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Fig. S1. Ratio of food production unit (FPU)-year combinations in each

precipitation anomaly interval to all FPU-year combinations along the

precipitation anomalies. Blue bars (precipitation anomaly > 26) represent the

extremely wet intervals, while red bars the extremely dry intervals. Irrigated (IRR)

and rainfed (RFD) are distinguished for three crops: maize (a, d), rice (b, €), and

wheat (c, f).
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Fig. S2. Extreme aquatic nitrogen loss (Nw) anomalies during the historical
period. Silver areas represent the food production units with no extremely wet years
and white areas represent no cropland areas. Irrigated (IRR) and rainfed (RFD) are

distinguished for three crops: maize (a, b), rice (c, d), and wheat (e, f).
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Fig. S3. Average annual precipitation (aPr) over the period 1981-2010. Irrigated
(IRR) and rainfed (RFD) are distinguished for three crops: maize (a, b), rice (c, d),

and wheat (e, f).
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Fig. S4. Historical nitrogen input (Nin) based on the EarthStat dataset (39, 64).

60°N

40°N
20°N

v 120°8

40°S

60°N

40°N
20°N

>
S

v 120°8

40°8

60°N

40°N
20°N

< 120°8
7 40°S

Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize (a, b), rice

(c, d), and wheat (e, ).
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Fig. S5. Average aquatic nitrogen losses (Nw) over the historical period 1981-
2010. Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize (a,
b), rice (c, d), and wheat (e, f).
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Fig. S6. Number of extremely wet years over the historical period 1981-2010.
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Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize (a, b), rice

(c, d), and wheat (e, ).
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Fig. S7. Contribution of aquatic nitrogen losses (Nw) during extremely wet years
(EWYs35) to total Nw over the entire 1981-2010 period. Irrigated (IRR) and rainfed

(RFD) are distinguished for three crops: maize (a, b), rice (c, d), and wheat (e, f).
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Fig. S8. Changes in future annual precipitation (aPr) relative to 1981-2010
average. ‘Average’ means changes in aPr average over future 30 years, weighted by
food production unit (FPU) cropland areas, relative to the 1981-2010 average;
‘Extremely’ means changes in aPr average over future extremely wet years relative to

the 1981-2010 average. IRR: irrigated; RFD: rainfed.



IRR

RFD

IRR

RFD

15.04

1254

10.0 4

~
n
1

FPU-year sample (%)

o
o
1

0.0

Extremely dry Moderate dry  Maderate wel

15.09

1254

10.0 4

=~
n
|

FPU-year sample (%)

g
o
|

0.0

Extramoly dry Moderats dry  Modarats wet

15.0 9

1254

10.04

FPU-year sample (%)

0.0

Extremely dry Moderats dry  Moderats wet

15.0

1254

e
=
I

n
1

o
=
1

FPU-year sample (%)

[
o

0.0

Extramely dry Moderats dry ~ Modarats wet

Maize

n = 25050

1 u y
25-20-15-1.0-05 0.0 05 10 1.5 20 25 30

Precipitation anomaly (o)
Extremely wet

n=31980

T 1 U T
-25-20-1.5-1.0-0.5 0.0 05 1.0 1.5 20 25 3.0

Precipitation anomaly (o)
Extramely wat

Maize

n = 25050

1 U T
-25-20-1.5-10-0500 05 1.0 1.5 20 25 30

Precipitation anomaly (o)
Extremely wet

n = 31890

_— U U
-25-20-15-1.0-05 00 05 1.0 1.5 20 25 3.0

Precipitation anomaly (o)
Extramoly wet

SSP126

Rice
15.0 4
n=21300

1254

10.0 4

T u u
25-20-15-100500 05 10 1.5 20 25 30

Precipitation anomaly (o)

Extromely dry Moderate dry  Moderate wet  Extremely wet
15.0
n=22140
12.5 =
10.0
7.5+
5.0
25+
0.0 11 T T
-25-20-15-10-05 00 05 1.0 1.5 20 25 30
Precipitation anomaly (o)
Extremaly dry Moderatedry  Moderate wst  Extremely wat

SSP370

Rice
15.0 4
n=21300

12.54

10.0 4

0.0

T T T 1
25-20-15-1.0-05 00 0.5 1.0 15 20 25 30

Precipitation anomaly (o)

Extremely dry Moderate dry  Moderats wet  Extremely wet

15.0 7
n=22140

1254

10.0

25

0.0

] Uy
25-20-15-1.0-0.5 0.0 05 1.0 15 20 25 30

Precipitation anomaly (o)
Extromaly dry Moderate dry  Modorate wet  Extromaly wet

