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Abstract: China is the world’s largest rice producer. Thus, the stability of rice production plays a
decisive role in food security. Among the types of rice, double rice (including early rice and late rice)
accounts for the largest proportion of rice in China. Climate change is widely expected to affect rice
yields. Studying the response of double rice yield to climate change will benefit strategic decisions
related to future crop adaptation. In this paper, the relationship between climate factors and the yield
of double rice during 1992–2013 in south China was analysed to determine the responses of double
rice yield to climate change. The results showed that the daily average air temperature during the
early rice and late rice growing seasons increased by 0.34 ◦C and 0.68 ◦C, 0.29 ◦C and 0.67 ◦C, and
0.11 ◦C and 0.31 ◦C per 10-year period in the northern subtropical zone (NST), middle subtropical
zone (MST) and south subtropical zone (SST), respectively, in the last 20 years. The change trend in
solar radiation was not obvious, but it fluctuated greatly. A 1 ◦C increase in average air temperatures
decreased early rice yield by 5.36% and 2.16% in SST and MST, respectively; decreased late rice
yield by 0.75% and 1.43% in MST and NST, respectively; and increased late rice yield by 3.93% in
SST. A solar radiation increases of 100 MJ m−2 increased early rice yield by 1.02%, 1.54% and 1.71%
in SST, MST and NST, respectively, and decreased late rice yield by 0.89% in SST. We found that
annual average temperatures of 17.3 ◦C and 18.6 ◦C were the early rice and late rice yield variation
thresholds, respectively; in addition, above the background temperature in south China, the early
rice yield will decrease and the late rice yield will increase.

Keywords: double rice; average air temperature; solar radiation; climate warming

1. Introduction

Environmental change has been shown to represent a major influence on global food
security. Crop adaptation strategies to address global climate change should focus more on
future warming [1]. Rice is an important staple food crop worldwide, and an estimated
increased production rate of 8–10 million tons per year will be necessary to meet the
world’s demand in the next decade, which will require an annual yield increase of 1.2–1.5%
without expanding the cultivated area [2]. In China, an additional 20% yield will be
required before 2030 to feed its population, even if the consumption per capita remains at
the current level [3]. However, if the present structure of rice cropping systems persists,
climate warming will reduce China’s total rice production by 5.0% in 2060 [4]. Moreover,
the limited cultivation area and the shrinking future cultivation areas emphasize the need
to increase the productivity of Chinese crops [5,6]. Because the magnitude and range of
these changes are very uncertain, the prediction of climate change effects on rice yield is
difficult and speculative. Although speculative, many published papers have suggested
potential problems that could occur under climate change.
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Rice production is significantly affected by climatic factors such as precipitation,
temperature, solar radiation, and relative humidity [7]. In China, the double rice cropping
system consists of early rice and late rice, the early and late rice seedlings were transplanted
to the paddy in April and July, and harvested in July and October, respectively. The yield
of early rice was mainly affected by the high temperatures during the vegetative stage
and low daily minimum temperatures during the ripening period, whereas the high daily
solar radiation during the reproductive and ripening periods was critical for the yield
performance of the late rice [8]. Zhang et al. [9] analyzed the data collected from the
experimental stations, and the results showed that rice yields were positively correlated
with the maximum air temperature, the minimum air temperature, and the average air
temperature at most stations. Of the sowing dates, the impact of solar radiation on early
rice transplantation was lower than that on late transplanted rice, while the reverse trend
was observed for sunshine duration. The effect of maximum and minimum temperatures
during the early rice vegetative period was also higher than that during the late rice
vegetative period [10]. Temperature and precipitation are the main climatic constraints
on crop production efficiency, the increases of incident solar radiation can improve the
above-ground biomass [11], and the cumulative solar radiation during the reproductive
stages could have a positive contribution to yield. Stable yields can be obtained when there
is stable solar radiation in a large rainfall environment [12]. The mean daily temperature
and mean daily solar radiation in the whole growth duration have a significant positive
correlation with rice yield and harvest index [13].

