
1. Introduction
Extreme drought events are one of the most catastrophic natural disasters, with devastating consequences in many 
parts the world (B. Wang et al., 2020; Mazdiyasni & AghaKouchak, 2015; Piao et al., 2010; Rojas et al., 2019; 
Sarhadi et al., 2018; Tigchelaar et al., 2018). As the world population increases and dietary changes, the world 
demand for food is also increasing (Beltran-Pea et al., 2020; Renard & Tilman, 2019). With climate change, food 
production would be disturbed by drought events (Asseng et al., 2015; Liang et al., 2017; Lobell et al., 2011; 
Parent et  al.,  2018; Ray et  al.,  2015; Rosa, Chiarelli, Rulli, et  al.,  2020; Trnka et  al.,  2019; Wheeler & von 
Braun, 2013), especially under extreme climate (Ben-Ari et al., 2018; Challinor et al., 2014; Lesk et al., 2016; 
Schlenker & Roberts, 2009; Yu et al., 2018).

In 2010, Russia experienced a drought event. The country's grain harvest was reduced by one-third compared 
to previous years, which caused turbulence in global grain market supply and increased grain prices in many 
countries (Singh et al., 2021; Wegren, 2011). The drought event in Southeast Asia in 2008 led to a decline in 
rice production and an increase in rice price (Redfern et al., 2012). In the same year, the rice shortage indirectly 
caused unrest in Haiti (Childs & Kiawu, 2009). Through international food trade, the high risk of food shortage 
caused by drought in different regions, countries and times is smoothed. The risk would be much more destructive 
if major food producing countries and regions encounter severe drought concurrently. Fortunately, such situation 
had been both rare and mild in the past. The question is, however, could the situation become more frequent under 
the future climate change?

Studies on future simultaneous occurrence of drought events on the world's important cropland are essential for 
effective adaptation and human well-being (Gaupp et al., 2019; Kent et al., 2017; Lewis, 2019; Mehrabi, 2020; 
Vogel et al., 2019). Gaupp et al. (2017) studied the concurrent risk in five global major flood production countries 
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for a historical period 1967–2012. Gaupp et al. (2020) investigated the concurrent risk in 10 global major flood 
production countries/regions for a historical period 1967–2012. Mehrabi and Ramankutty  (2019) studied the 
concurrent risk for a historical period 1961–2008. Anderson et  al.  (2019) investigated the influence of large 
scale modes and climate variability on the concurrent risk for a historical period 1980–2010. Najafi et al. (2020) 
studied the concurrent risk caused by large scale ocean-atmospheric patterns for a historical period 1961–2013. 
These previous studies only investigated the concurrent drought in the historical period. Although the studies by 
Gaupp et al. (2019) and Tigchelaar et al. (2018) considered future climate, their studies only focused on limited 
regions/countries. Overall, comprehensive studies on concurrent drought among main crop production countries 
on a global scale remain limited, especially for future periods.

Here, we studied the concurrent drought among global main crop production countries (Figure 1a). We selected 
26 main food production countries as our research region, including China, the United States of America (USA), 
Canada, France, India, Brazil, Argentina, Russia, etc. The cropland area and cereal production in these countries 
account for over 70% of the world total. Under four Representative Concentration Pathway (RCP) scenarios (i.e., 
RCP8.5, RCP6.0, RCP4.5 and RCP2.6), we studied concurrent drought probability changes on croplands of the 
major food producing countries for the time period 1861–2099. This research could inform the countries' food 
policies, and also inform possible global impact mitigation strategies.

