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A B S T R A C T   

Rice exposure to cold stress will be alleviated by the decrease of cold extremes under climate change. The 
disappearance time of cold exposure and its response to different potential scenes in the 21st century, should be 
particularly important to make long-term adaptations in China. Given these issues unresolved, here we assessed 
the decadal changes of rice exposure to cold stress in China throughout the 21st century, and compared the 
patterns under different combinations of Representative Concentration Pathways (RCP) scenarios, rice 
phenology shifts and cold tolerance enhancements. Under RCP4.5 with no changes in rice phenology and cold 
tolerance (i.e., the baseline scene), cold exposure would disappear mainly after the 2030s, 2040s, 2060s and 
2080s in Liaoning, Fujian, Jilin and Hunan, respectively. But in Heilongjiang, northern Yunnan, southern 
Sichuan, western Hunan and northwestern Zhejiang, cold exposure would remain until the end of this century. 
Compared with the baseline pattern in these provinces, RCP8.5 and cold-tolerance enhancements would make 
cold exposure disappear 2–3 decades early and reduce the intensity by more than 40%. In southern China, when 
rice thermal-sensitive stage is moved 10/15 days forward, the disappearance of cold exposure would be 2–4 
decades early relative to the baseline pattern. Comparison of the patterns under the baseline scene and other 
potential scenes suggests cautious optimism about the effectiveness of adjustments in crop phenology and pro-
vides quantitative support to the enhancement in cold tolerance. This has broad implications for the research 
community relative to adaptation planning under climate change.   

1. Introduction 

Cold events particularly during rice reproductive stage can cause 
panicle tip degeneration, incomplete panicle exertion, high spikelet 
sterility, irregular maturity and lead to substantial yield loss (Espe et al., 
2017; Lesk et al., 2016; Yamamori et al., 2021). As the world’s largest 
rice producer, China has been hit hard by cold events (Ji et al., 2021; Tao 
et al., 2013). For example, in northeastern China, the average loss of rice 
production in 1969, 1972 and 1976 reached up to 5.78 million tons 
(about 20% of total production) (Wang, 2008). Under global warming, it 
is virtually certain that decreases in cold extremes will occur in the 21st 
century (IPCC, 2014). Hence we should predict optimistically that rice 
exposure to cold stress will disappear or reduce significantly in this 
century. Scientific assessments on these critical time points across major 
rice-cultivation areas in China, could provide long-term perspectives for 
Chinese policymakers to manage the risk of extreme climate events. 

Based on the data sets from General Circulation Models (GCMs), 
Wang et al. (2014) studied rice exposure to cold stress during the near 
future (2021–2050) in China. They found that the 30-year average in-
tensity of cold exposure under one of the Representative Concentration 
Pathways (RCP8.5) would be lower than that during 1980–2008. 
However, this study has not reveal the inter-annual or inter-decadal 
variations of cold exposure throughout this century. Such problem 
could also be found in Zhang et al.’s study (2017), where the MCWLA 
crop model was used to compare the 30-year average level of rice yield 
loss caused by cold stress during 2020–2049 with that during 
1980–2009. Nevertheless, some experience has been accumulated for 
further improving future projections. For example, in Zhang et al.’s 
study (2017), they considered several possibilities in the future climate 
scenarios, including five GCMs and four RCPs (2.6, 4.5, 6.0 and 8.5). It 
was found that uncertainties in the future climate should substantially 
change the temporal pattern of rice exposure to cold stress. This could be 
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supported by Chou et al. (2021), in which the levels of rice cold damage 
index when global warming at 1.5 and 2 ℃ under different scenarios 
were compared. In addition to uncertainties in the future climate, some 
characteristics such as rice phenology and cold tolerance could also 
make great impacts on the temporal pattern of rice exposure to extreme 
temperature stress (Gourdji et al., 2013; He et al., 2018; Xu et al., 2020). 
However, these uncertainties in the future projections of rice exposure to 
cold stress in China, have rarely been accounted for together in a 
consistent framework. 

Therefore, in order to reveal the critical time points of cold-exposure 
changes and their responses to different potential scenes, we assessed 
the decadal changes of cold exposure across major rice-cultivation areas 
in China throughout the 21st century. The objectives are: (a) to evaluate 
the temporal pattern of cold exposure under the baseline scene; (b) to 
compare the patterns under different combinations of RCPs, rice- 
phenology shifts and cold-tolerance enhancements; (c) to discuss vari-
able regional cold exposure and critical adjustments in the adaptation to 
future changes of cold exposure. 