Studies have documented that increasing temperature could shorten crop growth
duration and reduce crop yields across rice growing areas [14]. As the temperature warms,
the actual yield, yield potential and yield gap of rice show obvious spatiotemporal pattern
changes. Rice yield has shown an increasing trend in more than 95% of the studied sites.
The yield potential in northeast China has increased over the past three decades because of
the increase in temperature, while the increased temperature and decreased solar radiation
have reduced the yield potentials in other regions [11]. The effects of temperature and
solar radiation on rice yield have been studied, but their effectiveness in different regions,
as well as how temperature and solar radiation may influence these strategies, remains
unclear. Temperature increases contribute significantly to a decline in rice yield because a
higher temperature will increase rice plant respiration rates and reduce net photosynthesis
and consequently lower biomass production and yield [15,16].

To a major extent, solar radiation determines plant photosynthesis and related terres-
trial carbon uptake, the heat balance of agricultural surfaces and hence the temperatures of
crop canopies, soil, and air, and solar radiation has been reported to be the major factor
regulating the growth of crops [17]. Therefore, any significant change in global radia-
tion is likely to have major practical implications for climate change and for agricultural
production [17,18]. The number of hours of sunshine during the tillering stage and the
heading to milk stage particularly affect the yield. In both periods, radiation is low. In
the first period, the vegetative organs of the rice crop are formed, while in the second
period, solar radiation is important for grain filling. The average temperature during the
tillering to jointing stage reaches its maximum, which negatively affects rice yields [19].
Solar radiation is one of the most dominant meteorological factors influencing grain yields
in crop plants, including rice [16,20], and its effect, particularly during the reproductive
stage, is critical [21]. Pollution has increased the average global surface temperature and
decreased solar radiation, which in turn have increased the frequency of environmental
stresses, such as heat stress and solar dimming, and hence adversely affected the growth
and yield of crops [22–25].

In the past three decades, decreases in solar radiation reduced rice yield by 0.96%,
0.13%, 9.34% and 6.02% [26]. There are also great differences in rice growth in southern
China. Many studies only analyse the relationship between double rice yield and climate
in the south. However, due to the diverse geographical conditions and the large differences
in climate at different latitudes, we mainly discuss the effects of temperature and radiation
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changes in the three subtropical climatic zones of south China on the yield of double rice.
The main objectives were to analyse (1) historical trends in daily mean air temperatures
and solar radiation during the double rice growing season in three regions and (2) regional
differences in the response of double rice yield to temperature and solar radiation.

2. Materials and Methods
2.1. Research Area

Double rice is a crop in the subtropical region of southern China, but double rice
grown with different manifestations due to geographical difference. Thus, we divided
the subtropical zone into the northern subtropical zone (NST), the mid-subtropical zone
(MST), and the southern subtropical zone (SST) (Figure 1). The NST is located at 28◦ N
to 33◦ N, including Hubei, Anhui, and Zhejiang provinces. The average temperature in
January is 0–5 ◦C, the average temperature in July is 24–29 ◦C, and the absolute minimum
temperature is greater than −20 ◦C. The accumulated temperature at 10 ◦C or above is
approximately 4500–5400 ◦Cd. The frost-free period is approximately 200–250 days. The
MST is approximately at 24◦ N–28◦ N, including Fujian, Jiangxi and Hunan provinces.
The annual precipitation in this climatic zone is generally abundant, mostly from 1000 to
1500 mm. The coldest average temperature is approximately 2–8 ◦C. The SST is located in
south China, including Guangdong and Guangxi provinces. The frost-free season occurs
for more than 300 days. The average temperature of the coldest month is above 10 ◦C,
while the annual accumulated temperature is 6500–8000 ◦C. Specific climate information is
shown in Table 1.
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Figure 1. The research area and spatial distribution of climate observation stations. NST, MST and SST indicate the northern
subtropical zone, middle subtropical zone and south subtropical zone, respectively.

Table 1. Climatic conditions in the three climatic zones (1992–2013).