2. Study Region and Data
2.1. The Study Region

The food production in the 26 countries (Figure 1a) accounts for over 70% of the world total: about 70% for wheat, 
80% for maize and rice, and 90% for soybean according to the crop production data from Food and Agriculture 
Organization (FAO) of the United Nations during the period between 2015 and 2018 (http://www.fao.org/home/
en/). Wheat, maize, soybean and rice exports from these countries accounts for about 79%, 88%, 90% and 89% of 
the world total according to the FAO data. Total cropland area in these countries accounts for 71% of the global 
total. USA is the largest producer of soybean and maize in the world. China is the largest producer of wheat and 
rice, and is also the largest importer of soybean. USA and Brazil are the largest exporter of maize and soybean. 
Russia is one of the largest wheat exporter in the world. The studied countries play important roles in global food 
trade, and simultaneous droughts in these countries could significantly affect global food trade and food security.

2.2. Datasets

Monthly climate data were from the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b) with a 
spatial resolution of 0.5° (Frieler et al., 2017). ISIMIP2b include four Global Circulation Model (GCM) simu-
lations, that is, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC5. In ISIMIP2b, the historical 
periods of the models are from 1861 to 2005, and the projection periods are from 2006 to 2099 under the RCP8.5, 
RCP6.0, RCP4.5 and RCP2.6 scenarios according to the ISIMIP2b protocols (Frieler et al., 2017). Precipitation, 
air temperature, solar radiation, air pressure, specific humidity, and wind speed from ISIMIP2b were used in 
drought index calculation. Single model realizations are used in the historical and projection periods according to 
the ISIMIP2b protocols. To reduce the model biases and uncertainty, the ISIMIP2b climate data were bias-cor-
rected based on methods developed using global observation/reanalysis data (see the Supporting Information S1 
for more details about the ISIMIP2b data bias corrections) (Frieler et  al.,  2017; Lange,  2016; Lange,  2018). 
ISIMIP2b is considered one of the best climate datasets, and have been commonly used in hydrology related 
studies globally (e.g., Gernaat et al., 2021; Gudmundsson et al., 2021; Woolway et al., 2021). Therefore, we also 
used ISIMIP2b in our study. Cropland area distribution data were from the studies by Ramankutty et al. (2008) 
and Ramankutty et al. (2010).

3. Methodology
Both precipitation and air temperature can influence the drought conditions in cropland (Tigchelaar et al., 2018; 
Q. Wang et al., 2021). Standardised Precipitation-Evapotranspiration Index (SPEI) can consider both precipita-
tion and air temperature changes, and therefore we selected SPEI as the index for drought analysis. Standardised 
Precipitation-Evapotranspiration Index was calculated based on the studies by Hao et al. (2014) and Farahmand 

http://www.fao.org/home/en/
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and AghaKouchak (2015). Potential evapotranspiration (PET) is based on the FAO-56 Penman–Monteith equa-
tion (Allen et  al.,  1998) which was recommended by FAO for cropland. Air temperature, solar radiation, air 
pressure, specific humidity, and wind speed were considered in the PET calculation. GCMs in ISIMIP2b do 
not provide PET. PET in ISIMIP2b was simulated by independent ISIMIP participants using their land surface/
hydrological models. These land surface and hydrological models are independent of the GCMs. To follow the 

Figure 1. Studied countries, changes of the proportion of total cropland area under drought conditions from 1861 to 2099, 
and the maximum proportion of total cropland area under drought conditions. (a), Studied countries. (b), Proportion changes 
under moderate drought. (c), Proportion changes under severe drought. (d), The maximum proportion under moderate 
drought. (e), The maximum proportion under severe drought. The 16% and 17% horizontal lines in (b and c) represent the 
maximum proportions in the historical period. His = Historical period.
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FAO recommendation, we choose to use the FAO recommended Penman–Monteith equation. The advantage of 
the SPEI calculation approach is that it is not influenced by any parameters because it is a nonparametric approach 
(see the Supporting Information S1 for more details about the SPEI calculation). A 12-month accumulation time 
period was used in SPEI calculation since the main objective of our study is to investigate long-term drought 
events. Lesk et al. (2016) also used a 12-month time window to study influence of extreme weather events on 
global food production. Concurrent drought in accumulation periods less than 12-month would be useless if 
regions locate in different hemispheres. For example, the soybean in USA grown from May to September, and 
this period is from November to March of the next year in Brazil. Therefore, the concurrent drought between USA 
and Brazil from May to September is not indicative for the drought situations in cropland in Brazil. We did not 
investigate individual crops since their growing time periods and growing area distribution are different. Instead, 
we investigated the overall situations of long-term droughts in the cropland.

