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Abstract Producing enough food to feed a growing population is a great future challenge, especially
for vulnerable areas in Africa. There is limited understanding of food security under future climate
conditions, particularly under the warming target stipulated in the Paris Agreement. Maize is the most
widely cultivated crop in Africa. Taking maize as an example, we present an integrated assessment of
maize supply and demand under 1.5°C and 2.0°C warming scenarios, considering the combined impacts
of climate change, technology development and population increase. We find that global warming of
1.5°C or 2.0°C would shorten maize growth duration, aggravate droughts, and consequently reduce yield
with a spatially explicit pattern. Maize yield would decrease more under global warming of 2.0°C versus
1.5°C. Benefit of rising CO, concentration could not fully offset the yield loss due to climate change under
global warming of 1.5°C. Technology development can significantly improve the ratio of maize supply

to demand, which is however subject to future projections on population and technology development.
Under a reasonable logarithmic technology development scenario, maize security would become worse
in most of the countries in Africa. Our findings highlight the importance of technology development and
adaptation strategies to meet the challenges of food security in the vulnerable regions.

1. Introduction

Ensuring food security is one of the greatest challenges facing the world community (Beddington
et al., 2012), particularly in low-income and food-deficit regions such as Africa (Nuss & Tanumihard-
jo, 2010; Tefera, 2012). Global climate change may have a major impact on the spatial-temporal patterns of
temperature and precipitation, and subsequently pose challenges or opportunities for agricultural produc-
tion and food security over the world (Lobell et al., 2011; Tao et al., 2014). Different methods including field
experiments (Cai et al., 2018), statistical analyses based on long-term historical data (Lobell & Field, 2007),
and crop model simulations (Falconnier et al., 2020; Rosenzweig et al., 2014), have been applied to inves-
tigate the impacts of climate change on various crops at various spatial scales. However, previous studies
have mainly focused on the impacts of climate change and extreme climate events on crop yield (Asseng
et al., 2015; Y. Chen et al., 2018; Deryng et al., 2014; Liu et al., 2019). The balance between food supply and
demand or food security has rarely been investigated (Tao et al., 2009; van Ittersum et al., 2016). Further-
more, climate impact assessments have only considered a limited range of potential agricultural technology
development (Rippke et al., 2016). Impacts of climate change and extreme climate events on food security
will have important implications for food trade, food price, hunger, poverty, and food policy (Schmidhuber
& Tubiello, 2007). It is essential to have an integrated assessment of future food security taking into account
climate change, technology and socio-economic developments (Tao et al., 2009).

The Paris Agreement set a long-term target of holding the global average temperature increase well below
2.0°C and make efforts to limit the global average temperature increase less than 1.5°C above pre-indus-
trial levels (Schleussner et al., 2016). This calls for more efforts to investigate the responses of agricultural
production and food security under 1.5°C and 2.0°C warming scenarios, especially for the vulnerable areas
such as Africa (Miiller et al., 2011). Although a few studies have investigated crop response to the global
warming target of Paris Agreement in several countries in Africa (e.g., Faye et al., 2018), a key question is
whether Africa can feed itself under 1.5°C and 2.0°C warming scenarios in the future.
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Maize (Zea mays) is the most widely cultivated crop in Africa relative to other cereal crops and is therefore impor-
tant regarding future food security (Nuss & Tanumihardjo, 2010). In Africa, maize is mostly grown in small-hold-
er farming systems under rainfed conditions with low input and poor technology (Falconnier et al., 2020). There-
fore, maize yields in Africa, especially in Sub-Saharan Africa, are much lower than those in the top five maize
producing countries in the world, including USA, China, Brazil, Mexico, and Indonesia (Cairns et al., 2013).
Among other things, future maize security will be subject to the integrated impacts of climate change, atmos-
pheric CO, concentration, technology development, and population change. Elevated CO, directly increases
photosynthesis and benefits C; plants such as wheat and rice by improving the carboxylation rate of Rubisco
(Ainsworth & Long, 2005). Unlike C; crops, elevated CO, has limited effect on C, plants such as maize (Berg
et al., 2013; Parkes et al., 2018), because photosynthesis is saturated at current CO, concentrations for C, plants
(Hussain et al., 2013). Nevertheless, maize could benefit from elevated CO, concentration which will cause par-
tial closure of stomata and reduce evapotranspiration (Cairns et al., 2013). The beneficial effects could be spatial-
ly and temporally different depending on soil moisture and crop growth conditions (Deryng et al., 2016).

In this study, taking maize as an example, for the first time, we present a comprehensive analysis on the
impacts of global warming of 1.5°C and 2.0°C on the balance between maize supply and demand in Africa.
We aim to (1) investigate the projected changes in key climate variables, maize growth duration, droughts,
and yield at a 0.5° resolution grid scale across Africa; (2) investigate the balance between maize supply
and demand with different technology developments and national population projections under the global
warming of 1.5°C and 2.0°C relative to the pre-industrial condition.

2. Materials and Methods
2.1. Maize Production in Africa

Maize (Zea mays) is a major crop in terms of production and cultivated area in Africa. Harvest area for rain-
fed and irrigated maize is about 26.7 and 1.2 million hectares, respectively, in Africa according to the Spatial
Production Allocation Model (SPAM) 2005 (IFPRI, 2016). Maize usually has low inputs and rainfed maize
is highly dependent on rainfall, therefore maize production in Africa is vulnerable to climate change/vari-
ability (Cairns et al., 2013; Shi & Tao, 2014). Rainfed maize is mainly cultivated in Western Africa, Eastern
Africa, and the east part of Southern Africa (Figure S1a), while irrigated maize is mainly cultivated in the
above-mentioned areas, as well as Egypt (Figure S1b).

2.2. Model Description

Maize growth and yield are simulated at a 0.5° resolution for Africa using the Crop Estimation through Re-
sources and Environmental Synthesis maize (CERES-Maize) model in the version 4.6 of the Decision Sup-
port System for Agrotechnology Transfer (DSSAT) (J. W. Jones et al., 2003), through the parallel System for
Integrating Impact Models and Sectors (pSIMS) (Elliott et al., 2014). DSSAT is a process-based model which
has been used to simulate soil and crop processes for various crops in a number of studies over the world
(Faye et al., 2018; P. G. Jones & Thornton, 2003; Palosuo et al., 2011; Rétter et al., 2012; Tubiello et al., 2002).
However, DSSAT has been used widely at sites instead of grids at a large scale. The pSIMS is designed to
support high-resolution application of any site-based climate impact model that can be compiled in a Unix
environment, currently including DSSAT and Agricultural Production Systems Simulator (APSIM, Keat-
ing et al., 2003). This system could substantially decrease the labor-intensive data converting processes,
and allows researchers to use high-performance computing to run substantial simulations simultaneously
on clusters. Parallel DSSAT (pDSSAT) implemented in the pSIMS has been successfully applied in several
recent studies (Elliott et al., 2018; M. Glotter & Elliott, 2017; M. J. Glotter et al., 2016; Schifer] et al., 2018).