2. Materials and methods 

2.1. Study area and data sources 

The study area includes the 0.5∘ × 0.5∘ grids with rice cultivation 
fraction larger than 1% across 16 major production provinces in the 
Chinese mainland (Fig. 1), which is in consistent with the previous 
studies (Wang et al., 2016; Zhang et al., 2017). The study area could be 
divided into four regions, including Region I (northeast China), Region II 
(the Yunnan-Guizhou Plateau), Region III (including the Sichuan Basin 
(III1) and the northern parts of the mid-lower reaches of Yangtze River 
(III2)), Region IV (the southern parts of the mid-lower reaches of Yangtze 
River and south China). Over the past decades, single rice (cultivated 
once in a year) is dominant in Region I, II and III, whereas double rice 
(planted and harvested two times in a year) in Region IV (Sun and 
Huang, 2011; Zhang et al., 2017). 

In consistent with the previous studies (Deng et al., 2018; Zhang 
et al., 2017), daily gridded climate data (2020–2099) with 0.5◦× 0.5◦

resolution were obtained from the Inter-Sectoral Impact Model Inter-
comparison Project (ISI-MIP) climate dataset (https://www.isimip. 
org/). The data from five GCMs, including HadGEM2-ES, IPSL-C-
M5A-LR, GFDL-ESM2M, MIROCESMCHEM and NorESM1-M, were 

Fig. 1. Spatial distribution of rice cultivation in the study area. I single rice in northeast China; II single rice in the Yunnan-Guizhou Plateau; III single rice in the 
Sichuan Basin (III1, including Sichuan and Chongqing provinces) and the north of mid-lower reaches of the Yangtze River (III2, including Hubei, Anhui and Jiangsu 
provinces); IV double rice in south China. Province codes: 1 Heilongjiang; 2 Jilin; 3 Liaoning; 4 Yunnan; 5 Guizhou; 6 Sichuan; 7 Chongqing; 8 Hubei; 9 Anhui; 10 
Jiangsu; 11 Hunan; 12 Jiangxi; 13 Zhejiang; 14 Fujian; 15 Guangxi; 16 Guangdong. 
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spatially interpolated and bias-corrected by Hempel et al. (2013). In this 
study, we used multi-model ensemble mean for future projections. The 
daily maximum temperature (Tmax) and minimum temperature (Tmin) 
in Kelvin were converted to equivalent temperatures in degrees Celsius. 
Daily mean temperature was calculated by averaging daily maximum 
and minimum temperatures. The four scenarios (RCPs: 2.6, 4.5, 6.0 and 
8.5) represent four greenhouse gas emission pathways that can lead to 
radiative forcing levels in the atmosphere up to 2.6, 4.5, 6.0, and 
8.5 Wm− 2, respectively, by the end of the 21st century (Van Vuuren 
et al., 2011). The key growth stages crucial to rice yield were determined 
mainly according to Sun and Huang’s study (2011) in which 
cold-exposure pattern during the historical period was revealed in 
different sub-regions of China. In the future projections, shifts in rice 
phenology were also considered in the following analysis. 

2.2. Calculating rice exposure to cold stress in the 21st century 

The quantitative index of CDD (Wang et al., 2019) was introduced to 
characterize the intensity of cold exposure. The calculation of CDD in a 
given year could be divided into three steps: firstly, identify the occur-
rence frequency of cold events over the thermal-sensitive period; then, 
compute daily cold exposure (DD) for each event; finally, these daily 
values of DD were accumulated to calculate the intensity of cold expo-
sure (CDD). The equations were as follows: 

DDi,j =

{
Tbase − Ti,j

0
for Ti,j ≤ Tbase
for Ti,j > Tbase

(1)  

CDD =
∑n

j=1

∑k

i=1
DDi,j (2)  

Where DDi,j (℃) indicates daily cold exposure on the ith day of the jth 

event; Ti,j is the average of daily minimum temperature and daily 
maximum temperature; Tbase is the low-temperature threshold of 
extreme events; n is the occurrence frequency of cold events over the 
thermal-sensitive period; k is the duration of the jth extreme event. 

Generally, the thermal-sensitive period includes rice booting and 
heading-flowering stages, since cold stress during these periods were 
recognized to significantly associated with reduced rice yields (Espe 
et al., 2017; Sun and Huang, 2011). In Region IV cultivated with double 
rice, we only considered late-rice exposure to cold stress, since the 
thermal-sensitive period of late rice tends to overlap with cold dew 
winds in autumn (Qian et al., 2015; Sun and Huang, 2011). 

