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Supplementary Table 1 Previous estimates of change in crop yield (AY) due to
extreme climate events. Data is shown as mean =standard error, with n representing
sample size.

Event" Crop type Method AY n Reference

Extreme | Wheat, rice, maize, Statistical 0.6 +1.2% 47 |18

rainfall soy, millet, sorghum | analysis

Extreme | Wheat, rice, maize, | Statistical -8.1+3.1% 12 | o1

heat soy analysis

Extreme | Rice Statistical -10.2 +6.5% 10 |12

cold analysis

Drought | Wheat, rice, maize, | Statistical —52+2.8% 32 | 1314
SOy, analysis

Event Crop type Method Sensitivity of AY to n Reference

rainfall intensity

Extreme | Rice Statistical —0.03 £0.05% (cm h™!)™! | 47 | 1358

rainfall analysis

Extreme | Rice Field -1.0+£0.2% (cm h™1)™! 11 | 1516

rainfall observation

* See definitions in Supplementary Table 2.



Supplementary Table 2 Definition of climate extremes translated from the China
meteorological administration

A hail storm is a type of storm that is characterized by
hail as the dominant part of its precipitation. The size of
the hailstones can vary between pea size (6 mm) and
softball size (112 mm) and therefore cause considerable
damage.

Wind is difference in air pressure resulting in the
horizontal motion of air. The greater the difference in
pressure, the stronger the wind. Wind moves from high

pressure toward low pressure.

A tropical storm originates over tropical or subtropical
waters. It is characterized by a warm-core, non-frontal
synoptic-scale cyclone with a low-pressure center, spiral
rain bands and strong winds. Depending on their
location, tropical cyclones are referred to as hurricanes
(Atlantic, Northeast Pacific), typhoons (Northwest
Pacific), or cyclones (South Pacific and Indian Ocean).

Event Definitions” References in Chinese
Extreme A period of abnormally hot weather, if the daily http://zwgk.cma.gov.cn
heat maximum temperature exceeds 35°C. /zfxxgk/gknr/flfgbz/bz/
202107/420210716_35
40198.html
Extreme A period of abnormally cold weather, if daily mean http://zwgk.cma.gov.cn
cold temperature lies below that over the same period in /zfxxgk/gknr/flfgbz/bz/
history by one standard deviation. 202102/t20210210 27
20477 .html
Extreme Intense rainfall with short duration, if daily precipitation | http://zwgk.cma.gov.cn
rainfall exceeds 50 mm for rice planting regions in China where | /zfxxgk/gknr/flfgbz/bz/
mean annual precipitation >400 mm. 202102/t20210210 27
20509.html
Drought A period of unusually low precipitation that produces a | http://zwgk.cma.gov.cn
shortage of water for plants. It can be defined by /zfxxgk/gknr/flfgbz/bz/
different indices, such as standard precipitation index, 202102/t20210210_27
standardized precipitation evapotranspiration index, and | 19989.html
Palmer Drought Severity Index.
The other | It included hail, wind, typhoon and tropical cyclone. https://www.docin.com
events /p-2440560243 .html

http://zwgk.cma.gov.cn
/zfxxgk/gknr/flfgbz/bz/
202112/t20211221 43
17166.html

http://zwgk.cma.gov.cn
/zfxxgk/gknr/flfgbz/bz/
202102/t20210210 27
20508.html

* These definitions are similar with the Emergency Events Database (EM-DAT) at

https://www.emdat.be/Glossary.
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Supplementary Table 3 Correlations between AY and extreme rainfall indices. It
included intensity (RX1h, cm h™), total intensity (RX1hTOT, cm) and its proportion to
growing-season total precipitation (R99pPROP, %), frequency in hours (R99f, h), and
in proportion to growing season length (R99p, %), event amount (Rglevent, cm
event '), and event duration (ERED, hour event™!). The thresholds were defined as the
95t 99" or 99.9™ percentiles of hourly precipitation during growing season in the
reference period during 1981-2012 for each site. Extreme rainfall event was defined as
events that involve at least one extreme rainfall and for which the break between hourly
precipitation lies below 2, 6, 12, and 24 hours. Data is the sensitivity of AY to indices
(mean = standard error) estimated from 1,000-time bootstrap analysis. *p<0.05;
**p<0.01; ***p<0.001, n.s. for not significant.

