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Abstract

High temperature generally causes large-scale crop yield reduction, and such

negative effects are known to depend on the concurrent precipitation. How-

ever, the compounding precipitation effect in regulating crop yield response to

global warming remains under-examined. This research aims to evaluate the

role of concurrent changes in precipitation in modulating global maize yield

response to temperature under 1.5 and 2.0 K temperature rise for RCP 4.5 and

8.5 scenarios, respectively. Empirical linear function is adopted to calculate the

function parameters and impact of precipitation modulation based on global

census data on maize yield and climate in the baseline period of 1980–2010.
The sensitivity of maize yield to temperature is then estimated under condition

that with and without removal of precipitation impact. The maize yield sensi-

tivity to temperature is negative in most rain-fed growing areas in the baseline

period of 1980–2010, and the global sensitivity is −9.39%/K if the precipitation

impact is considered or −6.92%/K if the precipitation impact is removed. Glob-

ally, approximately 30% of the observed strength of relationship between maize

yield and temperature is induced by the compounding precipitation effect.

Under 1.5 and 2.0 K warming scenarios, global maize yield is projected to

decrease by −10.16% to −11.91% and −15.01% to −17.14%, respectively. The
world maize yield differences between 1.5 and 2.0 K scenarios will be −4.85%
and −5.23% without the compounding precipitation effect and range from

−3.52% to −3.89% with the compounding precipitation effect, to which the

contribution of compounding precipitation increases to 35%. The modulating

impacts of precipitation are the strongest in high latitude countries, while

weak effects are found in Argentina, China, India, and South Africa. The

research can help us understand the important but uncertain issue that how

much the maize yield response to global warming is contributed by the com-

pounding precipitation effect.
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1 | INTRODUCTION

Growing global demand for food is expected to be dou-
bled by the 2050s compared with that in 2014 (Hunter
et al., 2017). Understanding the climate-food nexus and
the climate effects on food production under the chang-
ing scenario is a prior to ensure food security and social
sustainable development (Godfray et al., 2010; Tilman
et al., 2011). Climate factors and their variations, such as
temperature and precipitation, may have adverse influ-
ence on plant growth and development processes (Liu
et al., 2016), which would likely deteriorate current hun-
ger status in some areas (Wheeler and Joachim, 2013). In
particular, the crop yield is more sensitive to climate
extremes, which tends to be more frequent and severe
based on future climate assessment. Research on climate
effect on crop yield under climate change could assist
decision-makers in agricultural policy formulation and
adjustment, and guide farmers in crop growing and adap-
tion (Lesk et al., 2016; Zampieri et al., 2017).

Crop yield is generally enslaved to photosynthesis,
while crop growth is more vulnerable to temperature
among different climate factors (Li et al., 2015; Lesk
et al., 2016; Zipper et al., 2016). Suitable temperature is
essential for crop growth and yield (Butler and
Huybers, 2013; Deryng et al., 2016; Mall et al., 2016;
Leng, 2017). Extreme temperature is closely related to
crop yield change (Vogel et al., 2019), and high tempera-
ture has great adverse impact on crop (Flack-Prain
et al., 2021). The high temperature greatly reduces crop
yield by damaging crop internal structures and even kill
the plants (Kadam et al., 2014; Qaiser et al., 2021). In
addition, it weakens photosynthesis and material synthe-
sis by increasing crop water requirement and soil mois-
ture evaporation, which will gradually cause stomata
closure, decrease absorption of CO2, and thus
reduce above-ground biomass accumulation (Siebert
et al., 2017). The impact of temperature on crop yield
becomes more complex when the relationship between
yield and temperature (YT) is analyzed without removing
concurrent precipitation because that precipitation and
its variation affect the changes in crop growth and yield
along with temperature. When drought occurs, crop sto-
mata close to control water evaporation which results in
inactive photosynthesis, leading to decreased crop yield
(Leng and Hall, 2020). When flood comes, the water log-
ging caused by excessive rain will also induce the
decreased crop yield (Zampieri et al., 2017).

