Supplementary text 1. The analysis of GGCM performance in simulating the impact of weather and climate extremes on crop yield.
Crop yields show the greatest sensitivity to extreme cold during the reproductive period, which leads to lower grain-setting rates1. Across the different extremes considered here, GGCMs exhibited the poorest performance in simulating the impacts of extreme cold on yields. Among the GGCMs, only ORCHIDEE-crop, pDSSAT, ACEA and PROMET explicitly accounted for the impacts during the reproductive period (Table S7). However, even for the three GGCMs, the significant impact still could not be captured, indicating the parameterizations still need further improvement.

Extreme rainfall, by causing excessive soil moisture, damages crop roots, induces nutrient deficiency through leaching or denitrification, and reduces the photosynthetic capacity of crops2,3. Only CGMS-WOFOST, the EPIC family, ACEA, and CYGMA accounted for part of these mechanisms (Table S7), which may be the reason for the poor performance of GGCMs in simulating the impact of extreme rainfall on rice yield. However, some critical mechanisms remain overlooked. For instance, extreme rainfall reduces effective panicles during the vegetative phase and decreases the number of grains during the reproductive phase for rice4. Furthermore, accurately representing waterlogging and other phenomena during extreme rainfall is also crucial for simulating its impacts in GGCMs.

The sensitivity of crop yield to heatwaves is greatest during the reproductive period, primarily reducing the grain-setting rate and the duration of grain filling1,5. Except for CGMS-WOFOST and CYGMA, GGCMs accounted for the partial impacts of heatwaves during the reproductive period, primarily by reducing the duration of grain filling (Table S7), which may be the reason for the simulated significant yield reduction of rice or maize. However, GGCMs still need to further develop parameterization schemes for the impact of heatwaves on the grain-setting rate.

Crop yields are sensitive to drought during the reproductive period, with drought reducing the grain-setting rate and the duration of grain filling6. GGCMs performed best in simulating the impacts of drought, with 10 out of 12 GGCMI phase 1 models and 8 out of 11 GGCMI phase 3 models simulating the significant yield reductions in maize due to drought (Fig. 5). However, most GGCMs primarily accounted for the impacts of drought on photosynthesis, leaf growth, and senescence (Table S7). GGCMs still need to focus on the impact of drought during the reproductive period to improve their ability in simulating the impact of drought on wheat yield.







[bookmark: _Hlk180332270]Table S1: The occurrence frequencies of province level weather and climate extremes in China during 1970–2019.
	Extreme events
	Wheat
	Maize
	Rice

	Heatwaves
	28
	226
	491

	Drought
	84
	121
	108

	Extreme cold
	116
	164
	316

	Extreme rainfall
	9
	257
	507

	Total
	237
	768
	1422



Table S2: Yield loss, interannual variation of crop yield and the relative yield loss for weather and climate extremes. The interannual variation was calculated as the mean of interannual variation in provinces where the respective extreme event occurred. The relative yield loss is the ratio of the yield loss to the coefficient of variation.
	Extreme event
	Yield loss (%)
	Interannual variation
	Relative loss (%)

	Heatwaves
	3.3
	0.10
	33.5

	Drought
	7.3
	0.11
	66.6

	Extreme cold
	1.9
	0.11
	18.0

	Extreme rainfall
	3.0
	0.10
	29.3



Table S3: Same as Table S2, but for individual crops.
	Extreme event
	Crop
	Yield loss (%)
	Interannual variation
	Relative loss (%)

	Heatwaves
	Wheat
	N/A
	N/A
	N/A

	
	Maize
	6.0
	0.11
	55.7

	
	Rice
	1.7
	0.08
	21.5

	Drought
	Wheat
	9.6
	0.13
	75.9

	
	Maize
	9.9
	0.12
	83.4

	
	Rice
	N/A
	N/A
	N/A

	Extreme cold
	Wheat
	N/A
	N/A
	N/A

	
	Maize
	N/A
	N/A
	N/A

	
	Rice
	3.4
	0.09
	38.2

	Extreme rainfall
	Wheat
	N/A
	N/A
	N/A

	
	Maize
	4.7
	0.11
	41.5

	
	Rice
	1.9
	0.09
	21.0











[bookmark: _Hlk165972035]Table S4: The cumulative and mean production and economic losses caused by weather and climate extremes during 1991–2019.
	Extreme event
	Production loss
(million tons)
	Monetary loss
(2019 billion USD)