The four GCMs in ISIMIP2b are equally important because no information shows which GCM is superior to 
others, and equal weights were assigned to them when calculating averages of models. The average drought in a 
country was calculated as the cropland area weighted mean of drought index values (see the Supporting Informa-
tion S1 for more details). For SPEI, the thresholds for moderate and severe drought were −1.0 and −1.5 (Asong 
et al., 2018; Dai, 2011). The severe drought included the exceptional drought defined by Hao et al. (2014) as 
SEPI <−1.99. Considering the exceptional drought is rare, we included exceptional drought in the severe drought 
in this study. The probability was calculated based on the counting method (Zscheischler & Seneviratne, 2017). 
The nonparametric Mann-Kendall analysis approach was used to analyze the significance of the changing trends 
(Kendall, 1975; Mann, 1945).

The Concurrent Drought Probability among Countries (CDPC) was calculated as the ratio of the number of coun-
ties with moderate/severe drought in a specific 12-month time window to the total number of countries

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌 =

26
∑

𝑛𝑛=1

𝑁𝑁𝑛𝑛
𝑌𝑌
(𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 𝑇𝑇𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡)

26
× 100

 (1)

where 𝐴𝐴 𝐴𝐴𝑛𝑛
𝑌𝑌
 = 1 if 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≤ 𝑇𝑇𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡 , else 𝐴𝐴 𝐴𝐴𝑛𝑛

𝑌𝑌
 = 0; 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 represents the threshold values of moderate and severe 

drought; Y represents the time window; 26 represents the number of countries we considered. The Concurrent 
Drought Probability of Country Pairs (CDPCP) was calculated as the ratio of the number of concurrent moderate/
severe drought events between the two countries to the total number of data points
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where x and z represent country x and country z; S represents the total number of data points; 𝐴𝐴 𝐴𝐴𝑒𝑒
𝑥𝑥𝑥𝑥𝑥  =  1 if 

𝐴𝐴 𝐴𝐴𝑒𝑒
𝑥𝑥 ≤ 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡 ∩𝐴𝐴𝑒𝑒

𝑧𝑧 ≤ 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡 , else 𝐴𝐴 𝐴𝐴𝑒𝑒
𝑥𝑥𝑥𝑥𝑥 = 0; 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥𝑥 was calculated for historical and future time periods, respec-

tively. Proportion of cropland areas suffering from drought was calculated as below
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where A represent the global total cropland area; m represents the total number of grids; 𝐴𝐴 𝐴𝐴𝑌𝑌
𝑖𝑖
 represents the drought 

conditions in the ith grid in the time window Y; Ai represents the area of gird i conditioning on 𝐴𝐴 𝐴𝐴𝑌𝑌
𝑖𝑖
≤ 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ; if 

𝐴𝐴 𝐴𝐴𝑌𝑌
𝑖𝑖
> 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , Ai = 0.