Temperature and precipitation together with other
factors are introduced into statistical, process-based, and
physiological models to assess the influence of the factors
on crop yield (Li et al., 2015; Zhao et al., 2017). A large
number of previous research has been conducted to

characterize the impact of temperature on maize
growth and development processes using crop models
(Rosenzweig et al., 2014; Asseng et al., 2015). The temper-
ature and precipitation impact on maize yield has been
analyzed together in the former research (Rosenzweig et
al., 2014; Wang et al., 2017). However, how the precipita-
tion modulates the temperature influences on maize yield
remains poorly understood. The compounding precipita-
tion will amplify or underestimate the impact of tempera-
ture on yield, in addition, its substantial uncertainty
under future global warming is the key aspect that
requires deep understanding. Although some regional
research has been done, works to explore the impacts of
temperature on maize yield, especially for individual
country, must exclude precipitation effects throughout
the world (Lobell et al., 2011; Leng et al., 2019). Exploring
the historical relationship and sensitivity among maize
yield, temperature, and precipitation can assist us to
gauge the significance of future climate change for food
supply (Lobell et al., 2011).

In this research, the temperature impact on maize pro-
duction will be investigated under condition that the effect
of precipitation is removed beforehand by statistic method.
Then, the maize yield change is predicted under 1.5 and
2.0 K global warming scenarios. To consider the modulat-
ing effects of precipitation on maize yield response to tem-
perature, the crop yield affected by temperature with and
without precipitation enhancement are calculated as a
comparison. The objectives of this research are to (1) deter-
mine YT relations and maize yield sensitivity to tempera-
ture in historical period, (2) quantify how much the
observed YT relation is actually contributed by precipita-
tion modulating impact, and (3) identify the impact of pre-
cipitation on future projected maize yield under global
warming scenarios. Although this paper researches maize
yield, the study it will help understand the impact of pre-
cipitation on regulating YT relationship of other crop and
contribute to specify the factors that take the leading posi-
tion of future crop yield.

2 | MATERIALS AND METHODS

2.1 | Maize yield and climate data

Annual country level observed data on maize yield is
obtained from the Food and Agriculture Organization
(FAO, http://faostat.fao.org). Note that it cannot distin-
guish the rain-fed and irrigated maize yield completely.
The period of 1980–2010 is selected as the reference
period because such a period is the overlap between
maize yield observations and simulations and both the
climate and yield data are available. In this research, the
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top 10 countries, which accounts for 78% of global maize
yield, are selected to build the empirical crop models
which are applied to calculate precipitation impact in the
104 maize growing countries. To determine the global
maize distribution, the MIRCA2000 data on global
rain-fed crop area are acquired from the Institut für Phys-
ische Geographie, Goethe-Universität (http://www.uni-
frankfurt.de/45218031) (Portmann et al., 2010). Gridded
monthly mean temperature and precipitation data at a
spatial resolution of 0:5�×0:5� for the period of 1980–
2010 is collected from the Climate Research Unit (CRU
TS 4.01) (Mitchell and Jones, 2005).

While certain regions have two cropping seasons in a
year, this study focuses on the major cropping season due
to the limitation of data availability. Here, following Leng
and Hall (2020), the major growing season is defined by
the months of June, July, and August (JJA) for the north-
ern hemisphere, and December, January, and February
(DJF) for the southern hemisphere. Though potential
uncertainty would be caused from the choice of growing
season, Lobell et al. (2013) showed that the country-level
relationship between maize yield and climate is quite
insensitive to the choice of cropping season months.

2.2 | Model building and analytical
method

Based on the maize area from MIRCA2000 and climate
data from Climate Research Unit (CRU TS 4.01), we cal-
culated the annual average temperature and precipitation
over the rain-fed maize area in growing season in each of
the top 10 countries. In this study, the annual time series
of maize yield, precipitation, and temperature in growing
season are linearly detrended, based on which the rela-
tionships between annual maize yield and climate vari-
ables are investigated. Subtracting the linear trend
component from the annual time series can well elimi-
nate the influence of technology progress and similar
results are obtained when using incremental method for
removing the effects of technology progress (Figure S1).

Besides temperature and precipitation, crop yield is
determined by various factors such as radiation and CO2.
Agricultural management such as multiple cropping
(Seifert and Lobell, 2015), irrigation (Leng, 2017), soil
mulching (Qin et al., 2015) and conservation tillage
(Karlen et al., 2013) could further complicate crop yield
predictions. Instead of including as many as possible
influencing factors for predicting the exact yield values,
we investigate the yield sensitivity to temperature and
precipitation variations, with a focus on the com-
pounding effects of precipitation. Nevertheless, it is found

that the linear function of temperature and precipitation
against yields exhibits a good performance with R = 0.77
(Figure 2), which is consistent with previous empirical
research (Ray et al., 2015).

