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1. Supplementary Figures and Tables

Maize
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1.1. Supplementary figure SF1: Global breadbaskets

The global breadbaskets include the following states/provinces (for Europe, we included entire countries as
European countries are comparable in size with most states/provinces in other breadbaskets):



Wheat:

China: Shandong, Hebei, Henan, Jiangsu, Anhui

USA: Kansas, North Dakota, Idaho, Washington, Montana, Oklahoma, South Dakota, Minnesota, Nebraska,
Texas

Argentina: Buenos Aires, Cordoba, Entre Rios, Santa Fe

Australia: New South Wales, South Australia

India: Uttar Pradesh, Madhya Pradesh, Rajasthan, Maharashtra, Gujarat, Bihar, Haryana, Punjab

Europe: France, Germany, Poland, United Kingdom

Russia/Ukraine: Central Federal District, Southern Federal District (from 2010 on sum of new Southern Federal
District and North Caucasian Federal District), Volga Federal District, Ukraine

Wheat in this study’s breadbaskets covers 74% of the breadbasket countries’ production (2012) and 56% of
global wheat production (FAOSTAT, 2017). For Russia, only winter wheat was considered.

Maize:

China: Shandong, Hebei, Henan, lJilin, Liaoning, Heilongjiang, Inner Mongolia

USA: Kansas, lowa, lllinois, Indiana, Wisconsin, Missouri, South Dakota, Minnesota, Nebraska, Ohio
Argentina: Buenos Aires, Cordoba, Entre Rios, Santa Fe

Brazil: Goias, Mato Grosso, Parana, Sao Paulo, Minas Gerais

India: Madhya Pradesh, Rajasthan, Uttar Pradesh, Bihar, Maharashtra, Karnataka, Andhra Pradesh
Europe: Austria, France, Germany, Hungary, Italy, Romania

Maize in this study’s breadbaskets covers 74% of the breadbasket countries’ production (2012) and 56% of global
maize production.

Soybean:

China: Shandong, Hebei, Henan, Jilin, Inner Mongolia, Anhui, Jiangsu, Heilongjiang, Liaoning

USA: Kansas, lowa, lllinois, Indiana, Missouri, South Dakota, North Dakota, Minnesota, Nebraska, Ohio, Arkansas
Argentina: Buenos Aires, Cordoba, Entre Rios, Santa Fe

Brazil: Goias, Mato Grosso, Rio Grande do Sul, Parana, Santa Catarina, Sao Paulo, Minas Gerais, Bahia, Mato
Grosso do Sul

India: Madhya Pradesh, Maharashtra, Rajasthan

Soybean in this study’s breadbaskets covers 81% of the breadbasket countries’ production (2012) and 73% of
global soybean production.

Rice:

China: Anhui, Guangdong, Guangxi, Guizhou, Henan, Hubei, Hunan, Jiangsu, Jiangxi, Sichuan, Yunnan

India: Andhra Pradesh, Assam, Bihar, Haryana, Karnakata, Punjab, Uttar Pradesh, West Bengal, Orissa, Tamil
Nadu (only Kharif rice is considered as it accounted for 88% of total rice production in 2012)

Indonesia: Sumatra (weighted average of North Sumatra, West Sumatra, Jambi, South Sumatra, Lampung, Aceh),
Java (West Java, Central Java, East Java), Nusa Tenggara (West Nusa Tenggara), Kalimatan (West, Central and
South Kalimatan), Sulawesi (South Sulawesi)

Compared to the other crops, rice has usually multiple seasons per year. In our Chinese breadbasket, the typical
cropping system is double rice cultivation consisting of early (May-July) and late (July to October) rice®. Due to a
lack of harvest specific crop data, we combined the two seasons in our analysis. Rice in India refers to kharif,
wet-season rice only which accounts for 88% of all Indian rice2. In Indonesia, the dominant season is the wet
season which is planted between October and December and harvested before April when the second dry
season rice is planted?. Best results in the climate-yield correlation analysis were achieved for climate indicators
relevant to the wet season (see Pearson_correl_all_table).

The breadbasket rice production covers 74% of total rice production in those countries and 38% of global total
rice production.