Tavg Tmax Tmin Prec SSD

Region Mean ± SD Trend Mean ± SD Trend Mean ± SD Trend Mean ± SD Trend Mean ± SD Trend

(◦C) (◦C yr−1) (◦C) (◦C yr−1) (◦C) (◦C yr−1) (mm) (mm
yr−1) (h) (h yr−1)

NST 16.31 ± 0.47 0.033 21.96 ± 0.53 0.033 13.79 ± 0.46 0.032 1414.9 ± 172.1 −0.640 1751.7 ± 94.59 −3.191
MST 18.37 ± 0.43 0.033 23.16 ± 0.50 0.030 14.98 ± 0.39 0.031 1579.2 ± 217. 9 −3.407 1556.4 ± 115.9 −0.861
SST 21.73 ± 0.41 0.019 26.27 ± 0.43 0.013 18.58 ± 0.39 0.020 1745. 3 ± 230.3 −0.866 1647.4 ± 115.4 1.300

SD means standard deviation; NST, MST and SST indicate the northern subtropical zone, middle subtropical zone and south subtropical
zone, respectively. Tavg, Tmax, Tmin, Prec, and SSD correspond to the average air temperature, maximum air temperature, minimum air
temperature, precipitation, and sunshine duration, respectively. ◦C yr−1, mm yr−1 and h yr−1 indicate 1 ◦C per year, 1 mm per year and
1 h per year, respectively.
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2.2. Data Analysis
2.2.1. Calculation of Global Solar Radiation from Sunshine Duration

There were two datasets in this study. First, climatic data were collected based on
the completeness of records, including air temperatures (daily average, maximum and
minimum temperatures) and daily sunshine duration, from 1992 to 2013 from the Chinese
Meteorological Administration [27]. 101 meteorological observation stations were selected
across the region, with 26 stations in NST, 44 stations in MST, and 31 stations in SST
(Figure 1). The climatic data were described during double rice growth stages.

Since only a few stations have data on solar radiation, empirical formulas were used
to calculate the daily solar radiation of each station. The model was mainly based on the
relationship between the total solar radiation measured at the existing stations for many
years and the percentage of sunshine and the upper atmosphere radiation [28,29]. An
empirical formula was established for calculating total solar radiation in different regions:

Q = Q0 (a + b * S/S0) (1)

Q is the total daily radiation value, Q0 is the daily astronomical radiation value, a and
b are the coefficients, S is the actual sunshine hours, and S0 is the sunshine hours. Q0 is
calculated according to the following formula [30]:

Q0 = T/π * I0 /ρ2 * (ω0 sin ϕ sin δ + cos ϕ cos δ sin ω0) (2)

I0 is the solar constant, I0 = 4.921 MJ m−2; T is 24 h per day; ρ is the relative distance
between the Sun and the Earth; ω0 is the sunrise and sunset time angle; ϕ is the geographical
latitude; and δ is the solar declination.

At present, there are 23 climate observation stations of China Meteorological Adminis-
tration with data records of solar radiation and sunshine hours in the study area. Based on
the observed solar radiation values and sunshine percentages at 19 sites in the study area
using Equation (1) and regression analysis, the values of a and b in this area were estimated,
and the slope, the intercept, the coefficient of determination (R2) of the regression lines,
root mean square error (RMSE), and relative root square error (RRMSE), were used to
calculate the accuracy of the calculated solar radiation [31]. The fitted coefficients a, b,
RMSE, RRMSE, and R2 between observed daily global solar radiation and calculated daily
global solar radiation are summarized in Table 2.

Table 2. Fitted coefficients a, b, RMSE (MJ m−2 day−1), RRMSE (%), and R2 between observed daily
global solar radiation and calculated daily global solar radiation for the study regions.

Region NST MST SST

a 0.175 0.159 0.180
b 0.571 0.551 0.527
RMSE (RRMSE) 2.53 (19.28) 2.63 (21.32) 2.38 (17.18)
R2 0.889 0.878 0.893

NST, MST, and SST indicate the northern subtropical zone, middle subtropical zone and south subtropical
zone, respectively.

