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Abstract: Compound drought and hot events can lead to detrimental impacts on crop yield with
grave implications for global and regional food security. Hence, an understanding of how such events
will change under unabated global warming is helpful to avoid associated negative impacts and better
prepare for them. In this article, we comprehensively analyze the projected changes in compound
drought and hot days (CDHDs) occurring within the maize-growing season of 2015–2100 over
dynamic global maize areas using 10 downscaled Coupled Model Intercomparison Project Phase 6
(CMIP6) models and four socio-economic scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). The
results demonstrate a notable increase in the frequency and severity of CDHDs over global maize
areas under all four SSPs, of which SSP5-8.5 has the fastest rise, followed by SSP3-7.0, SSP2-4.5 and
SSP1-2.6. By the end of 21st century, the global average frequency and severity of CDHDs will reach
18~68 days and 1.0~2.6. Hotspot regions for CDHDs are mainly found in southern Africa, eastern
South America, southern Europe and the eastern USA, where drought and heat show the most
widespread increases. The increase in CDHDs will be faster than general hot days so that almost all
increments of hot days will be accompanied by droughts in the future; therefore, compound dry and
hot stresses will gradually become the predominant form of dry and heat stress on maize growth.
The results can be applied to optimize adaptation strategies for mitigating risks from CDHDs on
maize production worldwide.

Keywords: compound drought and hot days; climate change; maize; future; global

1. Introduction

In the context of global climate change, recent decades have witnessed a great increase
in climate extremes worldwide [1]. Droughts and hot events are among the most detrimen-
tal climate extremes, leading to pronounced threats to ecosystems and societies across the
globe [2,3]. Over the past few decades, positive trends in droughts’ frequency, duration and
intensity were detected globally, including western Africa, eastern Asia, central America
and the Mediterranean [4]. Meanwhile, a notable increase in hot extremes (e.g., heatwaves,
warm spells, hot days) is witnessed around the world [5], such as Africa [6,7], India [8], the
USA [9] and China [10]. Global warming systematically alters the relationship between
droughts and heat, increasing the probability of their concurrence and/or succession [11,12].
The co-occurrence of drought and hot events, commonly referred to as compound drought
and hot events, have received notable increasing attention across the globe because of their
considerably amplified deleterious impacts [12]. The intensified hazardous impacts can be
attributed to land–atmosphere feedback [13], which is even greater than the total impacts of
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drought and hot extreme event; thus, ignoring the concurrences of drought and hot events
would underestimate their harmful impacts on human society [12,14].

Previous studies have investigated the variations, exposure and impacts of compound
drought and hot events [15–17]. Despite the diversity of definitions and data, there is now a
general consensus about an overall increase in the frequency, duration, severity and spatial
extent of compound drought and hot events over different regions across the globe [18–23].
In addition, extensive efforts have been devoted to investigating population/cropland
exposure to compound drought and hot events because they are a commonly used metric in
evaluating the impact of compound drought and hot events on human society [24]. Results
show that population/cropland exposure will be exacerbated in the future and climate
effects will be the dominant driving factor for such an exposure increase [17]. Moreover,
some studies have been conducted to directly assess the impacts of compound drought
and hot events on agriculture [25–30], tree mortality [31], vegetation [32], wildfire [16],
socio-ecosystem productivity [33–35], land desertification [36] and hydrology [37–39],
revealing a substantial increase in the impacts of compound drought and hot events over
recent decades.

Agriculture is among the most vulnerable sectors to climate extremes [40]; crops
growth is threatened seriously by drought and hot events [41]. Maize was planted in
about 203.47 M ha of land globally in 2022, making it the second most widely grown crop
in the world after wheat [42]. Maize is an established and important food crop in many
regions, such as Sub-Saharan Africa, Latin America and some countries in Asia. Drought
is the most important abiotic stress factor for maize production in temperate and tropical
environments, and heat stress is becoming more important as climate change evolves [43].
Compound drought and hot events can result in amplified detrimental impacts on maize
yield that are larger than that of isolated dry or hot conditions [44]; for example, the
2003 European heatwaves were accompanied by serious drought, leading to a reduction in
maize production by 13% [45].

Previous studies have investigated the change characteristics during maize-growing
seasons over global or regional maize areas. For example, Feng et al. (2021) conducted
a multi-index evaluation of compound dry and hot events during 1949–2012 over global
maize areas; the results indicated that compound events based on different thresholds and
different base periods show consistent growth patterns [40]. Lu et al. (2018), Wang et al.
(2018), Guo et al. (2023) and Li et al. (2023) investigated spatial–temporal patterns of
compound drought and hot events during the maize-growing seasons of recent decades
over Chinese maize areas [46–49]. Furthermore, some studies were devoted to revealing
the impacts of compound drought and hot events on maize yield. For example, Feng et al.
(2019) proposed a multivariate model for assessing compound dry–hot events’ impacts on
crop yield, and proved that the probability of maize yield reduction could increase when
individual extreme drought or hot conditions change to compound dry–hot conditions [50].
Li et al. (2022) found that the magnitude of maize yield loss in northeast China caused by
compound dry and hot stresses is higher than that of individual ones; thus, the compound
effects of dry and hot stresses will be the main constraints on maize yield [29]. Although
preliminary exploration has been conducted in compound drought and hot events related
to maize, a systematical, well-targeted analysis of the future changes in compound drought
and hot events related to maize is a vital and necessary study for ensuring maize production
and food security.