AY vs. AY v.s| AY vs. | AY v.s. | AY V.S,
Break | Threshold IAY v.s. R99p | AY v.s. R99f
RX1h RX1hTOT| R99pPROP | Rglevent ERED

-23+06 |03 £ 0.1] -0.1 £ 0.1 | -0.7 £ 0.1 | —0.3 + 0.1

95.0" -11.9+5.4 (*)| —0.5+0.2 (*)
—22+0.7 |02 £ 0.1) -0.1 £ 0.1 | -0.6 + 02| -03 + 0.1 40 =+ 17.1
2h 99.0" -0.2+0.7 (n.s.)
(%) (*) (n.s.) (%) %) (n.s.)
—26+18 0.2 £ 0.8 =0.1 + 0.6 | =0.7 + 03 | =0.6 + 0.2 [139.3 + 152.9
99.9" 33457 (ns.)
(n.s.) (n.s.) (n.s.) *) (**) (n.s.)
-1.6+06 0.2 £ 0.1 -0.1 £ 0.1 | =05 + 0.1 [ 02 + 0.1 -85 =+ 5.7
95.0" -0.4+£0.2 (ns.)
(**) () (n.s.) (%) (**%) (n.s.)
-1.6+0.7 F0.2 £ 0.1 0.0 £ 0.1 |—-04 = 0.1 [ -02 £ 0.0 [-2.1 + 16.1
6h 99.0" —0.1+0.7 (n.s.)
* (n.s.) (n.s.) (**%) (**%) (n.s.)
—20£1.7 F0.1 £ 07,02 £+ 05[-05 + 03 |-02 + 02 [-141.27 +H
99.9" 4.0+£4.7 (ns.)
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) 134.2 (n.s.)
-1.7£0.6 |-0.2 £ 0.1 -0.1 £ 0.1 | =05 £ 0.1 [ 0.2 £ 0.0 [-10.3 + 5.5
95.0" —0.5+£0.2 (*)
(**) (*) (n.s.) (%) (%) (n.s.)
-1.8+0.7 |F0.2 £ 0.1 0.0 £ 0.1 |—-03 + 0.1 [ -0.1 £ 0.0 39 =+ 158
12h 99.0" 0.1 +£0.7 (ns.)
**) (n.s.) (n.s.) (**%) (**) (n.s.)
—21+£18 |F0.1 £ 0.7 0.0 £ 05]|-07 + 04| -03 + 0.2 [146.73 +137.2
99.9 3.5+5.0(ns.)
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.)
-14+£06 [F0.2 £ 0.1 -0.1 £ 0.1 | 04 £ 0.1 | 0.2 £ 0.0
95.0" —12.5+5.1 (%) —0.6+£0.2 (**)
(@) (*) * (%) (**%)
-1.9+0.7 |-0.3 H-01 + 01]-03 + 01]-01 + 0.0 |-17.7 £ 15.9
24h 99.0" -0.8+0.7(n.s.)
(**) 0.1(*) (n.s.) (**%) (**) (n.s.)
—26+18 0.1 £ 0.8 03 + 05|04 £ 03|-02 + 0.1 [1449 £ 145.6
99.9 4.2+5.0 (ns.)
(n.s.) (n.s.) (n.s.) (n.s.) (n.s.) (n.s.)




Supplementary Table 4 Model equations derived from the best-fit structural

equation model

Equation

Description”

Change in effective panicle per unit land area (AEP)

AEP = a, - ANy, + b,

AEP: relative change in effective panicle during vegetative phase
(%), AN,;: relative change in N uptake per tiller of rice during
vegetative phase (%), a; = 0.262, b; = —1.644.

ANy = ap * ANjoes + bZ

AN, : relative change in N uptake per tiller during vegetative phase
(%), AN,,,: change in N loss during vegetative phase induced by
extreme rainfall (kg N ha'), a, = —1.026 and b, = 7.054.