According to the studies of Bai and Xiao (2020) and Ye et al. (2019), 
there should be changes in phenological characteristics of rice cultivars 
during the future period. However, the conclusions about historical 
shifts in rice phenology could not reach an agreement, and the un-
certainties in the future period would always exist. Therefore, we used 
the 30-day window to capture the most sensitive period in each year, 
following some typical studies on future pattern of heat exposure 
(Gourdji et al., 2013; Teixeira et al., 2013). By moving the window 
forward or backward, we could easily make sensitive analysis of po-
tential changes in phenology. Here, the mid-point of rice 
thermal-sensitive period was determined according to the study of Sun 
and Huang (2011): Aug.1 in Region I, Jul. 25 in Region II, Jul. 20 in 
Region III1, Aug. 15 in Region III2, Sept. 5 in northern Region IV 
(including Hunan, Jiangxi, Zhejiang and Fujian), Sept. 15 in southern 
Region IV (including Guangxi and Guangdong). In order to compre-
hensively cover potential changes over the future period, we performed 
a group of sensitivity tests by moving the window 5/10/15 days forward 
and 5/10/15 days backward, respectively. 

According to previous studies (Wang et al., 2019; Zhang et al., 2014), 
we identified the occurrence of cold events over the thermal-sensitive 
period according to following criteria: in Region I, at least 2 succes-
sive days with a mean daily T ≤ 19 ℃; in Region II and III, at least 3 
successive days with a mean daily T ≤ 20 ℃; in Region IV, at least 3 

successive days with a mean daily T ≤ 22 ℃. Actually, due to potential 
adaptations of human beings over this century, there should be un-
certainties in the threshold of cold events. Therefore, we calculated cold 
exposure using 1/2/3 ℃ lower critical temperature, in order to test the 
impacts of 1/2/3 ℃ enhancement in cold-tolerance. 

2.3. Assessing decadal changes of cold exposure throughout the 21st 
century 

For each grid, annual intensity of cold exposure was calculated by 
Eq.(2). In a given decade, if cold exposure occurs more than 3 years, we 
determined rice crop remain exposed to cold stress over this decade. 
Then the decadal intensity of cold exposure was calculated by averaging 
annual intensity values over this decade. Decadal changes in cold 
exposure from the 2020–2090s were assessed. The critical time point of 
cold-exposure disappearance was defined as the decade after (including) 
which cold exposure would never occur until the end of this century. 
With consideration of different RCPs, shifts in rice phenology and en-
hancements in cold tolerance, we defined the baseline scene, RCP 
scenes, phenology scenes and tolerance scenes in Table 1. 

Firstly, we assessed the time points of cold-exposure disappearance 
under different scenes. The areas where cold exposure would remain 
until the end of this century under the baseline scene, were chosen as the 
focus areas. For each province, the decadal levels of rice-exposure in-
tensity in the focus areas were evaluated under different scenes. Using 
Eq.(3), we calculated changes in cold-exposure intensity under a given 
scene relative to that under the baseline scene. If the change value 
(Changej_scene, %) was larger than 30%, we defined it as a significant 
change. 

Changej scene =
∑n

i=1

(
Intensityi,j scene − Intensityi,base

Intensityi,base
∗ 100

)

∗
1
n

(3)  

Where Intensityi,j_scene (℃) and Intensityi,base (℃) indicate cold-exposure 
intensity in the ith decade under the j scene and the baseline scene, 
respectively; n is the number of decades during the study period (n = 8 
in this study). 

3. Results 

3.1. Baseline pattern of rice exposure to cold stress in the 21st century 

Under the baseline scene, in most of Liaoning, Guizhou, Chongqing, 
Hubei, Anhui, Jiangsu, Guangdong and Guangxi, cold exposure would 
rarely occur throughout the 21st century (Fig. 2). The areas where cold 
exposure would cease in the next three decades, could be found mainly 
in Liaoning (2030s) and Fujian (2040s). During the second half of this 
century, the disappearance of cold exposure would occur in Jilin (2060s) 
and eastern Hunan (2080s). However, in most of Heilongjiang (96.40%), 
the northeast of Jilin (32.76%), the north of Yunnan (33.03%) and the 
south of Sichuan (23.81%), the west of Hunan (34.25%) and Zhejiang 

Table 1 
Groups of different RCPs, shifts in rice phenology and enhancements in cold 
tolerance.  

Group name RCPs Shifts in rice phenology Enhancements in cold 
tolerance 

Baseline scene 4.5 0 days 0 ℃ 
RCP scene 2.6/6.0/ 

8.5 
0 days 0 ℃ 

Phenology 
scene 

4.5 -15/-10/-5/+ 5/+10/ 
+15 daysa 

0 ℃ 

Tolerance 
scene 

4.5 0 days + 1/+ 2/+ 3 ℃b  

a "-n/+n days" indicates rice phenology is moved n days forward/backward. 
b "+n ℃ " indicates cold tolerance is enhanced by n ℃. 
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(41.67%), cold exposure would remain until the end of this century. In 
the focus areas of these provinces, the decadal intensity of cold exposure 
throughout the 21st century were shown in Fig. 3. 