1.2 Supplementary table ST1:

Literature used for climate risk indicators selection.

Literature was selected in a systematic way: We searched Google Scholar for the crop name, in combination
with the country/region name, different climate stress factors such as “drought” and with climate variables such
as “temperature” or “precipitation”. Only empirical studies which had found a significant impact of climate
indicators on crop yields in the past were chosen. The following literature are studies whose climate-yield
relationship was confirmed in our correlation analysis using observed detrended yield and re-analysis climate
indicators.

Crop: Breadbasket: Indicator: Literature influencing
climate indicator choice:
Wheat = India SPI-1  averaged over | Kumar et al
June, July, August and | (2004)*Subash and Ram
September (2011)°
=  China Cumulative precipitation | Liu et al (2007)®
(cp) between June and | Wang et al (2001)’
September  of  the | You et al (2009)%
previous year (rainy
season)
Cp between May and
=  Australia Nov (growing season) Potgieter et al (2002)°
Yu et al (2014)%°
Maximum temperature | Innes et al (2015)%*
(tmax) between May to | Luo (2005)*?
November Wardlaw and Wrigley
(1994)13
Cp between October and
= USA May (growing season) Zhang et al (2015)%*
Number of days above
34°C  (t34) between | Tack et al (2015)%
March and May
Minimum temperature
= Argentina (tmin) between May and | Magrin et al (2009)®
December (growing | Hernandez et al (2015)%
season) Licker et al (2013)*8
Gammans et al (2017)%°
Cp between November | Soltani et al (2016)%°
=  Europe and December Pirttioja et al (2015)%*
T34 between April and | Olesen (2011)%?
August
Cp between March and
= Russia/Ukraine June Sannikova (2007)%3
Average  Temperature | Belyaeva (2017)%*
(tmean) between May | Licker et al (2013)*®
and August Sannikova et al (2007)%3
Mueller (2016)%
Maize = |India Maximum temperature | Kumar et al (2011)%
(tmax) between June




and  October (kharif
season)

Number of days above

Schlenker and Roberts

USA 29°C between May and | (2009)%’
November (t29)(growing | Zhang et al (2015)%*
season)
Cp between June and | Matsumura et al (2015)%®
August Heimfarth et al (2011)%°
China Tmax between May and | Liu et al (2012)%*
September (growing
season)
Magrin et al (2005)3!
Argentina Cp between November | Podesta et al (2009)3?
and January Llano et al (2015)3
Tmax between
December and February
Llano et al (2015)33
Brazil Cp between November | Chen and Fonseca
and February (1980)3*
Pravalies (2014)%
Europe Cp March to August Pravalies (2016)3¢
Pinke (2017)%
Ceglar (2016)3®
Tmean between May | Pinke (2017)%
and August
Soybean USA Number of days above | Schlenker and Roberts
30°C between May and | (2009)¥
September Zhang et al (2015)%*
(t30)(growing season) McCarl (2008)%*

Brazil Cp between November | Llano et al (2015)3
and March

Argentina Cp between November | Magrin et al (2005)3!
and March Penalba et al (2007)%°
Tmax between January | Llano et al (2015)3
and February (flowering)

India Cp between June and | Lal et al (1999)*
November (growing | Ramteke et al (2015)*?
season)

T30 between June and
November

China T30 between May and | Zheng et al (2015)%**
September (growing | Yin et al (2016)*
season)

Rice China Solar radiation (rad) | Zhang et al (2010)**

India

between February and
November (combined
growing season of two
harvests in South China)




Indonesia

Cp between June and
September

Tmax between June and
September
Rad between June and
September

Rad between November
and February

Auffhammer et al
(2012)%

Auffhammer et al
(2006)%

Duncan et al (2017)%
Pattanayak and
Kumar(2014)*®
Pattanayak and
Kumar(2014)%®

Duncan et al (2017)%
Pattanayak and
Kumar(2014)%

Welch et al (2010)*°
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1.3 Supplementary figure SF2:

Crop calendar and climate indicators.