15.0

12.54

10.0 4

Wheat

n = 19800

0.0

15.0 4

125

10.0 4

Extromaly dry Moderats dry  Modarats wet

15.0 9

1254

10.0 A

0.0

Extremely dry Moderate dry

15.0 9

125 4

10.04

0.0

i

520 25 30

—r u
25-20-15-1.00500 05 10 1

Precipitation anomaly (g)
Extremely dry Moderate dry Extremely wot

M

11 T
25-20-15-1.00500 05 1.0 15 20 25 3.0

Moderate wet

n = 27000

Precipitation anomaly (o)
Extramely weat

Wheat

n = 19800

T 1
252015100500 0.5 1.0 15 20 25 30

Precipitation anomaly ()
Moderate wet  Extramely wet

n = 27000

1 T
-25-20-15-1.0-05 0.0 05 1.0 15 20 25 30

Precipitation anomaly (o)
xtromaly dry Moderate dry  Moderate wet  Extromaly wet

Fig. S9. Similar to fig. S1 but for the 2036-2065 period based on the SSP126

(upper panel) and SSP370 (lower panel) scenarios. The precipitation distribution

presents the overall samples distribution of the five climate models. Each panel is



organized with crops (maize, rice, wheat) as columns, and distinguished between

irrigated (IRR) and rainfed (RFD) conditions.
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Fig. S10. Similar to Fig. 3 in the main text, but based on the scenario SSP126.
Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize, rice, and

wheat.
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Fig. S11. Correlation between extreme nitrogen losses (Nw) and driving factors.
Each point represents the extreme Ny of a food production unit against various factors
averaged over historical extremely wet years. The solid lines indicate the best-fit

linear regressions between extreme Ny and driving factors, while the shaded areas



represent the 95% confidence intervals of 1,000 bootstraps. The “r” is the correlation
coefficient, with an asterisk indicating significance at 95%. The factors include annual
precipitation (aPr), N input (Nin), soil bulk density (BD), and relative precipitation
differences between two consecutive years (diffPr). Irrigated (IRR) and rainfed (RFD)

conditions are distinguished for maize (a-h), rice (i-p), and wheat (g-x).
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Fig. S12. Similar to fig. S11, but the influential drivers are growing season
precipitation (gsPr), precipitation during N fertilization period (ferPr), annual
temperature (aT), and growing season temperature (gsT). Irrigated (IRR) and

rainfed (RFD) conditions are distinguished for maize (a-h), rice (i-p), and wheat (g-x).
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Fig. S13. Similar to fig. S11, but the influential drivers are crop yield, coarse

fragment (CF), sand content (SDC), and silt content (STC). Irrigated (IRR) and

rainfed (RFD) conditions are distinguished for maize (a-h), rice (i-p), and wheat (g-x).
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Fig. S14. Relations between annual precipitation (aPr) anomaly and relative
precipitation difference between two consecutive years (diffPr). Equations show
the linear regression between aPr and diffPr with coefficient of determination (R?) and
p-value presented. Red lines are the linear regression lines. The relations are presented

for three crops: maize (a, b), rice (c, d), and wheat (g, ).
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Fig. S15. Absolute extreme aquatic nitrogen loss (Nw) changes during the
historical period. Silver areas represent the food production units with no extremely
wet years and white areas represent no cropland areas. Irrigated (IRR) and rainfed

(RFD) are distinguished for three crops: maize (a, b), rice (c, d), and wheat (e, f).
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Fig. S16. Performance of Random Forest (RF) on representing PEPIC simulated
crop yield and aquatic nitrogen losses (Nw). Dashed lines show 1:1 line. R?:
coefficient of determination; RMSE: root mean square error; ntree and mtry are the
RF parameters. The comparison is presented for three crops: maize (a, d), rice (b, e),

and wheat (c, f).
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Fig. S17. Mitigation of extreme nitrogen losses (Nw). The heat maps show a)
reduction in nitrogen input (Nin) over the 1981-2010 period, b) reduction in Nw over
the extremely wet years, and c) reduction in crop yield over the 1981-2010 period
resulting from a reduction of Nin to a certain level relative to current inputs. ‘Entire’
means Nin is scaled down over the entire period, while ‘diffPr’ means Nin is scaled
down only over years with relative precipitation difference between two consecutive
years (diffPr) higher than a certain threshold. Reductions in Nin, Nw, and crop yields
are relative to their respective 1981-2010 average. The three crops under both

irrigated and rainfed conditions are aggregated by area-weighted averages.
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Fig. S18. Similar to Fig. 5 in the main text, but without any compromises on crop
yield. Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize, rice,

and wheat.
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Fig. S19. Mitigation of future extreme nitrogen losses (Nw) distinguished by

irrigated (IRR) and rainfed (RFD) conditions. The mitigation measures are

achieved by using the diffPr thresholds and N input scaling ratios shown in fig. S18.
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Fig. S20. Similar to Fig. 5 in the main text, but for the scenario SSP126. Irrigated