2.3. pDSSAT Model Calibration

The pDSSAT model is calibrated using observed data obtained from Food and Agriculture Organization of
the United Nations (FAO) during a period from 1980 to 2010 after removing a linear trend which represents
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drivers of yield change not associated with changes in weather, such as technology development, while
preserving mean yield in each country. We simulate rainfed maize and irrigated maize separately from
1980 to 2010 in each 0.5 X 0.5° grid, therefore total yield in each grid x is calculated through the following
formulation,

(A v+ Al -vi)

Yield, = . €]

(A;f + Afj)

Y;f and Y,(ir represent rainfed yield (kg/ha) and irrigated yield (kg/ha) in grid x. A:.f and A)if represent rainfed
area (ha) and irrigated area (ha) in grid x from the SPAM 2005 data set. Aff and A)if are assumed to remain un-
changed in this research. In some grids where the harvest date is around 31 December, there is a probability
that double harvests happen in a year and no harvest happens in the following year. Thus, adjustments are
made in these grids to make sure each year has one harvest. We calculate the harvest dates from 1980 to 2010
according to the output of the pDSSAT model at grid scale. If harvest happened more frequently in the year of
sowing, maize is assumed to be harvested in the year of sowing for the whole calibration period, otherwise, it
is assumed to be harvested in the following year of sowing for the whole calibration period. This adjustment
ensures that each year has only one harvest for maize. We use the AgMERRA climate forcing data set (Ruane
et al., 2015) at a 0.5° resolution to drive the pDSSAT model. This data set is constructed by the Modern-Era
Retrospective Analysis for Research and Applications (MERRA) data and several other data sets including
global gridded observational data sets provided by the Climate Research Unit TS 3.1, the University of Dela-
ware, and the Global Precipitation Climatology Centre Full Data Product version 6. The AGMERRA climate
forcing data set provides daily high-resolution data for evaluating the agricultural impacts of climate variabil-
ity and climate change (Ruane et al., 2015). The climate variables required for driving pDSSAT include daily
maximum temperature (°C), daily minimum temperature (°C), daily average downward shortwave radiation
flux (W/m?), and daily precipitation (mm). Agronomic management practices are fixed to isolate the impact of
climate change on maize growth, so temporally homogeneous (but spatially heterogeneous) cultivar parame-
ters, planting windows, and fertilizer applications are assumed (M. J. Glotter et al., 2016). Fertilizer data and
growing season data are obtained from Global Gridded Crop Model Intercomparison (GGCMI) data for Phase
1 (Elliott et al., 2015). Each grid cell's growing season aims to represent the practice of the majority of farming
system even though many regions include a wide diversity in sowing dates. Monthly CO, concentration for
historical period (1980-2010) is from the reference data in the DSSAT model. Soil data used in this study are
from gridded Global Soil Dataset for use in Earth System Models (GSDE) (Shangguan et al., 2014). Model
parameter calibration is conducted at country level. Cultivars’ potential kernel number and soil fertility factor
are calibrated to make the bias in percentage (i.e., PBIAS) between the simulated yield and observed yield less
than [201% in each country. The uncalibrated model overestimated yields significantly because the cultivars
are generally poor and have open pollination in Africa. In some grids, maize is harvested in the next year after
sowing, so PBIAS is calculated from 1981 to 2009. PBIAS is calculated using the following formulation,

n

szim,i - Zxobs.i
PBIAS = =L =L % 100%, (2)

n
Zxobs,i
i=1

where Xsim,i, Xobs,i represent simulated yield (kg/ha) and observed yield (kg/ha) in year i respectively, n rep-
resents the total number of years used for calibration.

2.4. Global Circulation Model (GCM) Simulations

Simulations for baseline scenario (2006-2015) and future 1.5 and 2.0°C warming scenarios (2106-2115), rel-
ative to pre-industrial period, are forced by climate input data from the “Half a degree Additional warming,
Prognosis and Projected Impacts” (HAPPI) project (Mitchell et al., 2017). There are four GCMs (ECHAM6-
3-LR, MIROCS5, NorESM1-HAPPI, CAM4-2 degree) and 20 ensembles in each GCM after bias-correction
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through the method described in the Inter-Sectoral Impact Model Inter-comparison Project 2b (ISIMIP2b,
Frieler et al., 2017). Large ensembles of GCM simulations aim to reduce the uncertainties in climate change
impact assessment, but it is challenging to run all the ensembles because of high computation cost. The
Katsavounidis-Kuo-Zhang (KKZ) method is designed to solve this problem for covering the ensembles’
range of change in variables as much as possible (Cannon, 2015; J. Chen et al., 2016; Wang et al., 2018).
Five representative ensembles are selected for each of the four GCMs through KKZ method in this study.
The input data for the KKZ method include four variables: daily maximum temperature (Tmax;°C), daily
minimum temperature (Tmin;°C), daily average downward shortwave radiation flux (Rsds; W/m?), daily
precipitation (Pr; mm). Since daily maximum temperature has strong correlation with daily minimum tem-
perature, maximum and minimum temperatures are combined to select the representative ensembles. First,
changes in precipitation (APr/Pr), temperature (ATmax+ATmin) and downward shortwave radiation flux
(ARsds/Rsds) are calculated for each ensemble under 1.5°C and 2.0°C warming scenarios, relative to the
baseline period. Then, the changes are standardized to zero mean and unit standard deviation for selection
of the representative ensembles under 1.5°C and 2.0°C warming scenarios, respectively. The procedure of
the KKZ method is as follows. In a certain GCM, the first representative ensemble is the ensemble closest
to the centroid of all ensembles, and the second representative ensemble is the ensemble farthest to the
first ensemble. The next three ensembles are selected according to their distances to the previously select-
ed representative ensembles. The nearest distance of every remaining ensemble to the previously selected
ensembles is calculated, and the ensemble with the largest calculated distance is selected as the next repre-
sentative ensemble.

2.5. Simulation Protocol

We run the simulations for irrigated and rainfed maize at grid scale with and without taking CO, effect
into account, respectively. We have two simulation settings for each ensemble under baseline period (2006—
2015) and four simulation settings for each ensemble under 1.5°C and 2.0°C warming scenarios, respective-
ly. They include rainfed and irrigated maize with CO, effect in the baseline period (2006-2015), and rainfed
and irrigated maize with and without CO, effect in the future (2106-2115). The simulations with and with-
out CO, effect aim to disentangle the impacts of elevated CO, on yield change. For simulating rainfed and
irrigated maize growth with CO, effect, CO, concentration is set to be 390, 423, and 487 ppm for baseline
period (2006-2015), 1.5°C and 2.0°C warming scenarios (2106-2115), respectively (Ruane et al., 2018). For
simulating rainfed and irrigated maize growth without CO, effect under 1.5°C and 2.0°C warming scenari-
o0s, CO, concentration is set to be 390 ppm which is the same as CO, concentration for the baseline period.
The average yield for each grid is calculated according to Equation 1. Except climate forcing data and CO,
concentration, all other input data under baseline, 1.5°C and 2.0°C warming scenarios are fixed as in the
calibration period for each grid.

2.6. Estimating Maize Yield Accounting for the Impacts of Future Technology Development

Agronomic management practices such as cultivars, irrigation and fertilization are assumed to be constant
in the simulations, so the differences between simulated yields in 2106-2115 and 2006-2015 are ascribed to
climate change. In fact, the development of technology will lead to yield increase to some extent in the fu-
ture (Huang et al., 2002; Miiller et al., 2011; Tao et al., 2009). Thus, we analyze maize security in Africa with
and without taking into account the impacts of technology development on maize yield. We define the yield
trend due to technology development by linear fitting (Equation 3) and logarithmic fitting (Equation 4) of
the observed yields at country level from 1961 to 2017 with time (years, Table S1), and assume these trends
would continue until 2115 under 1.5°C and 2.0°C warming scenarios. The fitting starts from 1961.

y=ax+b 3)

y=a1n(x)+b 4
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Then, mean yields for 1980-2010 (31930-_2010)> 2006-2015 (¥2006-2015)> and 2106-2115 (¥,106.2115) in each coun-
try are calculated for the linear and logarithmic trend assumptions using the Equations 3 and 4, respec-
tively. The period of 1980-2010 is included because model parameters are calibrated using this period. The
difference ("006-2015) between Y p6_2015 and Yi950_2010, and the difference (72106-2115) between y,,06_2115 and
Y1980-2010 are used to represent the impacts of technology development on maize yield between the two time
periods in each country. In each country, the simulated yields in 2006-2015 plus "006-2015 are used to rep-
resent the yields including the contribution of technology development in 2006-2015, for each ensemble in
the four GCMs. Likewise, the simulated yields under 1.5°C and 2.0°C warming scenarios in 2106-2115 plus
My106-2115 are used to represent the yields accounting for technology development in 2106-2115. Projected
yields without accounting for technology development, represented by the pDSSAT simulated yields under
1.5°C and 2.0°C warming scenarios (2106-2115), are also used to analyze maize security in Africa for com-
parison. Then, the median mean yields among all the ensembles in the four GCMs under baseline period,
1.5°C and 2.0°C warming scenarios in 2106-2115 are used to represent the projected yields accounting for
technology development in a linear trend, logarithmic trend, and remaining unchanged. In this study, total
maize production at country level is estimated by calculating area-weighted production using the projected
yields and planting areas from SPAM 2005. And the planting areas are kept constant under the baseline
period, 1.5°C and 2.0°C warming scenarios.