Temperature, precipitation and solar radiation based climate indicators for each crop are shown on the top. For
details about the exact indicators, see ST1. On the bottom, harvest periods are shown, taken from USDA®C. Our
agricultural year starts with a harvest in the Southern hemisphere and corresponding climate followed by

breadbaskets in the Northern hemisphere.
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1.4 Supplementary figure SF3: Definition of a climate indicator threshold. Maize-climate relationship in
Santa Fe province, Argentina. Regression on the top includes a 90% prediction interval.

To define the climate indicator thresholds we use a simple linear regression between climate indicator and
detrended crop yield for each crop and state/province. The threshold is set at the climate value corresponding
to the 25" percentile of detrended yields. 25% was set as indicator of low yields indicating significant crop losses
following [*1].
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1.5 Supplementary figure SF4: Climate indicator distributions for period 1 and period 2 for each crop
and breadbasket including the indicator-specific threshold.

The distributions include dependencies between states/provinces of the breadbaskets resulting from the

copula analysis. Standard errors for both periods (SE1 and SE2) indicate the sampling error resulting from 1000
iterations,
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1.6 Supplementary figure SF5: Climate risk changes in percentage points between 1967-1990 and 1991-
2012. Error bars reflect the sampling errors.

Changes between 1967-1990 and 1991-2012 in more detail:

Wheat: Climate risks increased in Argentina due to a strong warming of night-time temperatures® which
negatively effects wheat growth. Wheat climate risks have increased in the Southwest of the Indian wheat
breadbasket and decreased in the Northwest. Ramteke et al. (2015)*? suggest that in the future, wheat as a rabi
season crop will become more vulnerable due to large increase in temperature and higher rainfall uncertainties.
In the Chinese breadbasket, climate risks have decreased due to an increase in monsoon precipitation®. In the
US, climate risks have slightly increased in some states and slightly decreased in others. In Australia, wheat
climate risks increased in New South Wales and decreased in South Australia.

Maize and Soybean: In Brazil, summer precipitation has a positive correlation with soybean and maize yields,
except for Mato Grosso which is the wettest province in the breadbasket. An increasing precipitation therefore
reduced climate risks for soybean and maize except Mato Grosso province where excess soil moisture can
disturb root growth and thereby nutrient and water uptake®*. In the US breadbasket, soybean and maize climate
risks have slightly decreased with changes in maize risks smaller than the standard error. Looking in more detail
at the region, climate risks for both soybean and maize have mostly declined in the Northwest and increased
toward the Southeast of the breadbasket. This can be explained by stronger negative correlation between
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temperature and soybean and maize crops towards the Southeast compared to the Northwest as well as by an
overall decrease in temperature in the centre of the US’ maize and soybean belts®>°®. In China, a clear positive
temperature trend, especially in the Northeast of China’s soybean and maize breadbaskets*, increased
temperature based climate risks to the crop. Precipitation trends, on the other hand, are not as clear (Lobell,
2011). On an aggregate breadbasket scale, precipitation-based climate risks decreased slightly. In India,
maximum temperatures during maize and soybean growing seasons show an increasing trend®” which is why
climate risks are increasing except for states that show a positive correlation between high temperatures and
yield such as Bihar and Maharashtra for maize. One possible reason for the positive correlation between maize
and hot days in Bihar is the highest irrigation rate within the Indian maize breadbasket. Soybean, on the other
hand, is mostly rainfed>®. The precipitation-based risk indicator for soybean in India decreases slightly. Although
the overall precipitation stays the same across the two periods, precipitation exceeds the breadbasket’s climate
threshold slightly more often in the first period.

