFR | | ARG FGPP

55 i b0 K AE
wirgirazmis | | sz | |2 0T
SAT M AT E bl

AHA TRk

K 4-1 ARV 507K 705 S i N 3R AE 5 IX B A PR
Figure 4-1 Workflow for response characterization and driver attribution of crop responses to soil

moisture drought events.

42.1 £FEKSTH (LFETFE) BIRA

TR T E (RIETR) R T A IR TR 5L SSMI, ixfs Hudit &
TCE M =R P o5, 8 S THRIRAE WA 3.2.1 5. SSMI A 8 RAEIFETH
B, EANMRX EZE (0-60em, £ 10ecm —)2). HREAIAZ BAERNEWEKTNR
X 7K 537 s 2 B HH G [R5 P s o [m e RL A g2, X R 0-60 cm 2 3RAE
VEYD T BE R IX AP 97K R30I LA SSMIT < 0 /5 A7k 20 5 SR ZS R B e,
T 20 AH G T A KT B A R RS, T AR Ak B A DL B R R A . Y
SSMI<O0 I}, ANzt mAb T 3K 5 5 BoRES o FREEE K 7 5 B 5 OV FFSEIN [A]
=32 K GESIUANK B 34 (Zhang etal. 2025) o &EASTHAE DLH: SRR 5R EEFIF- 1598
FERFFE, 53 € X 9 B GRFE R LARSE [A]

4.2.2 YMEREEFHESHEXI 52

G IS ik FEHEE F A K FE H GDD #i3€ . GDD K EYIHRR R (K. 8-
34°C; /NE: 0-60°C) i1 (Zhangetal 2025), AKJEYIMNERI (FEX =,
K NFZRIRTE I, BN RHREED R BRI TR AR R GDD R N ZE
TRENE A, Pk B A E R A T A E . B S, KT AR
I S AR AR G BRI N =AY B BB 1 (stage 1D B RAEAEEMRIAZ JGHTE
HEEHART /> 8 RESHR T, BB 2 (stage2) HIE SRS (s H W+8 1)
PIFfE. BYEE 3 (stage3) B & TEHAENE 2 /0 8 RIFUGHIHM. XF o ZRE68 X 47K
YT ERAEE IR AR FARERT A B AR B B I

4.2.3 T2 2B BRI 53

FRYE GPP S A I B S O IE L &, KAt 7K 435 e fy g 12 1) 43 A Y
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o M1 XN GPP A FEIRF 8 (GPP 1, Phenology 1 ), RAEYA FfL1E 55 H.
REFREEKA R KA 2 877 GPP B 465 (GPP 1, Phenology ¥ ), &
TG R BT & AR AR e 5 s 2828 3 4 GPP s MEEHAIEK (GPP |,
Phenology t ), FAEGA A I K B SRR AELZ (M N s S8HY 4 FoRPINEIRFIN T
% (GPP |, Phenology V ), RAEYGE AL H Ak & SRS IR 1) e )

424 EHIRBTREREREENX

AREE 2000-2019 F[AJEA =10 FFELF KBV MEICR PG IT, DR G T
g R i fgtt . XA SEYYE I S50 8K T s A, SR EGZ A
A GPP MBI IAK S . Bl S, DIZAR A [R5 B 1T (1) 2 45 T4 o Jk
e, THET R4 GPP MR B AE X e, B =150 FHE/ FB
TG~ FYMEE D 2 E . i, REERT 1 oRE THEEFEKE, REEDNT
1 BT 5K Hofw g 1 AR FE A T 3R AR 0T, i BB, i W) e B
B SRR T K AR E DR, RS M) P 38 U 3R R AR~ 25 %
BRI 73 ) SO0 NAR TG X N B 1 2 AP 8 K AT AR, A9 301 SRR R 1)
R = i
4.2.5 RENEFHENT ERZ TG

FENAER 75 LIET BERAEYD GG 5 R R A E A, AT SR A
Lindeman-Merenda-Gold (LMG) F7{%iE4T 77 23 fiF (Groemping 2007). 43 Bt X 4
BT AR T4y 3EAT . GPP R MERAE (GPP S bR 5 1 4axnt ) S5YE
WIEE (WiEREE RS 1 4 mZE) . PINBITIN R B RAEK 0 e 5 Re 8 2%
PRRIDYAS CBEAR AR : IR0 Bk AR SRR 8 o R IKE)
MLHITEA R S5 I ZES, T =AM O g T Z: (1) HIET R R (R
B 1-4). () EwIME (BK50NFE). 3) RAUAERX. FxtENEEZHA, 45Hi
## LMG B DLPEAL IR S R 7 ARG DRk« LMG J5 il TSRS TG A ¥~ 75 Fir B T
R AR HEFU I T R P38 Dok G &, SR PO A AR 7 22 o XAk 1 AHN B
BTG R SR B AR T oK. 2, B H—4k LMG BCER 2541
DR xof g 17 AR B AR S ARG DR 1 4 LE (%) 107 v RE AR (g b AL 2 T 5] 1+ [R) ) 22
HILAME, ARG A RS ST B 32 S IR AL HER L 1 AT S 4k4E .
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43 RS9

431 FEMNMEETFEEHNRSEENNTIZE

AR RN, TR SN RS R E AR X, BT AT
M HIERE EIfAEREER (B 4-2). H, SRR I N H4EIRE 20,
5 JEE RN L AR P AR

MR AT, BKEBERBUNIEA 2 FISRAY 3, —FH 1k AR a T HAh 2R,
BAE 7 AN ) 4 AR B R . LT, R 4 BysREAE 7 A IX I
1] 6 A XIEHAK. b7 EKFEZX (AL By C. D) BT RHMIRBEA ST/ 77X

(Fv G D, {HHEEGEFERAC, A XI[FIFRIH fmsm i . /N2 1) 28 18] 7 o 4 58

e R 2 AE 6 M 3 AN XIESR R, R 4 78 6 XY 2 AN XL
T, MRA 1A 6 NI AN, WSREE, KA 2 78 6 NIXEHH) 5
AR R, TR 3 Fpelig 5. WIS iE, C. DM F XikmE, B XJEHHRE
BE M, GMI XK. B, N2 RF 5 g R T FoK, HXIRERE
N .

WE BT E, FKAEMFR X T R HAAR R m TREBEX, 2R 3 11
HI 55 008 B B I, SR EBE T TR R e B B E o /N3 T S I ok
P BEMEIX TR R MR , HRERS, X —FEERE 1| EIUOARY, 3
W HERE AR R SE it o /N2 AR KRN T B R R A, (HIAR T HA BT .

MWEBWBE, TKAE stage 1 KA TR HAR TR F IR BE(E, FN stage
2 G E R RE T, 52AFE, /INELE stage 2 KRAEFTRFHIIHRE S, stage 1 Ik
Z, stage 3 FfFEd, (HHIREHm . X BFEYN T F 0 BUR S A — 2
T AKX AR AT UK, T/ ZE R S A S R R Oy Bk

MAEIERIEE, £AKLE 20-30cm L= I+ R FAAER RS, HaRERmn, HRM
3HEALIRPEIRBIEAE : A 2 AEHRIREE G 37, MRA 4 FE & IRIE TS5 . /NEAE
20-30cm R, A1 MRA 2 (RS2 BINH], MR 3 SR 4 Mo, GRS
E, KRB 2 fEFTAIREY NEGE, 88 3 1F 10-30cm 555, KA 4 7 40-50cm 555 -

gr b, BK@EFERERKT R, (HIAS 2 F AN N BT R
AR, AEXEAA G H B ERIH R e p . BRI TR B R E Y I T 5 5
£, AR A R A AR ZE R 2 A BRI 2 B A — .
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Kl 4-2 Hh[E K 5N DU T S 2P DI ERE B2 L W B S 3R B b i S A
ARG BIRE MG (2000-2019 ). RXARZHH4: A RIETE; B: LT FRETR
X; C: BRI D: L&k E: Hml: F: KILH R G W) H: 4
M I motm R KA S 208 stage 1. SARATHAF CTHhAERT 2> 8 RE5H0D:
stage 2: fMAUHSEAE CGlifEH I £8 K); stage 3: fMAEFHM (TG 2D 8 KIFUH).
Figure 4-2 Drought event frequency and average intensity of four drought—response types across regions,
irrigation regimes, phenological stages, and soil depths for maize and wheat in China (2000-2019).
Region labels are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai
Plain; D, Loess Plateau; E, Tibetan Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; H,
South China; and I, Yunnan-Guizhou Plateau. Stage 1, pre-heading; Stage 2, heading period (%8 days of
heading); Stage 3, post-heading.
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432 AEIFEWNEET GPP 5% S F 0 N 4FE

ANFET-Ri R AR N, TR 5/FER GPP i MPE T w X, &y, &
BB IR P RAE B EZER (B 4-3). Hd, GPP R MER YRR
HAHEAS TR FPEE 02 4P E AR EEE . SRRE, TR TREMT
JRE[F) GPP S R 3 ks B R, T /N 22 MR X330 e FAE B I B H 3R B HH S 5 X ) 4k S
Jo 1 o