2.2.2. The Impact of Weather Factors on Rice Yield

Historical rice grain yields at a province scale were the second dataset, collected
from the China Rural Statistical Yearbook [32] between 1992 and 2013. The average yields
of each sub-region were calculated by the ratio of the rice yields to the rice cropping
area of these included provinces. These province-level yields were matched with various
weather measurements from 1992–2013. The weather in a province was the weighted
average of all meteorological observation stations that fall in a province. The crop yield
was impacted by various climatic and non-climatic factors (e.g., anthropogenic factors)
and showed trends due to improvements in technological progress [33]. Generally, the
crop yield exhibited highly timely nonlinear trends. Therefore, a 2nd-order polynomial



Atmosphere 2021, 12, 1541 5 of 12

was a reasonable compromise for fitting the regression equations. Thus, our regression
equation linked log yields y(i,t) as yields followed a log-normal distribution, and yield
variance stayed comparable in relative, but not absolute terms, in province i in year t to
various specifications of weather X(i,t) that have been used in some literature. The model
is expressed in the following form:

y (i, t) =ci + d1i * year + d2i * year2 + β * X (i, t) +ε (i, t) (3)

All regressions included a quadratic time trend (to capture overall technological
progress) as well as province fixed effects (ci); d1i is the province-specific linear time
trend; d2i is the province-specific quadratic time trend; and β is a vector of coefficients of
weather X (i, t). Weather X (i, t) is a linear specification including the mean, maximum
or minimum temperature as well as total sun radiation during the growing season. All
statistical analyses were conducted using R language 2.11.1 and Eviews 6.0 (HIS Eviews,
Irvine, CA, USA) statistical analysis software.

3. Results
3.1. Historical Trend of Global Warming during Double Rice Growing Season

The average temperature of the early rice growth period increased by 0.034 ◦C,
0.029 ◦C and 0.011 ◦C per year in the three climate zones of NST, MST and SST dur-
ing 1992–2013, respectively (Figure 2a–c). In MST and SST, the solar radiation increased in
the early rice growth period by 1. 772 MJ m−2 and 2.631 MJ m−2 per year, respectively, but
the solar radiation in NST was reduced by 0.957 MJ m−2 per year with larger fluctuations
than those in the other areas (Figure 2d–f). The average temperature of the late rice growth
period increased by 0.068 ◦C yr−1, 0.067 ◦C yr−1 and 0.031 ◦C yr−1 for NST, MST and SST,
respectively (Figure 3a–c). In MST and SST, the solar radiation increased by 4.278 MJ m−2

and 2.487 MJ m−2, respectively, but the solar radiation was reduced by 3.516 MJ m−2 per
year in NST (Figure 3d–f).
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Figure 2. Trends in average temperature (a–c) and solar radiation (d–f) of the early rice growth period in the three climatic
zones. (a,d), (b,e), and (c,f) indicate the northern subtropical zone (NST), middle subtropical zone (MST) and south
subtropical zone (SST), respectively. * Significant at p < 0.05.
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Figure 3. Trends in average temperature (a–c) and solar radiation (d–f) of the late rice growth period in the three climatic
zones. (a,d), (b,e), and (c,f) indicate the northern subtropical zone (NST), middle subtropical zone (MST) and south
subtropical zone (SST), respectively. ** Significant at p < 0.01.

3.2. Historical Trend in Yield of Double Rice

The historical yield trends in double rice from 1992 to 2013 were analysed with
linear regression. The yield of early rice in the NST and MST increased significantly by
21.84 kg ha−1 and 47.65 kg ha−1 per year, respectively, but the yield of SST early rice
decreased by 6.58 kg ha−1 per year (Figure 4). The yield of late rice in the MST and SST
increased significantly by 13.89 kg ha−1 and 17.63 kg ha−1 per year, respectively. However,
the yield change was not significant in NST (Figure 5).
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Figure 4. Trends in the yield of early rice in the three climatic zones. (a–c) indicate the northern subtropical zone (NST),
middle subtropical zone (MST) and south subtropical zone (SST), respectively. ** Significant at p < 0.01.
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Figure 5. Trends in the yield of late rice in the three climatic zones. (a–c) indicate the northern subtropical zone (NST),
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3.3. Responses of Double Rice Yield to Average Temperature Rise

The average air temperatures rose by 1 ◦C decreasing early rice yield by 5.36% and
2.16% in SST and MST, respectively. A slight increase was observed in NST (Figure 6a).
Moreover, the average air temperature rose 1 ◦C decreasing late rice yield by 0.75% and
1.43% in MST and NST, respectively. However, the average temperature increased the
yield by 3.93% in SST (Figure 6b). The increase in the temperature in the early rice growth
period was not conducive to yield, while the increase in temperature in the late rice growth
period was conducive to rice yield in southern China and not conducive to rice yield in
northern China.
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Figure 6. Effect of average temperature on double rice yield. (a) early rice; (b) late rice. NST, MST and SST indicate
the northern subtropical zone, middle subtropical zone and south subtropical zone, respectively. (early rice: R2 = 0.293,
p = 0.036; late rice: R2 = 0.401, p < 0.001, n = 66).