AIvloss = (Nll + er) - (NIO +
N,o) for model
performance assessment

AN,,: soil N loss (kg N ha™), N;:change in N loss via leaching
(kg N ha), N,:change in N loss via runoff (kg N ha?), with the
subscript 1 for extreme rainfall treatment and 0 for control.

N, = (0.0463 +0.0037 - %) :

(F +vy-D—U) for historical
simulations and future projections

P: precipitation during the vegetative phase (mm), C: clay content
(%), L: layer thickness or rooting depth (m), F: mineral and manure
fertilizer N (kg N ha™ yr%), y: the decomposition rate of manure
matter (% yr ), D: soil N density (kg N ha™), U: N uptake by crop
(kg N ha™), according to ref.'’,

N, = EFP-C, +H, - (C, — C,) -

EFP

(1—e Ar)+22-C,-W-T for

historical simulations and future
projections

EFP: effective precipitation per event during the vegetative phase,
defined as the difference between precipitation and the sum of
canopy interception and subsurface water fluxes (mm event?), C,.:

mean N concentration of rainfall (mg L™?), C mean N

b
concentration of ponded water (mg L), H,,: mean ponded water
level (mm), H,: weir outlet height (mm), W': soil-water exchange

velocity (cm s™), T: rainfall duration (s), according to ref.’2.

Change in filled grains per panicle (AFG)

AFG = ¢ KE,, + d - KE,; +
e ANy, + f

AFG: relative change in filled grain, KE,,: time-specific kinetic
energy during reproductive phase ( Jm=2h™!), KE,; : time-
specific kinetic energy during ripening phase (J m=2h='), AN,,,:
relative change in N uptake per panicle due to the change in AN,

¢ =—0.00424,d = —0.00115, e = 0.139 , f = —3.676.

AN, = as - AN, + by

This correlation is confirmed by previous work?®, a,; = 0.723,
b, = 1.592.

KE =1288.17 - u‘1‘34 .
Int(1+134:8)

Int: actual rainfall intensity (mm h™1), following Salles et al.%.
Constants that are linked to the type of microphysical process
dominant in the raindrop growth. Since stratiform rain dominates in
summer East Asia?!, we use constants corresponding to stratiform
rain (u = 40 and B = 0.21) in this study.

Int =

{0.736 -D*525 | for D < 2.531mm
10101900891 " £6r D > 2.531 mm

D: diameter of raindrop (mm), its correlation with Int is according
to Nanko et al.?2,




Supplementary Table 5 Physicochemical properties of topsoil in the experimental
site

Soil depth 0-20 cm 20-40 cm 40-60 cm 60-80 cm 80-100 cm
SOM 20.4 11.6 7.4 6.4 6.3
STN 1.2 0.8 0.6 0.5 0.6
STP 0.8 0.8 0.7 0.8 0.7
NH4-N 24 1.9 1.7 1.8 1.5
NOs-N 8.6 8.2 6.6 5.4 4.1
Olsen-P 29.4 222 14.4 31.8 15.0
Sand 0.4 0.6 0.4 0.7 0.2
Silt 79.8 82.2 81.8 80.3 76.5
Clay 19.8 17.2 17.8 19 233

The table depicts soil organic matter (SOM), soil total nitrogen (STN) and soil total phosphorus (STP)
in gkg™!, soil ammonium nitrogen (NH4-N), soil nitrate nitrogen (NO3-N), and soil available phosphorus
(Olsen-P) in mg kg!, as well as soil texture including sand, silt and clay content in %.