Specifically, the yield response to temperature change
is first assessed based on the function below:

Yc,y=a1Tc,y+αs+εs,y ð1Þ

where c represents the country; y is the year; Yc,y (t/ha),
and Tc,y(K) the maize yield and temperature of a country
in a certain year; a1 is parameter, representing the sensi-
tivity of maize yield to 1 K temperature change; αs the
intercept representing constant regional effects; εs,y
denotes error term. The yield changes affected by temper-
ature as expressed in Equation 1 in each top 10 maize
planting countries are fitted by least squares method to
obtain the parameters. Though the non-linear relation-
ship between maize yield and temperature is important
in revealing their internal mechanism (Lobell et al., 2013;
Bassu et al., 2014), this research mainly focuses on the
modulation impact of precipitation on YT relationship.
Therefore, the simple linear function is adopted in this
research instead of non-linear equation.

The effect of temperature on maize yield at each
country is then analysed by calculating average maize
yield sensitivity to temperature. The sensitivity variation
reflects the percentage change of maize yield to tempera-
ture fluctuations. In order to remove the regional differ-
ences among countries and make the data comparable,
normalization is introduced by calculating the ratio
between a1 and average maize yield, as defined:

S Y ,Tð Þ=
a1
Yc,y

×100% ð2Þ

where S Y ,Tð Þ is normalized sensitivity of maize yield to
temperature, %/K, which can reflect the influence of dif-
ferent temperature on maize yield. Yc,y is the average
maize yield in the baseline period of 1980–2010.

The temperature effect on maize yield calculated by
Equation 1 includes the concurrent impact of precipitation.
It is necessary to remove the modulating impact of precipi-
tation to analyse the temperature effect alone on maize
yield instead of their compound effect. In this research, the
influence factor such as precipitation is removed before
exploring the relationship between crop yield and tempera-
ture. The following functions are used to exclude the com-
pounding influences of precipitation. The maize yield and
temperature are all regressed by precipitation as:

Y �
c,y=b1Pc,y+b0 ð3Þ
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T�
c,y=c1Pc,y+c0 ð4Þ

Y �
c,y and T�

c,y are the maize yield and growing-season tem-
perature represented by precipitation (Pc,y) of a country
in a certain year. b0, b1, c0, and c1 are parameters. To
investigate the sensitivity of maize yield to temperature
increase with removal of precipitation impact S Y ,Tð Þ Pj , the
residuals Y 0

c,y and T 0
c,y that represent maize yield and tem-

perature after removing precipitation impact are calcu-
lated by following equations:

Y 0
c,y=Y �

c,y−Y obs ð5Þ

T 0
c,y=T�

c,y−Tobs ð6Þ

where Yobs and Tobs are observed yield and temperature,
respectively. Equations 5 and 6 are substituted into
Equation 1.

Y 0
c,y=a01T

0
c,y+α0s+ε0s,y ð7Þ

a01 is parameter, representing maize yield sensitivity to
temperature after removing precipitation impact; α0s is the
intercept, representing constant regional effects with removal
of precipitation impact, ε0s,y denotes error term. The maize
yield sensitivity to temperature without the compounding
precipitation effect can be estimated by Equation 8.

S Y ,Tð ÞP=
a01
Y 0

c,y

×100% ð8Þ

where S Y ,Tð ÞjP is normalized sensitivity of maize yield to
temperature after removing precipitation impact, %/K.
Y

0
c,y is the average maize yield with removal of precipita-

tion impact during the period of 1980–2010. The precipi-
tation impact in modulating YT relations is calculated by
comparing the difference between S Y ,Tð Þ and S Y ,Tð ÞjP

MP=S Y ,Tð Þ−S Y ,Tð ÞjP ð9Þ

where MP is modulating impact of precipitation on YT
relations (%/K) and showed in Figure 1.