In this study, future variations in compound drought and hot days (hereafter, CDHDs)
occurring in maize-growing seasons during 2015–2100 are investigated over global maize
areas under different future scenarios. We begin by investigating future changes in drought
events and hot days in maize-growing seasons worldwide. Then, we identify CDHDs
occurring in maize-growing seasons based on drought events and hot days, and examine
the variations in their frequency and severity. We finally illustrate the difference between
the future changes in CDHDs and general hot days to explore the special changing features
of CDHDs under global warming.
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2. Data and Methodology
2.1. Current Situation of Maize Production

We first introduce the current situation of maize production in order to show the key
regions for maize, including key maize producers and key maize demanders, where maize
production is of great importance for food security and trade. Compared to wheat and
rice, maize is a more versatile multi-purpose crop: on the one hand, it provides food, feed
and nutritional security in the developing world, and provides the most food calories
for millions of people in some lower-income countries [51]. On the other hand, maize is
a major source of livestock feed with a varied role as an industrial and energy crop in
the developed world [42]. Therefore, we display the spatial distributions of the current
situation of maize production, including planting area, production, the proportion in
total food crop production (including wheat, rice and maize), population and food calorie
demand from maize, as shown in Figure 1. And we also display the import/export of
maize globally in 2021 in Table S1 to show the supply and demand of maize.
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Figure 1. Global maize-planting areas in 2010 (a), maize production in 2010 (b), the proportion of
maize production in total food crop production (c), population in 2022 (d) and food calorie demand
from maize (e). Data for (a–c) were obtained from SPAM 2010 (the latest high-resolution data on
global scale, https://mapspam.info/data/, accessed on 1 June 2023). Data for (d) were obtained
from LandScan (https://landscan.ornl.gov/, accessed on 1 June 2023). (e) is from Erenstein et al.
(2022) [42].
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As shown in Figure 1, maize is widely planted around the world, including the
Americas, Asia, Europe and Africa. The Americas, eastern Asia and southern Europe
are the key maize producers, of which the USA and China have long dominated maize
production. The proportion of maize production in total food crop production is relatively
larger in the Americas and Africa, where maize production is important for food production
and/or industry. Populations are concentrated in eastern China and northern India. As
shown in Figure 1e, Latin America, Africa, India and China have a higher demand for
maize to provide food calories, where maize plays an important role for food security
and livelihoods. From Table S1, we find that Asia stands out as the key maize importer,
especially eastern Asia. Africa is also a maize-importing region. North America and South
America are the world’s largest exporters. With income growth and urbanization globally,
food consumption and feed requirement will accelerate and propel the demand of maize;
thereby, maize will play an increasingly important role in global agri-food systems and
food/nutrition security [51,52].

2.2. Data
2.2.1. NEX-GDDP-CMIP6

The latest version of NASA Earth Exchange Global Daily Downscaled Projections
(NEX-GDDP-CMIP6) is based on the GCM simulations of CMIP6 with downscaling and
bias correction to generate a high-resolution (0.25◦ × 0.25◦) dataset covering historical and
future periods over a global scale (Table 1) [53]. The daily precipitation, daily mean temper-
ature and daily maximum temperature for historical (1951–2014) and future (2015–2100)
periods were obtained from 10 global climate models (GCMs) of NEX-GDDP-CMIP6
(Table S2). Four future scenarios were used—SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5—
corresponding to global warming levels of 2.2 ◦C, 3.3 ◦C, 4.3 ◦C and 5.1 ◦C at the end of the
21st century [54]. Following IPCC AR6, we selected three periods, 2021–2040, 2041–2060
and 2081–2100, to represent the near future, mid-future and far future, respectively.

Table 1. Data used in this study.

Dataset Variables Temporal Resolution Spatial Resolution Download

NEX-GDDP-CMIP6

Daily precipitation
Daily mean temperature
Daily maximum
temperature

1. Daily
2. Period:

• Historical:
1951–2014

• Future: 2015–2100
(4 SSPs)

0.25◦ × 0.25◦

https://www.nccs.nasa.gov/
services/data-collections/
land-based-products/nex-
gddp-cmip6 (accessed on 1
June 2023)

GCAM land use dataset Maize-planting
area percentage

1. Five-year resolution
2. Period: 2005–2100
(4 SSPs)

0.05◦ × 0.05◦
https://data.pnnl.gov/
group/nodes/dataset/13192
(accessed on 1 June 2023)

GGCMI Phase 3
crop calendar

Maize-planting date
Maize maturity date Daily 0.5◦ × 0.5◦

https://zenodo.org/record/
5062513 (accessed on 1
June 2023)

2.2.2. GCAM Land Use Change Projection

Future maize-planting areas are obtained from the Global Change Assessment Model
(GCAM) land use change projection dataset (Table 1). This dataset provides 32 plants’
planting area percentage projections from 2005 to 2100 in each 5-year period under 15 SSP-
RCP scenarios; the spatial resolution is 0.05◦ × 0.05◦ [55]. Here, we adopt maize-planting
area percentage data (including rainfed maize and irrigated maize) under SSP1-RCP2.6,
SSP2-RCP4.5, SSP3-RCP6.0 and SSP5-RCP8.5. “Maize-planting grids” refer to the grids with
a planting area percentage greater than 0. Because the temporal resolution of this dataset
is 5 years, the planting area percentage in each 5-year period is assumed to be static. For
example, the projection of maize-planting areas in 2030 is used for the period of 2028–2032.
Detailed changes in maize-planting areas in the future are shown in Figures S1–S4 of the
Supplementary Materials.

