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Abstract: Food security can be under threat due to climate change, which has the potential to alter
crop yield. Wheat, maize, and rice are major crops contributing to global food security. The impact
of climate change on crop yield with different models and techniques has been projected; this re-
viewed the worldwide impact of climate change on future wheat, rice, and maize production. Wheat
and maize crop yields may increase due to climate change in colder regions and may decrease in
the countries near the equator. The increase in carbon dioxide concentration in the atmosphere may
help wheat and maize crops regarding increased carbon intake in colder regions. The rice crop yield
may decrease in almost all major rice-producing countries due to water scarcity, which can be am-
plified due to climate change. The impact of climate change on crop yield prediction involves un-
certainties due to different crop models, global circulation models, and bias correction techniques.
It is recommended to use multiple climatic models and more than one bias correction technique for
better climatic projections. Adaptation measures could help to reduce the adverse impacts of future
climate on agriculture. Shifting the planting calendar, irrigation and nutrient management, improv-
ing crop varieties, and expanding the agricultural areas are suggested as the most effective adapta-
tion actions in response to climate change. The findings of this study may help policymakers to
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. . 1. Introduction
Academic Editor: Aiming Qi

Climate change has significant impacts on agri-food systems. Ten percent of the cur-
rently suitable area for major crops is projected to be climatically unsuitable by the
midcentury under high-emission scenarios (SSPs) of the IPCC’s 6th Assessment Report
on Climate Change [1]. Increased, potentially concurrent climate extremes will periodi-
cally increase simultaneous losses in major food-producing regions [2]. Climate change
hits the world’s poor the hardest. Over 70% of the world’s low-income population relies
B on agriculture and natural resources for their livelihood. The global population is pro-
jected to reach around 10 billion by 2050 [3]. Due to the rapid change in demography,
economic growth, and lifestyle, the production of primary crops was 9.2 billion tons glob-
ally in 2018, which was around 50% more than in 2000 [4]. World cereal equivalent food
conditions of the Creative Commons demand is projected to increase by around 10,094 million tons in 2030 and 14,886 million
Attribution  (CC BY) license  tons in 2050 due to intensification of social, economic, and demographic pressures [5].
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In 2020, nearly one out of three people lacked regular access to adequate food [6].
Cereals are a good source of minerals, carbohydrates, vitamins, proteins, and micronutri-
ents, essential for proper functioning of the body. Due to the hike in prices, developing
countries, consuming more cereals (166 kg/capita/annum) than developed countries (133
kg/capita/annum) and having less resilience, may suffer more [7]. Furthermore, the
Ukraine crisis triggered food shortages for the world’s poorest people. Ukraine and the
Russian Federation supply 30% and 20%, respectively, of the global exports of maize and
wheat [6]. Moreover, cereals are considered a reliable source of calories. Calories intake
from cereals in developing and developed countries are 60% and 30%, respectively. Figure 1a
elaborates on the global production and cultivated area statistics of three major cereal
crops (wheat, rice, and maize), and Figure 1b the production share of cereal by region
from the years 1994-2020. Around the world, rice, wheat, and maize are important staples
critical to the daily survival of billions of people [8].
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Figure 1. Worldwide (a) total production, harvested area, and (b) production share by region of
wheat, rice, and maize 1994-2020 [9].
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Earth’s temperature is predicted to increase from 2.5 °C to 4.5 °C due to an increase
in greenhouse gas (GHG) emissions by the year 2100. The increased level of atmospheric
CO:2 may cause an inefficient uptake of net carbon by plants, resulting in decreased crop
yield, thus asking food security questions in the future [10]. Climate change has a direct
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influence on the environment, e.g., biodiversity loss, changes in the soil, and water short-
ages, making sustainable food production difficult for the increasing population. The In-
tergovernmental Panel on Climate Change (IPCC) expressed high confidence that crop
production would be consistently and negatively affected by climate change in the future
in low-latitude countries, while climate change may have positive or negative effects in
the northern latitudes. Although some high-latitude regions may become more climati-
cally viable for crops, soil quality and water availability might constrain sustained agri-
cultural production increases in these locations. Based on the climatic models under the
highest scenario of warming, it was estimated that the yield of wheat and rice may decline
by 17 percent globally by 2050 relative to a scenario with an unchanging climate [11]. To
cope with this issue, it is an urgent need today to use the available resources efficiently
and determine imperative actions regarding agricultural production to deal with the pre-
vailing climate risks in the future [12]. According to IPCC, adaptation measures are de-
fined as modifications/adjustments in the natural systems to reduce the harmful impacts
associated with climate change [13-15]. As expressed by IPCC, different regions may face
different levels of severity of climate change impact on crop yield. That is why researchers
are investigating the effects of climate change on different crops in different regions by
using different crop models and climatic models under different emission scenarios.
Moreover, sharply changing climate is threatening the food security for the fast-growing
global population. Lately, many review studies have been conducted to examine the im-
pacts of climate change on agriculture or crop production. However, all these studies have
some limitations regarding spatial coverage, consideration of climate models, crop mod-
els, climate change scenarios, or types of crops investigated. For instance, studies includ-
ing [16-20] investigated the impacts of climate change on crop production at the country
or regional level and found limited regarding spatial coverage. On the other side, studies
including [21] are found limited regarding spatial coverage and types of crops considered
as they examined the climate change impact only on regional crops at the country or re-
gional level. Further, [21] was found limited regarding crop coverage as it focused only
on the impacts of climate change on rice. Moreover, all the above-mentioned studies only
investigated the concerned region/crop-specific climate change mitigations, adaptations,
and/or policy implications. However, this study emphasized the impacts of climate
change by focusing on the world’s top three grown cereal crops, namely maize, wheat,
and rice. Moreover, the scope of the study is broadened by considering the major contrib-
uting countries in the production of concerned crops at the global scale for eliminating the
limitation of spatial coverage. Furthermore, the review is performed without the limita-
tion of considering climate models, climate change scenarios, and crop models to increase
the level of abstraction of the study. The study also generally summarized the challenges
faced by crop production due to climate change and the potential mitigation and adapta-
tion strategies by using the drivers—pressures—state-impact-response (DPSIR) frame-
work. The main objectives of this review are to evaluate the worldwide climate change
impact on wheat, maize, and rice production and analyze the universal impacts of adap-
tation actions to produce cereal crops. The countries with major wheat, rice, and maize
production are presented in Figure 2.