2.7. Statistical Analyses on Climate Change, Climate Change Impacts, and Maize Supply and
Demand

Changes in mean of daily maximum temperature (°C), daily minimum temperature (°C), daily precipi-
tation (%), and daily downward shortwave radiation flux (%) in each grid are calculated for each ensem-
ble over 2106-2115 under 1.5°C and 2.0°C warming scenarios, respectively, relative to the baseline period
(2006-2015). Because maize would be harvested in the next year after sowing in some grids, maize growth
duration, drought stress, and yield in the first nine growing seasons are analyzed in each grid during each
simulation period. Changes in maize growth duration (%), drought stress, and yield (%) in each grid are cal-
culated for each ensemble in the nine growing seasons under 1.5°C and 2.0°C warming scenarios, relative
to the baseline period. Median changes among all ensembles for a GCM and for the four GCMs are used to
represent the changes in every variable. Maize demand for food consumption is assumed to be the same as
the mean value from 2006 to 2013 obtained from the FAO food balance sheet in each country per capita per
year under baseline, 1.5°C and 2.0°C warming scenarios. The total amount of annual maize consumption
for food is the product of maize consumption per capita per year and the total number of population. Maize
demand except for food consumption including feed, seed, and losses, processed and other uses is assumed
to account for the same proportion to food consumption from 2006 to 2013 under baseline period, 1.5°C and
2.0°C warming scenarios. The mean population number between 2006 and 2013 obtained from FAO food
balance sheet is used to represent the population number under baseline period for countries across Africa.
The population number obtained from Shared Socioeconomic Pathway 1 (SSP1) and Pathway 2 (SSP2) pop-
ulation projections (Lutz et al., 2018) in 2100 is used to represent the population number under 1.5°C and
2.0°C warming scenarios in each country. Eritrea was separated from Ethiopia in 1993, and South Sudan
gained independence from Sudan in 2011. In this study, when the pDSSAT model parameters are calibrated
at country level from 1980 to 2010, the average yield of Ethiopia and Eritrea is estimated by calculating
area-weighted average of yield after 1993. In investigating maize demand of Africa, only Ethiopia (except
Eritrea), Sudan and South Sudan are considered, so available data for Ethiopia (2006-2013) and Sudan (for-
mer) (2006-2011) are used. Linear fitting and logarithmic fitting are done using the yield data of People's
Democratic Republic of Ethiopia from 1961 to 1992 and that of Ethiopia from 1993 to 2017 for Ethiopia
(except Eritrea). For Sudan and South Sudan as a whole, yield data of Sudan (former) from 1961 to 2011 and
that of Sudan from 2012 to 2017 are used.
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Figure 1. Predicted changes in critical climate variables. Projected median changes in daily maximum temperature (Tmax, °C, al and a2), minimum
temperature (Tmin, °C, b1 and b2), precipitation (Pr, %, c1 and c2), downward shortwave radiation flux (Rsds, %, d1 and d2), under 1.5 (al, b1, c1, and d1)
and 2.0°C (a2, b2, c2, and d2) warming scenarios (2106-2115), relative to the baseline period (2006-2015), respectively, across all 20 ensembles (4 GCMs X 5
ensembles) in each scenario.

3. Results

3.1. Projected Changes in Climate, Maize Growth and Productivity under 1.5°C and 2.0°C
Warming Scenarios

The pDSSAT model is calibrated at country level against de-trended yearly maize yields from FAO during
1980 to 2010 (Figure S2). The PBIAS between the simulated and observed yields are within 20% (+) in differ-
ent countries. Then, the calibrated model is forced by 20 representative ensemble projections of future cli-
mate change from four GCMs including ECHAMS6-3-LR, MIROC5, NorESM1-HAPPI, and CAM4-2 degree
to simulate rainfed maize and irrigated maize growth and yield, respectively, at a spatial resolution of 0.5°.

The projected median changes in critical climate variables including daily maximum temperature, mini-
mum temperature, precipitation, and downward shortwave radiation flux are investigated (Figures 1, S3—
S6). Among all the ensembles from the four GCMs, at grid scale, the 5th to 95th percentiles of median
changes range from 0.5°C to 1.0°C (0.9°C-1.5°C) for daily maximum temperature (Figures 1al and 1a2)
and from 0.6°C to 0.9°C (1.1°C-1.5°C) for daily minimum temperature (Figures 1b1 and 1b2), under 1.5°C
(2.0°C) warming scenarios. Among all the ensembles from the four GCMs, at grid scale, median changes
in precipitation are projected to decrease by up to ~37% in about 68% of areas across Africa under 1.5°C
warming scenario, especially in the Northern Africa and the Southern Africa (Figure 1c1). And they are
projected to decrease by up to ~29% in about 48% of areas under 2.0°C warming scenario (Figure 1c2). The
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5th to 95th percentiles of median changes in daily precipitation range from —16% to 6% (—12% to 10%) un-
der 1.5°C (2.0°C) warming scenario (Figures 1cl and 1c2). Downward shortwave radiation flux is projected
to change little under 1.5°C and 2.0°C warming scenarios with similar spatial patterns (Figures 1d1 and
1d2). It is projected to increase slightly in the Central Africa and Southern Africa, but decrease slightly in
the Eastern Africa.

Taking CO, effect into account, an increase in temperature would shorten maize growth duration ubig-
uitously across Africa (Figures 2a-2e), because warming would accelerate crop development rate (Zhao
et al., 2017). Growth duration is projected to reduce more significantly for rainfed maize in South Africa
and Ethiopia under 1.5°C warming scenario (Figures 2al, 2b1, 2c1, 2d1, and 2el). Under 2.0°C warming
scenario, the areas with growth duration decrease are projected to extend to the Southern Africa and East-
ern Africa (Figures 2a2, 2b2, 2c2, 2d2, and 2e2). The case is also true for irrigated maize (Figure S7). Growth
duration is projected to decrease significantly in South Africa under 1.5°C and 2.0°C warming scenarios for
irrigated maize. Among all the ensembles from the four GCMs, the fifth percentile and 95th percentile of
median changes in growth durations at grid scale range from —6.3% to —2.0% (—9.6% to —3.4%) for rainfed
maize, and from —8.5% to —2.2% (—13.2% to —3.7%) for irrigated maize, under 1.5°C (2.0°C) warming sce-
narios. Under combined impacts of multiple factors, including temperature, precipitation and solar radia-
tion, the drought stress on rainfed maize productivity, represented by the ratio of actual evapotranspiration
(AET) to potential evapotranspiration (PET), would aggravate in most areas across Africa under 1.5°C and
2.0°C warming scenarios (Figures 2f-2j), even taking CO, effect into account. However, the aggravation
would be less significant in the Eastern Africa than other areas. And drought stress would decrease in the
United Republic of Tanzania under the two warming scenarios (Figures 2f-2j).