2.3 | Global maize yield estimation
under 1.5 and 2.0 K warming

Maize yield changes at global mean temperature
increases of 1.5 and 2.0 K are analysed here. Firstly, the

year of global average temperature rising by 1.5 or 2.0 K
compared with the level of last industrialization (1860–
1890) (Greve et al., 2018; Samaniego et al., 2018) is cal-
culated by analysis of the four global climate models
(GCMs) temperature data. The historical simulation
period between 1860 and 1890 is selected to represent
the climate state before the industrial revolution. We
estimate future global maize yield for different Repre-
sentative Concentration Pathways (RCP4.5 and RCP8.5).
The variation in maize yield in growing countries
affected by historical and future temperature is adopted
to explore the possible increase or decrease under the
global warming conditions of 1.5 and 2.0 K, respectively.
To eliminate the uncertainty caused by interannual
change, we select the projected year and 5 years before
and after the projected year (11 years in total) as period
of 1.5 and 2.0 K temperature rise in different emission
scenarios. The years predicted by different GCMs for
the global average surface temperature to reach the
expected temperature represent the center years of the
moving average (Joshi et al., 2015). The results are
shown in Table 1 for RCP4.5 and RCP8.5 for each of five
GCM models.

The change of global maize yield by increase in tem-
perature of 1.5 K is expressed as Δ1:5k

Y ,Tð Þ, and the change
by removing the impact of precipitation is Δ1:5k

Y ,Tð ÞjP. Simi-
larly, maize yield change caused by the 2.0 K climate
warming is expressed as Δ2:0k

Y ,Tð Þ and as Δ2:0k
Y ,Tð ÞjP with

removal of precipitation. A common hypothesis in previous
research is that the statistic-based crop models established by
history data will still be valid in the future (Xiao et al., 2020).
The future yield changes are estimated by the historical sen-
sitivity to temperature based on Equations 2 and 8 to illus-
trate how the combined precipitation modulates yield
response to temperature rise under global warming:

Δ1:5K
Y ,Tð Þ=S Y ,Tð Þ× T1:5K

c,y −Tc,y

� �
ð10Þ

Δ1:5K
Y ,Tð ÞjP=S Y ,Tð ÞjP× T1:5K

c,y −Tc,y

� �
ð11Þ

Δ2:0K
Y ,Tð Þ=S Y ,Tð Þ× T2:0K

c,y −Tc,y

� �
ð12Þ

Δ2:0K
Y ,Tð ÞjP=S Y ,Tð ÞjP× T2:0K

c,y −Tc,y

� �
ð13Þ

where T1:5K
c,y and T2:0K

c,y are future temperature under 1.5
and 2.0 K global warming of a country in a certain year.
The potential benefit is analyed by the difference in pro-
jected maize yield between the 1.5 and 2.0 K temperature
rise to address the modulating impact of precipitation on
maize yield response to climate warming.
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3 | RESULTS AND DISCUSSIONS

3.1 | Effects of precipitation on
YTrelationship in historical period

The correlation changes year by year of maize yield from
1980 to 2010 are showed in Figure 2. There is a signifi-
cant negative relationship between maize yield and tem-
perature over most of the maize growing countries in the
Southern Hemisphere. In the Northern Hemisphere,
however, the negative correlation between temperature
and maize yield becomes much weaker. Moreover, there
is a positive correlation between these two over the high
latitude countries, where temperature appears the pri-
mary factor that controls the crop growth. Such a finding
is, in general, consistent with the previous results
reported by Butler and Huybers (2013) and Leng (2019).
The positive relationship between maize yield and tem-
perature (R[Y,T] in Figure 2a) in Northern Hemisphere
indicate the growing-season temperature cannot reach
the suitable degree for maize growth, therefore, tempera-
ture rise will bring increase in maize yield. Precipitation

also has significant impact on maize yield across maize
growing countries (Figure 2b). Much of R(Y,P) shows
that greater precipitation prompt higher maize yield,
except for certain countries near the Equator such as
Brazil. The indirect impact of precipitation on maize
yield could be reflected by its interaction with tempera-
ture. Generally, although temperature has close relation-
ship with radiation or cloud, it is higher in drier days
all over the world (Tang and Leng, 2013; Chiang
et al., 2018). The R(T,P) in Figure 2c shows numerous
Northern Hemisphere countries have weak correlation
between temperature and precipitation, but the strong
negative correlation appears in most countries that are
located in the Southern Hemisphere. The significant rela-
tions in Figure 2 lead to the issue that how much the YT
relation is modulated by precipitation.