This study can be helpful for policymakers to possess insightful details on the impact
of climate change on cereal crops, providing a gateway to cope with this issue, and a com-
prehensive overview and research gaps for the researchers regarding further assessment.
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Figure 2. Major countries contributing to cereal crop production: (a) wheat, (b) rice, and (c) maize
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2. Materials and Methods

This review was based on a thorough evaluation of the existing literature to deter-
mine the present status of research examining the impact of climate change on cereal crops
(wheat, rice, and maize). To preserve the review’s quality, peer-reviewed articles were
given priority in the review of the literature. The articles were selected focusing on the
climate change impact on wheat, rice, and maize in major countries that produce these
cereals. Moreover, uncertainty aspects of climate change impact on cereal crops have also
been discussed.

3. Role of Climatic Models and Scenarios for Future Climatic Predictions

Before analyzing the potential impacts caused by climate change, it is necessary to
have accurate information about the future climate to formulate policies built on different
adaptation actions in controlling the impacts of this global issue (climate change) [14].
Existing climatic scenarios’ emissions vary between scenarios depending on socio-eco-
nomic assumptions, levels of climate change mitigation for aerosols and non-methane
ozone precursors, and air pollution controls [14]. Optimal selection of climate change sce-
narios plays an imperative role throughout assessment of future climate [13]. The climate
change scenarios have been classified into three major types by the Intergovernmental
Panel on Climate Change (IPCC), namely synthetic (incremental), analog, and climate-
model-based scenarios. The synthetic scenarios can be generated using a technique (add-
ing random values to the realistic baseline data) to adjust the temperature and precipita-
tion for future climate conditions. In analog scenarios, the historical climatic data are an-
alyzed thoroughly on a temporal basis to construct possible future analog climatic condi-
tions. Model-based scenarios can be generated by completing adjustments in the baseline



Agronomy 2023, 13, 162

5 of 21

data by some downscaling technique (arithmetic-based corrections in the data after com-
paring/analyzing historical and future extracted model-based data) [15]. Regional climate
models (RCMs) and global circulation models (GCMs) provide numerical/quantitative es-
timation of climatic projections in the future at regional and global scales at different tem-
poral resolutions (a day, a month, or a year). Therefore, RCMs and GCMs are used for
projecting various climate parameters, such as temperature, precipitation, humidity, etc.,
at different temporal and regional scales [22].

The outputs from GCMs are rather coarse, with a spatial resolution of about 100 km,
and provide the climate trends at a global scale rather than regional predictions, while
RCMs are derived from GCMs and can provide better results at a resolution scale of about
10 km. The outputs from large-spatial-scale GCMs may contain uncertainties and ambi-
guities in the projected results of temperature and rainfall by considering the topograph-
ical and land use impact at a larger longitudinal distribution [23]. Instead, RCMs may
provide a better understanding of variations in spatial features due to their high aerial
resolution. Therefore, different climate-based models have their pros and cons; their se-
lection should be made depending on the objectives and goals of the studies [24]. Aiding
climate change studies, climatic scenarios hold a significant role in predicting the future
climate. In the IPCC fourth assessment report (AR4), four different scenarios (A1, A2, Bl,
and B2 scenarios) were reported [25]. IPCC AR5 had four different emission scenarios
based on representative concentration pathways (RCPs) RCP 2.6, RCP 4.5, RCP 6.0, and
RCP 8.5 [22]. Recently, IPCC AR6 provided five emission scenarios based on shared soci-
oeconomic pathways (SSPs) SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-70, and SSP5-8.5 [1]. A
comprehensive list of climate change scenarios established by the IPCC is provided in
Table 1.

Table 1. Description of SRES, RCP, and SSPs emission scenarios.