Owing to the shorter growth duration and increased drought stress, maize yields are projected to decrease
in most areas across Africa (Figures 3 and S8). Median changes in yields among all the ensembles from
each GCM and all the four GCMs have similar spatial patterns. Under 1.5°C warming scenario, yields in
the southern Democratic Republic of the Congo, southern Angola, and Western Africa are projected to
decrease more significantly than other areas (Figures 3al, 3bl, 3cl, 3d1, and 3el). Yields are projected to
decrease more, and the spatial heterogeneity of yield change is projected to become more obvious, under
2.0°C than 1.5°C warming (Figure 3). Under 2.0°C warming scenario, yields in the Western Africa, Central
Africa and Northern Africa are projected to decrease more than those in other areas (Figures 3a2, 3b2, 3c2,
3d2, and 3e2). Changes in median yields among all the ensembles at grid level ranged from —21.6% (5th
percentile) to 3.3% (95th percentile) and from —31.1% (5th percentile) to 2.2% (95th percentile) under 1.5°C
and 2.0°C warming scenarios, respectively. The projected climate change impacts on maize yields with
(Figures 3a-3e) and without (Figure S8) taking CO, effect into account are also investigated. Maize will
benefit from elevated CO, to some extent, which suggests that elevated CO, should offset yield loss due to
climate change to some extent. Changes in maize yields at country level are also investigated (Figure 3f).
The 16 countries with average maize productions more than 500 thousand tons from 1961 to 2017 are se-
lected for illustration, including Cameroon (CMR), Democratic Republic of the Congo (COD) in the Central
Africa, Ethiopia (ETH), Kenya (KEN), United Republic of Tanzania (TZA), Uganda (UGA) in the Eastern
Africa, Egypt (EGY) in the Northern Africa, Angola (AGO), Malawi (MWI), Mozambique (MOZ), South Af-
rica (ZAF), Zambia (ZMB), Zimbabwe (ZWE) in the Southern Africa, Benin (BEN), Ghana (GHA), Nigeria
(NGA) in the Western Africa. Generally, the changes in maize yield at country level are similar to those at
grid level. The differences between the projected changes in maize yields among different countries under
1.5°C warming scenario are less than those under 2.0°C warming scenario (Figure 3f). Maize yields would
decrease by less than 15% in all countries under 1.5°C warming scenario with and without CO, effect into
account, however would decrease by more than 15% in COD, EGY, AGO, MWI, BEN, GHA, and NGA under
2.0°C warming scenario even with CO, effect into account. The impacts of different warming scenarios on
maize yields would be more significant than those of different CO, concentrations.

3.2. Changes in Maize Productivity due to Technology Development

Future technology development for maize production could have large uncertainties in the next 100 years in
different countries in Africa. We assume the technology development for maize production would change
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Figure 2. Predicted changes in growth duration (%) and AET/PET (Actual evapotranspiration/Potential evapotranspiration) for rainfed maize, taking CO,
effect into account. Predicted median change in growth duration (%) for rainfed maize during 2106-2115 under 1.5 (al-el) and 2.0°C (a2-e2) warming
scenarios by ECHAMS6-3-LR (al and a2), MIROCS5 (b1 and b2), NorESM1-HAPPI (c1 and c2), CAM4-2degree (d1 and d2), and all the four GCMs (el and e2),
relative to 2006-2015. Predicted median change in AET/PET for rainfed maize during 2106-2115 under 1.5 (f1-j1) and 2.0°C (f2-j2) warming scenarios by
ECHAMBG6-3-LR (f1 and f2), MIROCS (g1, g2), NorESM1-HAPPI (h1 and h2), CAM4-2degree (i1 and i2), and all the four GCMs (j1 and j2), relative to 2006-2015.
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Figure 3. Predicted change in maize yield (%), taking the CO, effect into account. Median changes (%) in projected yield for maize during 2106-2115 under 1.5
(al-el) and 2.0°C (a2-e2) warming scenarios by ECHAMG6-3-LR (al and a2), MIROCS5 (b1 and b2), NorESM1-HAPPI (c1 and c2), CAM4-2degree (d1 and d2),
and all the four GCMs (el and e2), relative to 2006-2015. As well as median changes in yields at country level in 16 major maize producing countries (f) under
1.5°C warming scenario with taking CO, effect into account (CO, +1.5°C), 1.5°C warming scenario without taking CO, effect into account (4+1.5°C), 2.0°C
warming scenario with taking CO, effect into account (CO, +2.0°C), 2.0°C warming scenario without taking CO, effect into account (+2.0°C).

in a linear or a logarithmic trend until 2106, comparing with the technology for maize production during
the calibration period (1980-2010) at country scale. Linear fitting and logarithmic fitting of maize yields
against time (years) are done in all available Africa countries during 1961-2017, the coefficients of deter-
mination (R?) are larger than 0.2 in 28 countries for linear fitting, and in 24 countries for logarithmic fitting
(Table S1). In most countries, R” of linear fitting is larger than that of logarithmic fitting (Table S1), which
indicates that linear fitting performed better than logarithmic fitting for most Africa countries from 1961 to
2017, but logarithmic fitting could be more reasonable for the trends in the future. The linear fitting curve
and logarithmic fitting curve are shown in Figure S9 for every country in each part of Africa from 1961 to
2017.
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Figure 4. Predicted Ry, at country level in Africa. Rsq under constant (al-a5, C & NT), linear (b1-b5, C & T [linear]) and logarithmic (c1-c5,C & T
[logarithmic]) technology development with climate change, and without technology development and climate change (d1-d5, NC & NT), is presented. Panels
(al, bl, c1, and d1) represent the ratio under baseline period, (a2, b2, c2, and d2) represent the ratio under 1.5°C warming and SSP1 population growth scenario.
Panels (a3, b3, c3, and d3) represent the ratio under 1.5°C warming and SSP2 population growth scenario. Panels (a4, b4, c4, and d4) represent the ratio under
2.0°C warming and SSP1 population growth scenario. Panels (a5, b5, c5, and d5) represent the ratio under 2.0°C warming and SSP2 population growth scenario.

3.3. Balance Between Maize Supply and Demand Under 1.5°C and 2.0°C Warming Scenarios

Thirty-nine African countries have maize demand data in the FAO food balance sheet, so only these 39
countries are investigated on maize security. Taking into account the impacts of climate change, rising CO,
concentration, and (or) technology development, the ratio of maize supply to demand (Ry,sq) at country level
in Africa is investigated under 1.5°C and 2.0°C warming scenarios with national SSP1 and SSP2 population
projections (Lutz et al., 2018). As a control, Ry, is discussed without the impacts of climate change and
technology development, but with population growth as the SSP1 and SSP2 projections. African population
is projected to reach 1,725 and 2,919 million in 2100 according to SSP1 and SSP2 population projections
from 921 million during 2006-2013 based on FAO data. Based on the SSP1 population projection, under
1.5°C and 2.0°C warming scenarios, food security for maize would become worse in most countries if the
technology remains at the same level as the calibration period from 1980 to 2010 (Figures 4al-4a5) or the
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Figure 5. Predicted Ry, in the major maize producing countries. R, in the major maize producing countries under baseline period (2006-2015), 1.5°C and
2.0°C warming scenarios (2106-2115) in SSP1 (top row) and SSP2 (bottom row) national population growth projections scenarios, in which maize production
technology remains constant as calibration period with climate change (1), develops in a linear trend with climate change (2), develops in a logarithmic trend
with climate change (3), and remains constant without climate change (4).

