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Abstract

Objective: Against the backdrop of global warming, winter wheat production faces risks of yield fluctuations.
Machine learning technologies offer new avenues for deciphering the mechanisms of multi-factor coupling
effects. Currently, further research is needed to quantify the extent of climate change impacts on winter wheat
yields and elucidate the underlying mechanisms of key driving factors using machine learning approaches.
Method: Based on phenological observation data for winter wheat from 1989 to 2023 and data from 16 global
climate models (GCMs) under the CMIP6 framework for the period 2024—2100, the study area was divided
into four climatic zones according to growing degree days (GDD), corresponding to the thermal gradient
from Northern Xinjiang to Southern Xinjiang. A panel dataset comprising yield and climate data was
constructed. Machine learning models were employed to analyze the impact of climatic factors on winter
wheat yield and to forecast future yields, with the SHAP framework used to clarify the feature importance of
each climatic factor.

Results: (1) This study reveals the spatiotemporal evolution characteristics of long-term and extreme climate

indices during the winter wheat growing season. Historically, accumulated degree days (GDD) for winter
wheat growth in Xinjiang showed significant increases, with Regions III and IV exceeding Regions I and II.
Precipitation (Pr) exhibited a “north-high, south-low” pattern, while solar radiation (SR) was higher in
Regions III and IV than in Regions I and II. For the future period (2024~2100), GDD and Pr will continue to
rise, with the largest increases under the SSP5-8.5 scenario, while SR will decrease overall. Extreme
temperature indices show consistent warming trends, with amplified changes occurring between 2061 and
2100. Regions III and I'V exhibit particularly pronounced increases in warm event days. Extreme precipitation
indices strengthen overall, with long-term heavy precipitation indicators rising significantly as emission
intensity increases. Precipitation intensity and extremes intensify, reflecting a “warmer and wetter” pattern.
(2) The effects of long-term climate and extreme climate on winter wheat yield in Xinjiang were clarified.
Compared with the baseline period ( 1989 ~ 1998 ), the long-term climate change in 1999 ~ 2023 led to an
overall decrease in yield by 0.59 %, but increased yield in regions 1 and 2 ( 1.05 % ~ 5.47 % ) and decreased
yield in regions 3 and 4 ( 1.89 % ~ 3.00 % ). The overall change of extreme temperature increased the yield
by 0.63 %. The warm night index ( TN90p ) and cold index ( TN10p, TX10p ) had negative effects on the
yield, but the warm day index ( TX90p ) alleviated some negative effects. Extreme precipitation changes led
to an overall decrease of 0.86 % in yield. When the maximum daily precipitation ( RX1day ) exceeded 16
mm, the yield decreased significantly. Precipitation intensity ( SDII ) and extreme heavy precipitation (R95p)
were beneficial to yield increase.

(3) Key climatic factors affecting winter wheat in Xinjiang and their evolutionary characteristics were



identified. During the historical period, GDD was the primary driving factor across all four regions. Under
future scenarios, the importance of extreme low-temperature indicators (TX10p, TN10p) in Regions 1 and 2
will systematically increase. In Region 2, SR will emerge as the primary factor under high-emission scenarios,
while TX90p will occupy an absolute central position in Regions 3 and 4 and continue to intensify with
increasing emission levels, forming a climate pattern characterized by “dominant high temperatures and
complex fluctuations in extreme temperatures.” Compared to the historical period, the importance of
precipitation will relatively decline.

(4) The future trends in winter wheat yield in Xinjiang have been clarified. From 2024 to 2100, yields follow
a “rise-then-fall” trend, with 2060 serving as a critical turning point; yields generally increase across all
regions from 2024 to 2060, while some counties experience negative growth from 2061 to 2100, with Region
2 seeing a yield reduction of up to 9.42% under the SSP5-8.5 scenario. As emission intensity increases, the
coefficient of variation in yield rises, and yield stability declines significantly.

Conclusion: Winter wheat production in Xinjiang exhibits a regional divergence characterized by increased
yields in Northern Xinjiang and decreased yields in Southern Xinjiang. Future yields are projected to reach
a turning point in 2060, with an initial increase followed by a decline. Under a high-emission scenario, yield
stability will decline significantly, necessitating the development of tailored adaptation strategies based on
local conditions.