Assessment

Report (AR) Scenario Detail Description Source
Al1F1 A rapid increase in the economic and population growth [26]
Al1T No use of fossil fuels but some alternative source of energy that will not emit GHGs [26]
A1B A rapid increase in economic growth with effective technologies, low population growth, and balanced [26]
consumption of energy sources
AR4 A2 A continuous rise in the world population, regional-based economic growth with lower per capita economic [26]
growth
B1 A world with increasing resource-efficient technologies, an increase in the world population till 2050 and 26]
then declines, and rapid changes in economic development with less material intensity
B2 This scenario is more focused on economic, social, and environmental sustainability at the local and 26]
provincial levels
RCP 2.6 Low range mitigation scenario, the CO2 concentration of 421 ppm, temperature rise by 1.6 °C till 2100 [22]
Medium range emission scenario (referenced as B1 scenario), the COz concentration of 538 ppm,
RCP 4.5 . . [22]
temperature rise by 2.4 °C till 2100
AR5 Medium range emission scenario (referenced as B2/A1B scenario), the CO2 concentration of 670 ppm,
RCP 6.0 . . [22]
temperature rise by 2.8 °C till 2100
High range emission scenario (referenced as A2/A1F1 scenario), the COz concentration of 936 ppm,
RCP 8.5 . . [22]
temperature rise by 4.3 °C till 2100
Scenarios with very low and low GHG emissions and CO:z emissions declining to net zero around 2050,
SSP1-1.9 . . . (1]
followed by varying levels of net negative CO2 emissions (SSP1-1.9)
This scenario with 2.6 W/m? by the year 2100 is a remake of the optimistic scenario RCP2.6 and was
SSP1-2.6  designed to simulate a development that is compatible with the 2 °C targets. This scenario also assumes [1]
climate protection measures are being taken.
As an update to scenario RCP4.5, SSP245 with an additional radiative forcing of 4.5 W/m? by the year 2100
AR6 SSP2-4.5  represents the medium pathway of future greenhouse gas emissions. This scenario assumes that climate [1]
protection measures are being taken.
SSP3.7.0 With 7 W/m? by the year 2100, this scenario is in the upper-middle part of the full range of scenarios. It was [
newly introduced after the RCP scenarios, closing the gap between RCP6.0 and RCP8.5.
With an additional radiative forcing of 8.5 W/m? by the year 2100, this scenario represents the upper
SSP5-8.5 boundary of the range of scenarios described in the literature. It can be understood as an update of the [1]

CMIP5 scenario RCP8.5, now combined with socioeconomic reasons.
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4. Impacts of Climate Change on Wheat under Different Modeling Systems and
Adaptations

Climate change is a global issue having numerous effects on agricultural products.
Crops may experience a water shortage or a decrement in yield due to the changing cli-
mate. Various studies have been conducted at the global level to assess the potential im-
pacts of climate change on wheat yield [27]. A range of climatic models along with climate
change scenarios were used to predict future impacts of climatic variations on wheat pro-
duction using various quantification methods. From a comprehensive literature review
(see Table 2), it can be stated that a wide range of potential impacts were expected for
wheat production at a global scale.

Several crop simulation models, such as APSIM-Wheat, DSSAT-CERES-Wheat,
CSM-CROPSIM-CERES-Wheat, and DSSAT-NWHEAT, have commonly been used for
simulating wheat yield under present and future climatic conditions [28]. The APSIM-
Wheat model was used in various environments; it was used in China to assess the climate
change impact on wheat yield. The results elaborated the advancing trend of the wheat
phenological stage under RCP 4.5 and RCP 8.5 scenarios, and increased CO:z concentration
is expected to have a positive impact on wheat, with an increased level of water produc-
tivity at less evapotranspiration demand in the future [27]. Climate change impact was
assessed using the DSSAT-CERES model under two representative concentration path-
ways (RCP 4.5 and RCP 8.5) for the periods of 2010-2039, 2040-2069, and 2070-2099. The
impacts of climate change atmospheric CO:2 concentration in the Huang-Huai-Hai Plain
of China were assessed. The results revealed a positive correlation between increasing
rainfall and atmospheric CO: concentration to wheat production, but a negative relation
was foreseen with increasing future temperature, concluding that the positive impacts of
CO: and rainfall in the future might be offset by rising temperature [29]. Wheat produc-
tion vulnerability to climate change was analyzed in Pakistan from arid to humid zones
using the CSM-CROPSIM-CERES-Wheat model. The most severe impacts on wheat were
in arid and the least in humid regions of the country as humid zones might be somehow
able to withstand the increased effect of temperature in the future [30]. Around the world,
about 800 million people are persistently underfed or suffering from food shortages, es-
pecially in southern Asia and Africa. These regions depend on agriculture to feed them-
selves, but the harvested crop area is reducing almost all over the world. Therefore, great
importance is associated with adaptation action plans according to the United Nations
Framework Convention on Climate Change (UNFCCC) [31].