technology develops in a logarithmic trend (Figures 4c1-4c5). However, when the technology develops in
a linear trend, the threat of maize deficiency would be reduced at some countries (Figures 4b1-4b5). Based
on the SSP2 population projection, maize security in more countries would become worse compared with
SSP1 population projection, because of increasing population and maize demand (Figure 4, Tables S2-S4).
The median R for the whole Africa will increase to 0.87 (0.85) with SSP1 population projection under
1.5°C (2.0°C) warming scenario from 0.72 under baseline period with linear technology development trend,
while the threat of maize deficiency will increase with other scenarios. Rsq Will increase slightly if there
is no climate change or technology development compared with if there is no technology development but
climate change, however, adverse effect of climate change could be compensated by technology develop-
ment (Table S2). Ry is further analyzed for the major maize producing countries mentioned in Section 3.1
except for Democratic Republic of the Congo because of lacking maize demand data (Tables S3 and S4).
The trend of change (increase or decrease) in Ry for each country under 1.5°C is the same as that under
2.0°C warming scenario, relative to the baseline period, except Uganda with consideration of linear tech-
nology development and climate change, which indicates that the two warming targets stipulated by Paris
Agreement could not be distinguished significantly with each other regarding maize supply and demand.
Rumsa is projected to decrease in all major maize producing countries with constant technology and SSP1 and
SSP2 population projections taking climate change into account or not in 2106-2115, relative to the baseline
period (Figures 4al-4a5, 4d1-4d5, Tables S3 and S4). In contrast, R,y is projected to increase in many major
maize producing countries when the technology for maize production could keep the linear development
trend until the end of century. For example, Ry is projected to increase in Benin, Cameroon, Ethiopia,
Ghana, South Africa, Uganda and Zambia under 1.5°C warming scenario with SSP1 population projection,
more details could be found in Tables S3 and S4, Figures 4b1-4b5 and Figure 5. If maize production tech-
nology develops in a logarithmic trend, most of the major maize producing countries would need to import
more maize to feed itself in Africa under 1.5°C and 2.0°C warming scenarios, relative to the baseline period,
except Ethiopia, South Africa for SSP1 population growth projection (Tables S3 and S4, Figures 4c1-4c5, 5).
Maize security is influenced more by technology development (Figure 4a vs. Figure 4b and Figure 4a vs.
Figure 4c) than climate change (Figures 4a vs Figure 4d) when global warming of 1.5°C and 2.0°C. Both
under 1.5°C and 2.0°C warming scenarios, in the major maize producing countries, Ry, is always projected
to decrease to less than 1.0 in Kenya, Egypt, Angola, Malawi, Mozambique, Zimbabwe and Nigeria even
with linear technology development and SSP1 population projection (Figure 5, Tables S3 and S4). This calls
for more attentions to the shortage of maize in these countries. Overall, maize security situation for the
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whole Africa will become worse under 1.5°C and 2.0°C warming scenarios, relative to the baseline period
(Table S2), except with linear technology development and SSP1 population projection. Our results indicate
that keeping the global average temperature increase below 1.5°C relative to pre-industrial levels alone will
not enable Africa to maintain maize security due to rising population. Development in technology of maize
production will minimize or even reverse the adverse effects of global warming of 1.5°C and 2.0°C in Africa
significantly, so future studies should put more efforts to develop technology of maize production in Africa.

4. Discussion

The results show that Africa would become warmer and drier under 1.5°C and 2.0°C warming scenarios,
which could reduce growth duration, aggravate drought stress, and consequently reduce maize yields in
most areas across Africa. The results are supported by previous studies (e.g., Challinor et al., 2014; Faye
et al., 2018; Rosenzweig et al., 2014). The increase of CO, does not directly stimulate photosynthesis, but can
indirectly stimulate carbon gain under drought condition, for C, plants such as maize (Leakey et al., 2009).
Under 1.5°C and 2.0°C warming scenarios, drought stress is projected to increase in most areas (Figures 2f-
2j), so elevated CO, can offset partly yield losses due to climate change in Africa, especially in Angola and
Mozambique in the Southern Africa (Figure 3f). Since drought stress is projected to increase in most grids
under 2.0°C than 1.5°C warming scenario (Figures 2f-2j), elevated CO, can offset yield loss more under
2.0°C than 1.5°C warming scenario (Figure 3f). In addition, nitrogen fertilization could improve crop per-
formance under stress conditions. With low nitrogen fertilizer input, maize could benefit less from elevated
CO, (Falconnier et al., 2020).

Besides climate change impacts, maize productivity has been and will be affected by agricultural technolo-
gy development including agronomic management and breeding technologies (Huang et al., 2002; Miiller
et al., 2011). The yield of maize in Africa is lower than other areas (Shiferaw et al., 2011) although maize
yield has steadily increased in the past decades in many countries in Africa according to FAO. Smallholder
farmers in Sub-Saharan Africa currently grow rainfed maize with limited inputs including fertilizer. Adap-
tation strategies should be taken, including breeding crop cultivars with long growth duration and strong
drought resistance, and improving agricultural inputs and agronomic management. Food security in Africa
can be improved by sustainable agricultural intensification to close yield gap, which, however, requires a
large, abrupt acceleration in rate of yield increase (van Ittersum et al., 2016). This seems unlikely given the
trends showed in this study are all linear or logarithmic not exponential.

The real trend in maize production caused by technology development is hard to predict. Large uncertain-
ties exist in whether the linear technology development can be maintained until 2115 and if the increase
of maize yield is at the early stages of logarithmic technology development. More attention should be fo-
cused on technology development of dryland crops traditionally cultivated in Africa. Linear and logarith-
mic fitting are reasonable for the yield series data, although the coefficients of determination are low for
some countries, partly due to the large number of samples from 1961 to 2017. In linear fitting, the trend is
negative for Botswana, Chad, Lesotho, and Zimbabwe. In logarithmic fitting, the trend is negative for An-
gola, Botswana, Chad, Lesotho, Mozambique, and Zimbabwe (Table S1). The negative trends may indicate
negative technology development in maize production in these countries because of poor cultivars and
agronomic management. In these countries, Ry,q would decrease more under 1.5°C and 2.0°C warming
scenarios (2106-2115), relative to the baseline period (2006-2015), because of increase in maize demand
due to population increase, and decrease in maize supply.

The processes and methods used to simulate crop growth, development and yield formation vary among
different crop models, so crop model selection could be another source of uncertainties (Tao et al., 2018).
Although climate change impact assessment can be more robust with multiple models, some studies have
indicated that the simulation of DSSAT model is close to the median value among multiple crop models
(Palosuo et al., 2011; Rosenzweig et al., 2014). On one hand, our results may be more negative than the
actual scenario because of higher mortality and migration driven by decreasing R4, Which are not taken
into account in the population projections (Lutz et al., 2018). On the other hand, consumption patterns may
increase over time with regional development and higher income. The supply of maize in the future is also
estimated based on the planting area provided by SPAM 2005 (IFPRI et al., 2016), although the planting
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area of maize may extend to more dry areas because of the high risks of hunger or transit into other crops
in the future (Rippke et al., 2016). However, massive cropland expansion will lead to biodiversity loss and
greenhouse gas emissions (Molotoks et al., 2018), and therefore, should be cautious.

5. Conclusions

In this study, we conduct an integrated assessment on maize production and security in Africa under 1.5°C
and 2.0°C warming scenarios, considering the combined impacts of climate change, technology develop-
ment and population increase. The results show that maize yield in Africa would overall decrease due to
shorter growth duration and more severe drought stress. The threat of maize security will likely increase in
the future, so timely countermeasures should be taken to mitigate maize deficit risks in Africa, especially in
Kenya, Egypt, Angola, Malawi, Mozambique, Zimbabwe, and Nigeria. The results highlight the importance
of technology development and adaptation strategies including sustainable agricultural intensification,
cultivars breeding technologies, agronomic inputs and management technologies such as irrigation and
fertilization to meet the challenges of maize deficit in the vulnerable regions. In particular, more attention
should be focused on technology development of dryland crops traditionally grown in Africa in the future.

Data Availability Statement

The DSSAT (version 4.6) source code is on github.com and the repository is private. Request from the DS-
SAT group is necessary for access (https://github.com/DSSAT). Harvested area data for rainfed and irrigated
maize at a 0.5° resolution grid scale is obtained from SPAM 2005 V3.2 global data (http://mapspam.info/
data/). We applied fertilizer data and growing season data at a 0.5° resolution grid scale from the Global
Gridded Crop Model Intercomparison (GGCMI) phase 1 project. Historical maize yield data in each Africa
country is from FAO (http://www.fao.org/faostat/en/#data/QC). Historical AGMERRA climate data and
GSDE soil data are download through the guide in https://github.com/RDCEP/psims/blob/release-2.0/
quickstart.txt. 1.5 and 2.0°C warming climate data are obtained from HAPPI project (https://portal.nersc.
gov/c20c/data/ClimateAnalytics/). Maize demand for food, feed, seed, losses, processed and other uses, as
well as population number from 2006 to 2013 are all from FAO food balance sheet. Population data obtained
from SSP1 and SSP2 population projections in 2100 are used to represent population number under 1.5 and
2.0°C warming scenarios in each Africa country (http://dataexplorer.wittgensteincentre.org/wcde-v2/). The
data that support the findings of this study will be openly available at National Tibetan Plateau/Third Pole
Environment Data Center (https://data.tpdc.ac.cn) within 3 months after this paper has been published.