MDA E, 77X (A By C. D) [EKRT-2HMXF M ) GPP 7 ¥k
T X (Fy Gy D, HACT P2 IX 05 7w AR LSS . NI ZE R E, KA 31T
ANXIRA 4 ARG T BORH GPP =i, IR 3 AN X3 7= AR A s R g S
FHEEZ R, 2B 1 R4 X Ga 20 g /N S W IR S o /N2 GPP e R 2RI B
(IR IEBE R, (H8A 2= R o s . 2870 2 76 6 DI 1) 4 > X806 N e K1) GPP
S, HAEA S X 3 R L e ey (A e, TR 1 a4 55« (AR R,
G XA T X /N 225 Ao B R e e o e v T A X B0k, SR I/N A AEIX 26 X I
X B 1R R e 8 B R UK

WE BT E, REBN AR EDI RS2 A — 3. T FoK, #EBLRAE T R34
XTI GPP 8 m TR TR SR, (A e WA, SR 1 RIS 2 (s AR Ak i
NI .. X T/NEE, FEBRSAE R 1 FZRAL 4 (1 GPP S sh i, 1 HABR AL GPP
SRy [F, ERE—BURAC T S R SR S s e, R SR A 1 4
EF Bt . SRTT &,  HEBEXT PRI ED A RIS PG 2 W IVER (B GPP S 52
i) 77 [} 3 AN AH ] o

MEBBE, £KIE stage | KAERTFHAXRN K GPP 77, W& & T stage
2 il stage 3, FRIHHXTHMAEAT TR MUK, 1E stage 1, GPP FIYE R H IR N
B3> B> KA 4> KA |, fF stage 2, KA 2 FBA 3 1) GPP 3w T, 1MW
ik S H AR LR BLAE ST 3 FN5HY 4, 1E stage 3, KA 2 FISRA 3 {755 N8 = () GPP 5+
W, MRAL 2 AR 4 MR RE ER. 52 AR, /INETE stage 2 RAMT R FAEXS
Mot K GPP 7, stage 1 IR, stage3 ffi; HHMME R AL stage 3 feik, Ui/ NZ
SXof AR SR e A S T T AR e B B R

MAIEERFER , 20-30 om A& T oK 57 i S fw 5 () SG 8 2 o FEIZIREE, 2RAL 2 AN
KA 3 FREEAETRI GPP i, JRR B 2848 3 AR 4 SR e S5 e
IR EOR, TIRAL 2 WG e A IR B RO 5 559, EFAMURE R 9. KA 1 5%
TR UREN NIRRT . SANETE, 20-30 em SR T 2345 mE 0H]) GPP =%
MRFE, HIEA | 4G485 59: fEWMIERE I, K8 4 78 20-30 cm IS RIE(E, M4 2
FEHABBRE 5 EF, KA1 AE 10-50 cm VORI N IG AL, JCHAE 20-30 cm 555, KM

3 MZE 60 cm & 3|5 /MA -
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GEXRE, TKTRHEFEFRIEE KRN GPP (i EEEE, 10/ LI 555
R (A BB B e VR WA PR s S, (HX GPP 3 IR
T3 TN, IR TR G /N ZEAE T 5 8 T R S e SR B LA AR B R R

s @ X5k~ +: K Regions-Maize b) Kk-7v 2 Regions-Wheat
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%g_; z ) VI B FE- KK Phenological stages-Maize g} 5:0 E 2 ) Yo7 B -V Phenological stages-Wheat E 5?‘5
= e B - 3 £
5% Looo = 530 2
Z K22 s 2
< =R <20 =
F00s = 2 =
El 0.15 s
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—@— Typel: GPPT, Phenologyt ~ —#— Type3: GPPJ, Phenologyt [ Bar: Absolute GPP anomaly
—l—~ Type2: GPPT, Phenology| —@— Typed: GPP|, Phenology| —8— Line+points: Absolute phenology anomaly

K 4-3 v oK 5 /N2 DU R SR S SRR AN R X3, ERE AR R Mk B e 30K B2 T 1Y) GPP
HYHEA T AES AT (2000-2019 ). LVXARS 3 HA: A RIEFE; B: LT FREETE
X: C: #MEE-FE; D: mtmE: B HilmE: F: KILP R G W), H: 4
M I motm R KA S 208, stage 1. SARATHAF CTHhAERT 2> 8 RE5H0D:
stage 2: fMAUHSEAE CGliFEHIIE£8 K); stage 3: fMAHEFHM (TG 2D 8 KIFUH).
Figure 4-3 Absolute anomalies of GPP and phenology across four drought—response types under different
regions, irrigation regimes, phenological stages, and soil depths for maize and wheat in China (2000-
2019). Region labels are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-
Huai-Hai Plain; D, Loess Plateau; E, Tibetan Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan
Basin; H, South China; and I, Yunnan-Guizhou Plateau. Stage 1, pre-heading; Stage 2, heading period (£
8 days of heading); Stage 3, post-heading.
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433 AEMNFERT GPP FEIRSIE FHIMEXTTlk: R XXIxTEE

TK5/NE GPP BN E IS T, FEA R BB AR X K 2 [A] R 30 HH B
BES (K41, £4-2). BHKE, £K GPP FEMIRSNALH A 52 1R BRK
PR 8] S B, RUAN [R) R A A AE AN [R] X 38053 70 52 B /K L AR EOK PR 5 e 8 3232

X EK, Typel (GPP 1, Pheno t ) FfFE 2K 75 IK8h, JCHAERIL T
(A, 84.5%). TR (C, 73.7%) FELEIR (D, 73.7%) &NWHE; mEK
R (). WEH (G MmsimE (D, HFESEFE RN R, STk
N 35.0%—62.7%. XKW, Typel HFHALEILTT EHAAK o S5 CE, AL R 7 AT
T 1 X B 22 52 5 2 AR AR AR T

Type2 (GPP 1, Pheno | ) HAF (1) 3= SHLHIEE— 20 ) IR AR AR« EA6T+
BT RIX (B, Bl IR (O M tmlE (D), AR ik m, B3 39.7%—
63.8%; THAEKITH N (F) AN (G), KPS % G40 5, mEkFEn
lTEIA 82.0%F1 82.6%. ULHATEIZRALT, JL X GPP R H £ 5 #vE %k
AR, TR 77 H DX 3 52 S G BRI )

Type3 (GPP |, Pheno t ) i, R EZ A XIRE I i 3 EIKF) K1,
R TR TREIX (B, 75.8%) #ER-FE (C, 72.2%) FKITH FiF (F,
84.2%) Tk K, FWIZIAT GPP FHESEE T KARNEE,

Type4 (GPP |, Pheno | ) FF N 230 HBIEMEE AL = fEIb T KIS &
X (By C. D), Bk R B ZIKS A T, TTHREN 54.9%—79.0%; 1M £EF J5 A1
FMHIX (F. G. D, KFEFESREHANES, TTREN 54.3%—70.8%. X, Type
4 HFARAEACTTTE 2 SRR A BRI, 75 R 7 W BE 22 S 4R 5 Ak 1 e A Ok

/NFE GPP J B IREN% R 5 FOK BB AR, FRIH 5 58 0 S8 BY o S 0 (X 38
(£ 4-2). £ Typel (GPPt, Pheno t ) FHffHr, PRS2 2 E X I B ZIKsh A
¥, LT TR TREX (B, 96.6%) HEETJE (C, 77.2%) LR (D, 92.2%)
FHKAT A TRHE (F, 79.1%) TTikER, el RB R /AN GPP (W35 N 3= ZEAR A K 7 %
5% . Type2 (GPP 1, Pheno | ) 405 DL 5 0 B KB, BRIILH
T (F) 4, HAXIEP TR 50%, E)IEH (G) 1EF] 53.8%, KIFZ
RAT /N GPP J BB MG KAk . Type3 (GPP |, Pheno t ) FAR7EK
ZHIX, (B. C. D F) BIRERIUNEK R E 35, HPRITP T (B RotEiEs
% 90.1%; BERSEIR (D, ks Bk Ak S 83.2%, MONEER T, Kktix
DX IR S AL ) B SRk« Type 4 (GPP |, Pheno | ) FHAFHIIX IR F i A% 1F
A FREPLFRX (B, BAKFEITTER S (93.3%); 7EEERFR (C) FiE 1 &R
(D), ERRTHENTIAHE, TR N 54.5%H 79.5%; TAEKILH R (F),

TR O E B TR T, STk R IA B 76.4% .
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#* 4-1 AFEmRETY T £k GPP 57 H I A1 RIS 5Tk (%): Ak X RIS EE .
Table 4-1 Relative contributions (%) of drivers to GPP anomalies in maize under different response types:
comparison across agricultural zones.
AAXTTIHR (%) Relative Contribution (%)
X A RIWX B KX C  RIIXD  fRIIXF RIEX G fRlIXT
PA:84.5 PA:55.3 PA:35.9 PA:73.7 RA:62.7 RA:51.1 RA:35.0
RA:11.5 TA:32.7 DI:30.4 TA:15.4 DI:27.3 PA:25.0 PA:29.7