Supplementary Table 6 Model input data for historical simulations and future
projections
Input data Temporal Spatial resolution Data source Ref.
resolution
Historical simulations
Climate forcing” Daily 0.5° CRU-NECP v8 2
Atmospheric COz Annual - Ed Dlugokencky and Pieter 24
concentration Tans, NOAA/GML
Extreme rainfall intensity | Half hourly 0.1° GPM (IMERG), version 6.0 =

and event amount

Transplanting date

Fixed value

0.1° (interpolated from

site-level observations)

National agrometeorological

observation network

26

N loss via runoff

Event-based

0.1°

Calculated based on Table S4

and event amount

N loss via leaching Seasonal 0.1° Calculated based on Table S4 17
N application rate Seasonal lkm 2
Rice sowing area Fixed value lkm 2
Future projections

Climate forcing” Daily 0.5° IPSL earth system model 23
Atmospheric COz Annual - »
concentration (RCP4.5,

RCP8.5)

Extreme rainfall intensity | Half hourly 0.5° IPSL earth system model 3

Transplanting date

Fixed value

0.1° (interpolated from

site-level observations)

National agrometeorological
observation network (consistent

with historical simulation)

26

N loss via runoff Event-based 0.1° Calculated based on Table S4 18
N loss via leaching Seasonal 0.1° Calculated based on Table S4 17
N application rate Seasonal 1km Same as historical simulations 27
Rice sowing area Fixed value lkm Same as historical simulations 2

* It includes daily maximum temperature, daily minimum temperature, precipitation rate, surface wind, near-surface air

temperature, surface air pressure, air specific humidity, surface downwelling, shortwave radiation, surface downwelling,

and longwave radiation.
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Supplementary Fig. 1 Field observation network of rice yield, phenology, and
extreme climate events during 1999-2012. Note that panel b shows the distribution
of the 707 control-treatment pairs filtered by a window searching strategy.
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Supplementary Fig. 2 Field setup of the main experiment conducted from 2018 to 2019. a. Field location and the artificial rainfall simulation
system. b. Climate, fertilization, and irrigation conditions. c. Schematic diagram of field layouts and rainfall manipulations. Rainfall manipulations
were conducted in 3" July - 6™ July in vegetative phase, 6™ August - 9" August in reproductive phase, and 26" August - 29" August in repining
phase of 2018, and in 27" June - 30" June in vegetative phase, 2" August - 5" August in reproductive phase, and 28" August -31% August in
repining phase of 2019. Filled colors of panel ¢ corresponds to the manipulations conducted in different growth phases.
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Supplementary Fig. 3 An example to identify the control-treatment pairs using a
window searching strategy. Points in the top panel represent for extreme events for
which colors indicate their damage degree. Blue dot-line in the bottom panel represents
for annual actual rice yields, while red for fitted yields. Blue dotted boxes show the 6-
year moving windows, within which all available control-treatment pairs can be
identified, being shown as blue shadows.
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Supplementary Fig. 4 Annual rice yield growth from 1969 to 2019 in China. Data
was obtained from the FAOSTAT®. The dotted orange line indicates for the average
annual growth (0.8%).
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Supplementary Fig. 5 Comparison in the effects of different extreme events with
similar percentiles. a. Histogram with kernel density estimation (hereinafter referred
to as histogram) of extreme rainfall based on data of the maximum hourly precipitation
recorded in given days for different sites and treatment years, b. Histogram of extreme
heat based on data of maximum hourly air temperature recorded in given days for
different sites and treatment years, c. Histogram of drought based on data of the
minimum standardized precipitation evapotranspiration index®! recorded in given days
for different sites and treatment years, d. Histogram of extreme cold based on data of
the minimum hourly air temperature recorded in given days for different sites and
treatment years, e. Comparison of effects of extreme events with the similar percentiles