References

Ainsworth, E. A., & Long, S. P. (2005). What have we learned from 15 years of free-air CO, enrichment (FACE)? A meta-analytic review
of the responses of photosynthesis, canopy properties and plant production to rising CO,. New Phytologist, 165(2), 351-372. https://doi.
0rg/10.1111/§.1469-8137.2004.01224.x

Asseng, S., Ewert, F., Martre, P., Rotter, R. P., Lobell, D. B., Cammarano, D., et al. (2015). Rising temperatures reduce global wheat produc-
tion. Nature Climate Change, 5(2), 143-147. https://doi.org/10.1038/nclimate2470

Beddington, J. R., Asaduzzaman, M., Clark, M. E., Bremauntz, A. F., Guillou, M. D., Howlett, D. J. B., et al. (2012). What next for agriculture
after durban?. Science, 335(6066), 289-290. https://doi.org/10.1126/science.1217941

Berg, A., de Noblet-Ducoudre, N., Sultan, B., Lengaigne, M., & Guimberteau, M. (2013). Projections of climate change impacts on po-
tential C4 crop productivity over tropical regions. Agricultural and Forest Meteorology, 170, 89-102. https://doi.org/10.1016/j.
agrformet.2011.12.003

Cai, C, Li, G., Yang, H., Yang, J., Liu, H., Struik, P. C., et al. (2018). Do all leaf photosynthesis parameters of rice acclimate to elevat-
ed CO,, elevated temperature, and their combination, in FACE environments?. Global Change Biology, 24(4), 1685-1707. https://doi.
org/10.1111/gcb.13961

Cairns, J. E., Hellin, J., Sonder, K., Araus, J. L., MacRobert, J. F., Thierfelder, C., & Prasanna, B. M. (2013). Adapting maize production to
climate change in Sub-Saharan Africa. Food Security, 5(3), 345-360. https://doi.org/10.1007/s12571-013-0256-x

Cannon, A. J. (2015). Selecting GCM scenarios that span the range of changes in a multimodel ensemble: Application to CMIP5 climate
extremes indices. Journal of Climate, 28(3), 1260-1267. https://doi.org/10.1175/jcli-d-14-00636.1

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D. R., & Chhetri, N. (2014). A meta-analysis of crop yield under climate
change and adaptation. Nature Climate Change, 4(4), 287-291. https://doi.org/10.1038/nclimate2153

Chen, J., Brissette, F. P., & Lucas-Picher, P. (2016). Transferability of optimally-selected climate models in the quantification of climate
change impacts on hydrology. Climate Dynamics, 47(9-10), 3359-3372. https://doi.org/10.1007/s00382-016-3030-x

ZHAI ET AL.

13 of 15

85U8017 SUOWILLIOD aA 11810 3|qeo ! dde aup Aq pauienob aJe e YO ‘@SN Jo SejnJ oy A%eid1T8ul|UO /8|1 UO (SUO N IPUOD-pUe-SWBI W00 A8 M ARe.q 1 U UO//Sdny) SUORIPLOD pue swie 1 8y} &8s *[20z/TT/ZT] uo Arigiauluo Ao|im ‘0Bediyd JO AiseAlun Aq ¥2ST00430202/620T 0T/10p/wo A8 im Arelq1jeuuosqndnfey/sdny woly pepeojumoq ‘T ‘TZ02 ‘2.2t82€2


http://github.com
https://github.com/DSSAT
http://mapspam.info/data/
http://mapspam.info/data/
http://www.fao.org/faostat/en/#data/QC
https://github.com/RDCEP/psims/blob/release-2.0/quickstart.txt
https://github.com/RDCEP/psims/blob/release-2.0/quickstart.txt
https://portal.nersc.gov/c20c/data/ClimateAnalytics/
https://portal.nersc.gov/c20c/data/ClimateAnalytics/
http://dataexplorer.wittgensteincentre.org/wcde-v2/
https://data.tpdc.ac.cn
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1126/science.1217941
https://doi.org/10.1016/j.agrformet.2011.12.003
https://doi.org/10.1016/j.agrformet.2011.12.003
https://doi.org/10.1111/gcb.13961
https://doi.org/10.1111/gcb.13961
https://doi.org/10.1007/s12571-013-0256-x
https://doi.org/10.1175/jcli-d-14-00636.1
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1007/s00382-016-3030-x

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Earths Future 10.1029/2020EF001574

Chen, Y., Zhang, Z., & Tao, F. L. (2018). Impacts of climate change and climate extremes on major crops productivity in China at a global
warming of 1.5 and 2.0 degrees C. Earth System Dynamics, 9(2), 543-562. https://doi.org/10.5194/esd-9-543-2018

Deryng, D., Conway, D., Ramankutty, N., Price, J., & Warren, R. (2014). Global crop yield response to extreme heat stress under multiple
climate change futures. Environmental Research Letters, 9(3), 034011. https://doi.org/10.1088/1748-9326/9/3/034011

Deryng, D., Elliott, J., Folberth, C., Miiller, C., Pugh, T. A. M., Boote, K. J., et al. (2016). Regional disparities in the beneficial effects of rising
CO, concentrations on crop water productivity. Nature Climate Change, 6(8), 786-790. https://doi.org/10.1038/nclimate2995

Elliott, J., Glotter, M., Ruane, A. C., Boote, K. J., Hatfield, J. L., Jones, J. W,, et al. (2018). Characterizing agricultural impacts of recent
large-scale US droughts and changing technology and management. Agricultural Systems, 159, 275-281. https://doi.org/10.1016/j.
agsy.2017.07.012

Elliott, J., Kelly, D., Chryssanthacopoulos, J., Glotter, M., Jhunjhnuwala, K., Best, N., et al. (2014). The parallel system for integrating
impact models and sectors (pSIMS). Environmental Modelling & Software, 62, 509-516. https://doi.org/10.1016/j.envsoft.2014.04.008

Elliott, J., Miiller, C., Deryng, D., Chryssanthacopoulos, J., Boote, K. J., Buchner, M., et al. (2015). The global gridded crop model inter-
comparison: Data and modeling protocols for phase 1 (v1.0). Geoscientific Model Development, 8(2), 261-277. https://doi.org/10.5194/
gmd-8-261-2015

Falconnier, G. N., Corbeels, M., Boote, K. J., Affholder, F., Adam, M., MacCarthy, D. S., et al. (2020). Modelling climate change impacts on
maize yields under low nitrogen input conditions in Sub-Saharan Africa. Global Change Biology, 26(16), 1-23. https://doi.org/10.1111/
gcb.15261

Faye, B., Webber, H., Naab, J. B.,, MacCarthy, D. S., Adam, M., Ewert, F., et al. (2018). Impacts of 1.5 versus 2.0°C on cereal yields in the West
African Sudan Savanna. Environmental Research Letters, 13(3), 034014. https://doi.org/10.1088/1748-9326/aaab40

Frieler, K., Lange, S., Piontek, F., Reyer, C. P. O., Schewe, J., Warszawski, L., et al. (2017). Assessing the impacts of 1.5°C global warming
- simulation protocol of the inter-sectoral impact model intercomparison project (ISIMIP2b). Geoscientific Model Development, 10(12),
4321-4345. https://doi.org/10.5194/gmd-10-4321-2017

Glotter, M., & Elliott, J. (2017). Simulating US agriculture in a modern Dust Bowl drought. Nature Plants, 3(1), 16193. https://doi.
org/10.1038/nplants.2016.193

Glotter, M. J., Moyer, E. J., Ruane, A. C., & Elliott, J. W. (2016). Evaluating the sensitivity of agricultural model performance to different
climate inputs. Journal of Applied Meteorology and Climatology, 55(3), 579-594. https://doi.org/10.1175/jamc-d-15-0120.1