https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://data.pnnl.gov/group/nodes/dataset/13192
https://data.pnnl.gov/group/nodes/dataset/13192
https://zenodo.org/record/5062513
https://zenodo.org/record/5062513
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2.2.3. GGCMI Phase 3 Crop Calendar Dataset

Maize-growing season information was obtained from the GGCMI Phase 3 crop
calendar dataset (Table 1). This dataset provides the planting date and maturity date of
maize for each grid at a spatial resolution of 0.5◦ × 0.5◦ [56], including rainfed maize
and irrigated maize, as shown in Figure 2. Based on this, the “maize-growing season”
of a maize-planting grid is defined as “the period from maize planting date to maize
maturity date” in this maize-planting grid. In other words, from this dataset, we can
obtain the maize-growing season for each 0.5◦ × 0.5◦ grid. For example, the planting date
and maturity date of maize in a given grid are 152 and 304; based on the definition, the
“maize-growing season” of this grid is the duration from 1 June to 30 October in each year.
We assume that the maize-growing season will remain the same in the future following the
existing studies [57,58].
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Figure 2. Planting date and maturity date of rainfed maize (a,b) and irrigated maize (c,d) at global
scale, provided by GGCMI Phase 3 crop calendar dataset.

2.3. Methodology

This study aims to investigate the variations in compound drought and hot days
(CDHDs) in maize-growing seasons during 2015–2100 under 4 future scenarios (SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5) over global maize areas. In this study, a CDHD is defined as
“the coincidence of a drought event and a hot day during maize-growing season”. Therefore,
the methodology of CDHD identification can be divided into 3 steps: (1) identifying drought
events in maize-growing seasons; (2) identifying hot days in maize-growing seasons; and
(3) identifying CDHDs based on drought events and hot days. The methodology diagram
is shown in Figure 3. Detailed calculation methods are shown below.
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2.3.1. Drought Events

The Standardized Precipitation Evapotranspiration Index (SPEI) is employed in this
study to trace drought events in maize-growing seasons, since it has been shown to be
a suitable proxy of soil moisture and it is highly correlated with crops’ yield [59]. The
SPEI is a measure of water surplus or deficits considering precipitation and potential
evapotranspiration (PET) [60]. Due to the PET component, the SPEI is more sensitive to
warming-induced droughts. In this study, a 1-month-scale SPEI is calculated for each
month during 1951–2014 (historical period) and 2015–2100 (future period, under 4 SSPs)
for each maize-growing grid; the calculation method is shown in “1.2 SPEI calculation
method” of the Supplementary Materials. A drought event is defined as a monthly SPEI
value smaller than −1.

2.3.2. Hot Days

Heat stress is frequent during maize-growing seasons and is harmful to yield. Accord-
ing to previous studies [61], daily maximum temperatures larger than 30 ◦C are used as
the heat threshold in this study because it has been proven that heat stress greater than
30 ◦C can cause serious impacts on maize growth, including reducing net photosynthe-
sis rates and hastening crop development, thus leading to a shortened maize-growing
duration [62,63]. Based on this, a hot day is identified as a daily maximum temperature
larger than 30 ◦C.
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Here, we use heating degree days (HDDs, ◦C·day) to assess the severity of heat stress
of a maize-growing season, considering the duration and severity of heat stress [64]. HDDs
are given as

HDDs =


n
∑

i=1
Tmax,i − Tthre, Tmax,i > Tthre

0 , Tmax,i ≤ Tthre

(1)

where HDDs is the heating degree days, n is the number of days in the maize-growing
season, Tmax,i is the daily maximum temperature of day i, and Tthre is the heat threshold,
which is 30 ◦C in this study.

2.3.3. CDHD

A compound drought and hot day (CDHD) is defined as the coincidence of a hot day
and a drought event during a maize-growing season; in other words, a CDHD is a hot
day that occurs within a monthly drought event. In this study, we investigate the future
changes in the frequency and severity of CDHDs. The frequency of CDHDs (CDHD f ) is
the total number of CDHDs occurring within a maize-growing season. The severity of a
CDHD includes the total severity (CDHDts) and average severity (CDHDas); CDHDts and
CDHDas are given as

CDHDts =

CDHD f

∑
i=1

(−1 × SPEIi) ∗
(

Tmax,i − Tthre
Tthre − Tbase

)
(2)

CDHDas =
CDHDts

CDHD f
(3)

where CDHD f , CDHDts and CDHDas are the frequency, total severity and average severity
of CDHDs in a maize-growing season, respectively. SPEIi is the value of the SPEI of the
month that contains the CDHDi, Tmax,i is the daily maximum temperature of CDHDi, Tthre
is the heat threshold (30 ◦C), and Tbase is the base temperature referring to the minimum
biology temperature for maize, which is 10 ◦C according to Zhu et al. (2018) and He et al.
(2022) [65,66].