Typel DI:2.8 RA:10.4 RA:28.9 RA:8.4 TA:7.7 DI:20.3 TA:25.2
TA:1.2 DI:1.6 TA:4.8 DI:2.5 PA:2.3 TA:3.5 DI:10.1
RA:47.3 TA:39.7 TA:53.9 TA:63.8 RA:82.0 RA:82.6 RA:54.1
DI:42.2 PA:31.2 DI:30.4 PA:19.2 TA:12.2 TA:13.7 TA:42.6
Type2 PA:7.6 RA:25.8 RA:10.0 RA:15.4 PA:3.5 PA:3.1 PA:3.3
TA:2.8 DI:3.3 PA:5.7 DI:1.6 DI:2.3 DI:0.6 DI:0.1
TA:46.7 TA:75.8 TA:72.2 TA:55.9 RA:84.2 TA:36.9 RA:65.2
PA:27.2 PA:16.6 DI:22.2 RA:25.1 TA:11.3 PA:30.2 DI:18.5
Types RA:20.4 RA:5.5 RA:4.6 PA:16.2 PA:4.1 RA:17.6 TA:9.0
DI:5.7 DI:2.1 PA:1.0 DI:2.8 DI:.0.4 DI:15.2 PA:7.3
PA:50.0 PA:54.9 PA:79.0 PA:73.7 RA:54.3 RA:70.8 RA:57.7
RA:42.6 RA:36.5 RA:8.9 RA:11.8 DI:34.3 DI:14.0 TA:27.8
Typed TA:6.3 TA:6.3 TA:6.3 TA:9.9 PA:6.4 PA:8.3 PA:14.3
DI:1.1 DI:2.3 DI:5.7 DI:4.5 TA:4.9 TA:6.9 DI:0.2

vE: PA= F¥WEFH Precipitation Anomaly; TA = i % Temperature Anomaly; RA = K PH#& T
5+ Shortwave Radiation Anomaly; DI =“F#4F 2555 Average Drought Intensity; Typel = GPP1,
Phenologyt; Type2 = GPP1, Phenology|; Type3 = GPP|, Phenology?t; Type4 = GPP|, Phenology|

LRE RRS/INZREERTTLLE H, WAEY GPP R H I3 5 UK 5 R 35 i e 3 2
RURIARME X KT A4k, (HARA T IEAFEF] . FOKRR I SRR “ SR - 4iE,
B 3= SR -2 Bt e B SR A K . AR AN BHAR S 2 R R A e 4, [ IS) A B 2 25 () 2
() Joa it s AHELZ R, ANE R FE s 1) “ R — R X R R 7, Hih Type 1 #il Type
3 AL EFEXZ HBEKTE ES, Type 2 Wi SiRRE ES, M Type 4 HES
MLAUAE FEZK AR AN T 5o 2 [A] R I H B 5 ) X Ak o AT 5, BISEAEAH (7]
RRRT, B EKE/NE GPP ALK Sk 57K P B 2 7, XKW
PR EVILE T 52264 T DS W ALS R A A E .
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#* 4-2 ANFEMRETY TR /22 GPP S H IR 1 RIS 5Tk (%) : AL X RIS EE .
Table 4-2 Relative contributions (%) of drivers to GPP anomalies in wheat under different response types:
comparison across agricultural zones.
AAX DTk (%) Relative Contribution (%)
fkIX B FkIX C AL X D AV IX F L IX G AKX 1

PA:96.6 RA:77.2 PA:92.2 TA:79.1 RA:53.0 TA:48.3
RA:2.5 PA:13.9 RA:3.7 RA:10.8 TA:30.5 RA:41.1
Typel TA:0.5 TA:5.4 TA:3.3 PA:8.2 PA:10.3 PA:9.7
DI:.0.4 DI:3.5 DI:0.8 DI:1.9 DI:6.2 DI:0.8
TA:53.3 RA:44.0 TA:51.3 RA:31.3 TA:53.8 TA:52.2
PA:40.1 TA:21.9 RA:24.3 DI:26.8 RA:38.3 PA:27.9
Type RA:6.5 DI:21.9 PA:18.0 PA:22.7 PA:4.8 RA:19.2
DI:0.1 PA:12.2 DI:6.4 TA:19.1 DI:3.2 DI:0.7
PA:55.3 PA:75.7 PA:52.7 PA:90.1 RA:59.4 TA:83.2
TA:24.9 RA:20.4 TA:31.8 RA:6.0 TA:40.1 RA:10.4
Types RA:13.6 TA:2.8 RA:12.3 TA:2.2 DI:0.4 DI:3.7
DIL:6.2 DI:1.2 DI:3.1 DI:1.7 PA:0.1 PA:2.8
PA:93.3 TA:54.5 TA:79.5 DI:76.4 RA:60.6 TA:50.2
RA:4.4 RA:42.4 RA:15.8 TA:11.9 PA:26.5 RA:47.6
Types TA:2.3 PA:2.3 PA:3.0 RA:9.6 TA:12.8 PA:1.3
DI:0.1 DI:0.7 DI:1.8 PA:2.0 DI:0.1 DI:0.9

vE: PA= F¥WEFH Precipitation Anomaly; TA = i % Temperature Anomaly; RA = K PH#& T
5+ Shortwave Radiation Anomaly; DI =“F#4F 2555 Average Drought Intensity; Typel = GPP1,
Phenologyt; Type2 = GPP1, Phenology|; Type3 = GPP|, Phenology?t; Type4 = GPP|, Phenology|

4.3.4 AENE N EBTMES ERNE FRIEXT TRk : &Rl X3ttt

TR 5N EEYME S 1 S IRBE -, EAS [RS8 R RO X R T e R 3 2
R (R4-3, K44, BERKRE, TGS FEZRREES, BX—FEEA
[F) R AR X IR A SO R e s AHECZ TR, /N 22 g S i 110 3= 3 DR~ i i 172 248 R R Al X
R AR, I 5 5 () 28 AR AR M A 2 [ S o 42

T EK, AIRRE (TA) A RZE R HE T ) e e w1 E 2
IRFHHA T (£ 4-3). 1E Type 1. Type 2 Hl Type 4 Fhrh, S5 W) DTk 1 ik =
T 85%, HARILFIR (A X)) Typel FHAFEIE 98.0%. BIELE £ S A X551
Type 3 HfFrh, AR EVIERF > X IR ok m, Wik 7 +RFE+H2X (BIX) A
81.9%, i (DX) N 90.8%; {XAETHERFJE (CX) TR 654%, BN
HEDTERN . MHEEZ T, FRKR . s S i AT 5 R BEAE %5 2R A 1) TR B AR L
%, H ORI H A€ i 2R A B DI o 6 W T KA A8 A XoF A 2 2% AP R g 7 LA 48
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B2, H AL ) B R SRR AOY X R KA
K 4-3 AS[RIM NLSERER FOKR P e B PR AR TR (%) ARMEIXRIRTLE
Table 4-3 Relative contributions (%) of drivers to phenology anomalies in maize under different response
types: comparison across agricultural zones.
FAXFDIMR (%)  Relative Contribution (%)
RIX A RIEXB  RIEXC  RIXD  RIEXF  RIX G RIEIXT
TA:98.0 TA:67.5 TA:74.7 TA:94.5 TA:43.4 TA:57.6 TA:64.0
PA:0.9 PA:27.7 PA:13.5 RA:2.9 PA:35.0 PA:34.8 PA:22.7

Typel RA:0.8 RA:4.0 RA:11.3 PA:2.5 RA:19.8 RA:6.3 RA:7.3
DI:0.2 DI:0.9 DI:0.5 DI:0.1 DI:1.8 DI:1.4 DI:6.0
TA:94.7 TA:84.9 TA:88.5 TA:85.7 TA:52.6 TA:61.4 TA:78.0
RA:3.2 PA:8.7 RA:7.7 PA:6.7 PA:27.5 PA:29.7 PA:13.6
Type2 PA:2.0 RA:5.9 PA:3.4 RA:6.0 RA:19.4 RA:8.6 RA:7.9
DI:0.1 DI.0.5 DI.0.4 DI:1.6 DI.0.4 DI:0.4 DI:0.5
TA:87.1 TA:81.9 TA:65.4 TA:90.8 PA:55.0 TA:58.5 TA:63.7
RA:5.4 DI:12.5 PA:23.3 RA:6.1 TA:21.4 PA:28.6 PA:21.4
Type3 DI:4.1 RA:3.0 RA:7.9 DI:1.5 RA:19.1 RA:12.4 RA:13.2
PA:3.5 PA:2.6 DI:3.3 PA:1.5 DI:4.5 DI:0.5 DI:1.7
TA:94.6 TA:88.8 PA:49.6 TA:89.8 TA:37.7 TA:65.5 TA:51.4
RA:3.0 RA:4.8 TA:39.1 PA:5.0 RA:34.4 PA:17.1 PA:24.6
Typed DI:1.6 PA:3.9 RA:9.2 RA:4.8 PA:24.0 RA:17.0 RA:23.5
PA:0.8 DI:2.5 DI:2.0 DI:0.4 DI:3.9 DI:0.4 DI:0.5