Rice: Owing to the limited explanatory power of temperature and precipitation, solar radiation was added as a
climate indicator for rice. Although solar radiation is generally assumed to have a positive effect on rice yields
as increased radiation improves photosynthesis*¢%, studies found a negative correlation between rice and
solar radiation in India and Indonesia*®“°. One explanation could be the already high levels of radiation that
exceed the optimum at different growth stages*®. Owing to the negative correlation, radiation based climate
risks have decreased as a consequence of the so-called “global solar dimming”4%162 a phenomena which is
believed to result from increased cloudiness caused by regional brown clouds of aerosol pollution and of global
warming®634 |n China, on the other hand, solar radiation is positively correlated with rice yields in our rice
breadbasket in the Southeast**. Compared to other regions, many studies suggest that in China, there has been
a “dimming to brightening” before and after 1990525 or at least a stabilization of solar radiation®®. This agrees
with increases of solar radiation in our re-analysis data. Thus, radiation-based climate risks have decreased in
the Chinese breadbasket as well.
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1.7 Supplementary figure SF6: Area affected by climatic risks in the global breadbaskets. Area (in
percentage of total breadbasket crop area) experiencing simultaneously climate risks. For period 1
(1967-1990), harvested area in 1990 was aggregated over breadbaskets experiencing simultaneous
climate risks. In period 2 (1991-2012), harvested area in 2012 was used. Pie charts on the bottom
show the ratios of harvested area of different countries of the global breadbaskets.
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The area analysis is consistent with results in Figure 2. For wheat, maize and soybean the percentage of area
suffering from adverse climatic conditions increased in the second period. For soybean, however, the changes
in area under risk are smaller than when looking at the number of breadbaskets. For crop area under risk
between 70-85% of the breadbaskets, the area under risk has even decreased. For rice, the area under risk
decreased (except for a small part between 60 and 70% crop area experiencing climatic risks). Looking at the
lower part of the figure, one can see for wheat, the US and Indian breadbaskets cover nearly 50% of harvested
area and therefore have a higher weight than Argentina or Australia. As the area distributions stays nearly
constant between the two periods but climate risks increase in most breadbasket regions, the overall area under
climate risks increases. For maize, increases in climate risk in China play a larger role as China has a large area
share and the area weight of China increases between the periods. The US has a large share of harvested area
but they share slightly decreases between the periods which reduces the weight of the slightly decreasing
climate risks. For soybean, the increase in area experiencing climate risks is rather small which has to do with
the fact that decreasing climate risks in the US and Brazilian breadbaskets are weighted more than the other
breadbaskets. On the other hand, increasing risks in the Indian breadbasket and increasing precipitation-based
risks in Argentina are weighted more in the second period as the area share of those countries increases whereas
the share of the US decreases. For rice, the area shares stay fairly constant between the periods with India having
the biggest share but decreasing climate-risks in China and Indonesia together still weighting more than 50%.

17



a Soybean in China

Annual probability of occurrence

b Wheat

Annual probability of occurrence

04

03

0.2

0.1

00

06

0.5

0.4

0.3

02

0.1

0.0

B 1967-1990

8 independent BBs
@ 1991-2012
O

independent BBs
0.278

0.246

0.228
0.213

0.164 p.162 0.159.18
0.4

002

0 1 2 3 4

0114812

5

0.251

77 | 0081 0.07

6

0.169

0.184

0.023
'mﬁmz
002

Mumber of provinces with simultaneous climate risks

B 1967-1990
O independent BBs
B 1991-2012
O independent BBs

0477
0.172

0.051
0.02
014

0.045
0.005 009
0.004 001

e

0 1 2 3

4

5

0.089
0.091
0.04

0.005 0.014
0.003 0.012

Number of breadbaskets with simultaneous climate risks

18



c Maize

Annual probability of occurrence

06

05

04

03

0.2

0.1

0o

d Soybean

Annual probability of occurrence

08

0.5

04

0.3

0.2

0.1

0.0

B 1967-1990
O independent BBs
E 1991-2012
O independent BBs

0.102

0.108

0.017 o044 0017
0.015 im 0008 0044
0 1 2 3 4 5 6
Number of breadbaskets with simultaneous climate risks
B 1967-1990
O independent BBs
B 1991-2012
O independent BBs
0.336 0323
0.‘.’-4“3
gy 31323
0.186
0.480-186 155 0149
.450.156 0.123%.4480.149
0.04
0.028 002  0.027
0.0370-04 e 028 0.0170.020.023.027
0 1 2 3 4 5

Number of breadbaskets with simultaneous climate risks

19



e Rice

Annual probability of occurrence

o
L]

B 1967-1990

O independent BBs
g -4 B 19912012 0.477

O independent BBs

0.42
= |
(o]
@
L]
0.234
o
(]
0118 g.143
= 0.076
e
o |
(o]
0 1 2 3

Number of breadbaskets with simultaneous climate risks

1.8 Supplementary figure SF7: Comparison with independent breadbaskets and provinces.

Comparison between climate risks to crops when historical dependencies are included and when independence
between the breadbaskets are assumed (keeping the dependence between different climate indicators in the
same breadbasket as well as the internal dependence structure between states/provinces of a breadbasket).
Period 1 refers to 1967-2012 and period 2 to 1991-2012. Error bars reflect the sampling errors determined in
1000 iterations.