	
	Total
	Mean
	Total
	Mean

	Heatwaves
	88.0
	3.0
	32.6
	1.1

	Drought
	64.2
	2.2
	19.0
	0.7

	Extreme cold
	39.0
	1.3
	12.8
	0.4

	Extreme rainfall
	73.7
	2.5
	26.5
	0.9

	Total
	264.9
	9.1
	90.8
	3.1
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Table S5: The occurrence frequencies of weather and climate extremes that significantly reduced crop yield during 1991–2019.
	Extreme event
	Wheat
	Maize
	Rice

	Heatwaves
	N/A
	120
	172

	Drought
	60
	92
	N/A

	Extreme cold
	N/A
	N/A
	116

	Extreme rainfall
	N/A
	126
	225



[bookmark: _Hlk165368520]Table S6: The mean production and economic losses caused by weather and climate extremes during 2010–2019.
	Extreme event
	Production loss
(million tons yr−1)
	Monetary loss
(2019 billion US$s yr−1)

	Heatwaves
	4.9
	2.2

	Drought
	1.3
	0.5

	Extreme cold
	0.8
	0.4

	Extreme rainfall
	3.5
	1.5

	Total
	10.5
	4.6



Table S7: Summary description of global gridded crop models (GGCMs) evaluated in this study. 
	
	[bookmark: _Hlk104415435]Crop model
	Typea
	Climate forcing
	Cropb
	Impacts of weather and climate extremes
	Ref.

	Phase 1
	CGMS-WOFOST
	S
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves reduce photosynthesis rate and increase respiration. Extreme cold delays phenological development and reduces daily photosynthesis rate. Drought and extreme rainfall reduce transpiration rate and cause leaf senescence. 
	7,8

	
	CLM4.5post-crop
	E
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis rate, and increase respiration. Extreme cold delays phenological development through affecting growing degree-day and reduces photosynthesis rate and respiration. Drought reduces stomatal conductance and transpiration.
	9

	
	EPIC-Boku
	S
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce the biomass and LAI increment, and constrain root growth. Extreme cold delays phenological development through affecting growing degree-day, reduces the biomass and LAI increment, constrains root growth, and reduces the above ground biomass. Drought reduces biomass gain, LAI increment and reduces the harvest index during the reproductive growth stage. Extreme rainfall also reduces the biomass and LAI increment through impacts on root aeration directly and increased nutrient leaching and soil erosion indirectly.
	10,11

	
	EPIC-IIASA
	S
	AgMERRA
(1980–2010)
	W, M, R
	Same as EPIC-Boku in simulating the impacts of weather and climate extremes.
	10,11

	
	GEPIC
	S
	AgMERRA
(1980–2010)
	W, M, R
	Same as EPIC-Boku in simulating the impacts of weather and climate extremes.
	12,13

	
	LPJ-GUESS
	E
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis for C4 crop, and increase respiration. Extreme cold delays phenological development through affecting growing degree-day, reduces photosynthesis, and causes leaf shedding. Drought reduces stomatal conductance and transpiration rate, causes leaf shedding, and increases allocation assimilated carbon to roots.
	14,15

	
	LPJmL
	E
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis, and increase respiration. Extreme cold delays phenological development through affecting growing degree-day and reduces photosynthesis. Drought reduces transpiration rate, adjusts the fraction of carbon assimilates between leaves and storage organs, and reduces LAI growth and the maximum of LAI.
	16

	
	ORCHIDEE-crop
	E
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis, increase respiration, affect the daily leaf growth increment and leaf senescence, and stop the carbon filling of harvested organs. Extreme cold delays phenological development through affecting growing degree-day, reduces photosynthesis, reduces the seedling density, affects the daily leaf growth increment and leaf senescence, and stops the carbon filling of harvested organs. Drought reduces stomatal conductance, transpiration rate, photosynthesis, and the seedling density, affects the specific leaf area, and causes leaf senescence. Extreme rainfall reduces the seedling density.
	17