7E: PA= [¥W=ER¥H Precipitation Anomaly; TA = "S5 % Temperature Anomaly; RA = K BH%E it
5% Shortwave Radiation Anomaly; DI =F-#4 T 5% % Average Drought Intensity; Typel = GPP1,
Phenology?; Type2 = GPP1, Phenology|; Type3 = GPP|, Phenology?; Type4 = GPP|, Phenology|

/N IR S SR SIATLA U B AN D, Sk Z AL ORI R — B s — = S R T
(£ 4-4), 7£ Typel FHfFH, KRR (PA) fEXEH XIS £ S, oHAEEMERT
JR(C XD\ EAEE (D XD U7 (G X)) MmsiEmE X)), TEiE AN 51.5%—
96.8%; (HAEKILH R (F X)), ERKEFHASERE (TA, 62.1%). Type2 Hif
1) 3 T PR £E DX A) 50 R 40 5, A6 7 T 52T B X (B XD PUK FHEE S 75 (RA, 36.9%)
NE, EHERTE (C X)) IRERT (TA, 403%) AE, mMiE+&EE (D X). I
MR (G XD Mzmsrmli (X)) WEEKREE RS, TTERN 56.8%—72.7%. &
Type 3 FfFH, AR B HEN 55 RRRH MBS, fludts T8
P RIX (B X LRSS 5 N T (51.7%), KITH FF(F XOLVSE T H N FE(67.4%),
Pz (G XD WPARFE/K S AT (89.2%). Type 4 FHAFFEIFEFR I H B &1 X 48 7
R AT TEETREX (BX) HEMNFHES (51.2%), miERTFE (CX), 3t
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R (D X FMHKITH R (F X BURIRAEH AT (53.0%—79.2%), 1041 (G
XD Mzmsim i (TIX) MBLFKRHANE (46.4%—50.9%).
R A-4 AN[RIE IR N gk e SR B R T AR BT (%) ALIX RIS EE .
Table 4-4 Relative contributions (%) of drivers to phenology anomalies in wheat under different response
types: comparison across agricultural zones.
FAXFDIMR (%) Relative Contribution (%)
RALIX B kX C AKkIX D ARMLIX F RWIX G KX T

PA:50.2 PA:51.5 PA:75.1 TA:62.1 PA:96.8 PA:87.7
RA:35.7 TA:40.2 RA:18.9 PA:31.7 TA:1.8 TA:9.8
Typel TA:9.0 RA:8.3 TA:5.2 RA:6.2 RA:1.3 RA:2.4
DI:5.1 DI:0.0 DI:0.7 DI:0.0 DI:0.1 DI:0.1
RA:36.9 TA:40.3 PA:56.8 TA:52.8 PA:59.6 PA:72.7
TA:36.4 RA:32.7 TA:23.9 PA:28.3 TA:34.0 TA:22.1
Type2 PA:25.4 PA:25.4 RA:16.1 RA:16.8 RA:5.9 RA:4.3
DI:1.3 DI:1.5 DI:3.3 DI:2.1 DI:0.5 DI:1.0
RA:51.7 TA:46.7 RA:45.7 TA:67.4 PA:89.2 TA:51.5
PA:36.1 DI:24.2 DI:37.0 DI:24.2 RA:5.7 PA:27.3
Type3 TA:11.9 RA:15.7 PA:12.8 PA:5.0 TA:3.5 DI:12.0
DI:0.3 PA:13.3 TA:4.5 RA:3.4 DI:1.6 RA:9.2
RA:51.2 TA:79.2 TA:53.0 TA:64.3 PA:50.9 PA:46.4
PA:26.7 PA:13.7 PA:21.8 RA:17.0 TA:36.7 TA:22.8
Types TA:21.4 DI:5.2 DI:14.2 PA:13.7 RA:11.4 RA:21.2
DI:0.7 RA:1.8 RA:11.1 DI:5.0 DI:1.0 DI:9.7

7E: PA= [FWEFH Precipitation Anomaly; TA = i 7% Temperature Anomaly; RA = JKFH4R S
5% Shortwave Radiation Anomaly; DI =V F 255 % Average Drought Intensity; Typel = GPP1,
Phenologyt; Type2 = GPP1, Phenology|; Type3 = GPP|, Phenology?; Type4 = GPP|, Phenology|

LREARE, TR NV R IRSIHLEIE T BRI . TR AR AEANF]
M S AR X R ¥ 32 B2 Sl S H A, R BGRIASEVE s /N
WA R 05 X BN T A 7, HORR RSN T 2 RK . IRAES 2
I D4, I R A 52 381 i 7 SR AR AR b Xl R A R ) o X, TR i B (1 22 AL
kP S P TTRAN 7L PR VAU SB S B Sy L R L PR R SN

44 #He

AHEFERGZNE T K 5NN LT 510 G — R 5 i S RS AE S H R B 22
Sto WETCAE KRN, PIFREDD A0 RLAE 22 (RS R S 8 Al K 32 5 3Bl I8 7 # e EAFAE
REZE T AR TIXEE R B, WHEAS R NS R] BExT B A BAE S 30, i &
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FIRBNPR T S AT AE S AL, JF A0 R R AR b T 5 M N SR A R R 73

4.4.1 MRz EBRAEIBA SFERE

AHIE TR 53 DY M= o S SR, DB EAE K 23 e R iR BGOSR 5 K B kR
I E AR IR L T G — W R A . PRI (Type 4) FHATEREE B W& 1K) GPP T
B 5 ], 38 RE S SR ) A 5 S i RS2 PR o IR IS A T R R A A R A B
R TR, S Y — R AGESAR TR K AR R 2 L, LSRR AL
PRI AT RE[RIIT 3G 0, TS EOCEIEH T RN, K WHefsE5 nl geis s 2 5
e, A KIS FEZ: (Chaves et al. 2009; Lawlor and Cornic 2002). X —fEf 5T E
KR TKIPTB NEYHE HIDE G 2T R 5 4AKAH B 45104 — 2 (Abid et al.
2018; Hussain etal. 2018) . {HAHER N2, ZIRMHAF00 3 T IRB) K775 X 35k 7] 4775 B
03 5, PRI AR SR A e B UG A IR 2 RORT e BE B S AR Ak, (H LRI AT
R A E S AR MR 3Z IR .

HEEFM (Type2) 5WMEEFH (Type 3) A GEXT MAEYIAE 45 18 BU4F € )
Fe e T R R R4S . Type 2 FAFRICEH AR A FINE. X—INR
AR ER Ay — POl AR “ RERE AL G RRES AR s VR s AR T B A R 0 I R R
IFIA)s U 20 GPP AR T AT RS M a v B E AT R R . R i i,
B EREEAY (Wn—EREERE) F C4 &M% (Hasibeder et al. 2015;
Maguire and Kobe 2015; Schoper et al. 1986). [, 7EEFE . AERBEINRAEE
T, VEYiE e a0 A S PR AR B I ) B3I RIRAE B B S A Tk (Fatima et al.
2020; Senapati et al. 2019; Shavrukov et al. 2017). Type 3 4N FK I NG & FHED)F
HEIR o AR — A AR R AR 2B A 32K o BRI T R BRI, AES)
T RS B AR OUHA TR ) B[R], DURAE B 52/ fa SIE30 AR P 138 40 Tk
%2 (Berger and Ludwig 2014; Schmalenbach et al. 2014; Zhang et al. 2016). ik PFiZEg1%
MHEZFWRIFAFHER, B TEDED AR RS & B I DS 32 8 77 TH
[RIAT 3B SR G R

P FEIG A (Type 1) FAFR AR EAL, HAREH S UKL G HEHIEE
fife . — PR REHIMRRE S, MRS R AR R BB B K a2 5, FEAEREA RO
M5 IR E 250, AR I B AR ME M B R R A o ) —MIATRESS, 1E7K I3 AR B
A BRI LR 7, VRV RESS [R] I DL AL B R B R I S AE KRR B A0, R IARAR I
W ENE R (Gosaetal. 201900 SRTM, X Fhua B AT RELEMEAT THFdE— B WHIE, Rl e
ETRFEMERT, (VR GRS YERF M N, Bl 28 %% n) 58 9 () A2 232 PR
(Canarini et al. 2021; Hahn et al. 2021; Serrano-Ledn et al. 2025) o %Ti% 2878 (i N FR R,
A BE 7 22 5 e I TR] 23 H R 1 AR B S B[R] £ s
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4.42 EFNEF 57 FRIRE 2

XI GPP 55 AN K1 EA Ak B, RoRE /N Z2m b 2 ] e 5 H A
FRIEAESS, JRRZXEARE SO, H%, SCERENZE R FEMRIEY) GPP Wi
BUREEARIRA RN 2 —. C4 Y EKEA COMLlhl, (FHAERGIRL—EiR
FESE N AT 4R K o R AR S50 A i e, HOG G B se & A1 (oK FHER S |
W) a4 E UK (Sage and Kubien 2007; Way et al. 2014). XA B TR N &
K GPP 5 7E Type 2 Ml Type 3 A B 5l 7 W BOKPHAR I S AH oG . HHEEZ
T, C3 HW/NZRD G Z T ) 52 i8] CO2 W BRI, 11 fL-F BEAE iz COz it
AN EZRTT, % BRI RGA R IR [ M R 8 (Farquhar and Sharkey 1982).
KLt /NZ2 GPP 53 £E 224N i B 2R A0 o] [k S i I H B s 0O, ek HO & i 7%
KN 1 BB

Fk, AR e R R A EAE S (e B AE P AR AE 3 22 . ORI g 7
EZHEE THARR T H 3R, RURERE L LR EHENEEAEIKS) ), H
AR T B e 37 5 A B B R AT A o IX — S5 RS HAR IS T C4 Y 5 e )87 (A 9T —
B, R T ARBAEKEIAAR & R KO E IR 5 ok, JC AR R &1 T

(Lizaso etal. 2018). /NI fe ¥ W B R A%, H 3= F IK ) DA 1~ Bl B 2 4 5 3l 2
X AR AL, RIFH KBRS 7K . B 2T 2R E 2 MR
BT e XM RVE] RS FL A/ AR M I TR AR AR RO B e SRR A O]
(Dubcovsky et al. 2006; Hyles et al. 2020) .