Results in detail:

a) Soybean in China: There is a significant difference between period 1 and period 2 with period 2 having
a larger mean than period 1 (significance refers here to parametric (e.g. t-tests) and non-parametric
tests (e.g Wilcoxon), if not otherwise stated both type of tests found to be significant). There was no
significant difference in mean between the dependent and independent case. However, there is a clear
and significant difference (e.g. using the Poisson test) between the dependent and independent case if
each occurrence is examined separately (e.g. the likelihood of simultaneous climate risks in 3 provinces
differs significantly from the likelihood of simultaneous climate risks in 3 provinces if they are assumed
to be independent).

b) Wheat: Period 2 is on average significantly greater than period 1 at 0.001 significance level for all
dependencies. When dependencies between breadbaskets are ignored, simultaneous risks are, in
period 2, on average significantly lower than when dependencies are considered. In period 1, there is
no significant difference. The same applies if we look at each simultaneous risk case separately. There
are significant differences between all dependent and independent cases for both periods.

c) Maize: It was found that Period 2 has a significantly larger mean than period 1. Looking at the
dependencies, maize shows no significant difference in mean between the dependencies. However,
figure SF6 shows that the independent case is larger in the extremes (0 and 1 simultaneous breadbasket
failures for low risks and 5 and 6 simultaneous risks for high risks). Hence, there are also cases that
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climate risks in the global maize breadbaskets can level each other out. This may be an important
observation in regards how to manage the risk of breadbasket failures on the global scale.

d) Soybean: Period 2 was found to have a significantly higher mean than period 1. Comparing each

likelihood of simultaneous occurrence between the two periods, there are significant differences
between the periods for all simultaneous climate risks. Comparing dependencies, there are no
significantly different means in the case of independence between BBs. However, there are significant
differences between the dependencies for period 2 and for period 1.

e) Rice: On average, period 1 shows significantly higher climate risks than period 2. Between the

05

10

100 300 300

120 200

140 240

dependencies, there is no difference in average risks. When each simultaneous risk is compared
individually, however, significant differences between the dependencies in both periods were found.

Wheat climate correlation structures
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Rice climate correlation structures
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1.9 Supplementary figure SF8: Correlation structure between climate indicators using Kendall’s tau. The
plots include a scatterplot matrix with histograms, kernel density overlays, correlation coefficients
and significance asterisks (0.05, 0.01, 0.001).

References

1. Tao,F. et al. Single rice growth period was prolonged by cultivars shifts, but yield was damaged by climate
change during 1981-2009 in China, and late rice was just opposite. Glob. Change Biol. 19, 3200-3209
(2013).

2. Ministry of Agriculture and Farmers Welfare, Govt. of India. Crop Production Statistics. (2015).

3.  Naylor, R. L., Falcon, W. P., Rochberg, D. & Wada, N. Using El Nino/Southern Oscillation climate data to
predict rice production in Indonesia. Clim. Change 50, 255-265 (2001).

4. Krishna Kumar, K., Rupa Kumar, K., Ashrit, R. G., Deshpande, N. R. & Hansen, J. W. Climate impacts on
Indian agriculture. Int. J. Climatol. 24, 1375-1393 (2004).

5. Subash, N. & Ram Mohan, H. S. Trend detection in rainfall and evaluation of standardized precipitation
index as a drought assessment index for rice—wheat productivity over IGR in India. Int. J. Climatol. 31,
1694-1709 (2011).