Many adaptation actions were performed in the past for moderating the impacts of
climate change on wheat production. Two adaptation strategies (introducing new heat-
tolerant varieties and expanding irrigation set-up) in response to climate change were im-
plemented for wheat production at a global scale (for main wheat-producing countries,
i.e.,, France, United Nations, Pakistan, Germany, India, Canada, China, Russia, and Tur-
key). The results suggested implementation of these adaptations based on the current pro-
duction level and yield accomplishment for each country. For Pakistan, China, and India,
adaptations, i.e., expanding irrigation area and use of heat-tolerant varieties, were pro-
posed to gain the required wheat production in the future. Meanwhile, other countries
might be able to gain the required yield in the future either by expanding irrigation areas
or switching to other crop varieties. For example, in Canada and Russia, the level of ad-
aptation was a bit lower; the yield in the future can be maintained at the required levels
only by an increase in the irrigated area by using the existing wheat varieties [32]. The
InfoCrop-Wheat model was used to simulate crop yield under future climatic conditions
for Indian wheat production; its production was expected to be more vulnerable to climate
change in the southern and central parts of India (warmer regions). Shifting crop planting
dates, earlier planting of late-sown crops, and by using higher irrigation, fertilizers, seeds,
etc., could prove beneficial adaptations to reduce the severe impacts of climate change in
the future [33]. China is one of the most populous countries in the world, with a large
amount of food consumption. Wheat is widely grown in China and is expected to be one
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of the crops affected by climatic variations in the future. It has been recommended that
delayed planting of wheat in China may help the plant to grow well under changing cli-
matic conditions. In addition, more heat-tolerant varieties, rotary tillage instead of con-
ventional, and improved irrigation levels during critical growth stages (when crop water
demand is high) of the crop are some of the useful strategies for wheat production under

changing climate [33].

Table 2. Summary of past research on global wheat production under climate change.

Sr. No. SI:?:: Purpsot ied(;f the Cl;zz:fi/i‘gs:tshe QuaMn;f}l:::mn Cl\l;:;etic Climatic Scenarios Ii::llc(l)}(’i Main Findings  References
Reduction in yield
from 0.7 to 22.7%
To assess the RCP 45 (1981-2010), Cg:;g?;idu:) dt;e
1 Nort.hern chr.nate change Var?n.ng APSIM-Wheat 28 GCMs & (2031-2060), constant COx 27]
China impact on conditions model RCP 85 concentration & the
wheat yield (2071-2100) increase in yield
under elevated CO2
concentration
Evaluating the From baseline, yield
Northern . impact of The temperate Cobb-Douglas 5 climatic RCP 45 (1981-2005) increased by 1.17%
China climate change - zone, monsoon analysis model models & & (RCP 4.5) and 2.16% [34]
on winter climate RCP 85 (2021-2050) (RCP 8.5)
wheat yield
Scenario 1 (existing
climatic conditions
with 350 ppm COz);
Scenario 2 (maximum
& minimum
temperature with an Increased in yield by
Estimating the increase of 1.0 °C and 29-37% (rainfed) &
. impact of 1.5 °C, respectively, (1969-1999) 16-28% (irrigated)
Northwest climate change CERES-Wheat ) & 460 ppm plant under Scenario 2 and [35]
India on wheat model functional COz (2040-2049) Increased by 22-30%
production concentration; & (rainfed) & 12-23%
until 2050 Scenario 3 (maximum (irrigated) under
and minimum Scenario 3
temperature with an
increase of 2.0 °C &
2.5 °C, respectively &
460 ppm plant
functional COz)
The yield may reduce
Assessing the from 6 to 52% for the
impacts under timely, late, and very
existing famd Alb and Bl (2000-2007), late sox'/vn situations,
_ adaptation 1 i altosub-  InfoCrop-  1GCM & (for GEM)  50p0-2050), & the impacts were
4 India conditions on . & predicted to be more [33]
. tropical Wheat model 1RCM .
wheat yield for Alb, A2, and B2 (for (2070-2100) 1 in the warmer .
the future RCM) climatic zones, suc
climatic as the central and
conditions southern parts of
India
Assessing the (1990-1999), In different parts of
European long-term Climate-Soil- (2030-2039), European Russia, the
5 . climatic effects Varying climate . RCM RCP 8.5 (2050-2059), yield was expected to [36]
Russia . Yield
on the winter & decrease from 7 to
wheat yield (2090-2099)  87% (RCP 8.5)
Oklahoma, stimating ;he DSSAT- RCP 6.0 (1980-2014) Yield may increase
6 United lmpac}:o - CERES-Wheat 4GCMs & &  by3-10% (RCP6.0)&  [37]
States  C mate change model RCP 8.5 (2040-2060)  4-20% (RCP 8.5)
on wheat yield
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under different
climatic
scenarios
On-station and the
province (state)
average yield may
Simulating the Comparing increase by 33 and
North impact of future Varying climate average yields 45%, respectively, in
. s - (1981-1990) }
” America climatic conditions of 1981-1990 ) ) & North America, [38]
and conditions on (varying latitudes and 20062015 while the average
. . . (2006-2015) . . .. .
Eurasia  spring wheat and longitudes) based on real yield in Eurasia may
yield data change by -1.9% and
+11.5% for on-station
and province (state)
scales, respectively.
An increase in wheat
Estimating the yield was expected in
climate change the UK as well as in
impact on France, but the
United wheat yield and Business as Usual (1959-1989), increase in the UK
8 Kingdom suggest%ng ) AFRCWHEA 3GCMs  scenarios (no control (2010, 2030), was projected to be [39]
(UK)and  adaptation T2 on COzemissions) 40% more than that
France measures based 2050 of France, with the
on agricultural highest increase in
management 2050, i.e., +12% (UK)
practices and +9% to 10%
(France)
Under less
temperature, i.e., 7-
12°C, it was expected
to have a positive
Estimating the impact on wheat crop
adve¥se ft}ture ' RCP 2.6, (1976-2005), }.Iield, while, under
Western climatic Fixed-effects RCP 4.5, (2037-2065) higher temperatures,
9 Europe impacts on - regression 5 GCMs RCP 6.0, & " ie., 12-32°C, wheat [40]
(France) cejreal c1j0ps, model & (2071-2099) ShOW?d a negative
including RCP 8.5 impact.
wheat The wheat yield is
expected to decrease
from 3 to 13% (mid-
century) & 17% (end-
century)
Wheat yield showed
a considerable
%?:i:’ eﬁiifsosnﬂtie The temperature  (2006-2015), increase under all
i o (DayCent) increased by 1.5, 2, 2025, 2040, crop models.
10 P rOV“:ices’ 1 ,e“s“gg - and 20 GCMs 25, 2052,  Theincreaseinthe  [41]
Ojl?ario ;itlt:llv(?;ecluj;}:; (DNDC) and 3 °C under only & yield was the highest
RCP 8.5 2063 for a 2°C rise in
(Canada) wheat)
temperature for
Canada.
With the increased
future rainfall and
. A1B, A2, and B1 temperature, wheat
Climate change . ; .
. under the direct biomass production
tmpact impact of CO2 and is expected to
Southern assessment dual effect (climate (1961-1990) increase from 12 to
11 Canada on wheat Semiarid DSSAT-CSM 1 GCM change + COz) 28% (direct effect of [42]
production is ' (2040-2069)