Huang, J. K., Pray, C., & Rozelle, S. (2002). Enhancing the crops to feed the poor. Nature, 418(6898), 678-684. https://doi.org/10.1038/
nature01015

Hussain, M. Z., Vanloocke, A., Siebers, M. H., Ruiz-Vera, U. M., Markelz, R. J. C., Leakey, A. D. B,, et al. (2013). Future carbon dioxide
concentration decreases canopy evapotranspiration and soil water depletion by field-grown maize. Global Change Biology, 19(5), 1572-
1584. https://doi.org/10.1111/gcb.12155

International Food Policy Research Institute (IFPRI) (2016). Global spatially-disaggregated crop production statistics data for 2005 version
3.2. Harvard Database. International Institute for Applied Systems Analysis (ITASA). http://doi.org/10.7910/DVN/DHXBJX

Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor, W. D., Hunt, L. A,, et al. (2003). The DSSAT cropping system model.
European Journal of Agronomy, 18(3-4), 235-265. https://doi.org/10.1016/s1161-0301(02)00107-7

Jones, P. G., & Thornton, P. K. (2003). The potential impacts of climate change on maize production in Africa and Latin America in 2055.
Global Environmental Change-Human and Policy Dimensions, 13(1), 51-59. https://doi.org/10.1016/s0959-3780(02)00090-0

Keating, B. A., Carberry, P. S., Hammer, G. L., Probert, M. E., Robertson, M. J., Holzworth, D., et al. (2003). An overview of APSIM,
a model designed for farming systems simulation. European Journal of Agronomy, 18(3-4), 267-288. https://doi.org/10.1016/
51161-0301(02)00108-9

Leakey, A. D. B., Ainsworth, E. A., Bernacchi, C. J., Rogers, A., Long, S. P., & Ort, D. R. (2009). Elevated CO; effects on plant carbon, nitro-
gen, and water relations: Six important lessons from FACE. Journal of Experimental Botany, 60(10), 2859-2876. https://doi.org/10.1093/
jxb/erp096

Liu, B., Martre, P., Ewert, F., Porter, J. R., Challinor, A. I., Miiller, C., et al. (2019). Global wheat production with 1.5 and 2.0°C above pre-in-
dustrial warming. Global Change Biology, 25(4), 1428-1444. https://doi.org/10.1111/gcb.14542

Lobell, D. B., & Field, C. B. (2007). Global scale climate - crop yield relationships and the impacts of recent warming. Environmental Re-
search Letters, 2(1), 014002. https://doi.org/10.1088/1748-9326/2/1/014002

Lobell, D. B., Schlenker, W., & Costa-Roberts, J. (2011). Climate trends and global crop production since 1980. Science, 333(6042), 616-620.
https://doi.org/10.1126/science.1204531

Lutz, W., Goujon, A., KC, S., Stonawski, M., & Stilianakis, N. (2018). Demographic and human capital scenarios for the 21st century: 2018
assessment for 201 countries. Luxembourg: Publications Office of the European Union

Mitchell, D., AchutaRao, K., Allen, M., Bethke, 1., Beyerle, U., Ciavarella, A, et al. (2017). Half a degree additional warming, prognosis
and projected impacts (HAPPI): Background and experimental design. Geoscientific Model Development, 10(2), 571-583. https://doi.
org/10.5194/gmd-10-571-2017

Molotoks, A., Stehfest, E., Doelman, J., Albanito, F., Fitton, N., Dawson, T. P., et al. (2018). Global projections of future cropland expan-
sion to 2050 and direct impacts on biodiversity and carbon storage. Global Change Biology, 24(12), 5895-5908. https://doi.org/10.1111/
gcb.14459

Miiller, C., Cramer, W., Hare, W. L., & Lotze-Campen, H. (2011). Climate change risks for African agriculture. Proceedings of the National
Academy of Sciences of the United States of America, 108(11), 4313-4315. https://doi.org/10.1073/pnas.1015078108

Nuss, E. T., & Tanumihardjo, S. A. (2010). Maize: A paramount staple crop in the context of global nutrition. Comprehensive Reviews in
Food Science and Food Safety, 9(4), 417-436. https://doi.org/10.1111/j.1541-4337.2010.00117.x

Palosuo, T., Kersebaum, K. C., Angulo, C., Hlavinka, P., Moriondo, M., Olesen, J. E., et al. (2011). Simulation of winter wheat yield and its
variability in different climates of Europe: A comparison of eight crop growth models. European Journal of Agronomy, 35(3), 103-114.
https://doi.org/10.1016/j.€ja.2011.05.001

Parkes, B., Sultan, B., & Ciais, P. (2018). The impact of future climate change and potential adaptation methods on Maize yields in West
Africa. Climatic Change, 151(2), 205-217. https://doi.org/10.1007/s10584-018-2290-3

Rippke, U., Ramirez-Villegas, J., Jarvis, A., Vermeulen, S. J., Parker, L., Mer, F., et al. (2016). Timescales of transformational climate change
adaptation in Sub-Saharan African agriculture. Nature Climate Change, 6(6), 605-609. https://doi.org/10.1038/nclimate2947

Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Miiller, C., Arneth, A., et al. (2014). Assessing agricultural risks of climate change in
the 21st century in a global gridded crop model intercomparison. Proceedings of the National Academy of Sciences of the United States of
America, 111(9), 3268-3273. https://doi.org/10.1073/pnas.1222463110

ZHAI ET AL.

14 of 15

85U8017 SUOWILLIOD aA 11810 3|qeo ! dde aup Aq pauienob aJe e YO ‘@SN Jo SejnJ oy A%eid1T8ul|UO /8|1 UO (SUO N IPUOD-pUe-SWBI W00 A8 M ARe.q 1 U UO//Sdny) SUORIPLOD pue swie 1 8y} &8s *[20z/TT/ZT] uo Arigiauluo Ao|im ‘0Bediyd JO AiseAlun Aq ¥2ST00430202/620T 0T/10p/wo A8 im Arelq1jeuuosqndnfey/sdny woly pepeojumoq ‘T ‘TZ02 ‘2.2t82€2


https://doi.org/10.5194/esd-9-543-2018
https://doi.org/10.1088/1748-9326/9/3/034011
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1016/j.agsy.2017.07.012
https://doi.org/10.1016/j.agsy.2017.07.012
https://doi.org/10.1016/j.envsoft.2014.04.008
https://doi.org/10.5194/gmd-8-261-2015
https://doi.org/10.5194/gmd-8-261-2015
https://doi.org/10.1111/gcb.15261
https://doi.org/10.1111/gcb.15261
https://doi.org/10.1088/1748-9326/aaab40
https://doi.org/10.5194/gmd-10-4321-2017
https://doi.org/10.1038/nplants.2016.193
https://doi.org/10.1038/nplants.2016.193
https://doi.org/10.1175/jamc-d-15-0120.1
https://doi.org/10.1038/nature01015
https://doi.org/10.1038/nature01015
https://doi.org/10.1111/gcb.12155
http://doi.org/10.7910/DVN/DHXBJX
https://doi.org/10.1016/s1161-0301(02)00107-7
https://doi.org/10.1016/s0959-3780(02)00090-0
https://doi.org/10.1016/s1161-0301(02)00108-9
https://doi.org/10.1016/s1161-0301(02)00108-9
https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1093/jxb/erp096
https://doi.org/10.1111/gcb.14542
https://doi.org/10.1088/1748-9326/2/1/014002
https://doi.org/10.1126/science.1204531
https://doi.org/10.5194/gmd-10-571-2017
https://doi.org/10.5194/gmd-10-571-2017
https://doi.org/10.1111/gcb.14459
https://doi.org/10.1111/gcb.14459
https://doi.org/10.1073/pnas.1015078108
https://doi.org/10.1111/j.1541-4337.2010.00117.x
https://doi.org/10.1016/j.eja.2011.05.001
https://doi.org/10.1007/s10584-018-2290-3
https://doi.org/10.1038/nclimate2947
https://doi.org/10.1073/pnas.1222463110