6. Liu, J.,, Wiberg, D., Zehnder, A. J. & Yang, H. Modeling the role of irrigation in winter wheat yield, crop
water productivity, and production in China. Irrig. Sci. 26, 21-33 (2007).

7. Wang, H., Zhang, L., Dawes, W. R. & Liu, C. Improving water use efficiency of irrigated crops in the North
China Plain—measurements and modelling. Agric. Water Manag. 48, 151-167 (2001).

8. You, L., Rosegrant, M. W., Wood, S. & Sun, D. Impact of growing season temperature on wheat
productivity in China. Agric. For. Meteorol. 149, 1009-1014 (2009).

9. Potgieter, A. B.,, Hammer, G. L. & Butler, D. Spatial and temporal patterns in Australian wheat yield and
their relationship with ENSO. Crop Pasture Sci. 53, 77-89 (2002).

10. Yu, Q. et al. Year patterns of climate impact on wheat yields. Int. J. Climatol. 34, 518-528 (2014).

23



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Innes, P.J., Tan, D. K. Y., Van Ogtrop, F. & Amthor, J. S. Effects of high-temperature episodes on wheat
yields in New South Wales, Australia. Agric. For. Meteorol. 208, 95-107 (2015).

Luo, Q., Bellotti, W., Williams, M. & Bryan, B. Potential impact of climate change on wheat yield in South
Australia. Agric. For. Meteorol. 132, 273-285 (2005).

Wardlaw, I. F. & Wrigley, C. W. Heat tolerance in temperate cereals: an overview. Funct. Plant Biol. 21,
695-703 (1994).

Zhang, T., Lin, X. & Sassenrath, G. F. Current irrigation practices in the central United States reduce
drought and extreme heat impacts for maize and soybean, but not for wheat. Sci. Total Environ. 508, 331—
342 (2015).

Tack, J., Barkley, A. & Nalley, L. L. Effect of warming temperatures on US wheat yields. Proc. Natl. Acad.
Sci. 112, 6931-6936 (2015).

Magrin, G. O., Travasso, M. |., Rodriguez, G. R., Solman, S. & Nunez, M. Climate change and wheat
production in Argentina. Int. J. Glob. Warm. 1, 214-226 (2009).

Hernandez, V., Moron, V., Riglos, F. F. & Muzi, E. Confronting farmers’ perceptions of climatic vulnerability
with observed relationships between yields and climate variability in Central Argentina. Weather Clim.
Soc. 7, 39-59 (2015).

Licker, R., Kucharik, C. J., Doré, T., Lindeman, M. J. & Makowski, D. Climatic impacts on winter wheat yields
in Picardy, France and Rostov, Russia: 1973—-2010. Agric. For. Meteorol. 176, 25-37 (2013).

Gammans, M., Mérel, P. & Ortiz-Bobea, A. Negative impacts of climate change on cereal yields: statistical
evidence from France. Environ. Res. Lett. 12, 054007 (2017).

Soltani, A., Bakker, M., Veldkamp, A. & Stoorvogel, J. Comparison of three modelling approaches to
simulate regional crop yield: a case study of winter wheat yield in western Germany. J. Agric. Sci. Technol.
18, 191-206 (2016).

Pirttioja, N. et al. Temperature and precipitation effects on wheat yield across a European transect: a crop
model ensemble analysis using impact response surfaces. Clim. Res. 65, 87—105 (2015).

Olesen, J. E. et al. Impacts and adaptation of European crop production systems to climate change. Eur. J.
Agron. 34, 96-112 (2011).

Sannikova, M. & Bokusheva, R. Instruments Reducing Climatic Risk for Russian Agriculture. in Presentation
at the 101st EAAE Seminar: Management of Climate Risks in Agriculture, Berlin, Germany (2007).
Belyaeva, M. & Bokusheva, R. Will climate change benefit or hurt Russian grain production? A statistical
evidence from a panel approach. (Discussion Paper, Leibniz Institute of Agricultural Development in
Transition Economies, 2017).

Mueller, S. A., Anderson, J. E. & Wallington, T. J. Impact of biofuel production and other supply and
demand factors on food price increases in 2008. Biomass Bioenergy 35, 1623—-1632 (2011).