I Ja, XS SO0 3 B BR - AR 0r B 2V B TRk SO E R . FEK S =2
FEREGHIFAFRETRESTREX Gnfedn, shmElED, FBKRHE 3SRl i [F 4
il (Type4) ZEF™H MNP EEZF K. MARESGRNBEERSIX (IR, 1w
XD, K PHEE S 5 B iR A aa I E AT e B F . FenlEATE SR, £
LR RN EZX, TETRREAR SN Type 4 FHF GPP R NEETTAE 2 —, X
AT e 1% X EURE A 1 BRSO Canth Rk AL IR A%, 45 Ly T
B EEA AR 5 T o T 5 — R B 7 BI/EH (Yuetal. 2023; Zhang etal. 2021).
SPRRY], RIS KSCRSIME DL B — RS, 1S X e A — 3
—EMRGA BAER A K.

4.4.3 R F2UEMN S XICEIRE =

A5 ML FERAE 550 T 43 T A3 B AR, 9B Fh el W I o P o 5 2
AL BN IRAE T BB . AL ST R AR R 20 TR S R L g K 4 2
FIVPAY o AHITFE B4 AR, ARSI ME T Tt — 5 ) SRS W R LRI
SRR, T 5 T R A e B A 2SRRI (R LG ) R B
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LR INE Sy T, FFRBIE AT X 5T 5% SRR RN SR AR A 7. Bildn, X
TAETT KX, A5 T s BRI el 2 31 Type 3 904, SR HUEVE [t 55
() EEL i v e 5 b TS HEBE R AR L2

BIF E 45 R SRR G N A 7 AU E s e 1k 5 XA v o X 0K, B T I LA
€ HOL B FEBUR I RE R 5K 0 38 8E, Bl UnfE b7 i B K 323 A Bk R4 ) AR, A2
P 7 IRAE R A 45 1) 5 T TB) 3 358 DA 2% g S et e o 65 T LA i o P P v G
P LX) A W 75 AR L B e M AT R S 3k e /N2, S 2 H s HLA
B BRSNS s AEALTT E 77X, DRFFK I3 (N 2 22 i 22 BT T 57 XU ) B 22 A5
FERATHUIEE B A WX, U7 RE s RO T 0mE  m IRER M 7 Sk EE AN F A
TR LR S BE R . N EM H s ER Ex 2kl T AA RS
Pt IR L X T W A 1 it A

VEMLAE Oy BB AE N RS B, FAE B 5 200 e PO R T PG . AW ST
ZURRY], M BRI T YMERE, (HEX GPP R RN E 2k, HAEH
PGB A e T T A SR . DAk, EE B a b T R HK o (1 H b i e
9 DAR A IR 5 3 3 W R 1 A AOAS v R 427, ASEEILAN “ PR ANK T 1) 1
BaRar” s e

444 MREREREKRE

AW FAEAES T 7 e MR BRI . B, me SRR AR 3 Jik T8 I SO B 5 41
THORER, R BA MR A AR R R ), (B S R R 5 LW R 555
T FERREREEHOE R i 2 st — PR 54k . FR, BFRTH
(132 GPP 595 i AR V2 30AE, (BATAFAE — 2 BRI e, AT REXS S i
FERIRE AL AR A, BT 1 AR RER T, EEEA R R XA 5, (HH
DU B R RURE OR] S Ff RE e LI I A S R I A B R T, X TE— e R b
BRI T T 90 45 v 1 [R5 B2 T ) LR Y PR B o TTm) Rk, W1 98 AR W AE BA R U7 )
BB Ho—, S5A N TSt 55 i e JEA il s R A W, s B %) i A [F) 25 7Y
TREG N EYEER., A KRB ARETBEEBNASERES EERR, NF
SEAR AP SRR AR R AR SR S A . L, KA IR R« B 2R — 3 S IR Eh K]
T RRAGETEBEOEDA KSR (41 APSIM. DSSAT) &, @it ook A dooxt
AT R i B2 X AR AR S HA T 5, JRTHE RN 56 2 T 5 F R 52 (1) 152
LSRR /7. =, I ot 5 B RLAE 2 Fh A5 ARA0AE 50 FATLAR SR A [ e 2
TR R AR | SR S L7 (B A% TR TR, Ayt o S A X R = IR 7 2 S s 4 1
(/T
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4.5 REINE

KRERYE T ET OB R —05” U F 55 W EY T 50 B2 BAESE, RS
T K (Co) FANZE (Ca) FE L BEIK 375 SRR A N B R | S 4 AR ik S FLIR B o
SERROT, PRPEYDRT TR B N BT g o DU s A A P AR R AR, H
T FRAAE A oy S BN A] Sk b, FORT R RS 5, Type 2(GPP1, Pheno|)
F1 Type3 (GPP|, Phenot) f£ 7 NXIH K 4 MXIMERIH R EHRE; NETHH
PR SS, (HIXIRA A F P BT Bt 9, Type4 (GPP|, Phenol) fE 6 /MXimH
12 ANMXIEES, M Typel INAE 1 AMXIRHIL. FHEAAESTH, FKIE GPP i
BYIEFE AR = TN s EER IR EVI g e W S B R R, A% GPP R
S 7 A FE A — 2

ISR T T R B, TR /INZAE A TR 7 A A S 5 R AL b A7 7E B 2
Z5t. FK GPP R 13 T B 7Rl e SR BRI RO X R AE V)4 Type 1 7RI &
B BK RIS, TR EIE 84.5%, (LR L2 24N R, Type 2 781
FHEEZRWFEER, AR N 2 RS R S, TRk S
ik 82.0% 1 82.6%. HHILZ R, /N GPP S I H BRI “ R —R TR RR R
Type 1 1 Type 3 £ ZH X I F EZ K 7w =M, SmotlkE 5 ik 96.6% Fl
90.1%; Type 2 il HSEFTH £ F; Type 4 WIAERFE/K. BT F 58 2 (BRI H
B X322 S, PRV A R T SR B DT 76.4% . MRS B 2 R B R
T KAE 22 Hom B 2R AR NME X K 3 B B2 e ], sTERER R S T 85%, H
FRAEFIR Type 1 FFEE] 98.0%; /N AAFAEFS AL 15 X I — B i 20K ) K]
T, HAE S SRR K SRR 2 M) SRS, TR RE &AL T
S, DR AR B /NS U R B T S ) K 23 RN B R A 1 2 TR
[FI o S LSRR T Co 5 Co AEY)T R0 S K 22 57, AR S P A X S
[ 1 [ 12 W 0 R SRS SRt TR
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FHE BRGFRESEHNERLSERANESEN

5.1 #8

KGR S (DTE) SRR pLE] M AE X — R, g7 —4
FFAR . R TR =B B TS, RGEvrAs 1 rp E R B
X T Ko R B S A e sa . B, TR 8K (RO R i 2 < Hh e
B3 7 AN PGS PERAR” FFAERFAT, i SEIL SRR 73 AT A R E B AR OG5 R
Ao FU, DLBREYIZE 71 (GPP) RALEZ G IIRE, IFH@ PN IAMAUR TR
tr: HEHSL (CRO AT EMAEA “TF—9r7 ELREYL & Thae ) e ik
HIRESE, BPEIE “IXRBEFADARFEGZ R IUNER (RD) T o BEES:
Bl BOMD TR 5 A0 sz, BRI “ B BOR 22 1 AT 5500, bt
INE AEYINE 7. f), 454 SHAP fEREMIBENLARMIEAE, REG#H 8 CR Al RD %
()57 S PE A SR, RS HEAFRRIE . X BUR SR . KRR AR 5t W AR
R 7 RIAERAE A o BRI S ASHIE TR SR Sem A AN B BUA R S Ak R,
BRSNS VRO 6 & Th e e L X 4R 4 T A R SR AT AE S