4. Results
4.1. Proportion of Cropland Areas Suffering From Drought

The proportion of cropland areas suffering from moderate and severe drought is increasing generally. In the 
historical period, this percentage is low: less than 16% for moderate drought (Figure 1b) and less than 17% for 
severe drought (Figure 1c). In the RCP8.5, RCP6.0, RCP4.5 and RCP2.6 scenarios, the maximum proportions 
are 35%, 27%, 27% and 26%, respectively, in terms of moderate drought conditions; the proportion under RCP8.5 
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approximately double the proportion in historical period (35%/16% ≈ 2.2). The severe drought situations show 
the maximum proportion values are increasing from RCP2.6 to RCP8.5, and are up to 50% in RCP8.5, indi-
cating more than one third (50% × 71% ≈ 36%) of the global total cropland will be under the severe drought; 
the proportion under RCP8.5 approximately triple the proportion in historical period (50%/17% ≈ 2.9). Under 
RCP2.6, the proportion will decrease a little by the end of the 21st century for moderate drought, which may be 
due to the decrease of the air temperature (see Figures S1b and S1d in the Supporting Information S1). Under the 
RCP8.5 scenario, the proportion will increase dramatically for severe drought in the last several decades of the 
21st century, which may be due to the remarkable increase of the air temperature (see Figures S1b and S1d in the 
Supporting Information S1).

4.2. Concurrent Drought Probability at the Country Level

In the historical period, the CDPC is low (Figure 2). In terms of moderate drought, it is less than 27% occurred 
in 1983; in terms of severe drought, it is less than 23% occurred in 1992. The sum of the concurrent drought 
probability of moderate and severe drought is the highest in 1983 (up to 38.5%). The concurrent drought prob-
ability will increase in the projected future period, especially under the RCP8.5 extreme climates scenario. The 
concurrent drought probability of moderate and severe drought will increase to 50% and 69% under the RCP8.5 
scenario, which approximately double (50%/27% ≈ 1.9) and triple (69%/23% = 3) the maximum values in the 
historical period. The increases of the concurrent drought probability are greater in RCP8.5 than that in other 
scenarios. Similar to the proportion changes of cropland areas under severe drought (Figure 1), in the last several 

Figure 2. Percentage of country numbers under drought situations among the 26 countries studied from 1861 to 2099 and the 
concurrent drought probability between China and USA, Brazil and Russia. (a and b), The percentage for moderate and severe 
drought, respectively. (c–f), The concurrent drought probability between China and the countries under RCP8.5, RCP6.0, 
RCP4.5 and RCP2.6, respectively. The 27% and 23% horizontal lines in (a and b) represent the maximum percentage values 
in the historical period. His = Historical period.
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decades of the 21st century, the probability will increase dramatically under the RCP8.5 scenario, and decrease 
a little under the RCP2.6 scenario, which may be due to the air temperature changes (see Figures S1b and S1d in 
the Supporting Information S1).

Concurrent drought probability between country pairs increases in many situations (Figures 3a and 3b), while 
the concurrent probability between these countries is mostly zero in the historical period (Figures 3c and 3d). 
Concurrent drought probability changes under RCP6.0 and RCP4.5 show similar patterns to RCP8.5 (see 
Figures S4 and S5 in the Supporting Information S1). Concurrent drought probability between China and USA, 
Argentina, Russia, Ukraine and Brazil will increase under all the scenarios. Concurrent probability of moderate 
and severe drought between China and USA will be 7% and 5% under the RCP8.5 scenario; they are 6% and 
5% between China and Brazil, 7% and 6% between China and Russia (Figure 2c). Concurrent probability of 

Figure 3. Concurrent drought probability of country in the future time period compared to the historical period under 
the RCP8.5 extreme climate scenario. (a and b), Changes of the concurrent drought probability calculated as values under 
RCP8.5 minus historical values. (c and d), Concurrent drought probability in the historical period. His = Historical period.
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moderate/severe drought between China and USA, Brazil and Russia will be 4%/1%, 2%/2% and 3%/2% under 
the RCP2.6 scenario (Figure 2f); they are 5%/5%, 4%/4% and 3%/5% under the RCP4.5 scenario (Figure 2e); they 
are 5%/5%, 3%/5% and 5%/4% under the RCP6.0 scenario (Figure 2d). In the historical period, the concurrent 
probability of moderate and severe drought between these countries is zero. Under RCP8.5 and RCP6.0 scenarios, 
the concurrent probability of moderate drought between China and USA, Brazil and Russia is at least 1% higher 
than that of RCP2.6. Limiting the RCPs to RCP2.6 can decrease the concurrent probability of the severe drought 
at least 2% (at least 3% for RCP8.5).