Kumar, S., Raju, B. M. K., Rama Rao, C. A,, Kareemulla, K. & Venkateswarlu, B. Sensitivity of yields of major
rainfed crops to climate in India. Indian J. Agric. Econ. 66, 340 (2011).

Schlenker, W. & Roberts, M. J. Nonlinear temperature effects indicate severe damages to US crop yields
under climate change. Proc. Natl. Acad. Sci. 106, 15594-15598 (2009).

Matsumura, K., Gaitan, C. F., Sugimoto, K., Cannon, A. J. & Hsieh, W. W. Maize yield forecasting by linear
regression and artificial neural networks in Jilin, China. J. Agric. Sci. 153, 399-410 (2015).

Erec Heimfarth, L. & Musshoff, O. Weather index-based insurances for farmers in the North China plain:
An analysis of risk reduction potential and basis risk. Agric. Finance Rev. 71, 218-239 (2011).

Liu, Z., Yang, X., Hubbard, K. G. & Lin, X. Maize potential yields and yield gaps in the changing climate of
northeast China. Glob. Change Biol. 18, 3441-3454 (2012).

Magrin, G. O., Travasso, M. |. & Rodriguez, G. R. Changes in climate and crop production during the 20th
century in Argentina. Clim. Change 72, 229-249 (2005).

Podest3, G. et al. Towards a regional drought monitoring and warning system in southern South America:
an assessment of various drought indices for monitoring the 2007-2009 drought in the Argentine Pampas.
(2009).

24



33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

Llano, M. P. & Vargas, W. Climate characteristics and their relationship with soybean and maize yields in
Argentina, Brazil and the United States. Int. J. Climatol. (2015).

Chen, S. C. & Da Fonseca, L. B. Corn yield model for Ribeirdo Preto, S3o Paulo State, Brazil. Agric.
Meteorol. 22, 341-349 (1980).

Pravalie, R., Sirodoev, 1., Patriche, C. V., Bandoc, G. & Peptenatu, D. The analysis of the relationship
between climatic water deficit and corn agricultural productivity in the Dobrogea plateau. Carpathian J.
Earth Environ. Sci. 9, 201-214 (2014).

Pravalie, R. et al. Water deficit and corn productivity during the post-socialist period. Case study: Southern
Oltenia drylands, Romania. Arid Land Res. Manag. 30, 239-257 (2016).

Pinke, Z. & Lovei, G. L. Increasing temperature cuts back crop yields in Hungary over the last 90 years.
Glob. Change Biol. 23, 5426-5435 (2017).

Ceglar, A., Toreti, A., Lecerf, R., Van der Velde, M. & Dentener, F. Impact of meteorological drivers on
regional inter-annual crop yield variability in France. Agric. For. Meteorol. 216, 58—67 (2016).

McCarl, B. A., Villavicencio, X. & Wu, X. Climate change and future analysis: is stationarity dying? Am. J.
Agric. Econ. 90, 1241-1247 (2008).

Penalba, O. C., Bettolli, M. L. & Vargas, W. M. The impact of climate variability on soybean yields in
Argentina. Multivariate regression. Meteorol. Appl. 14, 3-14 (2007).

Lal, M. et al. Growth and yield responses of soybean in Madhya Pradesh, India to climate variability and
change. Agric. For. Meteorol. 93, 53—70 (1999).

Ramteke, R., Gupta, G. K. & Singh, D. V. Growth and Yield Responses of Soybean to Climate Change. Agric.
Res. 4, 319-323 (2015).

Yin, X. G., Olesen, J. E., Wang, M., 6Zt(iRk, I. & Chen, F. Climate effects on crop yields in the Northeast
Farming Region of China during 1961-2010. J. Agric. Sci. 154, 1190-1208 (2016).

Zhang, T., Zhu, J. & Wassmann, R. Responses of rice yields to recent climate change in China: An empirical
assessment based on long-term observations at different spatial scales (1981-2005). Agric. For. Meteorol.
150, 1128-1137 (2010).

Auffhammer, M., Ramanathan, V. & Vincent, J. R. Climate change, the monsoon, and rice yield in India.
Clim. Change 111, 411-424 (2012).