S

52 MARFE

52.1 BiEim2%EHHRA

VR T 1 S A, AR HE SONER— KN, RIFEE T+ RARA T
AR N RF S PR B R, HERI AN 1 km AR THIbRHEAL 13388 B e £ (SSMD
IFA] 7 F AT A . SSMI [R5 X5 THERAE WLES 3.2.1 717 ABERIR B 45 R BERE S ik
FSLRFIRRAS e, X EARUFEEE, AT TR A& = ANE S0 I 2% AR 1R
MEE (B 5-1:

(D) RETBELEE: —ANEE5 B (SSMI>+0.5) WIS BAE— AT R B (SSMI
<-0.5) ZJaHIl, HARFBPTHABBRIFFZEE R ADT 16 K (RBEZERA 8
RIIAD o ZBMEXT N TFRiE IR A 258 31 FIEE 69 | rhr, BIERMTEE
HEBTRRES. 558 3 FHTKMS R 1 B{EAR, XERH£0.5 WEKEE
T, AEIERE BRSNS R, FEARUETIRIRES BA 7wt
(ORI, 8 o 0 b o A T e R PR R 3 A

(2) RAVESAT: MHHERE LR ERE, EEshEn (T=7 X) NitHE1E
WA TEEL (SMCD, PLRAPIRES 3 R AR R H . BAAM S, MR, &
SR FTH (2000-2019 ) WA SMCI 18, F4&IH AR, FZ A ks
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7 B ONLEUE UG e E KR IEALR{E (Th neg). BiEFEHe H AT 2 A %1
— R 3 RABNIER B AR ME, TR ZR/MEMR T NAZ T Th neg. %25
BRI B B4 TR0 T g v JOE B “ POl BRIT 7 FRAE 3T i, ARS8
AR ) — B3 (Qiu et al. 2016).

(3) BEK—BUHEAGL: i O W TR KELIEE S TSR T 2SR
Bk, AR e B AR ERRIEAE 5, I HEER = K 3
R Dy e e S A

A A [ 2 DA B = AN SRR, 7 A N S B R A TR U
M, D R R AR S (TR BB I BEP I 4a0) SSMD K FF4k
WFIE], RO oy R R ATIC R B (AR (kA SR A Sen’s &R A 11 7 Al
Mann-Kendall & 34650347 PF45

AT

A Potential Transition window

!—Drought Phase
TRHrE

SSMI

-0.5

VAL SIS VY
S I

blue

5-1 B MR R SR AR U B R A .

Figure 5-1 Conceptual schematic of the soil moisture—based identification of DTF events.

522 MBI EW: E6&IN (CR) EmANES (RD) HEX

NEAT K CEER X B 5 2% (DTF) FHARMETH:, AT LAt
N B AEER GPP JFA, M T AN EAMY SR E R EAPT1 (CR)
P I1ZER (RD). HA, CR HFRMEEA “ TRty ” S B EY s &1
FAF AN FERE, RD T2 5 S5 M B T 0 5 1 5

IR 1. Tk R T RN F R . AT E SRR e TR 4, AR BE AR L
ETENBRCSEOCAEHHE FREMNES. BEmE, HATFREIRLRT 2R
iR, GPP B 2 AAREE, W ZFHAERT T2 B X e & EH ™
AR 3 — P Hh, AR R ZRARR AR 2 B BB R IR A = RS, HERR Tl
WETARAEE D S EALE, BT 58 GPP | 07 $1<<40%1) 314 (Zhang et al. 2025) .
PR TR FAE N “TRARNFL”. X201 B ETH ORGS0 X%,
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BN 5 i BSERR o S O S, T RE 2 — 2 K W J5 BB b BOR 2 R T
BRI

BB 2. HEIRGUEAR . X TR T RN FEA, AL GPP H
HAERFEWT BN B Z I T B R RAEAE R /). X B, GPP R ERERR, W HATEY)
JeEVE R AR, XS RIRGT e (& 5-2).

T BBk /) (Slope): Fom T FATH L 2T F B Begi e, GPP A 70
RS, AT BT e aE s .

HEWITS (CRY: KRB “TRE” mad i, GPP F 3 Pk
2, HTEUSHEFAXDCEEN R EMEERE . CR EB, RIHEVAEREANFF
LI 32 B B SR G A0 B s, B SMA G g5 R

WPt ZzER (RD): HESMIUIRE T R BRIt 11552, B RD = CR -
Sloper. HT CR [A B & 77 BT A1 G S2 it B AN BRI 256 520, 1 Sloper R
W AT I S B R s, PRkt 3 22 2 W] T AL R A R 5 B B T i S B
AN, RD A IEAE R Ja SRk 5 B BOEB 70 G2 1 i 0 538 Bt 4k (RSB,
RD S MR B B7 B Bt — e 1 6 & AF s Cop R .

NS E, CR SRIABAF R MNEE FRRLEE 4R, RD SR 5 2Lt 55 B BO AT T
TR FM R 7 [ GRS o XX LEFRAR I [ AR S, IR Sen’s RERALTH
5 Mann-Kendall #3435 HEAT 247 .

A == wm == Drought Phase linear fit == == == Compound event linear fit
) Drought Phase Flood Phase | Stopel:+ KBl
2 -g L 3 » - FB2 Bﬁ_& %"Z‘E Bﬁ_& Drought phase resistance
& 8 o~ -0 Slope2: E &
l‘E E ~ ;"" - Compound resistance
- :
& o ~ -~ ._°® Slope2 - Slopel: J&HL )1 £ 57
€ % - S_l (LPELZ :—& gl(l;;:: 2"-; ® | Resistance difference
L ey By
JEN S S S . S S S . . . - e g N S - ’
msag ~ e
> =
~ =
t-8 it t 4 DOY

K 5-2 BT GPP A BT R BailkPi /1. CR 55 RD MBS HEZOR B A .
Figure 5-2 Schematic framework for quantifying drought-phase resistance, CR, and RD from GPP

percentiles.

5.2.3 VAESHr: FEHARKIERLS SHAP 5
HIRERE SHPTS (CR) AP 125 (RD) WIZsE 5 mtE, A 9T % a5
MRENARET, Fhg5E SHAP {EH B IAE 8T (Ge et al. 2025; Xie et al. 2025). &%

JHEN EZF AT, BENUARMR BE U8 A7 o SE R B 5 2 SRIRB A 1 2 18] = 2% (1 Ak
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LEMER AR, M0 SHAP JUAJ ik — 5 b & A S5 AL ot X Dok /s B AR T T, AT
R PSEAE IR iy o

WA AR HRAE R FAFRAE I BUS Bk R . KRR =
A EABE T BRI S, FOHRIE AT S0 BUR e (8] 598 7B
RRFM AR B FK . SR AR TR BRI T S RS s KRR
1065 55t AZE AR 0 18] B LR YT e 7 W R B R AL s A S 3RS IR 1 U4 - 338 i 3
FLBREE . Mk B EEFIERR LSS (3R 5-1).

% 5-1 FITHREAEY) CR 5 RD I TN AE & B0 .
Table 5-1 Description of predictor variables used to explain the CR and RD of crops.

eyl XK1 i B B ¥
Category Driver Period Abbreviation Unit
1E) ¥4 GPP EZEN= ! GPP mean gCm=8d"!
kL& & Fas Silt %
+ 1 £y AT A Clay %
I FLRRE LI Porosity % by volume
T i i Elevation m
) Ul s Slope °
S Sor G AR SOL e
EF‘:[:/)] SOI ( %14: EIP) %14: ] :H SOl pre-event
o T T 2R B PRECrought mm
}%Tﬁlzjl\& PRECHo0d mm
. q::‘?:‘lzﬁﬁﬁ SRADdrou ht Wm?2
RRHM SRPNE o )
5K B SRADf100d Wm?
T2HEB TEMPgou K
FEASRE ot
Yj"_f»_{lz}l E& TEMPri00d K
Rainfed
g FEE “AEE W . Binary (0/1)
Irrigated
o Pre-heading/ )
YEY 15 Yl B HFREE ) Binary (0/1)
Post-heading
TR TR Intensitydrougnt
S TR AR ] T B Durationgrought days
el S SHe .
7 9 5R BB Intensity fiood
5 K ARSI [A] PiBrBt Duration oo days

TRk, B A X 737l 5L CR A RD I BENLARAR ISR . FEA
% 80% 1 20% X7 NZREEAIREE, HilghiE TR gRAnE S 8 te,
WA TS BRI R . S EA R A Optuna HEZE, JFilId Tu4f &8 XIaiE, KASEX
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BAlE R SO HAR, SWIECRE . R RIR AN m i M AS RS G 2 Bt AT
. w2, HMHA SHAP EHH &0 X AFEAZ&EXT CR A RD AR ok S A
FTT 1, TR 0 5 00 1 0 e 95 12 2 ) 9 S ) R SR 9Kl DR 7

53 BRGHh

53.1 BESEEBEHNRA: EXEFREHFRTEEETLES

BT G R A R B R 2 (DTF) $4E, £ 2000-2019 FEFRE F K7 X
R R B R (B 5-3). MRICRE S iE (Kl 5-3a), BHFTHIN DTF
P EAR DR A 9, REZENSI R KA REA B 3 R, &R AEREINREAL
T 30 X 4 S BB ECIR AT . XL, DTF FHAEAE 4 E oK X 84k 8 TR
PF, BT B X IRAFAEAR KT B B R 3 o i — P LKA R Ay X 22 57, AT
Giit 7 ERALTAR R AR . P S5 0 B A R AR (A =AM EhR (K] 5-3al-a3). &5 R%K
B, X =ANEPRE S A SR A —F AR IR I H A [ SRR .