3. Result
3.1. Drought and Heat in Maize-Growing Seasons

We first explore the changes in drought and heat in maize-growing seasons during
1951–2014 and 2015–2100 (under four SSPs). The total precipitation, total PET, average SPEI
and drought events within maize-growing seasons are employed to reveal the variations in
drought, hot days and HDDs within maize-growing seasons; a Mann–Kendall trend test and
the Theil–Sen approach (MK-TSA) are used to test their trends and significance (calculation
method of MK-TSA is shown in “1.3 Mann–Kendall trend test” of the Supplementary
Materials), as shown in Figure 4. And to better understand the spatial heterogeneity of
drought and heat, the spatial distributions of the total precipitation, total PET, average SPEI,
drought events, hot days and HDDs in the near future (2021–2040), mid-future (2041–2060)
and far future (2081–2100) are displayed in Figures S5–S10.

Drought in maize-growing seasons will be more frequent and serious in the 21st
century, because the difference between precipitation and PET will expand gradually as
global warming evolves, especially under high forcing pathways. The total precipitation
in maize-growing season will decrease significantly by 0.10 mm/y under SSP1-2.6, while
increasing significantly by 0.19 mm/y under SSP2-4.5; the trends under SSP3-7.0 and
SSP5-8.5 are not significant (Figure 4a). As shown in Figure S5, southeastern Africa and
southern and eastern Asia will have much more precipitation in maize-growing season
than other croplands. As shown in Figures 4b and S6, the total PET in the maize-growing
season is projected to increase over nearly all maize areas under all four SSPs due to climate
warming; the largest speed increase, 6.37 mm/y, will occur under SSP5-8.5. A larger total
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PET in maize-growing season will occur in central and southern Africa as well as India. As
shown in Figure 4c, the SPEI will decrease significantly under all SSPs because the strong
increase in PET will expand the water deficit, thereby intensifying droughts. The obvious
changes in SPEI from the near future to the far future, shown in Figure S7, also reveal the
dry trends over nearly all maize areas. Correspondingly, drought events in maize-growing
season will increase significantly under all SSPs; the largest-magnitude increase will occur
under SSP5-8.5, followed by SSP3-7.0, SSP2-4.5 and SSP1-2.6 (Figure 4d). By the end of the
21st century, global average drought events in maize-growing season will reach 1.2 months,
1.7 months, 2.6 months and 2.9 months under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5,
respectively. From the spatial heterogeneity shown in Figure S8, we find that maize in
southern Africa and Europe will suffer more droughts in its growing season.
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Figure 4. Global average total precipitation (a), total PET (b), average SPEI (c), drought events (d),
hot days (e) and HDDs (f) in each maize-growing season during the historical period (1951–2014)
and future period (2015–2100) (under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). Solid lines represent
10-GCM ensemble averages; the shades represent the range between 25th and 75th percentiles of the
10-GCM ensemble. Trends are calculated based on MK-TSA, significance level: p < 0.1 *, p < 0.05 **,
p < 0.01 ***.
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Meanwhile, heat stress in maize-growing season will become more and more severe
over the 21st century. As shown in Figures 4e and S9, hot days in maize-growing season
will increase significantly by 0.06 d/y, 0.28 d/y, 0.43 d/y and 0.56 d/y under SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. By the end of the 21st century, the global
average hot days in maize-growing season will reach 63 days, 79 days, 92 days and 102 days
under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. Maize in southern Africa, the
USA and South America will suffer more hot days in its growing season. HDDs represent
the severity of heat stress. As shown in Figure 4f, the global average HDDs will increase
significantly by 0.72 ◦C·d/y, 2.04 ◦C·d/y, 3.79 ◦C·d/y and 5.49 ◦C·d/y under SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. From the spatial heterogeneity shown in
Figure S10, a strong increase in HDDs can be found over nearly all maize areas, especially
under SSP2-4.5, SSP3-7.0 and SSP5-8.5. The strongest heat stress on maize will occur in the
eastern USA, southern Africa and South America.

MK-TSA is used to test the trends of total precipitation, total PET and drought events in
maize-growing season during 2015–2100 in each maize-planting grid, as shown in Figure 5.
The total precipitation in maize-growing season will significantly increase/decrease over
24.9%/2.1%, 41.5%/16.5%, 35.6%/33.6% and 43.7%/32.3% of maize-planting areas under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. A remarkable increase is shown
in central Africa, the northwest coast of South America, India, eastern China, Southeast
Asia and the eastern USA; a remarkable decrease is shown in Europe, Central America
and the central USA (Figure 5a). Nearly all maize-planting areas (more than 99.9%) are
projected to witness significant increases in total PET in maize-growing seasons under all
SSPs; a strong increase will occur in central and southern Africa, India and eastern South
America (Figure 5b). As shown in Figure 5c, drought events will increase significantly over
38.9%, 93.3%, 98.7% and 98.9% of maize-planting areas under SSP1-2.6, SSP2-4.5, SSP3-7.0
and SSP5-8.5, respectively. There is a remarkable increase in drought events in Europe,
southern Africa, eastern South America and the northeastern USA, where the difference
between precipitation and PET is projected to increase more strongly.
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maize-growing season during 2015–2100 under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Trends are
calculated based on MK-TSA; blank regions indicate no maize-planting; gray indicates trends are not
significant; other colors indicate trends are significant at p < 0.05.
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The trends of hot days and HDDs in maize-growing season during 2015–2100 are
calculated for each maize-planting grid, as shown in Figure 6. Due to global warming, hot
days and HDDs in maize-growing season are projected to increase in almost all maize-
planting grids in the 21st century; areas with significant trends in hot days/HDDs account
for 94.6%/95.9%, 97.6%/98.7%, 98.1%/99.1% and 98.3%/99.4% of the total maize-planting
areas under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. Trends under high forc-
ing pathways are obviously stronger than those under low forcing pathways. Remarkable
increases will occur in southern Africa, the northeastern USA, Europe and eastern China.
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Figure 6. Spatial distribution of trends in hot days (a) and HDDs (b) in maize-growing season during
2015–2100 under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Trends are calculated based on MK-TSA;
blank regions indicate no maize planting; gray indicates trends are not significant; other colors
indicate trends are significant at p < 0.05.