Simulations are performed for 104 countries in differ-
ent years to evaluate the reliability of maize yield by
Equation 1 (Figure 3). Linear regression which empiri-
cally fit the yield-temperature relation indicates that
approximately 77% of global maize yield variability is
induced by temperature change. In Figure 3, the
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FIGURE 1 The distributions of precipitation modulating impact on YT relations. Yield change to temperature growth (1 K) under

conditions that with (S[Y,T]) and without (S[Y,T]jP) compounding precipitation impact estimated using FAO maize yield and CRU TS 4.01

climate data during 1980–2010 period. The S(Y,T) and S(Y,T)jP in top 10 countries are selected for illustration (colour bars). The map shows

the in each maize rain-fed country. There are total 104 countries in the map [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 1.5 and 2.0 K warming

year predicted by four global climate

models compared to the last

industrialization (1860–1890) levels
Models

1.5 K 2.0 K

RCP4.5 RCP8.5 RCP4.5 RCP8.5

GCMs GFDL-ESM2M 2011 2023 2037 2033

HadGEM2-ES 2028 2030 2041 2032

IPSL-CM5A-LR 2017 2011 2028 2023

MIROC-ESM-CHEM 2029 2024 2041 2038
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simulations by Equation 1 has the similar tendency to
the observations. However, the extreme is relatively poor
fitted and fluctuation range of simulations is smaller than
the observations, reflecting the Equation 1 fits the
medium well instead of the extremes. In addition, the
RMSE and MAE (1.15 t/ha and 0.98) show that the dis-
persion and error are within a reasonable range, indicat-
ing the model accuracy is enough to simulate YT
relations of maize.

The precipitation modulating impact is estimated
using observations during 1980–2010 and YT relation-
ships with and without consideration of the com-
pounding influences of precipitation (i.e., S Y ,Tð Þ and
S Y ,Tð ÞjP) of maize yield at 104 countries are showed in
Figure 1. The lowest three values among the top 10 coun-
tries that maize yield sensitivity to temperature S Y ,Tð Þ
appear in Argentina, South Africa, and China, respec-
tively, while the highest three countries are Ukraine,
Romania, and Mexico. One notable exception is the

positive S Y ,Tð Þ in Ukraine, where temperature rise leads
to higher maize yield. Although the sensitivity (S Y ,Tð ÞjP)
of maize yield to temperature calculated by Equation (8)
shows the same lowest countries as S Y ,Tð Þ, the highest
three countries are Romania, France, and Mexico. The
precipitation impact in modulating the YT relations (MP)
showed in Figure 1 indicates that the countries with the
most obvious regulation impact of precipitation among
the top 10 countries are Ukraine, India, and China.

S Y ,Tð Þ and S Y ,Tð ÞjP in 104 countries during the 1980–
2010 baseline period range from −42 to 49%/K and show
the positive linear correlation, suggesting that influences
of temperature on maize yield are mostly similar before
or after the removal of precipitation impact. The mean
MP is −2.47%/K, which represent that the precipitation
impact has the strength of approximately 30% on the YT
relationship. In certain countries such as Ukraine and
South Africa, the impact of precipitation on the YT rela-
tion could even reach more than 40%.

The positive sensitivity value in Figure 1 shows the
positive precipitation modulating effect in affecting YT
relation (Leng, 2019), and the temperature in those areas
(the high latitude areas which are green or yellow-green
in Figure 1) is lower than other countries as shown in
Table 2. Therefore, the maize yield will benefit from tem-
perature rise in these areas. However, the precipitation
modulating impact in the form of drought and flood
driven by deficiency or excessiveness of precipitation will
seriously threaten crop yield (Ibrahim et al., 2021).
Drought frequently occurs in sub-humid and semi-arid
regions and aggravates the linearly negative YT relation-
ship (Adejuwon and Olaniyan, 2018). However, increase
in precipitation at the initial stage makes maize yield
continue rising until it becomes waterlog (Leng, 2019).
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The vertical ordinate of Figure 4a shows the correla-
tion between temperature and precipitation, and the hor-
izontal ordinate is the impact of precipitation in
modulating YT relations. The correlation between precip-
itation and temperature is negative in most maize grow-
ing regions (Figure 4a). The maize yield sensitivity to
temperature ranges between −20 and 0%/K across coun-
tries (Figure 4a). The precipitation modulating effect
around 0%/K may be caused by the mismatch between
the maize growing season and the period when intensive
precipitation occures. In addtion, higher evaporation
induced by rise temperature in the the hot and humid
maize growing regions may also plays a key role in this
phenomenon, such as regions in Africa with low MP in
Figure 3 (Welch et al., 2010; Rowhani et al., 2011). Higher
correlation between temperature and precipitation with
high precipitation modulating impact indicates the
important impact of precipitation on maize yield in arid
and semi-arid regions (Chen et al., 2018; Leng, 2019).