from 95 to 99" for extreme heat and rainfall and from 1% to 5" for extreme cold and
drought, f. Comparison of effects of extreme events with the similar percentiles from
99" to 99.8™" for extreme heat and rainfall and from 0.2" to 1% for extreme cold and
drought. For each of the 707 control-treatment pairs, we calculated the percentile of
climate extremes recorded in given days for each site in reference to the base period
1981-2012. The data used was from the site observations run by the China
Meteorological Administration (CMA). Both median and mode values were estimated.
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Supplementary Fig. 6 Correlations between AY and extreme rainfall. a. Intensity
as the maximum hourly precipitation when exceeding the threshold (RX1h), for which
we identified the 99™ percentile of hourly precipitation during growing season in the
reference period 1981-2012 as the site-specific threshold. b. Frequency as the fraction
of the hours when hourly precipitation exceeds the threshold to the length of rice
growing season in hours (R99p). ¢. Proportion as the sum of hourly precipitation that
exceeds the threshold divided by the growing-season total precipitation (R99pPROP).
d. Event amount as the precipitation amount averaged for extreme rainfall events that
involve at least one extreme rainfall and for which the break between hourly
precipitation does not exceed 6 hours (Rglevent). e. Event duration as the total hours
of extreme rainfall events during rice growing season divided by event numbers
(ERED). f. Total intensity as the sum of hourly precipitation when exceeding the
threshold (RX1hTOT, cm h!). g. Frequency as hours when hourly precipitation
exceeds the threshold to the length of rice growing season in hours (R99f, hours).
Threshold of extreme hourly rainfall was defined as the 99™ percentile. Rainfall event
was defined with the break between rainfall no more than 6 hours. Lines are the slope
values and shaded areas refer to the 95% confidence interval estimated from 1,000-time
bootstrap analysis. *p<0.05; **p<0.01; ***p<0.001. The Kruskal-Wallis Rank Sum
Test and Dunn’s test were used for testing significance among R99f, since its neither
conform to a normal distribution (Shapiro-Wilk test, p<0.001) nor meet the
homogeneity of variances (Bartlett's test, p=0.001). Blue shadows in panel g. covered
frequency>4, with the same letters indicating for not significant differences in
comparison with other frequencies, 0=0.05.
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Supplementary Fig. 7 Experimental evidence of the extreme rainfall-rice yield
relationship. a. AY v.s. extreme rainfall intensity. b. AY v.s. extreme rainfall event
amount; for panels a and b, no significant differences were found between the slope
values from national observations and rainfall manipulative experiments, or between
two experiment years. c. Attribution of relative changes in effective panicle per unit
land area (AEP), filled grains per panicle (AFG), and grain weight (AGW) to AY,
following the Kaya identity approach®, that is AY = AEP + AFG + AGW.
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Supplementary Fig. 8 Field setup of the supplementary experiment conducted in
2021. a. Field layout of two supplementary experiments. b to c. Artificial rainfall
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views from the right and left corners, respectively.
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Grain Distribution of shrunken and empty grains
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Supplementary Fig. 9 Differences in floret, grains, and grain distribution revealed
by the first supplementary experiment. Panels a to d indicate that florets adhered to
the surface of spikelet due to rainfall, while keeping normal for sheltered treatments
and the controls. Panels e to h indicate that rainfall induced less filled grains (FG) but
more empty or shrunken grains (EG or SG) than the sheltered treatments and the
controls, based on 6 panicles randomly selected. Panels i to | indicate that empty or
shrunken grains were found mainly in the upper part of the panicles for the exposed
treatments, while in general distributing evenly along the panicles for the sheltered
treatments and the controls, based on 3 typical panicles.