an important
bioenergy crop

CO2=550 ppm (A1B
and A2), CO:z =450
ppm (B1)

CO2) and 41-74%
(dual effect, climate
change + CO)
relative to the
baseline
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. . An expected decrease
A combination of six P

Estimating the . in wheat yield in sub-
K scenarios of R . ..
climate change temperature from 0 Baseline humid, semiarid, and
impact on Arid, semiarid, CSM-Cropsim- to5 ‘}’)C & 3 scenarios (CO2) arid regions with the
wheat sub-humid, = CERES-Wheat . concentratio increased [30]
. . of changing
production in and humid model i nlevel of temperature levels,
. o atmospheric CO2 . .\
various climatic L. 375 ppm while a positive
nvironments concentration, 1.e., impact was foreseen
e 375, 550, & 770 ppm pact we
in humid zones.
Wheat yield is
Determining expected to increase
the impact of . from 38 to 48% under
. . Three scenarios of .
increasing temperature (+2, +4 varying amounts of
temperature, P & +6°C) © 7 (1954-2003), N-fertilizer
increased  Varying climate APSIM-Wheat ) ,' 2050, application.
. . . five scenarios of - . [43]
atmospheric for different sites model . . . & The increase in
. rainfall (historical
COg, and varied . 2100 temperature and
; rain, —15%, -30%, . .
rainfall amount lowering the rainfall
-60%, and +10%) .
on wheat both have negative
production impacts on yield
during winter.
Based on 648 model
. simulations, rainfall
Qufmtlfymg the is considered to be
impact of .
. . . the most affecting
change Varying climatic (1900-1999) climatic parameter,
14 Southern (temperature, conditions APSIM-Wheat9 GCMs & B1, B2, Al, A2, A1B, & follovpi/e ib ! [44]
Australia CO2 level, from model RCMs AlT, A1F y
. . . 2080 temperature.
and rainfall) site to site .
The wheat yield may
on wheat
. vary from -87 to
production

+131% compared to
the baseline)

5. Climate Change Impact on Rice under Different Modeling Systems and
Adaptations

According to an estimate by the Food and Agricultural Organization of the United
Nations (FAO), globally, the population depending on rice will reach 3.5 billion by the
year 2025. Asian countries are highly dependent on rice, and about 60% of the total rice
production takes place on this continent [45]. With urbanization and population growth,
the demand is increasing, especially in low-income countries [46]. The existing available
land and water resources are reduced to generate enough food supplies for the increasing
population [47]. Climate change research on global rice production showed an alarming
situation for its sustainable production and distribution around the world. Rising temper-
atures and changes in rainfall and distribution patterns may change the availability of
land and water resources for rice cultivation in the future [43]. Climate change may have
different impacts on rice cultivation in different geographical locations, as shown in Table
3. A decrease in rice yield was predicted in many parts of the world, such as China, Thai-
land, and Vietnam, while an increase was expected especially in some parts of Myanmar
based on the literature reviewed in this study and also as reported in [43]. Overall, a sig-
nificant increase in precipitation is possibly the main reason of increase in crop yield in
Myanmar.

Different modeling approaches have been used in estimating global rice production
under climate change impact. The modeling approach is a well-structured way of simu-
lating crop yield under different climatic and management conditions. Crop models have
many benefits as follows: (1) defining the gaps between the observed and obtainable/po-
tential yield in a specific region, (2) estimating the most optimized adaptations to be fol-
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lowed to avoid vulnerable outcomes of future climate on crop production, and (3) provid-
ing information regarding use of right timing and amount of inputs (e.g., irrigation, ferti-
lizers, etc.) [48].