The vertical ordinate of Figure 4b shows the correla-
tion between maize yield and precipitation, and the hori-
zontal ordinate is the precipitation modulating impact on
YT relation. It shows obvious opposite trend between
R Y ,Pð Þ and precipitation regulation impact (MP) with high
determination coefficient of −0.67. The high correlation
coefficient corresponds to the wide distribution of precip-
itation regulation approximately ranged from −45 to
−5%/K. Precipitation not only significantly promotes
high maize yield, but also greatly modulates YT relations
in arid and semi-arid areas (Schierhorn et al., 2020).
Therefore, precipitation potentially has positive impact
on crop growth and yield in rain-fed areas (Konapala
et al., 2020), and results in higher crop yield owing to the
combination of suitable temperature and drought
(Schierhorn et al., 2020).

The correlation coefficient of relationship between
yield and precipitation (R Y ,Pð Þ=− 0.67) is much higher
than that between temperature and precipitation
(R T,Pð Þ = 0.27). This indicates that the compounding
influences of precipitation on YT relationship is directly
caused by the precipitation contribution to yield instead
of indirectly resulting from precipitation and temperature
relations (Figure 4a,b). These results contribute to deep
understanding of what the main way precipitation affects
YT relationship.

3.2 | The future maize yield change
under 1.5 and 2.0 K global warming

The percentage change of maize yield to temperature
with and without concurrent precipitation impact is cal-
culated by four GCM models as shown in Table 1. This
study does not take the impact of extreme event into
account, but only considers the impact of changes in
annual mean temperature and precipitation. The forecast
of future maize yield change is conducted based on the
hypothesis that the future YT relationship, precipitation,
and the maize growing area remain unchanged (Urban
et al., 2015; Leng, 2019), and no additional management
and other factors are considered in this research.

The maize yield will be potentially affected by higher
temperature and the extent is analysed by preserving pre-
cipitation influence. The expected change in maize yield
is under conditions that global temperature increase 1.5
and 2.0 K rather than future yield changes in specific
periods. The rising temperature impact on maize yield is
firstly analysed without removing precipitation effects.
Results show that the average crop yield of 104 maize
growing countries will decrease approximately by

TABLE 2 Global precipitation

modulating impact on YT relation of

top 10 countries Maize growing country

Temperature Δ1:5k
MP

(%/K) Δ2:0k
MP

(%/K)

K RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Argentina 297.12 −4.20 −4.53 −5.67 −6.95

Brazil 295.84 −3.16 −3.78 −4.38 −5.26

China 296.80 −4.87 −4.92 −5.35 −5.53

France 294.38 −1.94 −3.67 −3.97 −5.25

India 300.72 −3.55 −4.19 −4.36 −4.93

Mexico 296.55 −1.49 −1.54 −2.15 −2.97

Romania 292.90 −0.42 −0.17 −1.25 −2.23

South Africa 297.46 −4.25 −5.50 −5.45 −6.47

Ukraine 293.45 3.90 −0.92 −1.02 −1.64

USA 296.08 −2.01 −2.59 −2.44 −2.93

Global average 296.14 −2.20 −3.18 −3.60 −4.42
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−15.01% to −17.14% for different scenarios of RCP4.5 and
RCP8.5 under condition that global mean temperature
rise by 2.0 K (Figure 5, calculated by Equation 13). The
result is similar to the research that each Degree-Celsius
increase in global mean temperature will reduce maize
yield by 7.4% (Zhao et al., 2017). Another research shows
1.0 K increase in temperature results in a maize yield
decline of approximately 10% relative to the 1951–1980
baseline in Iowa of United States (Ummenhofer et al.,
2015). It is projected that global temperature increases by
2.0 K decrease average maize yield by 13% in East Africa
(Rowhani et al., 2011). Rain-fed maize yield in southeast
Africa may loss up to 14% compared with baseline period
of 1971–2000 by 1.31 to 2.15 K warming due to climate
change. The maize yield is more sensitive to tempera-
ture in the planting areas (Liu et al., 2020) leading to
that negative impact of increased temperature on future
maize yield, which is projected in main maize growing
countries such as United States, France, China, Brazil,
Argentina, Ukraine, and India (Butler and
Huybers, 2013; Zhao et al., 2017; Tigchelaar et al., 2018;
Leng, 2019). Analysis of maize data shows that tempera-
ture up to 30 K results in severe and nonlinear decrease

in yields in the Midwest United States (Lobell
et al., 2013), and a positive but weak response to sea-
sonal precipitation (Ummenhofer et al., 2015). All above
previous research indicates the feasibility of our
research method and the correctness of the results. The
dominant factors of precipitation and temperature that
affect maize yield are the basic reasons that obtain simi-
lar research results (Xiao et al., 2020). The expected
maize yield is estimated without influence of adaptation,
management, and CO2 fertilization so as to represent
the upper limit of temperature rise impact on yield
change. However, it is not the exact estimation result
under uncertainty of groundwater and irrigation in the
future.