(IRR) and rainfed (RFD) are distinguished for three crops: maize, rice, and wheat.
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of the measures in Fig. 5 in the main text. Rows are designated as IRR for irrigated

areas (a, b) and RFD for rainfed areas (c, d).
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Fig. S22. Mitigation of future extreme nitrogen losses. The figure shows changes
of the future extreme nitrogen losses (Nw), of the 20362065 average nitrogen input
(Nin) and crop yield with mitigation vs. no-mitigation relative to the 1981-2010
averages. The mitigation is achieved through using different optimal combinations of
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reductions of Nin (10%, 15%, and 20%) and of yield (3% and 5%). Bars show the
mean changes of different constraints, while error lines are the standard deviation.
Irrigated (IRR) and rainfed (RFD) are distinguished for three crops: maize, rice, and

wheat.
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Fig. S23. One dimensional partial dependence plots of aquatic nitrogen losses
(Nw) to different influencing factors according to the Random Forest simulations.
Nin: N fertilizer inputs (a-c); aPr: annual precipitation (d-f); aT: annual temperature

(g-1); DB: soil bulk density (j-1); diffPr: relative precipitation difference between two



consecutive years (m-o0). The bottom rug denotes data density. Three columns

represent for three crops: maize (left), rice (middle), and wheat (right).
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Fig. S24. Relative importance of the Random Forest models for simulating
aquatic nitrogen losses of maize (a), rice (b), and wheat (c). Nin: N input; aPr:
annual precipitation; ferPr: precipitation during N fertilization period; aT: annual
temperature; STC: silt content; CF: coarse fragment; DB: soil bulk density; SDC:
sand content; diffPr: relative precipitation difference between two consecutive years;
IRRF: distinguishing irrigated or rainfed cultivations; Extreme: distinguishing

extremely wet years or other years.
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Fig. S25. Comparison of nitrate leaching for maize (a) and wheat (b) based on
the four different leaching models. Soil nitrate leaching emission factor (EF) was
used to estimate nitrate leaching. Nitrate leaching estimates are provided by IPCC
(the International Panel on Climate Change (77), 30% EF), 19% Model (19% EF, Lin
etal. (2001) (72)), AEF (empirical model with inconstant EF, Wang et al. (2019)
(73)) and simulations by PEPIC.
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Fig. S26. Performance of PEPIC on simulating crop yield at the country level for
maize (a), rice (b), and wheat (c). Equations show the linear regression between
reported yields (from FAOSTAT) and simulated yields by PEPIC with coefficient of
determination (R?). Red dashed lines are the linear regression lines and blue ones are
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for each country.
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Fig. S27. Correlation between normalized observed total nitrogen (N)
concentration in the water bodies and normalized aquatic nitrogen losses (Nw)
simulated by the PEPIC model. Only the regions with observed total N

concentration over 10 years were considered.
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Fig. S28. Heat maps of auto-correlation of variables for maize (a), rice (b), and
wheat (c). Nin: N input; aPr: annual precipitation; gsPr: growing season precipitation;
ferPr: precipitation during N fertilization period; aT: annual temperature; gsT:
growing season temperature; STC: silt content; CF: coarse fragment; DB: soil bulk
density; SDC: sand content; diffPr: relative precipitation difference between two

consecutive years; IRRF: irrigated or rainfed cultivations.



Table S1. Proportion of extremely wet years (EWY5s) to all years in the historical

and future periods. IRR: irrigated; RFD: rainfed.
History SSP126 SSP370
IRR RFD IRR RFD IRR RFD
Maize 3.0 2.6 24.0 24.9 21.7 22.6
Rice 2.7 2.8 20.2 21.7 17.8 19.1
Wheat 3.0 2.7 25.0 21.7 24.4 26.8




Table S2. Nitrogen input (Nin, kg N ha yr) in historical and future periods
under irrigated (IRR) and rainfed (RFD) cultivations. IRR: irrigated; RFD:

rainfed.

History SSP126 SSP370

IRR RFD IRR RFD IRR RFD
Maize 184.7 1073 1937 1169 2173 129.0
Rice 146.2 86.3 168.,5 113s2 1735 97.1
Wheat 1482 76.3 167.0 829 1745 874




Table S3. Comparison of ratio of nitrogen losses (Nw, Tg N yr?) to nitrogen input

(Nin, TgN yr'l).
Bouwman et Bouwmanet Liuetal. Mekonnen Sutton et This
al. (2009) al. (2013) (2010) and Hoekstra al. (2013)  study

(74) (75) (76) (2015) (77) (78)
Nin 184 175 85 134 177 111
Nw 41 57 47 53 95 45

Nw/Nin  0.22 0.33 0.55 0.4 0.54 0.41
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