4.3. Discussion

In the past over 100 years, the world had rarely experienced extreme drought events that occurred at the same 
time among global major food producing countries. This had been important for the relatively stable food supply 
in the international market. Our study suggests that the situation in the future will become more challenging with 
the increase of concurrent drought events in the major crop production countries. The precipitation will increase 
generally in global cropland, but the air temperature is also increasing. The warming climate will lead to increas-
ing evaporation, and the overall result is the generally intensifying drought conditions.

We find that the concurrent drought probability becomes lower generally from RCP8.5 to RCP2.6. The reduc-
tions may be because the cropland is less warm under RCP2.6 than that of other RCPs, suggesting that mitigation 
climate change and reducing greenhouse gas emission could be a way to ameliorate the concurrent drought. 
Boehlert et al. (2015) and Strzepek et al. (2015) studied the effects of greenhouse gas mitigation on drought/water 
shortage in the USA; Samaniego et al. (2018) suggested that limiting greenhouse gas emission induced global 
warming by 1.5 K could decrease global drought area by 40%; Deryng et al. (2014) found that limiting climate 
change under the RCP2.6 scenario could reduce 80% of the global yield losses that expected under the RCP8.5 
scenario; Park et al. (2020) investigated the mitigation effects on drought in East Asia; Cao et al. (2011) found 
that reduction in CO2 concentration can decrease precipitation deficit. Although previous studies suggested that 
mitigation climate change and reductions in greenhouse gas could influence precipitation, water security, drought 
and yield, we here quantitatively reported the benefits of limiting CO2 emissions in terms of concurrent drought 
probability reductions.

During drought events when suffering from green water scarcity, increasing irrigation using blue water could be 
a way to boost food production (D’Odorico et al., 2020; Mueller et al., 2012; Rosa, Chiarelli, Rulli, et al., 2020). 
However, increases in irrigation may aggravate blue water scarcity (Haddeland et al., 2013; Piao et al., 2010), and 
therefore influence economy (Dolan et al., 2021), which in turn would impact agriculture production negatively. 
In addition, poor countries suffering from agricultural economic water scarcity may do not have the ability to 
install irrigation facilities (Rosa, Chiarelli, Rulli, et al., 2020), and deficit in food supply may in turn worsen the 
economy and food production. Irrigation using blue water could be expanded as an adaptation strategy to climate 
change without negative environmental influence in less than 35% of the current rain-fed croplands under a 
warmer climate (Rosa, Chiarelli, Sangiorgio, et al., 2020). Therefore, future blue water may not be enough for 
irrigation to ameliorate green water scarcity in most of the rain-fed cropland (Haddeland et al., 2013; X. Wang 
et al., 2021). However, the benefits of irrigation would be raised greatly by using appropriate water storage (Rosa, 
Chiarelli, Sangiorgio, et al., 2020). In addition to ameliorating climate change, improving technology, such as 
creating new crop seed using genetic techniques (Parent et al., 2018), would improve crop drought tolerance and 
green water productivity (Schyns et al., 2019).