3.4. Responses of Double Rice Yield to Solar Radiation

Solar radiation had positive effects on late rice yields, and the solar radiation increased
by 100 MJ m−2, increasing yields by 1.02%, 1.54% and 1.71% in SST, MST and NST, respec-
tively. More to the north, the effects of radiation on increasing yield were more obvious
(Figure 7b). However, for early rice yield, solar radiation had a negative impact in SST with
−0.89% in yield per 100 MJ m−2 increase in radiation, and there was a small impact in NST
and MST (Figure 7a).
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Figure 7. Effect of solar radiation on double rice yield. (a) early rice; (b) late rice. NST, MST and SST indicate the northern
subtropical zone, middle subtropical zone and south subtropical zone, respectively. (early rice: R2 = 0.293, p = 0.0456; late
rice: R2 = 0.401, p < 0.001, n = 66).

3.5. Relationship between Annual Average Temperature and Double Rice Yield Change Rate

The relationship between annual average temperature and double rice yield change
rate was analyzed by calculating the rice yield change rate of 9 provinces of South China
and the annual average temperature of each province (Figure 8). The early rice yield
increased in the north and decreased in the south, and the late rice yield increased in the
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south and decreased in the north, which demonstrated the climate impacts on double rice
yield. Therefore, we analysed the relationship between annual average temperature and
yield impact rate. The equations showed that the 17.3 ◦C annual average temperature was
the split point that affected the increase or decrease in early rice yield (Figure 8a). The early
rice yield decreased at temperatures over 17.3 ◦C and increased at temperatures below
17.3 ◦C. However, for late rice, the yield change rate increased with increasing annual
average temperature (Figure 8b). When the annual average temperature was greater than
18.6 ◦C, the yield change rate was positive. However, it was negative below 18.6 ◦C.
The annual average temperature increased yearly. When the temperature increased to
17.3 ◦C ~18.6 ◦C in any location, both the early rice and late rice yields decreased. Before
the annual average temperature reached 17.3 ◦C, it has a positive effect on early rice yield,
but it decreased the yield of late rice. The annual average temperature exceeded 18.6 ◦C,
which decreased early rice yield and increased late rice yield.
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Figure 8. Relationship between annual average temperature and double rice yield change rate. (a) early rice; (b) late rice.
* Significant at p < 0.05.

4. Discussion

Among climatic parameters, crop yields are largely influenced by air temperature and
solar radiation [1,34]. Studies have shown that warming can have a positive or negative
impact on crop yields. For example, Chen and Tian [35] found that the positive effect of
daily minimum temperature on rice yield varies with rice growth stage, increased Tmin had
a large and positive impact on early rice yield during the ripening stage, while the positive
effect of Tmin on late rice Yield occurred during the reproductive stage. Zhang et al. [36]
also found that higher Tmin increased late rice yield by decreasing cold stress. However,
Peng et al. [23] reported that rice yield declined by 10% for each 1 ◦C increase in growing-
season minimum temperature when it was above 22 ◦C. In addition, temperature changes
are not conducive to the accumulation of dry matter, high temperatures may reduce
biomass production and grain yield by accelerating the rate of development and thus
shorten crop growth duration, which ultimately restrict the formation of rice yield [37–39].
Consistent with previous work, the average temperature significantly increased in the NST
and MST regions within the scope of our research. The average temperature has increased
by 0.6–1.3 ◦C in the past 20 years during the double rice growth period, and warming in
the north is obviously higher than that in the south. In our study, we observed that the
response of early and late rice yields to the average air temperature rise have differences
among different regions, and this is consistent with previous studies, which found that
for late rice, the average temperature rise has a positive effect on the southern region of
South China, but has a negative effect in the northern region, while early rice was just
opposite [40]. The average temperature increased during the crop growth period resulting
in a negative impact on early rice yield but a positive impact on late rice yield in SST. The
average temperature during the later growth stage of early rice was higher than that during
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the other stages and continued to increase, Zhao et al. [41] found that the dates of heading
and maturity for early rice were negatively associated with the average temperature in
each growth period, temperature increases contribute significantly to the decline in early
rice yield because higher temperatures increase the early rice respiration rate and reduce
net photosynthesis and consequently result in lower biomass production and yield [15].
However, the mean temperature in NST had a positive effect on the yield of early rice,
whereas had the opposite effect on late rice. This may be related to the lower average
temperature in the late growth period of early rice in the NST region, and the elevated
temperatures contributed to increased early rice yields but led to substantial extreme heat
risks during late rice production. The temperature in MST had a slight negative impact on
the double rice. Over the past 20 years, this result has mainly been due to the increase in
average temperature during the growth period of early rice within optimum temperature
ranges [42]. During the growth of late rice, a high the rate of temperature increase at
night increases respiratory consumption, which is not conducive to the growth and yield
formation of late rice.