Rice yield was estimated in India by using the decision support system for agrotech-
nology transfer (DSSAT) model with the help of three RCMs under two scenarios (RCP
4.5 & 8.5). Rice yield is expected to decrease 30-60% of the study area in the future. A
mean rainfed yield gap of 1.49 t/ha is expected by mid-century [49]. The vector autoregres-
sion model was used to assess the impact of climate change on rice yield in Pakistan. The
results showed an increase in the temperature (2-5 °C) with a rise in rainfall (8-11%) in
the future, projected to have a declining effect on rice yield (0.3-0.6% lower than the base
period). The decline in the yield was predicted due to increasing crop water demand dur-
ing critical growth stages, and the future increase in rainfall might not be sufficient to
nullify the effect of dramatically increasing temperature [50]. The Shierary rice model, a
yield simulation model that simulates yield by building a relationship between crop
growth stages concerning the seasonal climatic conditions right from planting to the har-
vesting stage of the crop, was used along with the climatic models for simulating the rain-
fed and irrigated rice yield in different provinces in Indonesia. Generally, the model re-
sults depicted a negative change in rice production (both for rainfed and irrigated rice)
under changing climatic conditions [51].

Rice is a staple food for most Asian countries. It is considered a thirsty crop as it needs
a great deal of water to grow properly, but climate change may accelerate impacts on
global rice cultivation due to water shortages (because of increasing future temperatures
and changing rainfall patterns). The Organization for Economic Corporation and Devel-
opment (OECD) has reported a decrease in rice production by about 15% in southeast
Asian countries, which may lead to a 50% increase in rice prices by the middle of this
century. Therefore, adaptation actions must be devised in response to climate change to
technically improve rice production in southeast Asian regions [52]. Many adaptations
can be implemented by farmers in the future for sustainable rice production, e.g., intro-
ducing smart crop varieties (heat-tolerant, stress-tolerant, cold-tolerant, and salt-tolerant),
agricultural management (optimized use of irrigation and fertilizers, shifting cropping
calendars, and crop rotation), improved pest and disease management, improved seed
rate, and improving the technical knowledge of the growers to help them maintain their
yields in response to climate change [43].

A rice study was conducted in northeast Thailand estimating the potential future cli-
matic impacts on rice and suggesting adaptations to maintain the rice yield in this region.
Adaptation measures such as (1) delay in rice planting to avoid the grain-filling phase
occurring in the hotter periods, (2) introducing heat-resistant and stress-tolerant varieties
in areas of water shortage, and (3) improving the nitrogenous fertilizer rate under future
climate conditions were suggested to ensure global food security as Thailand is one of the
major producers, consumers, and exporters of rice in the world [53]. The integrated impact
of climate change and AquaCrop simulations showed a decrease and increase in the rice
yield for winter and summer planted crops, respectively. Delayed planting, improved nu-
trient application, additional irrigation, and introduction of new crop varieties were sug-
gested as the most effective adaptations for sustainable rice cultivation in Vietnam under
future climatic patterns [54]. Another study was conducted in Hunan Province of China
for simulating rice yield under climatic variability in the future and suggesting the most
suitable adaptation plans for sustainable rice cultivation in China. The results suggested
a decrease in the yield from 12—47% due to early occurrence of rice maturity phases, which
might influence proper grain filling of the crop under future climatic conditions. It was
suggested that changing the rice cultivar (late-maturing rather than early-maturing vari-
eties) and planting rice 15 days earlier than the existing planting date would help the crop
to attain the maximum potential yield in the region by an increase between 16 and 17%
(by changing cultivar) and 14-22% (by 15 days earlier planting) under future climate
change scenarios [55].
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Table 3. Summary of past research on global rice production under climate change impact.
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6. Climate Change Impact on Maize under Different Modeling Systems and
Adaptations

Maize is one of the most important cereal crops followed by rice and wheat and is
considered the queen of all cereal crops due to its greater yield potential. The highest
maize cultivation takes place in the United States, which accounts for about 35% of the
total worldwide production. This crop has many health-beneficial impacts, one of them
being resistance to chronic diseases, such as malignancy and obesity [66]. Warming due
to climate change impact is inducing negative impacts on agriculture, especially in food-
insecure regions. On average, maize yield is predicted to decrease by 7.4% for every 1 °C
rise in the temperature. Many regions worldwide have an increasing rainfall trend, but
that rise is foreseen to be offset by the continuously increasing effect of temperature due
to climate change [67]. African countries (such as Tanzania, Malawi, etc.) depend heavily
on maize to fulfill their food requirement and have come under food-compromising coun-
tries worldwide. In addition, the climate change impact (changing rainfall patterns and
rising temperature) might harm the population of such poor countries and can make food
security questionable in the future [68-70].