3.2. CDHDs in Maize-Growing Season

Changes in the frequency (CDHD f ), total severity ( CDHDts) and average severity
(CDHDas) of CDHDs in maize-growing season during 1951–2014 and 2015–2100 (under
four SSPs) are shown in Figure 7. Due to climate warming, all 10 GCMs project unanimous
increases in CDHD f , CDHDts and CDHDas under all four SSPs, although at different
speeds. A notable finding is that the CDHD trends under the four SSPs diverge more
strongly after the 2050s: before the 2050s, the CDHD trends among the different SSPs are
quite similar, while after the 2050s, the difference in CDHDs among the four SSPs expands
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substantially. The growth of CDHDs is projected to slow down and stagnate after the
~2050s under SSP1-2.6 due to the low emissions and more aggressive mitigations, while
under the other three SSPs, CDHDs will keep increasing until the end of the 21st century at
a stable or even increased speed, of which SSP5-8.5 has the fastest rise, followed by SSP3-7.0
and SSP2-4.5. The difference in CDHDs among different SSPs will reach its peak by the end
of the 21st century; for example, by 2100, CDHD f will reach 68 days under SSP5-8.5, while
this number is only 18 days under SSP1-2.6. From Figure 7, we can find that the CDHDs
will increase gradually from the near future to the far future; we think that the projection of
CDHDs in the near future is more realistic because of smaller data uncertainty compared to
the far future. Therefore, we should pay immediate attention to CDHDs in the near future;
related adaption measures should be prepared as soon as possible in response to increasing
CDHD impacts under climate change.
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Figure 7. Global average CDHD f (a), CDHDts (e) and CDHDas (i) in each maize-growing season
during historical period (1951–2014) and future period (2015–2100) (under SSP1-2.6, SSP2-4.5, SSP3-7.0
and SSP5-8.5). Solid lines represent 10-GCM ensemble averages; the shades represent the range
between 25th and 75th percentiles of 10-GCM ensemble. Trends are calculated based on MK-TSA,
significance level: p < 0.1 *, p < 0.05 **, p < 0.01 ***. And the average CDHD f (b–d), CDHDts (f–h)
and CDHDas (j–l) in near, mid- and long-term future.

Furthermore, we investigated the spatial distributions of the trends in CDHD f , CDHDts
and CDHDas under the four SSPs, as shown in Figure 8. Generally, the spatial features of
the trends are highly consistent among CDHD f , CDHDts and CDHDas. There is a signifi-
cantly increasing trend of CDHDs over almost all maize-planting areas (more than 95%)
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in the future under SSP2-4.5, SSP3-7.0 and SSP5-8.5, while nearly half of maize-planting
areas have no significant increasing trend for CDHDs under SSP1-2.6. Notably, we find a
strong increase in CDHDs with increasing global warming levels. Under SSP5-8.5, CDHD f ,
CDHDts and CDHDas will increase significantly over more than 97.5% of the total maize-
planting areas, of which more than 67.2% of the total maize-planting areas with CDHD f
increasing by 5 days per decade. It is worth noting that a stronger increasing trend of
CDHDs will occur in southern Africa, eastern South America, southern Europe and the
eastern USA, where droughts and heat are projected to intensify more sharply in the future,
especially under high forcing pathways. In addition, southern and eastern Asia, northern
Europe and Australia will likely witness a slightly increasing trend of CDHDs.
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Figure 8. Spatial distribution of trends in CDHD f (a), CDHDts (b) and CDHDas (c) in maize-growing
season during 2015–2100 under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Trends are calculated
based on MK-TSA; blank regions indicate no maize planting; gray indicates trends are not significant;
other colors indicate trends are significant at p < 0.05.