	
	pAPSIM
	S
	AgMERRA
(1980–2010)
	W, M
	For wheat, heatwaves delay phenological development through affecting growing degree-day, cause devernalisation, reduce daily biomass accumulation and root depth growth rate, and accelerate leaf senescence; extreme cold delays phenological development through affecting growing degree-day, reduces daily biomass accumulation, grain filling rate, and root depth growth rate, and causes leaf senescence; drought reduces daily biomass accumulation, leaf growth increment, and root depth growth rate, and accelerates leaf senescence. For maize, heatwaves may delay phenological development through affecting growing degree-day and reduce daily biomass accumulation; extreme cold delays phenological development through affecting growing degree-day, reduces daily biomass accumulation, and accelerates leaf senescence; drought delays phenology, reduces daily biomass accumulation and leaf growth increment, accelerates leaf senescence, and causes crop death.
	18,19

	
	pDSSAT
	S
	AgMERRA
(1980–2010)
	W, M, R
	Heatwaves cause devernalisation and reduce daily biomass production, leaf growth increment, and the rate of kernel growth. Extreme cold delays phenological development through affecting growing degree-day and reduces daily biomass production, leaf growth increment, and the rate of kernel growth. Drought reduces daily biomass production, reduces leaf and root growth increment, and accelerates leaf senescence.
	19–21

	
	PEGASUS
	E
	AgMERRA
(1980–2010)
	W, M
	Heatwaves reduce daily net biomass production and reduce crop yield during anthesis. Extreme cold delays phenological development through affecting growing degree-day and reduces daily net biomass production. Drought reduces daily net biomass production
	22,23

	
	PEPIC
	S
	AgMERRA
(1980–2010)
	W, M, R
	Same as EPIC-Boku in simulating the impacts of weather and climate extremes.
	24

	Phase 3
	ACEA
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves inhibit pollination to reduce harvest index. Extreme cold delays phenological development through affecting growing degree-day, inhibits biomass production, and inhibits pollination to reduce harvest index. Drought reduces transpiration and canopy expansion, reduces stomatal conductance, accelerates canopy senescence, decreases root deepening, and affects harvest index. Extreme rainfall reduces stomatal conductance and transpiration by affecting root aeration and may even kill the crop (for all crops except rice).
	25,26

	
	CROVER
	E
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day and increase photosynthesis rate and respiration. Extreme cold delays phenological development through affecting growing degree-day, reduces photosynthesis rate, and affects crop yield. Drought reduces stomatal conductance and photosynthesis rate.
	27,28

	
	CYGMA
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves decrease the daily increment of leaf area and yield. Extreme cold delays phenological development through affecting growing degree-day and decreases the daily increment of leaf area and yield. Drought and extreme rainfall decrease the daily increment of leaf area and yield.
	29,30

	
	EPIC-IIASA
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Same as EPIC-IIASA in phase1 in simulating the impacts of weather and climate extremes.
	31

	
	ISAM
	E
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis rate, increase respiration, decrease the allocation of carbon to grain, and even make grains fail to develop during reproductive stage. Extreme cold delays phenological development through affecting growing degree-day, reduces photosynthesis rate, and causes leaf dead. Drought delays silk emergence for maize, reduces stomatal conductance, causes leaf dead, reduces gain filling, and increases carbon allocation to roots.
	32,33

	
	LandscapeDNDC
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce photosynthesis rate, increase respiration, cause aboveground biomass senescence, and reduce grain number and grain filling during flowering. Extreme cold delays phenological development through affecting growing degree-day, reduces photosynthesis rate, and causes aboveground and belowground biomass senescence. Drought reduces stomatal conductance and photosynthesis rate, causes aboveground and belowground biomass senescence, and makes no carbon allocated to leaves.
	34

	
	LPJmL
	E
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Same as LPJmL in phase 1 in simulating the impacts of weather and climate extremes.
	35,36

	
	pDSSAT
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Same as pDSSAT in phase 1 in simulating the impacts of weather and climate extremes.
	19–21

	
	PEPIC
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Same as EPIC-Boku in phase 1 in simulating the impacts of weather and climate extremes.
	24