FERAL AR R AEAR 7T (B 5-3a1), &4 XHEUVEERDA 0.6-1.2. HA, AT
FAFRX (BX) &m, N 1.2, WHZXEANHIA DTF FRESANE; =
e (X)) Wz, N 09, L2 T, RIEFE (A XD, #EEEIE (D X)) fMpg)|
i (G XD ¥R 0.7, ATHh&EK R (C XD MK TIE (F X)) &
ik, ¥M 0.6, EfERKE, DTF EHEILT TR TFRXNMaGEmEERS KA, M
FE B MR SRV A R Ui R AR AR AR 6 B

e T (B 5-3a2), & IXHUEA T 3.8-54. motmR (1 X)) &mE, N
54, KAFIRE (A XD Rk, N 53, WK XE—BK4A DTF F:4F, HFIR
SEHEERZL A TREETREX (BX) A 49, EAEmE (DX) fPUIZEH (G
XD ¥oh 4.7, BEETR (C XD A 4.6, KILH TFIF (F X)) &, N 3.8, [ i,
FARZ S IEAEWE ERE &5, Bl B XERKRAERNE, (HRE AR
weims MR, T IXAURAERZ, T HBERE K, RO 5w 1R S o E A

PR [ 7 T (B 5-3a3), & X 2R RIS, HUEEED 51-67. Kb
P O(A XD FREEMERK, N 67; mirmE (X)) MtElE (D XD 77500 63
62, A TEEKFE; A TFREETFREX (BX) B 60, HiE#-FIiE (CX) Y
N#EH (G XD #2859, KITHFHF (FIX) &5, 8 51. Wi A X, 1T XA D
X DTF SHAEAMCH I, T AR RIS (R B, SR it R der 282 b e i ] 5 4 8 ey

LREKRE, AR DTF REEFHEFEAMIE b7 FFETFX (B X)) BL“m
BURAE” N FERHE, B IR FE AR (A 3R d s ARAEFIR (A X MIRIL N “ 5
FEm FREENA”, UiBiZIX DTF i EARAERME, H—H kKA, FFEssmm]
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RESE NI motmlal (TX) RN BAEBESE (0.9, mEmE (5.4) MRS
FIE (63), fefia K ANREPXIEZ —. HEZ T, KITH T (F X)) a8
(0.6). 2B (3.8) MfFFELNE] (51) LRI TARME, BEAAXBARXS 855, Kk, DTF
FA 0 D= S AN BEAUH B —FE ARz, 1 N AR AR 5 RN RR SIS [) =S
BATERE VA -

(a) B TR R A H Frequency per Unit Area (al)
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5-3 2000-2019 4[] v [F T KA X I T £ 3K 70 %€ ) DTF SR 20 Aikefib. (a) DTF
PERAIRFR A 04T, LA (al-a3) SRV X BALIHIBF SR L 2o i FEE AN~ S5 45 S [) )
X giitai R, RLXATHHN: A KIEFE: B: b7 FRFEFFRX: C: HifEE-FIR;
D: wmtEE: F KICH PR G PUIE: . =5t&R.

Figure 5-3 Spatiotemporal patterns of soil-moisture-defined DTF events in maize regions of China during
the period 2000-2019. Spatial distribution of DTF event frequency (a) and regional statistics of frequency
per unit area, mean intensity, and mean duration across agricultural zones (al—a3). Region labels are: A,
Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess

Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.

TERF Bl ot ARSCRH] Sen’s FE A THE BRI IF X DTF FHARAIK,
S35y 58 BE AT AR 4L I R] ) A8k & %5, HFIH Mann-Kendall R385 Hgiih R &R 5-
2). SiRERW], EEGHRE KRR EEL DR B (G XD Masismli
XDo e, G XAEFAMIR (14.55%), FEIBRE (0.185%%%) MIFFLENS[a] (1.70%*)
=AMER LRIV EZE N, X 2P FERAE, HR (21.25%%), 158
(0.301%*) FFFLEMS[A] (2.55%+) BB BTt MHZ T, HARPIX BAAE 86
24k, BRIER G REK XK, DTF FARRREIEIE 4 E 5K X % i
R, MEZEPEN N EM AR 85 2, KRNI DTF FEE4S
B2, M HFAREE R, RS R, Rom U] R RS REE S
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ZARE, BK7IX DTF SRS o RE AR MRV 08 3, (HAEXER
FE b, WK, SREEMRRESES MAFE W R 225 . @Bt — LR, DTF XU HHrE:
EIHHRA BN RN, RV FIA = ot B, AR G
Rz

R 5-2 TOK DTF SRR AR 5825 RREH 18] 1 DX 3 Sen R AL THE .

Table 5-2 Sen's slope estimates of regional trends in maize DTF event frequency, intensity, and duration.

Sen's #}Z Sen's slope

[X 1% Zone HZ Frequency B Intensity FF 426} 7] Duration
China 4= 68.64 0.003 0.21

A 8.75 -0.024 -0.07

B 34.96 0.052 0.53

C -28.36 -0.111 -0.66

D 4.68 0.024 0.15

F -4.18 -0.014 -0.15

G 14.55% 0.185%** 1.70%*

I 21.25%* 0.301%* 2.55%%

W G EE KT p<0.05 (%); p<0.01 (**); p<0.001 (%), KA XRS5 H: A: &K
PR B: b7 FR¥ETRX; C wmifkl-E; D: Mbml; F KICHR PR G: PU)IZE
Hi; I: =il Note: Statistical significance: p<0.05 (*); p<0.01 (**); p <0.001 (***). Region labels
are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess

Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.

532 FEOMNEMH. CR 5 RD W= ERERIEHE

HAERT A B0 28 (DTF) S FEUEYCAER KA RZE TR AN “R
FHRER WD m ARV BVl AR AAE RN DTF SRRt L,
T “FREARANELT, ERTT R B Ao GPP B TR R E i,
Kl 5-4 JE/R T IXFEFRAE T K= X B0 50 A0, it —20 W X REEGE v HoR A,
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Figure 5-4 Spatial distribution of crop-impactful DTF events in maize regions and associated
photosynthetic response metrics (2000-2019). Spatial distribution of crop-impactful events (a) and
regional distributions of event frequency, CR, and RD across agricultural zones (al—a3). Region labels
are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D,

Loess Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Table 5-3 Sen's slope estimates of regional trends in maize crop-impactful event frequency, CR, and RD.

Sen's &} Sen's slope

[X 3% Zone 4% Frequency HEHPJ) CR 112 % RD

4:[F China 62.13%* -0.00011 -0.00641
A 10.36%* 0.00010%** -0.00005*%**
B 3.78 -0.00011*** 0.00003*
C 0.90 -0.00027%** -0.00003
D 0.27 0.00059%** -0.00026%**
F 0.37 0.00011 %% 0.00033%**
G 7.98%* 0.00018%*** 0.00024%**
I 9.64%** 0.00028*** 0.00022%**

W iR FEME: p<0.05 (%) ;p<0.01 (%) ;p<0.001 %), RAXALSHHH: A &K
P B: b7 HREFRK: C: #ifEil-FiE; D wt&E: Fo KL e G: 1)l
ZHh; 1. =oiE . Note: Statistical significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Region
labels are: A, Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain;

D, Loess Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Figure 5-5 SHAP-based relative importance of predictors for maize CR across agricultural zones.
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Predictors are ranked by mean absolute SHAP values. Region labels are: A, Northeast China Plain; B,
Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower

Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Figure 5-6 SHAP dependency relationships between the top six drivers and maize CR across agricultural
zones. X-axis: driver value; Y-axis: SHAP value; curves indicate fitted relationships. Region labels are: A,
Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess

Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Figure 5-7 SHAP-based relative importance of predictors for maize RD across agricultural zones.
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Predictors are ranked by mean absolute SHAP values. Region labels are: A, Northeast China Plain; B,
Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower

Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Figure 5-8 SHAP dependency relationships between the top six drivers and maize RD across agricultural
zones. X-axis: driver value; Y-axis: SHAP value; curves indicate fitted relationships. Region labels are: A,
Northeast China Plain; B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess

Plateau; F, Middle and Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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et al. 2020).
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5K (iR BB E S M b ), SRR E B (gt T Semf 5 I 148
EHEME S ML) 454 (Aishwarya et al. 2025; Anderson-Teixeira et al. 2012; Li et al. 2022;
Lloret et al. 2021; Swift et al. 2004). %M 5 /EAEA MWK & OAFAERI 64T T, 84
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RS, HEEXIEA—F, 3H/INE~X DTF &ig B YRR 24850 AL,