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Earths Future 10.1029/2020EF001574

Rétter, R. P., Palosuo, T., Kersebaum, K. C., Angulo, C., Bindi, M., Ewert, F., et al. (2012). Simulation of spring barley yield in differ-
ent climatic zones of northern and central Europe: A comparison of nine crop models. Field Crops Research, 133, 23-36. https://doi.
org/10.1016/j.fcr.2012.03.016

Ruane, A. C., Goldberg, R., & Chryssanthacopoulos, J. (2015). Climate forcing datasets for agricultural modeling: Merged products
for gap-filling and historical climate series estimation. Agricultural and Forest Meteorology, 200, 233-248. https://doi.org/10.1016/j.
agrformet.2014.09.016

Ruane, A. C., Phillips, M. M., & Rosenzweig, C. (2018). Climate shifts within major agricultural seasons for +1.5 and+2.0°C worlds:
HAPPI projections and AgMIP modeling scenarios. Agricultural and Forest Meteorology, 259, 329-344. https://doi.org/10.1016/j.
agrformet.2018.05.013

Schiferl, L. D., Heald, C. L., & Kelly, D. (2018). Resource and physiological constraints on global crop production enhancements from
atmospheric particulate matter and nitrogen deposition. Biogeosciences, 15(14), 4301-4315. https://doi.org/10.5194/bg-15-4301-2018

Schleussner, C.-F., Rogelj, J., Schaeffer, M., Lissner, T., Licker, R., Fischer, E. M., et al. (2016). Science and policy characteristics of the Paris
agreement temperature goal. Nature Climate Change, 6(9), 827-835. https://doi.org/10.1038/nclimate3096

Schmidhuber, J., & Tubiello, F. N. (2007). Global food security under climate change. Proceedings of the National Academy of Sciences of the
United States of America, 104(50), 19703-19708. https://doi.org/10.1073/pnas.0701976104

Shangguan, W., Dai, Y. J., Duan, Q. Y., Liu, B. Y., & Yuan, H. (2014). A global soil data set for earth system modeling. Journal of Advances
in Modeling Earth Systems, 6(1), 249-263. https://doi.org/10.1002/2013ms000293

Shiferaw, B., Prasanna, B. M., Hellin, J., & Bédnziger, M. (2011). Crops that feed the world 6. Past successes and future challenges to the role
played by maize in global food security. Food Security, 3(3), 307-327. https://doi.org/10.1007/s12571-011-0140-5

Shi, W., & Tao, F. (2014). Vulnerability of African maize yield to climate change and variability during 1961-2010. Food Security, 6(4),
471-481. https://doi.org/10.1007/s12571-014-0370-4

Tao, F. L., Rotter, R. P., Palosuo, T., Diaz-Ambrona, C. G. H., Minguez, M. I, Semenov, M. A., et al. (2018). Contribution of crop model struc-
ture, parameters and climate projections to uncertainty in climate change impact assessments. Global Change Biology, 24(3), 1291-1307.
https://doi.org/10.1111/gcb.14019

Tao, F. L., Yokozawa, M., Liu, J. Y., & Zhang, Z. (2009). Climate change, land use change, and China’s food security in the twenty-first
century: An integrated perspective. Climatic Change, 93(3-4), 433-445. https://doi.org/10.1007/510584-008-9491-0

Tao, F. L., Zhang, Z., Xiao, D. P, Zhang, S., Rétter, R. P., Shi, W. J,, et al. (2014). Responses of wheat growth and yield to climate
change in different climate zones of China, 1981-2009. Agricultural and Forest Meteorology, 189, 91-104. https://doi.org/10.1016/j.
agrformet.2014.01.013

Tefera, T. (2012). Post-harvest losses in African maize in the face of increasing food shortage. Food Security, 4(2), 267-277. https://doi.
0rg/10.1007/s12571-012-0182-3

Tubiello, F. N., Rosenzweig, C., Goldberg, R. A., Jagtap, S., & Jones, J. W. (2002). Effects of climate change on US crop production: Simu-
lation results using two different GCM scenarios. Part I: Wheat, potato, maize, and citrus. Climate Research, 20(3), 259-270. https://doi.
org/10.3354/cr020259

van Ittersum, M. K., van Bussel, L. G. J., Wolf, J., Grassini, P., van Wart, J., Guilpart, N., et al. (2016). Can Sub-Saharan Africa feed it-
self 2. Proceedings of the National Academy of Sciences of the United States of America, 113(52), 14964-14969. https://doi.org/10.1073/
pnas.1610359113

Wang, H. M., Chen, J., Cannon, A. J., Xu, C. Y., & Chen, H. (2018). Transferability of climate simulation uncertainty to hydrological im-
pacts. Hydrology and Earth System Sciences, 22(7), 3739-3759. https://doi.org/10.5194/hess-22-3739-2018

Zhao, C., Liu, B., Piao, S. L., Wang, X. H., Lobell, D. B., Huang, Y., et al. (2017). Temperature increase reduces global yields of major crops
in four independent estimates. Proceedings of The National Academy of Sciences of the United States of America, 114(35), 9326-9331.
https://doi.org/10.1073/pnas.1701762114

ZHAI ET AL.

150f 15

85U8017 SUOWILLIOD aA 11810 3|qeo ! dde aup Aq pauienob aJe e YO ‘@SN Jo SejnJ oy A%eid1T8ul|UO /8|1 UO (SUO N IPUOD-pUe-SWBI W00 A8 M ARe.q 1 U UO//Sdny) SUORIPLOD pue swie 1 8y} &8s *[20z/TT/ZT] uo Arigiauluo Ao|im ‘0Bediyd JO AiseAlun Aq ¥2ST00430202/620T 0T/10p/wo A8 im Arelq1jeuuosqndnfey/sdny woly pepeojumoq ‘T ‘TZ02 ‘2.2t82€2


https://doi.org/10.1016/j.fcr.2012.03.016
https://doi.org/10.1016/j.fcr.2012.03.016
https://doi.org/10.1016/j.agrformet.2014.09.016
https://doi.org/10.1016/j.agrformet.2014.09.016
https://doi.org/10.1016/j.agrformet.2018.05.013
https://doi.org/10.1016/j.agrformet.2018.05.013
https://doi.org/10.5194/bg-15-4301-2018
https://doi.org/10.1038/nclimate3096
https://doi.org/10.1073/pnas.0701976104
https://doi.org/10.1002/2013ms000293
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1007/s12571-014-0370-4
https://doi.org/10.1111/gcb.14019
https://doi.org/10.1007/s10584-008-9491-0
https://doi.org/10.1016/j.agrformet.2014.01.013
https://doi.org/10.1016/j.agrformet.2014.01.013
https://doi.org/10.1007/s12571-012-0182-3
https://doi.org/10.1007/s12571-012-0182-3
https://doi.org/10.3354/cr020259
https://doi.org/10.3354/cr020259
https://doi.org/10.1073/pnas.1610359113
https://doi.org/10.1073/pnas.1610359113
https://doi.org/10.5194/hess-22-3739-2018
https://doi.org/10.1073/pnas.1701762114

	Africa Would Need to Import More Maize in the Future Even Under 1.5°C Warming Scenario
	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Maize Production in Africa
	2.2. Model Description
	2.3. pDSSAT Model Calibration
	2.4. Global Circulation Model (GCM) Simulations
	2.5. Simulation Protocol
	2.6. Estimating Maize Yield Accounting for the Impacts of Future Technology Development
	2.7. Statistical Analyses on Climate Change, Climate Change Impacts, and Maize Supply and Demand

	3. Results
	3.1. Projected Changes in Climate, Maize Growth and Productivity under 1.5°C and 2.0°C Warming Scenarios
	3.2. Changes in Maize Productivity due to Technology Development
	3.3. Balance Between Maize Supply and Demand Under 1.5°C and 2.0°C Warming Scenarios

	4. Discussion
	5. Conclusions
	Data Availability Statement
	References