The spatial distribution and probability density function (PDF) of the average CDHD f
in the near, mid- and far future are presented in Figure 9. As shown in Figure 9a,d, in
the near future, there is no significant difference in the spatial pattern of CDHD f among
different SSPs, which is in agreement with the temporal changes’ feature in Figure 7a,
CDHD f is less than 30 days over most maize-planting areas. As shown in Figure 9b,e, in
the mid-future, CDHD f is still similar under different SSPs and larger than that in the near
future; CDHD f is larger than 30 days over 13.7%, 18.4%, 9.8% and 12.5% of the total maize-
planting areas under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. As shown
in Figure 9c,f, in the far future, substantial differences can be found in CDHD f among
different SSPs; CDHD f will be amplified significantly with increasing global warming
levels. CDHD f is larger than 30 days over 16.6%,60.8%, 84.4% and 92.6% of the total maize-
planting areas under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. Especially in
the far future under SSP5-8.5, more than half of the total maize-planting areas (56.7%) will
suffer CDHDs for more than 60 days in maize-growing season. For spatial heterogeneity,
maize in southern Africa, eastern South America, southern Europe and the eastern USA
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will suffer much more CDHDs in maize-growing season. Among these regions, North
America and South America are the most important maize exporters, especially the USA,
Brazil and Argentina, whose maize production will deeply affect maize trade globally; thus,
special attention should be paid to mitigating CDHD risks in these regions.
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Besides CDHD f , we investigated the spatial distribution and PDF of the average
CDHDas in the near, mid and far future as well, which is presented in Figure 10. We found
that the spatial pattern of CDHDas is highly consistent with that for CDHD f in the three
future periods. As shown in Figure 10a,d, in the near future, CDHDas under different SSPs
is similar, which is in agreement with the temporal changes’ feature in Figure 7c; CDHDas
is less than one over 67.2%, 57.2%, 81.5% and 79.5% of the total maize-planting areas under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. As shown in Figure 10b,e, in the
mid-future, CDHDas will increase slightly compared to the previous period; CDHDas is
larger than one over 69.6%, 81.9%, 81.1% and 80.0% of the total maize-planting areas under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. As shown in Figure 10c,f, for the far
future, we found a notable difference in CDHDas among the different SSPs, with a strong
increase in CDHDas with increasing global warming levels. CDHDas is larger than 1 over
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66.4%, 94.0%, 97.9% and 99.0% of the total maize-planting areas under SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5, respectively. In particular, in the far future, CDHDas will exceed two
over 55.2% and 86.7% of the total maize-planting areas under SSP3-7.0 and SSP5-8.5. For
spatial heterogeneity, maize in central and southern Africa, the eastern USA and eastern
South America will suffer much stronger CDHDs in its growth process.
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3.3. Comparison in Future Changes between CDHDs and General Hot Days

A CDHD is a kind of special hot day that coincides with drought events; hence, in
this section, we divide hot days into two categories: CDHDs and general hot days (do
not coincide with drought events). Then, we compare the difference between CDHDs
and general hot days in order to explore if CDHDs will change differently. We separate
drought events with or without CDHDs, and separate CDHDs and general hot days; then,
we investigate their changes, respectively, as shown in Figure 11.
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Figure 11a shows the changes in drought events with or without CDHDs during
2015–2100, as well as the proportion of drought events with CDHDs in total drought events.
On global average, total drought events will significantly increase in the future under all
four SSPs, which is displayed in Figure 4d. A notable finding is that drought events that
contain CDHDs are the dominant component of drought events; furthermore, the increase
in drought events that contain CDHDs are the dominant component of the increment of
total drought events, while the change in drought events without CDHDs is quite weak.
Therefore, the proportion of drought events with CDHDs in total drought events will
significantly increase under all four SSPs, of which SSP5-8.5 has the fastest rise, followed by
SSP3-7.0 and SSP2-4.5. By 2100, this proportion will reach 82.4%, 89.6%, 93.0% and 95.0%
under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. This result indicates that
there will be more and more drought events containing hot days; by the end of the 21st
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century under SSP3-7.0 and SSP5-8.5, nearly all drought events will contain at least one
hot day.

Figure 11b shows the changes in CDHDs and general hot days during 2015–2100
under the four SSPs, as well as the proportion of CDHDs in the total hot days. Generally,
the changing features of Figure 11b are similar to Figure 11a; the total hot days will increase
significantly in the future under all four SSPs, which is displayed in Figure 4e. It is worth
noting that the increase in CDHDs is substantial, while the change in general hot days is
quite weak; general hot days are even projected to decrease under SSP3-7.0 and SSP5-8.5.
Therefore, the increase in total hot days is determined by the increase in CDHDs but not
general hot days. Meanwhile, the proportion of CDHDs in total hot days will increase
significantly under all four SSPs, of which SSP5-8.5 has the fastest rise, followed by SSP3-7.0,
SSP2-4.5 and SSP1-2.6. By 2100, this proportion will reach 28.7%, 42.9%, 61.1% and 66.6%
under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. This result indicates that
CDHDs will increase much faster than general hot days; in other words, hot days will tend
to occur alongside drought events. Thus, CDHDs will gradually become the common form
of heat stress, especially under high forcing pathways. From Figure 11, we can draw the
conclusion that mitigations and adaptations that only consider drought or heat stress are
not enough to cope with the impacts from continuously increasing compound drought and
heat stresses; we should take drought and heat stress into overall consideration in response
to their increasing correlations and concurrence.

Based on the analysis above, we demonstrate that CDHDs will increase faster than
general hot days; almost all increments of hot days in the future will occur in the form
of CDHDs but not general hot days. Here, we would like to investigate the difference in
the daily maximum temperature (Tmax) between CDHDs and general hot days in order
to explore if the Tmax of CDHDs will change differently. Firstly, we divide the Tmax
into 11 levels, as shown in the legend of Figure 12a. Secondly, we calculate the average
frequency of general hot days in each Tmax level during 2015–2100 under the four SSPs,
as shown in the left part of the black vertical line in Figure 12. Thirdly, we calculated the
average frequency of CDHDs in each Tmax level during 2015–2100 under the four SSPs, as
shown in the right part of the black vertical line in Figure 12. Based on this, we can explore
the differences between general hot days and CDHDs.