Many studies in the past were conducted to assess climate change impact on maize
production at global and national levels. Global climate change impacts maize yield in
different parts of the world by using various crop and climate change models and under
different climate change scenarios, which are presented in Table 4. The results show an
overall decrease in maize yield in different maize-producing countries, such as the US,
China, Mexico, Ukraine, South Africa, and Indonesia. For Canada, different impacts were
predicted under different modeling approaches (DSSAT, DNDC, and DayCent). In the
US, the impacts of climate change were analyzed on maize yield [71] by using crop statis-
tical and regression analysis models that provide a relation between crop yield and
weather parameters. A negative correlation was observed between maize yield and in-
creasing temperature under all warming scenarios, i.e., 1 °C, 3 °C, and 5 °C, according to
the future predicted climate. Some regions in the US located in the north are somehow
expected to be positively influenced by all the expected warming scenarios. Climate
change is supposed to negatively influence the maize yield in southern African countries
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under increasing future temperatures [72]. The APSIM crop simulation model was used
in predicting the future climatic impacts on maize production in three countries of south-
ern Africa (Makoni, Zimbabwe, and Hwedza) for three future periods (near future, mid-
century, and end-century). A negative change in maize yield was found in all study re-
gions due to continuously increasing temperatures, which were expected to accelerate the
plant maturity phase with reduced grain filling time and produce less biomass (which is
directly linked to grain yield) [73]. A comprehensive double logarithmic production func-
tion was set up between maize yield and other parameters (agricultural machinery, labor,
applied fertilizers, and weather parameters) to predict the impact on maize production in
the northeast and southwest regions of China. It was found that the climatic parameters
in the future would have a strongly negative impact on future maize yield all over China
[74].

For sustainable production of crops, the most common and effective adaptations are
considered as follows: (1) adjusting sowing density, (2) management of irrigation infra-
structure, (3) crop rotation, (4) introducing new crop varieties, (5) shifting the crop calen-
dar, and (6) expanding the agricultural areas [75]. By using the DSSAT model (version 4),
two sets of adaptations (changing sowing dates and nitrogen level application) were ana-
lyzed for maize production in Chile. To avoid frost damage, early sowing of maize was
suggested with a nitrogen application rate of 450 kg per hectare [76]. A study indicated
that adaptation strategies in the form of earlier planting and changing crop variety can
considerably reduce maize yield loss under future climatic conditions in China [77].

Table 4. Summary of past research on global maize production under climate change.
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7. Uncertainties in Agricultural Yield Predictions

Climatic and crop models are important tools in predicting agricultural yield under
different time series climatic data, but model uncertainties are some of the limitations of
such models [84]. There could be two kinds of uncertainties in predicting agricultural
yields as follows: (1) uncertainties occurring due to crop simulation models and (2) uncer-
tainties due to climatic models used for future climatic projections.

7.1. Possible Uncertainties in Crop Growth Models

Crop simulation models are extensively used for predicting the amount of biomass
produced, yield projections, and evaluating crop management techniques for agricultural
production. The predictions of growth models may contain various uncertainties, namely
uncertainties in input data (crop parameters, soil parameters, irrigation data, nutrient
management data, weather data, etc.), model calibration parameters, and management
assumptions of the crop model [85]. There could be many uncertainties involved due to a
lack of sufficient knowledge about the crop and soil parameters for a particular cultivar
type. Moreover, application of fertilizers may contain many uncertainties due to a lack of
knowledge about the initial conditions of the soil and its fertility level (an input to the
crop models). In addition, weather- and soil-related data required by the crop models
contain many measurement errors due to longitudinal and sequential variations [85]. Un-
certainties are caused due to differences in the model structure, such as (1) which calibra-
tion parameters does a model consider? (2) What type of fertilizers (N-, P-, or K-based)
can be input into the model? (3) What irrigation methods and scenarios can be applied to
a specific crop within the developed model structure? One of the main origins of uncer-
tainties is from different data sources because uncertainties are not only occurring during
data records but may also occur while collecting and combining different data sources (to
represent the actual scenario applied in the field) that may involve many random and
human errors. Therefore, the output from such models may contain many uncertainties
as it is directly associated with the inputs entered into the model [86].

7.2. Possible Uncertainties in Climate Change Predictions

Climate with absolute certainty cannot be predicted as there are plenty of uncertain-
ties while researching climate change [87,88]. The climatic models’ predictions are fea-
tured with too many uncertainties due to the difference in the model structure based on
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different initial conditions (i.e., type of scenario used; see Table 1) [89]. Various GCMs
predict the climate based on the level of GHGs released as a consequence of anthropogenic
activities. The level of GHGs may not be predicted with accuracy, which can be considered
the first and most probable uncertainty in predicting the future climate [90]. Further un-
certainties may occur when regional climatic models (RCMs) take the output from the
GCMs (with coarser resolution) in projecting the future climate at a regional scale. In that
way, RCMs may contain not only their inherent uncertainties but also those from the
GCM'’s output [91]. All climatic models cover a continuous period of 1860-2099; uncer-
tainties may occur when different researchers extract the climatic data for different peri-
ods, e.g., 20202030 (10 years), 2020-2040 (20 years), or 2020-2050 (30 years), etc. [92]. Bias
correction is usually applied to represent the output of a GCM as a reference climatology.
Different impact outcomes are expected while using different bias correction techniques
and varying sets of reference weather data, which may lead to another source of uncer-
tainty in the climatic data [93].