The average change in maize yield is estimated by
Equation 11 to decrease by −10.16% to −11.91% for differ-
ent scenarios of RCP4.5 and RCP8.5 under 1.5 K global
temperature rise. It indicates that limiting global
warming to 1.5 K would reduce maize yield loss by 4.85%
to 5.23% (Figure 5) compared with 2.0 K global warming.
The most benefited regions are high latitude countries,
such as Romania, Ukraine, and France. This projected
distribution in high latitude regions is mainly due to the
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low growing season temperature once, which is meaning-
ful for crop management. Moreover, research shows
maize yield will benefit from warming scenarios by the
more suitable temperature in the relatively colder areas
(Chen et al., 2018).

However, the projected maize yield under 1.5 K
global warming will be affected by precipitation, resulting
in lower crop production increase. The world maize yield
difference between 1.5 and 2.0 K will range from 3.52% to
3.89% if the precipitation effect is removed (Figure 5),
demonstrating approximately 35% of change in global
maize yield is affected by precipitation. This result indi-
cates that the modulating contribution of future precipi-
tation will rise from 30% in the baseline period to 35% in
the future. The maize yield decrease may be as a result of
increasing drought stress in the warming scenario of
1.5 K (Chen et al., 2018). In addition, global precipitation
modulating impact on YT relation (MP) is calculated
under conditions that global temperature increase 1.5
and 2.0 K for different scenarios of RCP4.5 and RCP8.5,
and the MP of top ten countries and global average are
listed in Table 2. The global average MP under condition
of global warming are all negative and lower than that in
the baseline period (−2.47%/K), indicaing the higher
strength of precipitation modulaing impact. Generally,
the top four countries in Table 2 with the lowest MP are
Argentina, China, India, and South Africa.

Opportunities for increase in maize yield under global
warming scenario are available if the suitable manage-
ment such as fertilizer use and irrigation can be taken to
regulate maize yield (Mueller et al., 2012), especially
water conservancy facilities in the areas near the equator.
This study addresses the issue that how precipitation
modulates the global maize YT relationship which is sig-
nificant but uncertain in the past research. The negative
impacts of higher temperature on future maize yield are
generally caused by the decrease in growth duration and
the exacerbation of the influences of extreme events
(Chen et al., 2018).

4 | CONCLUSION

Temperature effects have attracted more and more atten-
tions in climate impact on crop yield estimation and
dominate future change tendency in yield. This research
analyses the compounding impacts of precipitation in
modulating YT relationship for the historical period of
1980–2010 and for the future period with 1.5 and 2.0 K
warming scenarios. It is found that precipitation mainly
exerts its impacts directly through affecting maize yield,
while the indirect impact through the feedback to tem-
perature appears much little. The sensitivity of global

maize yield to growing-season temperature in the base-
line period is −9.39%/K, which could be reduced to
−6.92%/K when the compounding precipitation effects
were excluded, indicating precipitation modulating
impact on spatial distribution of global maize yield driven
by temperature is −2.47%/K. About 30% of the YT rela-
tionship results from the combined precipitation impacts,
which is mainly resulted from the direct impact of precip-
itation on maize yield.

With regard to the future period with different temper-
ature increasing scenarios, this study found that the 1.5
and 2.0 K will increase in temperature decrease the global
maize yield from −10.16% to −11.91% and from −15.01%
to −17.14% for different scenarios of RCP4.5 and RCP8.5,
respectively. The contribution of precipitation modulating
impact to future YT relation will rise to around 35% tem-
perature and the strength will also be greater.

This research highlights the important role that precip-
itation plays in regulating YT relations. It also contributes
to our understanding of future temperature rise impact on
maize yield under the compounding impacts of precipita-
tion which is an essential step for crop adaptation and
management. This research clarifies the key role of precip-
itation in modulating maize yield to temperature and
improves our understanding on fundamental YT relations.
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