In Heilongjiang, the intensity would decrease from the 2020–2050s, 
but increase over the 2060s and then fluctuate largely until the end of 
this century. In Jilin, the changes of cold-exposure intensity would be 
similar to that in Heilongjiang except a bound over the 2030s. In Yunnan 
and Sichuan, the intensity would decease gradually from the 
2020–2060s, but increase slightly after the 2060s. By contrast, the 
decrease from the 2020–2050 s in Hunan and Zhejiang would be sig-
nificant. The intensity would increase particularly over the 2080s and 
2090s in Hunan, while the intensity would fluctuate largely after the 
2060s in Zhejiang. Overall, in most areas, the 2060s could be a critical 
time point when the temporal trend would change significantly in the 

21st century. 

3.2. Impacts of different RCPs on the baseline pattern of rice exposure to 
cold stress 

In comparison with the baseline pattern, the areas with changes in 
the disappearance time of cold exposure would be 25.25%, 37.73%, 
43.16% of the study area under RCP2.6, RCP6.0 and RCP8.5, respec-
tively (Fig. 4). Specifically, late disappearance would be dominant under 
RCP2.6 (78.09%), while early disappearance would be dominant under 
RCP6.0 (74.93%) and RCP8.5 (95.10%). The areas sensitive to the 
changes of RCP would be found in Heilongjiang, Jilin, Yunnan, Hunan, 
Fujian and Zhejiang. In comparison with the baseline pattern, cold 
exposure in Heilongjiang would disappear mainly 1–2 decades early 

Fig. 2. Spatial pattern of the decade after which cold exposure would disappear in the 21st century under the baseline scene.  
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under RCP6.0, while 4–5 decades early under RCP8.5. In Hunan, the 
changes in the disappearance time under RCP6.0 would be quite 
different relative to that under the baseline pattern, indicated by 1–2 
decades early in the western part whereas 1–3 decades late in the eastern 
part. 

In the focus areas, the comparisons between cold-exposure intensity 
under different RCPs were described in Fig. 5. In Heilongjiang, Jilin, 
Yunnan, Hunan and Zhejiang, the intensity under RCP 2.6 would be 
more than 30% larger than the baseline pattern. Specifically, much 
larger intensity would generally occur in the second half of this century. 
Under RCP 6.0, the changes of cold-exposure intensity would be 
inconsistent over the study area, indicated by 9.57% lower levels in 
Heilongjiang whereas higher levels in Zhejiang (40.91%), Jilin (0.76%), 
Yunnan (7.43%), Sichuan (1.84%) and Hunan (2.07%). By contrast, in 

all these provinces, the intensity under RCP 8.5 would be more than 30% 
lower than the baseline pattern. Specifically, much lower intensity 
would generally occur after the 2050s in Heilongjiang, Jilin, Yunnan, 
Sichuan, while occur after the 2030s in Hunan and Zhejiang. 

3.3. Impacts of different shifts in rice phenology on the baseline pattern of 
rice exposure to cold stress 

In Heilongjiang, cold exposure in most areas would be not sensitive 
to the shifts of rice phenology, indicated by little differences relative to 
the baseline pattern (Fig. 6). In Jilin and Liaoning, cold exposure would 
disappear late when rice phenology is 15 days forward or 10/15 days 
backward. In Yunnan and Sichuan, only scattered areas would be found 
with small differences relative to the baseline pattern. In southern 

Fig. 3. Decadal changes in the intensity (℃) of cold exposure under the baseline scene in Heilongjiang (a), Jilin (b), Yunnan (c), Sichuan (d), Hunan (e) and Zhejiang 
(f). "P25", "P75" and "Avg" indicate the 25th percentile, 75th percentile and the average value, respectively. 

Fig. 4. Changes of the disappearance time under the RCP2.6 scene (a), RCP6.0 scene (b) and RCP8.5 scene (c) relative to that under the baseline scene. "-n" indicates 
the disappearance of cold exposure would be n decades early, and "+n" for n decades late. 
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China, cold exposure in most areas would be much sensitive to the shifts 
of rice phenology. Specifically, late phenology would lead to delayed 
disappearance of cold exposure, while early phenology would make cold 
exposure disappear in advance. Overall, as the shifts of rice phenology 
become larger, the differences in the time point of cold-exposure 
disappearance would become more significant. In particular, when 
rice phenology is 15 days backward, in the most of Jilin, Liaoning and 
southern China, cold exposure would disappear 4–6 decades late relative 
to the baseline pattern. 