16



) &
aa
o
G5

Slope=-1.1, R?=0.67*** Slope=0.4, R?=0.61***

o
L
/
/

-10 1 B L

6/60
-30+ 19/120 o

> 51/180

404 ® 103/240 o

-104 7108

A5 -

Change in N uptake per tiller (%
Change in effective panicle (%)
\

0 5 10 15 20 25 30 35 40 -40 -30 -20 -10 0 10
Soil N loss (kg N ha™) Change in N uptake per tiller (%)

Supplementary Fig. 10 Experimental relationships between soil N loss and
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event amount (mm).
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Supplementary Fig. 11 Structural equation modeling for hypothesis tests. Aveg,
extreme rainfall event amount in vegetative phase; lrep and lrip, extreme rainfall intensity
in reproductive and ripening phases, respectively; AY, AEP, and AFG, relative changes
in rice yield, effective panicle, and filled grains, respectively; Nioss, Nut, and Nup, relative
changes in soil N loss, per-tiller N uptake during vegetative phase and per-panicle N
uptake during reproductive phase, respectively; Pioss, Put, Kut, relative changes in soil P
loss, per-tiller P uptake, and per-tiller K uptake during vegetative phase, respectively;
Photorep, photosynthetic rate in reproductive phase; LAlveg, leaf area index in vegetative
phase. Solid black (red) arrows (with standardized path coefficients) indicate
significant positive (negative) effects (p<0.05), while dotted lines for insignificant
effects.
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Supplementary Fig. 12 Performance of the improved ORCHIDEE-Crop model
for simulating rice yields. Observed yield is obtained from the main experiment in
2018, 2019 and the supplementary experiment in 2021, showing as mean = standard
deviation. Dot size refers to rainfall levels, while colors for three experiment years.
Parameters include slope, the coefficient of determination (R?) and mean root mean
square error (RMSE).
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Supplementary Fig. 13 Regional assessments of rainfall-induced rice yield
reductions in 2001-2016 based on the improved model. a-c. Effects of rainfall-
induced physical disturbance and N losses; d-f. Effects of rainfall-induced physical
disturbance; g-i. Effects of rainfall-induced N losses. j-l. Dominant pathways of
extreme rainfall impacts on rice yield. Left column is for single rice, middle column is
for early rice, and right column is for late rice. The number in each panel indicates
national mean relative change in rice yield weighted by sowing area and its standard
error for interannual variability.
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Supplementary Fig. 14 Relative change in extreme rainfall in 2085-2100 compared
to that in 2001-2016 under RCP 4.5 and RCP 8.5. The relative change is calculated
as the difference between IPSL-projected and IPSL-simulated extreme rainfall indices,
including extreme rainfall event amount in vegetative phase (Amountyeg), extreme
rainfall intensities in reproductive phase (Intensityrp) and in ripening phase

(Intensityrip).
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Supplementary Fig. 15 Patterns of extreme rainfall across the Asian rice fields. a.
Cumulative extreme rainfall event amounts during vegetative phase averaged over the
period 2001-2016, b. Extreme rainfall intensity during reproductive phase averaged
over the period 2001-2016. The definitions of extreme rainfall and its event can be
found in the Methods. Data sources of hourly precipitation, rice phenology, rice
production are the GPM IMERGV6%, Jagermeyr et al.®, and the FAOSTAT®,
respectively.
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Supplementary Fig. 16 Probability distributions of extreme rainfall from three
data sets during 2001-2016. a. the Extreme rainfall event amount during rice growing
season; b. Extreme rainfall intensity during rice growing season. Three data sets include
the site observation from the China Meteorological Administration (CMA), the China
Meteorological Forcing Dataset (CMFD, http://data.tpdc.ac.cn/en/data/8028b944-
daaa-4511-8769-965612652c49/), and global precipitation measurement (GPM)
IMERGVS, ref?,
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Supplementary Fig. 17 N application rates and rainfed ratios across the Asian rice
fields. a. N application rate?’, b. rainfed ratio®.
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Supplementary Fig. 18 Frequency of individual yield responses to climate
extremes. a. AY due to extreme rainfall, b. AY due to extreme heat, c. AY due to
drought, d. AY due to extreme cold, e. AY due to the other events (typhoon and tropical
cyclones). A preponderance of moderately negative values (falling towards the left
areas of the dashed lines) underlies the negative mean climate extreme response signals,
with a limited influence of a few outliers (those at the right areas of the dashed lines).
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Supplementary Fig. 19 Influence of sample size on AY. a. AY due to extreme rainfall,
b. AY due to extreme heat, c. AY due to drought, d. AY due to extreme cold, e. AY
due to the other events (typhoon and tropical cyclones). Estimated mean yield deficit
for extreme climate events in 200 sub-samples with size of (1, 2, ..., n) (points). Dotted
grey line shows the final estimated mean yield deficit. Most of the initial variability at
low sample sizes dissipates into the mean at well below the actual sample size.
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Supplementary Fig. 20 Comparison of yield observations and estimation from
yield components. a. Yield observations from adjacent plots owning 6 m? and 150 m?
in 2018, 2019 and 2021 under control. b. Observed and estimated yield. c. Observed
and estimated change in rice yield (AY). Column in panel a is shown as mean +standard
deviation. The solid line is the best-fit line and shaded area is the 95% confidence
interval (estimated from 1,000-time bootstrap analysis), with ***p<0.001. And n.s. for
not significant.
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