	
	PROMET
	S
	WFDE5
(1981–2009)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, affect photosynthesis rate, grain filling during the reproductive period, and increase respiration. Extreme cold delays phenological development through affecting growing degree-day and affects photosynthesis rate and grain filling during the reproductive period. Drought inhibits germination, reduces stomatal conductance and thus photosynthesis rate and biomass allocation. Besides, crop may die before being harvested or not reach maturity due to extreme heat, extreme cold, and drought.
	37

	
	SIMPLACE-LINTUL5
	S
	GSWP3-
W5E5
(1902–2015)
	W, M, R
	Heatwaves shorten growth period through affecting growing degree-day, reduce biomass accumulation, and reduce crop yield directly. Extreme cold delays phenological development through affecting growing degree-day and reduces biomass accumulation. Drought reduces biomass accumulation, transpiration, and leaf growth increment, and increases partitioning of biomass to roots.
	38

	aE: ecosystem model; S: site-based model. bW: wheat; M: maize; R: rice.



Table S8: The average relative yield reduction during years with extreme events. The yields in years with extremes were compared with the average yield in normal years to get the relative yield reductions of each extreme event. The results were calculated separately for extreme events, irrespective of whether they occurred on cropland and during the growing season, and for agriculturally relevant extreme events only.
	
	Including agriculturally irrelevant extreme events
	Agriculturally relevant extreme events

	Heatwaves
	6.3%
	8.6%

	Drought
	16.3%
	21.3%

	Extreme cold
	1.1%
	7.2%

	Extreme rainfall
	9.6%
	10.4%
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[bookmark: _Hlk165974708]Fig. S1: The occurrence frequencies of province level weather and climate extremes for different crops in each year during 1970–2019. The solid lines represent the annual occurrence frequency of heatwaves (red), drought (orange), extreme cold (green), and extreme rainfall (blue), while the dashed gray and black lines show the trends in occurrence frequencies based on Ordinary Least Square regression for the periods 1970–2019 and 1991–2019, respectively. The asterisk denotes a statistical significance trend (P<0.05).
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Fig. S2: Production and corresponding economic losses of maize due to weather and climate extremes in China for 1991–2019. Same as Fig. 5, but for maize only. The cumulative production loss amounts to 136.2 million tons from 1991 to 2019, equivalent to an economic loss of USD 44.6 billion.
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Fig. S3: Same as Fig. 5, but for rice only. The cumulative production loss amounts to 117.3 million tons from 1991 to 2019, equivalent to an economic loss of USD 43.6 billion.
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Fig. S4: Same as Fig. 5, but for wheat only. The cumulative production loss amounts to 11.4 million tons, equivalent to an economic loss of USD 2.6 billion.
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Fig. S5: Temporal change in national grain yield, harvested area, and producer price. The solid lines represent the national grain yield, total harvested area, and producer price for wheat (green), maize (orange), and rice (blue), while the dashed lines indicate the trends of the observations using the Ordinary Least Square regression. Asterisks denote statistically significance trends (P<0.05).
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Fig. S6: The observed and simulated impacts of drought on wheat yield from 1980 to 2009. The multi-model ensemble (MME) means of GGCMI phase 1 and phase 3 models are also presented, respectively. The grey lines represent observed results, while the solid red and dash red lines represent simulated results for GGCMI phase 1 and phase 3, respectively. The asterisk denotes the yield was significantly affected by the extreme event (P<0.05), and the number represents the percentage of yield change.
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Fig. S7: Same as Fig. S6, but for the impacts of heatwaves on rice yield.
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Fig. S8: Same as Fig. S6, but for the impacts of extreme cold on rice yield.
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Fig. S9: Same as Fig. S6, but for the impacts of extreme rainfall on rice yield.
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Fig. S10: Same as Fig. S6, but for the impacts of heatwaves on maize yield.
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Fig. S11: Same as Fig. S6, but for the impacts of drought on maize yield.
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Fig. S12: Same as Fig. S6, but for the impacts of extreme rainfall on maize yield.
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Fig. S13: The average relative yield reduction during years with extreme events for 1970–2019, 1970–1990, 1991–2004, and 2005–2019, respectively. The yields in years with extremes were compared with the average yield in normal years to determine the relative yield reductions for each extreme event. The t-test was conducted to compare the relative yield reductions between the entire period (1970–2019) and each sub-period to assess whether there were significant differences, with a star above the bar indicating statistical significance (P<0.05).
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