FERAL AR R AR ZE T (B 6-1al), & XEUETEEN 0.17-0.71. 4677 54
TRX (BX) f&&, N 071, motEi QX)) RZ, N 0.62, HilHIXHEA X507
AN DTF SR AT M, BT (C XD N 047, AT HEKF; #Htbm
JR (D XD 4y 0.28; PUJI#H (G XD FHKILH Tl (F X)) 43318 0.20 A1 0.17,
WETFARME K. Bk L, INEPIX DTF FHREiaEsE S EEPE B XM T X,
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Figure 6-1 Spatiotemporal patterns of soil-moisture-defined DTF events in wheat regions of China during
the period 2000-2019. Spatial distribution of DTF event frequency (a) and regional statistics of frequency
per unit area, mean intensity, and mean duration across agricultural zones (al—a3). Region labels are: B,
Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower

Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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FERS PRI T, SRAT Sen REEANTHEXS 2000-2019 %K ML5r X DTF FHAFIH
B PSR B SN [A B AT (GR 6-1). 4iRFKE, WHRMNESIGITHE
FEACPABNED, AL TR R X (B X MF s & B E s (18.27),
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b BB o BEATRE SR [A] R I T M HAS B S B 28 0] 0 5 B XM Bt IR (1 X0
s, PN (G X M tm i (D XD SR e HAFEEnl K. &t
BRI, WA /N IX DTF SR IR B4 [V A — Som Rl s, &%
AL EEARIAE B XS0 BT, Ui B I PP AR 50 R s R BN X072 AL,
1115 8 3 [ 2 18 55
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Table 6-1 Sen's slope estimates of regional trends in wheat DTF event frequency, intensity, and duration.

Sen’s & Sen’s slope

[X 1% Zone H# Frequency 3 & Intensity FF4L T 7] Duration
4>[H China -1.09 0.02 3.16

B 18.27* 0.05 1.36

C -23.99 0.01 5.63

D 1.82 0.07 1.62

F -3.09 -0.01 9.90

G -0.12 0.07 3.34

| -1.17 0.04 1.73

e G EEEKT: p<0.05 (*) ;p<0.01 %) ;p<0.001 (*¥**), LAVXARS3HH:
B: It TEREETEKX,; C: HERTE, D: HE-EE;, F: KICH FWHEE; G: D)1 ZH,
I: =5t )i, Note: Statistical significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Region labels
are: B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and

Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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RAE&IIN (CR) AR ER (RD) WA RAEAEYI N E ST 52—k 55 a1
M S AFAE (B 6-2b1 - b3).

MY X G, 50808 RO TR X Sk A 2 oy B3 (B 6-2b1). Hod, b
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Figure 6-2 Spatial distribution of crop-impactful DTF events in wheat regions and associated
photosynthetic response metrics (2000-2019). Spatial distribution of crop-impactful events (a) and
regional distributions of event frequency, CR, and RD across agricultural zones (al—a3). Region labels
are: B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and

Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Table 6-2 Sen's slope estimates of regional trends in wheat crop-impactful event frequency, CR, and RD.

Sen’s R# Sen’s slope

[X % Zone ## Frequency HEHPL CR I /1 £ R RD
4> [H China -12.97 0.02455 0.02888
B 8.15%* 0.00021*** 0.00021***
C -7.75 -0.00008*** -0.00003***
D 0.37 0.00057%** 0.00150%**
F -0.50 -0.00025*** -0.00008***
G 0.00 -0.01310 0.00765
I -0.17 0.00752%** 0.01018***

W Gt B EMAKTE: p<0.05 (%) ;p<0.01 (**) ;p<0.001 (*¥*%), RAXACT 55 A:
B: b7 HFRFEFRIX: C #EE-FRE; D: wWEmE: F: KICP TR G D)1
I: =5t R, Note: Statistical significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Region labels
are: B, Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and

Lower Yangtze Plain; G, Sichuan Basin; and I, Yunnan-Guizhou Plateau.
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Figure 6-3 SHAP-based relative importance of predictors for wheat CR across agricultural zones.
Predictors are ranked by mean absolute SHAP values. Region labels are: B, Northern Arid and Semi-arid

Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower Yangtze Plain.
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Figure 6-4 SHAP dependency relationships between the top six drivers and wheat CR across agricultural
zones. X-axis: driver value; Y-axis: SHAP value; curves indicate fitted relationships. Region labels are: B,
Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower
Yangtze Plain.

LRERE, fEREAREDEEMERD By C. D\ F UM X, /hE CR B[R
JRAEIFAR 8 — 2R PR 7 o, TR T R R BGOSR (s R 5 Ei BUd R Ok
82



SoNE REPI RN O S I E SR

AgES oA ILFEER, JFEn GPP 51 SOI 155 HARZ A i fir 2 il . SHAP 4K
R AR s M BIE S PG MR RN, 5 ORI EN 16 CR 5 HAT W) G
AR LR AEAN X SR 57 1, X AEAR KRR Bk 1 AR 0 XN ZEXS DTF S aa i i
SRIEIIZE S . AHELZTR, B BRI 2 JOTH I B AR B AR AT T0 R (0 AR Dk A
A, RXBRER ML CR Z 53 R F AR A

6.2.4 NEMMNERZE T FRIEE R

I ZER (RD) RALAEAEMEL G ME (DTE) T R X T 8 — = 50 5
g2 5, AR T2 64#KP17) (CR), RD fENLEE EREGURT “RIHI+57 1 “j5
BT TR — B BOW R Z N 5 . IR RD B SR AR R 1, AT
TE5r X R R R B ARMRARRY, JF456 SHAP J5v T R ol iR A R 73 bt o 25 0 X 2
WA ERYUE R R* AT 0.43-0.83, ULUIEIAIREASELLF i RD (175 8] 22 5+,
RN e SRR B 7 A 3 it T e ki o

Kl 6-5 Jieor 120 XTI A7 BT 2 48 %) SHAP fEFFFr. S4KE, RD HIIKEN
ZERIBL CR ORI 98 10 DXk 22 52 AN BU S« ANIR 0 XTSI A B B 2 & T 2B
Bod e, Wi BOd A 555 =28, MM IR/ K N 2 B SRR (Nt
JR R RS XA TE Bl XM, AR T REMZRRR T, ML RD
22 18] o o B A R A T SRS T B AE, AR i B B A
Bt ¥ .

] 01 0z 03 o 0.1 0.2 0 01 02 03 0 0.1 0.2
TEMP (drought) SRAD (droughy) I TEMP (drought) [N TEMP (droughy) [
PREC (drought) TEMP (flood) [N SOI (pre-event) N SRAD (droughr) [N
Duration (drought) TEMP (droughy) [N TEMP (flood) [ PREC (drought) [N

% SOI fevent) SO fevens) [N SOI fevent) [0 Intensity (droughy) [N
= TEMP (fload) PREC (droughs) [N PREC (flood) [ TEMP (flood) |
g SOI (pre-event) PREC (flood) [N GPP mean [N PREC (flood) [N
= SRAD (drought) Duration (flood) [N SRAD (drought) [ SOI (pre-evens) [
2 SRAD (flood) SOI (pre-event) [ Duration (drought) [ SRAD (flood) T
= Siope SRAD (flood) W SRAD (flood) [ SOI (event) [
§ GPP mean Duration (drought) [T Stape B Intensity (flood)
E PREC (flovd) Stape W Intensity (drought) 1 Clay W
Eo Intensity (flood) Intensity (droughs) 1 Intensity (flood) | Pre-heading [0
= Porosity Intensity (flood) B Sile 1 Post-heading 1
g]fnrcn.\-igr(draugbu GPP mean ] Duration (floed) | Elevation 1
= Elevation Clay PREC (drought) | Duration (flood) [
2 Duration (flood) site )l Clay | GPP mean I
5‘” Sile Parosity | Elevation | Duration (drought) I
B Clay Elevation | Porosity | Site |

Pre-heading Irrited | Rainfed | Slope ||

Post-heading Rainfed | Trrited | Porosity ||

Irrited . Past-heading | Pre-heading Rainfed | ) N
Rainfed (a) Zone B Pre-heading | @ Zone C Post-heading (c) Zone D frvited | (@ ZoneF

Kl 6-5 3T SHAP J7E & A IX /N RD 000 5] 5~ AF0 B EEMEHR o S0 R 74 P 3 6060
SHAP EFEFHEA . A XACS 258 B: b5 FREFRX: C: #ifEil-FE: D: #t&
Jis Fo KITH R R
Figure 6-5 SHAP-based relative importance of predictors for wheat RD across agricultural zones.
Predictors are ranked by mean absolute SHAP values. Region labels are: B, Northern Arid and Semi-arid

Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower Yangtze Plain.
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Figure 6-6 SHAP dependency relationships between the top six drivers and wheat RD across agricultural
zones. X-axis: driver value; Y-axis: SHAP value; curves indicate fitted relationships. Region labels are: B,
Northern Arid and Semi-arid Region; C, Huang-Huai-Hai Plain; D, Loess Plateau; F, Middle and Lower
Yangtze Plain.
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