At the same time, higher grain yield is generally associated with higher incident solar
radiation and higher intercepted solar radiation by the rice crop canopy [43]. Solar radiation
is one of the most dominant meteorological factors influencing grain yields [44–46], and its
effect, particularly during the reproductive stage, is critical [21,23]. Solar radiation has a
significant effect on yield and yield components [47], and some researchers have found that
there is a significant positive relation between solar radiation and yield [48]. An increase
in solar radiation causes an increase in rice yield [49]. In addition, decreases in solar
radiation reduce rice yield, resulting in overall negative climate impacts on yield [38,50].
Previous studies have shown that the mean daily temperature and mean daily solar
radiation during the entire growth period showed a significant positive correlation with
rice yield, total dry matter, and harvest index [13]. We found that the change trend in solar
radiation was not obvious, but it fluctuated greatly, which greatly affected crop yield. The
temperature decreased gradually during the reproductive growth stage of late rice and was
very suitable for development and grain filling in the three regions. Therefore, an increase
in solar radiation would increase late rice yields. However, high temperatures gradually
increased during the reproductive growth period of early rice, and photosynthesis was
weakened due to the increase in photorespiration at high temperatures. Consequently, the
early rice yield was reduced in SST, as the air temperature increased faster than that in
the other two regions. Solar radiation primarily determines photosynthesis and related
terrestrial carbon uptake. Therefore, any significant change in global radiation is likely to
have major practical implications for climate change and agricultural production [17,18].
The high average rice yield level and the good response of rice to N fertilizer application
were attributed to high solar radiation levels [18,23]. Cumulative solar radiation during
reproductive stages could have a positive impact on yield at the right temperature. Stable
yields can be obtained when there is stable solar radiation. However, the response of rice
yield to solar radiation is not always consistent (Figure 7), especially early rice is more
likely to affect by climate change. The positive correlation between early rice yield and
radiation, average temperature and maximum temperature all depend on rainfall [51].
Abundant precipitation has no significant positive impact on yield, but due to the increases
in rainy days reduced solar radiation and the optimum temperature for rice growth, which
caused a significant negative impact on early rice yield [51]. In addition, the early rice
yield is impacted more by temperature while solar radiation has a greater effect on late rice
yield [8], the early transplanted plants could not effectively utilize solar radiation for CO2
assimilation, and that early biomass production was constrained by low temperature [52].
Overall, the interference of other factors such as temperature and rainfall may be an
important factor affecting the relationship between solar radiation and early rice yield.
Therefore, the influence of other factors should be fully considered in in future studies to
comprehensively analyze the relationship between rice yield and solar radiation.
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5. Conclusions

There was a different response of double rice yield to temperature increase and solar
radiation change. An average temperature increase can increase the late rice yield but
decrease the early rice yield in SST. An opposite result occurred in NST. Increasing solar
radiation significantly increased early rice yield in the three sub-regions. Responses of
early and late rice yields to temperature are correlated with background temperature in the
region. The yield change rate of early rice and late rice may be opposite after reaching the
background temperature value.
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