Key words: winter wheat; yield; long-term climate; extreme climate index; machine learning
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B 18%—34%. HAN %5051 /3477 1980—2020 - TH5/ iR HE5F K Bkt v [ /N 32 77
IR, RILE TR 70 i B SN AR B A ) e o, AR RN B R T AR
i, A AgAR A E AN R X8 N2 7 AR DTRR R 16.7%—26.1%. i JEXT1E
A B RN 7 1) 32 B R T IR B iR T S 15 R EY) e A K BRI - ZHAO ZEBOIH A 7
R, RICTRANEF- B S BK. B & COMKRE RIEMDE, M5EE 2 MK, <%
A Ak, 5 7B W N AE AN [ 3l o5 1R) 22 5 2.2 . Wang 25071 00K, R RS AEAR AL T BE X 7
PRI Je 4 22 R M N A F=H R, B R 21 8 R e ERE LNEP 800 T .
ZHU %5880 APSIM #7 525G 501t 77456, 0t T 1960—2010 FEARILF 5 /N 32 7=
BHRGRNFHIRA, RO ESRGEE .. KRS &K EIEMSS, RICEEF =
ARIT 3G, R DX I R P 1 T RS K B S 98D BTG

SAEAR IR T B A EK 80% LA b X 35k Bl g v et = i AR AR 5 5 B SR 2B MG, 51 R
T HTBTARAG AR PE N S S S5, VOGEL 2B $a i, P52 5 Wi S A R 1
ILFRIfRRE T A ERVEYD P 28 57 1 20%~49% » o FR Bl i A% BRI M7 DTk 9 18%~43%
Schierhorn® #F TR B, AW A% P R e 4 o 22 /N2 PP B AN 36%~40% . ITHABEIT
SR, AR TR i e T TR A IR /N 2 A 7 e R R 1T /S 2 AR K SR A e A )
38 s 77 2 AR 34 0). Andrea ST R F =i &) 5 1 548 H50R I M ey iR B R 20
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F1E % BAFRFHMEFMIL

Prtfom R FAF S E N B R AR, WHRUAIRRM], I 30 K, MRS
T RIS R ZE AN VEFF SRR 9, AN [R5 B0 2503t DX B sh iR 474 35
I 2 22 5 o WFFER M, /NI A R AR B PE S HU R R A B B B AL 2 LR 25 22 5+
FEPRIE 8 R R VME R B IO E 1 B el FERE s JHAEHT i B e 2 (1 A i 2 &
BU B KIRAHO o FpEETHEAR R AR AT 2 3R, JIY m iR i 5 A
PRSI RO E M 2 B8, REME R B HUR . Ak, N2 E I 5 2 AR
FRME, KPR R R H B0 2 N DY BAL 450 45, AL RARIR S F 0
B LT RONAE A/ N ZE A S A i v T B I 3 008 25 v - AR SR AR A i A B 3
Pl A TFAERTIYIA], ARG 4 35068 7 B 10 A7 T L 2 iy T A S A AR o A o AR Wl
TRLE, W PO V0 7 8 ) 28R4 55 HLANAA G PO, IR BF AR, W 7Kk 0T
PeE R A XA, BARRN BB AR 0T, BIREIRR, KRS
Wi A AR A A AR B M0 U B W TR, (BRI X 22 7 B3
4, BT AR A A T i A A 1 R BRI TR) & B AL HLAE 2 ) By A A,
UL Bk W i R AL R B A A A 5 7 B ) A 2 SO B AN e 1 25 1)

1.2.4 HEFIEEI~EMRPHINA

AR, ARV BT, BN AN AN A AL &8 5 2 BORAEAS R/ R AN
AN R 7 e R BRI e 7 KR E RIS . i, Cai 5508 fh& i@ ik 5 S s,
K FANLES 2% 2 iR RN /N 22 = AT AN B, B G MER R A (R = 0.75) . Z
eng EPILEEPFTGERET 12 MINET 959 NEABFRIX L, il 2003 #| 2020 4FK
SR, ERRPEM RSN, XGBoost HEAIPEREIL T2 HH (LR)
BEALARAR (RF) « k#24F (KNN) . AT#AEML (ANN) |« ZFHERHE (SVR) |
KATHICIZMN 4 (LSTM) K IREMZM LS (DNN) AR R R G =R A . Sa
na ZE1001) I B AH g 0 b X AR 7S X T 19912021 4R [RI /NP~ 1, SR 7 mipf L
LRPERAISTYE, RIBENLARAR (RF) A1 SVM LUK —Fh R MR LASSO PAR H B A g i
THREREE, iR ER RF B R T HABAY . Leng and Halll""ULLSE [ Jyhift
FLIX, o3 AR AL SR 2 1 [R5 BE AL AR MR T 1980-2010 4F £ oK B AR AT Tl
M. FEREH, FEHLARMAER (1=0.93, RMSE=246 kg/ha) HIRBALURS R B 2540 T 2k 1tk ]
JABEAY (1=0.51, RMSE=506 kg/ha) . Li ZE1O2RH N TAHIZ M 4% (ANN) AR, T3
] R P AN O B X FOK AR B 2 &, 53R K ANN (r=0.73~0.97. RMSE = 5
18~1281 kg/ha) EEZJTlEllH (r=0.5~0.93. RMSE=868~1681 kg/ha) [F)THiIHE /& &
Han S5V OSRIAIF 75 2% BH [t ATLAR PR S92 70 T A [ 48 /N 22 77 1 7 THD R o PR 200 T SR )
AR E .