7.3. Suggestions for Reducing the Uncertainties in Agricultural Yield Predictions

Process-based crop models are essential and useful tools in predicting agricultural
yield under present and future climatic conditions. These models can relate the weather
conditions to the crop yields through a strong physiological mechanism. However, crop
simulation models may have a limitation of including the actual conditions of the agricul-
tural fields, i.e., the effect of pest or disease control in a certain environment, which de-
pends upon the farmer’s behavior and how he manages in such circumstances. That kind
of information input (amount of pesticides and insecticides applied, etc.) may not be in
the model structure during its development phase [94]. Moreover, the crop models have
specific threshold values for temperature. Hence, crop simulation models may not be able
to show the explicit relation between agricultural production in response to values of tem-
perature over the threshold under future climatic conditions. Under such situations, col-
lective use of simulation models (multi-model ensemble) following different physical pro-
cesses has been suggested to omit uncertainties in agricultural yield predictions [95]. It
has been reported that more uncertainties come from crop growth models rather than cli-
matic models [96]. The most common and highly occurring uncertainty is from the crop
response to temperature. Those uncertainties could be reduced by developing a set of
temperature response functions to the main physiological processes that may have a con-
siderable reduction in the errors occurring during crop yield simulations [97].

Greenhouse gas measurement tells us about the changes happening in our environ-
ment due to natural and anthropogenic activities. Careful and explicit calculation of radi-
ative forcing as a consequence of GHG emissions can help to provide an easy and more
accurate assessment of climatic model projections by reducing uncertainties [98]. Uncer-
tainties arising from bias correction techniques may be reduced by using a Bayesian-based
indicator weighting approach in which the output from bias correction is compared with
past observations. In that way, it can be decided which projection from which GCM can
be used for further analysis [99].

8. Challenges

Crop production is facing multiple challenges across the globe due to climate change.
Food insecurity is the largest challenge that is very likely to arise due to climate change
impact on crop production at the global, regional, and local scale. Food insecurity com-
prises both crop production and inequitable access to food. Major consequences of climate
change that create challenges in crop production include rise in temperatures, changes in
precipitation patterns, reduced water availability, and increase in extreme weather events
[100-101]. In the past few years, extreme events, such as droughts, floods, etc., due to cli-
mate change are becoming frequent. Such extreme events can threaten crop production
significantly [102]. However, estimation of climate change impact on crop production
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with high precision by using existing models is very challenging [103]. Especially, esti-
mating the projected impact of climate change on crop production is associated with high
uncertainty. These are the main and critical challenges for policymakers for policy for-
mation and implementation of these policies. By overcoming these challenges, policymak-
ers will be able to ensure food security for a growing population. It is essential to estimate
and minimize uncertainty in the projected assessment with technological improvement
because relatively few researchers addressed the uncertainty in the assessment. In Figure
3, the challenges for crop production due to climate change and their potential solutions
are illustrated with the help of the drivers—pressures-state-impact-response (DPSIR)
framework.

Estimation of
climate change

* Increase in crop

* Risein D
water projections
temperature . .
2 requirement with high
¢ Changing . e
DT Decrease in precision
precipitation :
crop yield Improvement
patterns . .
Increase in in farm
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availability .
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food prices in farm
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o Impaired food advanced
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Figure 3. DPSIR framework to examine the impacts of climate change on crop production.

9. Conclusions

This review elaborates on the importance of climatic models for their use in the agri-
cultural field of research. Many studies in the past have used different climate change
models to predict agricultural yields. Under climate change impact, the projections of the
temperature show an increasing trend, but rainfall may increase or decrease under future
climatic projections due to spatial variations and the type of climatic models used. Various
crop models have been used to evaluate climate change impact on three main cereal crops
(wheat, rice, and maize). Based on a review of different studies, it can be concluded that
almost all the main wheat-producing regions, such as Canada, Oklahoma in the United
States, and the United Kingdom, may experience an increase in wheat yield. Moreover,
the wheat yield in the northern regions of China and India also may increase. However,
Pakistan and European Russia may face reverse effects. On the other hand, rice yield is
more likely to decrease in most of the main rice production countries around the world.
However, the rice yield is more likely to be increased in Myanmar due mainly to the sig-
nificant increase in precipitation. Maize yield is more likely to increase due to climate
change, especially near the North Pole, such as in Canada. However, the maize yield is
expected to decrease in countries that are relatively near the equator, such as Indonesia
and Mexico. The decrease in cereals crop yield can be more significant in countries where
the temperature may increase and precipitation may decrease.

Based on the projected variation in cereals crop yield due to climate change, the most
important recommended adaptation actions are shifting the crop calendar, irrigation man-
agement, crop variety improvement, better nutrient management, and expanding agricul-
tural areas to gain more yields under sustainable resource consumption. These adaptation
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measures are suggested to be the most important and effective plans to increase farmers’
total production in different parts of the world.

Future yield predictions may have a different source of uncertainties; their occur-
rence may either be from crop models or climate projecting models. Crop models are con-
sidered to incorporate more uncertainties in future yield predictions than climatic models
due to the difference in the model structure, data assimilation errors, and other human
and random errors. Meanwhile, climatic uncertainties may occur due to different GCM,
bias correction techniques, and periods used by climate change researchers. Developing a
temperature response function and the multi-model ensemble are suggested to be helpful
to reduce crop model uncertainties. Moreover, correct radiative forcing measurement as
a consequence of GHG emissions and comparing the bias correction results with the past
climatic trends may reduce uncertainties in future climatic projections.
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