China is the most populous country in the world. As China's population grows, China's demand for food is 
becoming greater. As such, China's food import is boosting (Huang et al., 2017). China's food security becomes 
increasingly dependent on global food production countries (Lv, 2013), such as Brazil and USA. The increas-
ing concurrent drought probability could threaten China's food import from these countries, and therefore may 
degrade China's food security, which in turn could degrade China's economy and urbanization. To address this 
issue, on one hand, China needs to improve its food production efficiency and decreases food waste. As China is 
also drying overall in the projected future (see Figure S3 in the Supporting Information S1), improvement in its 
food production needs to solve the limitation posed by irrigation water shortage first. On the other hand, China 
needs to change its food import policy and diversify its food import markets. As several Southeast Asian countries 
will be wetting and are close to China in geography (see Figure S3 in the Supporting Information S1), food import 
from this region would be favorable.
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In order to achieve the United Nations' sustainable development goal of creating a world without hunger, collab-
orative strategies must be formulated to deal with the likely threat to global food security caused by the increas-
ing concurrent drought probability. Currently, there is a lack of such collaborative management across global 
main food production counties. This kind of macro-regulation could increase the resilience of the global food 
market and the stability of food prices. The main difficulties in establishing such global collaborative regulations 
are political and market issues. When drought disasters occur in several countries, counties may restrict food 
export or raise crop prices, which could render the counties that are poor or politically incompetent unable to 
import crops. In addition, capital management may store crops and then sell when crop prices are high enough 
to gain the maximum profile. Collaborative regulations could be created when these difficulties can be handled 
appropriately.

In the historical period, Anderson et al. (2019) found that the El Niño Southern Oscillation caused the largest 
synchronous drought event in 1983 globally. Our results also show that the concurrent drought probability is the 
highest in 1983 in the historical period (see Figure 2). Therefore, our results can replicate the historical pattern 
well, and the methodology we used is appropriate and robust. We also carried out an analysis based on the Palmer 
Drought Severity Index (PDSI), and we found that the PDSI cannot capture the largest synchronous drought event 
globally in 1983. Therefore, PDSI was not used as a drought index in our study.

The drought analysis is based on precipitation and temperature data provided by GCMs from ISIMIP2b. Precip-
itation and temperature can be used to represent the water supply and demand (Kent et al., 2017). Many previ-
ous studies were based on precipitation and temperature to investigate drought/water scarcity influence on crop 
productions, for example, Ben-Ari et al. (2018), Gaupp et al. (2020), Liang et al. (2017), Lobell et al. (2011), 
Mehrabi and Ramankutty (2019), Piao et al. (2010), and Tigchelaar et al. (2018). Therefore, it is acceptable to 
use precipitation and temperature to study the influence of drought in our study.

The GCM simulations with different initial conditions would produce different trajectories, and the index of the 
drought co-occurrence would change. We used single realizations for the GCMs because the ISIMIP2b proto-
cols only consider the single realizations we used. The single realizations of the GCMs in ISIMIP2b could be 
considered reliable as the studies by Gernaat et al. (2021), Gudmundsson et al. (2021) and Woolway et al. (2021) 
suggested. Therefore, our results could be considered reliable.

One limitation of this study is that we used the cropland distribution in historical period for future studies. When 
global air temperature increases, some areas that are not cropland in historical periods may become appropriate 
for crop planting, such as the Siberian area. However, if the nitrogen and phosphorus are enough in the regions 
for crop growth are unknown (Mueller et al., 2012; Zheng et al., 2015).

5. Conclusions
We studied the changes of concurrent drought probability among 26 global main food production countries under 
the four RCP climate scenarios. We find that the concurrent drought probability in global main crop produc-
tion countries will increase dramatically. During the historical period, probability of concurrent drought among 
the countries was relatively low, and the maximum concurrent moderate and severe drought probability will 
double and triple, respectively, under the RCP8.5 extreme climate scenario. Concurrent probability of moderate 
and severe drought between China and USA, Brazil and Russia will be at least 6% and 5%, respectively, under 
RCP8.5, compared with zero in the historical period. Limiting the RCPs to RCP2.6 can decrease the concurrent 
probability of the severe drought at least 2% (at least 3% for RCP8.5). Cooperative strategies across the main crop 
production countries to reduce the risk caused by concurrent drought are necessary to sustain long-term global 
food security.

Data Availability Statement
The ISIMIP2b data used in this study are publically available online. ISIMIP2b data can be found in https://www.
isimip.org/gettingstarted/data-access/. The code used in this study is publically available online, and can be found 
in http://amir.eng.uci.edu/sdat.php.
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