In general, we can clearly find that CDHDs will increase much faster than general
hot days at all Tmax levels under all four SSPs. Under SSP1-2.6, as shown in Figure 12a
and the first column of Figure 12e,f, general hot days are the main components of total
hot days throughout the 21st century; general hot days with a Tmax greater than 34 ◦C
will increase significantly, even though their trends are weak. CDHDs’ share in total hot
days is much less than general hot days, and the CDHDs at all Tmax levels are projected
to increase at a greater speed compared with that of general hot days. Under SSP2-4.5, as
shown in Figure 12b and the second column of Figure 12e,f, general hot days will occur
more than CDHDs throughout the 21st century; general hot days with a Tmax of 33–40 ◦C
will increase significantly with slight trends. CDHDs at all Tmax levels will increase
significantly with larger trends compared with that for general hot days.

Such comparisons show special features under SSP3-7.0 and SSP5-8.5. As shown in
Figure 12c,d and the third and forth columns of Figure 12e,f, under SSP3-7.0 and SSP5-8.5,
general hot days will increase first and then decrease with a turning point in the ~2050s,
while CDHDs will keep increasing throughout the future. Thus, in the second half of the
21st century, CDHDs will gradually replace general hot days and become the dominant
part of total hot days. Another noteworthy finding is that, under SSP3-7.0 and SSP5-8.5,
general hot days with a Tmax less than 34 ◦C will significantly decrease with relatively
larger trends compared with those under SSP1-2.6 and SSP2-4.5, while general hot days
with a Tmax greater than 34 ◦C will increase significantly with relatively larger trends
compared with those under SSP1-2.6 and SSP2-4. CDHDs at all Tmax levels will increase
significantly with greater trends compared with that for general hot days, of which CDHDs
with a Tmax greater than 40 ◦C have the fastest growth. These results indicate that under
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SSP3-7.0 and SSP5-8.5, CDHDs will gradually become the predominant form of hot day;
extremely high temperatures will tend to occur in CDHDs but not general hot days.
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From the analysis above, we know that, under SSP3-7.0 and SSP5-8.5, the proportion
of CDHDs in total hot days will increase; meanwhile, the Tmax of CDHDs will be larger
than the Tmax of general hot days. The reasons are as follows: Firstly, as shown in
Figure 4d,e, both drought events and hot days in maize-growing season will increase
under climate warming, leading to a substantial increase in the probability of hot days
coinciding with drought events. Thus, CDHDs will increase, while general hot days will
decrease. Similar findings can be found in Bevacqua et al.’s study (2022) [67], showing that
local warming will be large enough in the future so that droughts will always coincide
with hot extremes. Secondly, there exists a significant correlation between drought and
heat [68]; when they occur simultaneously, both drought and heat will be intensified by
land–atmosphere feedback [13], which is the reason why the Tmax of CDHDs is larger than
the Tmax of general hot days.

4. Discussion
4.1. Comparation with Existing Studies

There are some studies investigating variations in compound dry and hot extremes
occurring in the future on a global land scale, such as those by Wu et al. (2020), Zhang et al.
(2022) and De Luca et al. (2023) [69–71]. Although they used different datasets and different
event definitions, all of them projected a significant increase in compound dry and hot
events during the 21st century over global land regions, which is consistent with the
findings of this study. Some studies investigate compound drought and hot extremes
over maize areas and/or in maize-growing season over the past decades. For example,
Feng et al. (2021) provide a multi-index evaluation of compound dry and hot events of
global maize areas during 1949–2012 [40]; however, they focus on events occurring over the
whole period rather than in maize-growing season. Some studies use station observations
of maize-growing season derived from weather bureaus when investigating compound
drought and hot events, thus providing more realistic information [47,48]; this approach
can be used on a regional scale where enough observation data can be obtained.

The differences between our work and previous studies are as follows: Firstly, com-
pared with other studies that investigate compound drought and hot events occurring in
the whole future period over all global land, this study first provides a comprehensive
analysis on the future variations in compound drought and hot events occurring within
a high-resolution-gridded maize-growing season over dynamic maize-planting areas on
a global scale, aiming to provide well-targeted information for global maize production.
Secondly, compared with studies that define compound drought and hot events based on
meteorological thresholds, the definition of CDHDs in this study considers the drought
and heat thresholds of maize, providing more practical information for risk management
in maize production. Thirdly, this study compares the differences in the future changes be-
tween CDHDs and general hot days, revealing that under high forcing pathways, CDHDs
will be the main threat to maize production rather than individual drought or heat.

Our results reveal the future changes in CDHDs in maize-growing seasons in the
future under different socio-economic scenarios and highlight the difference in variation
characteristics between CDHDs and general hot days, which could improve the under-
standing of how CDHDs will change under global warming and provide useful information
for formulating targeted adaptation measures to reduce negative impacts. Also, we would
like to provide an analysis framework for investigating future variations in compound
extremes within crop-growing seasons worldwide.

4.2. Uncertainty and Limitations of this Study

This study is subjected to some uncertainties and limitations induced by the data and
calculation methods, where we must pay special attention when interpreting the results.

First, although we use 10 downscaled CMIP6 GCMs in order to reduce uncertainties in
climate variable projection, it should be noted that uncertainties from GCM simulations and
downscaling will affect the accuracy of the results, especially in the far future. Therefore,
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further research can use larger GCM ensembles that contain more GCMs to provide a
better range of results. And the development of climate projection technology will help to
improve the accuracy of data.