Auffhammer, M., Ramanathan, V. & Vincent, J. R. Integrated model shows that atmospheric brown clouds
and greenhouse gases have reduced rice harvests in India. Proc. Natl. Acad. Sci. 103, 19668-19672 (2006).
Duncan, J. M. A,, Dash, J., Tompkins, E. L., 1 UWA School of Agriculture and Environment, University of
Western Australia, Perth, WA, 6009, Australia & 2 Geography and Environment, University of
Southampton, Southampton, Hants, UK, SO171BJ. Observing adaptive capacity in Indian rice production
systems. AIMS Agric. Food 2, 165-182 (2017).

Pattanayak, A. & Kumar, K. K. Weather sensitivity of rice yield: evidence from India. Clim. Change Econ. 5,
1450011 (2014).

Welch, J. R. et al. Rice yields in tropical/subtropical Asia exhibit large but opposing sensitivities to
minimum and maximum temperatures. Proc. Natl. Acad. Sci. 107, 14562-14567 (2010).

USDA. Economics, Statistics ad Market Information System. (2015).

Richter, G. M. & Semenov, M. A. Modelling impacts of climate change on wheat yields in England and
Wales: assessing drought risks. Agric. Syst. 84, 77-97 (2005).

Barros, V. R. et al. Climate change in Argentina: trends, projections, impacts and adaptation: Climate
change in Argentina. Wiley Interdiscip. Rev. Clim. Change 6, 151-169 (2015).

Qin, W., Wang, D., Guo, X., Yang, T. & Oenema, O. Productivity and sustainability of rainfed wheat-
soybean system in the North China Plain: results from a long-term experiment and crop modelling. Sci.
Rep. 5, 17514 (2015).

dos Santos, H. P. et al. Long-term effects of four tillage systems and weather conditions on soybean yield
and agronomic characteristics in Brazil. Aust. J. Crop Sci. 9, 445 (2015).

25



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lobell, D. B. & Asner, G. P. Climate and management contributions to recent trends in US agricultural
yields. Science 299, 1032-1032 (2003).

Lobell, D. B., Schlenker, W. & Costa-Roberts, J. Climate trends and global crop production since 1980.
Science 333, 616620 (2011).

Arora, M., Goel, N. K. & Singh, P. Evaluation of temperature trends over India / Evaluation de tendances
de température en Inde. Hydrol. Sci. J. 50, (2005).

Rost, S. et al. Agricultural green and blue water consumption and its influence on the global water system.
Water Resour. Res. 44, (2008).

Pathak, H. et al. Trends of climatic potential and on-farm yields of rice and wheat in the Indo-Gangetic
Plains. Field Crops Res. 80, 223—-234 (2003).

Trnka, M. et al. Adverse weather conditions for European wheat production will become more frequent
with climate change. Nat. Clim. Change 4, 637-643 (2014).

Stanhill, G. & Cohen, S. Global dimming: a review of the evidence for a widespread and significant
reduction in global radiation with discussion of its probable causes and possible agricultural
consequences. Agric. For. Meteorol. 107, 255-278 (2001).

Padma Kumari, B., Londhe, A. L., Daniel, S. & Jadhav, D. B. Observational evidence of solar dimming:
Offsetting surface warming over India. Geophys. Res. Lett. 34, (2007).

Huang, Y., Dickinson, R. E. & Chameides, W. L. Impact of aerosol indirect effect on surface temperature
over East Asia. Proc. Natl. Acad. Sci. U. S. A. 103, 4371-4376 (2006).

Ramanathan, V. et al. Atmospheric brown clouds: Impacts on South Asian climate and hydrological cycle.
Proc. Natl. Acad. Sci. U. S. A. 102, 5326-5333 (2005).

Wang, Y. W. & Yang, Y. H. China’s dimming and brightening: evidence, causes and hydrological
implications. Ann Geophys 32, 41-55 (2014).

Tang, W.-J,, Yang, K., Qin, J., Cheng, C. C. K. & He, J. Solar radiation trend across China in recent decades: a
revisit with quality-controlled data. Atmospheric Chem. Phys. 11, 393-406 (2011).

26