Second, limited by data availability, we use a static maize-growing season for the
future periods. Crop phenology is a predominant biological indicator of climate change;
global warming can largely alter the seasonal timing of phenological events and the dura-
tion of growing seasons; thus, adjusting sowing dates and using late-maturing varieties
are among the most important measures of climate change adaptation [72]. A recent study
by Luo et al. (2022) shows that the maize phenological response to climate warming in
China was weakened during 1981–2018 because of agricultural management, especially
cultivar shifts [73]. Therefore, using a static maize-growing season in this study is a com-
promise to some extent, considering the impacts of both climate warming and agricultural
management. Moreover, we look forward to available, high-quality maize-growing season
projections that contain the impacts of climate change and anthropogenic factors, which
can be used in our further research.

Thirdly, agricultural drought is a comprehensive phenomenon comprising precipita-
tion shortages, evapotranspiration reduction and soil moisture deficits [74]. In this study,
the SPEI is used as a drought indicator because it can reflect the impacts of both precipita-
tion and temperature on droughts, and has been proven to be the most representative of
soil moisture conditions [59]. However, agricultural drought is also influenced by other
factors, such as irrigation facilities and techniques, the retention capacity of soil and the
use of drought-resistant varieties. Therefore, further research can investigate drought by
considering both natural and anthropogenic factors, which could better capture agricultural
droughts in the crop-growing process.

Finally, maize in different growing stages has different sensitivities and tolerance to
drought and heat; therefore, two identical droughts (or heats) can cause totally different
impacts on maize if they occur in different growing stages. For example, drought that
occurs at the end of the growing season will cause less of an impact on maize than drought
that occurs at the key growing stages of maize (such as flowering), even though the
two droughts have the same severity. However, limited by a lack of sufficient information,
we do not further subdivide a growing season into different growing stages, but use
consistent drought thresholds and heat thresholds for the whole growing season, which
may introduce uncertainties into the results. In further research, we would like to try
to consider difference threshold combinations of drought and heat for different growing
stages to provide more precise results.

5. Conclusions

In this study, we provide a comprehensive, global-scale analysis of the variations
in the frequency and severity of compound drought and hot days (CDHDs) that occur
within maize-growing seasons during 2015–2100 under diverse future scenarios, including
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, based on downscaled CMIP6 GCM simulations.
The main findings of this study are summarized as follows:

(1) Drought events and hot days in maize-growing season are projected to increase due
to climate warming. The largest magnitude of increase in drought events and hot
days will occur under SSP5-8.5, followed by SSP3-7.0, SSP2-4.5 and SSP1-2.6. The
substantial increase in PET caused by temperature rises will be the main driver of
drought events increasing. A remarkable increase in drought events and hot days will
occur in southern Africa, eastern South America, Europe and the northeastern USA.

(2) Significant increasing trends are found for both the frequency and severity of CDHDs in
maize-growing seasons during 2015–2100 under all SSPs. The trends under the four SSPs
diverge strongly after the 2050s, of which SSP5-8.5 has the fastest rise, followed by
SSP3-7.0, SSP2-4.5 and SSP1-2.6. Stronger increasing trends of CDHDs will occur in
southern Africa, eastern South America, southern Europe and the eastern USA, where
both drought events and hot days are projected to grow more sharply in the future.
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(3) The increase in CDHDs will be much faster than that of general hot days (hot days
that do not coincide with drought events); almost all increments of hot days in the
future will occur in the form of CDHDs rather than general hot days. Therefore,
compound dry and hot stresses will gradually become the predominant form of dry
and heat stress on maize growth. Furthermore, under SSP3-7.0 and SSP5-8.5, CDHDs
will become the main threat to maize rather than individual drought and heat; the
daily maximum temperature of CDHDs will be greater than that of general hot days,
and thus may cause even larger risks to maize production.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w16040621/s1. Calculation method 1: SPI calculation method.
Calculation method 2: SPEI calculation method. Calculation method 3: Mann-Kendall trend test.
Figure S1: Changes in rainfed maize, irrigated maize and total maize planting areas over 2015–2100
under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Numbers are the difference in planting area
between 2100 and 2015. Figure S2: Global distribution of rainfed maize planting areas in 2015,
2050 and 2100 under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Figure S3: Global distribution
of irrigated maize planting areas in 2015, 2050 and 2100 under SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5. Figure S4: Global distribution of total maize planting areas in 2015, 2050 and 2100 under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Figure S5: Global distribution of total precipitation in
maize growing season in near future, mid-future and long future under SSP1-2.6, SSP2-4.5, SSP3-7.0
and SSP5-8.5. Figure S6: Global distribution of total PET in maize growing season in near future,
mid-future and long future under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Figure S7: Global
distribution of average SPEI in maize growing season in near future, mid-future and long future
under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Figure S8: Global distribution of drought events in
maize growing season in near future, mid-future and long future under SSP1-2.6, SSP2-4.5, SSP3-7.0
and SSP5-8.5. Figure S9: Global distribution of hot days in maize growing season in near future,
mid-future and long future under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Figure S10: Global
distribution of HDD in maize growing season in near future, mid-future and long future under
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. Table S1: Regional maize import and export indicators
(FAOStat, 2021). Table S2: GCMs from NEX-GDDP-CMIP6 used in this study. References [75–79] are
cited in the Supplementary Materials.
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