The comparisons between cold-exposure intensity under different 
shifts in rice phenology were shown in Fig. 7. In Heilongjiang and Jilin, 
the intensity of cold exposure would always increase under each group 
of the phenology scene. Generally, as the shifts of rice phenology 
become larger, cold-exposure intensity would also rise more signifi-
cantly relative to the baseline pattern. In Yunnan and Guizhou, early 
phenology would cause slight increase of cold-exposure intensity, while 
late phenology would lead to little decrease of the intensity. Such 
pattern would be reversed in Hunan and Zhejiang, where early 
phenology would cause lower intensity and late phenology would cause 
larger intensity. Overall, in the areas sensitive to rice phenology shifts, 
the decades with significant changes of cold-exposure intensity would be 
found throughout this century. 

3.4. Impacts of different enhancements in cold tolerance on the baseline 
pattern of rice exposure to cold stress 

In comparison with the baseline pattern, the areas with changes in 
the disappearance time of cold exposure would be 34.31%, 41.05%, 
44.37% of the study area under the tolerance scenes of 1, 2, 3 ℃ higher, 
respectively (Fig. 8). Specifically, early disappearance would be domi-
nant under each scene. With the tolerance 1 ℃ higher, the disappear-
ance of cold exposure in southern Heilongjiang and large parts of Jilin, 
would be 3–5 decades early. In other areas including northern Yunnan, 
most of Hunan, Zhejiang and Fujian, cold exposure would disappear 1–2 

decades early. When cold tolerance is further enhanced, Heilongjiang, 
northern Yunnan and Hunan would see earlier disappearance of cold 
exposure. In particular, under the tolerance scene of 3 ℃ higher, cold 
exposure would disappear 8 decades early in 81.08% of Heilongjiang, 
which means most of the focus areas would not be exposed to cold stress 
throughout the 21st century. 

The comparisons between cold-exposure intensity under different 
enhancements in cold tolerance were shown in Fig. 9. When cold 
tolerance is 1 ℃ higher, the reduction of cold-exposure intensity from 
high to low in order would be: 83.09% in Zhejiang, 71.17% in Hunan, 
70.82% in Heilongjiang, 58.39% in Jilin, 55.04% in Yunnan and 47.97% 
in Sichuan. Under the tolerance scene of 2 ℃ higher, the intensity of 
cold exposure would decrease by more than 90% in Zhejiang, Hunan and 
Heilongjiang. Cold exposure in Jilin and Yunnan would decrease by 
more than 90% with tolerance enhanced 3 ℃ higher. Overall, the in-
tensity of cold exposure would decrease substantially due to the 
enhancement of cold tolerance. 

4. Discussions 

4.1. Explanations of variable regional cold exposure 

Under the baseline scene, the spatial pattern of cold-exposure 
disappearance could be supported by previous studies. The areas 
where cold exposure would remain until the end of this century, are 
generally the areas most heavily hit by cold events during the historical 
period. For example, in the areas of Heilongjiang and Liaoning located at 
the high latitudes (42–48◦N), heat shortage is always a major concern 
over the past decades and the impacts of cold stress on rice growth have 
gained more attentions in previous studies (Liu et al., 2013; Sun and 
Huang, 2011; Zhang et al., 2014). In northern Yunnan and southern 
Sichuan at an altitude of more than 2000 m, severe heat deficiency has 
also made cold stress be of great concern (Tao et al., 2013). In these 
provinces, the intensity of cold exposure would consistently decline 

Fig. 5. Changes (%) of the decadal intensity of cold exposure under the RCP2.6 scene, RCP6.0 scene and RCP8.5 scene relative to that under the baseline scene in 
different provinces. The decade with a significant increase/decrease in cold-exposure intensity is marked with a red/blue circle. 

P. Wang et al.                                                                                                                                                                                                                                   



European Journal of Agronomy 135 (2022) 126473

7

from the 2020–2050s but fluctuate around a certain level in the half of 
this century under the baseline scene (Fig. 3). This could be explained by 
the development process of RCP4.5, under which the radiative forcing 
level would increase consistently before the 2060s, but remain relatively 
stable in the second half of this century (van Vuuren et al., 2011). In Ao 
et al. (2021), annual average temperature during 2020–2098 in north-
east China would also witness fluctuations around a certain level from 
the 2060s 

Compared with the baseline pattern, the changes under the RCP 
scenes and tolerance scenes would be consistent within the study area, 
whereas the changes under the phenology scenes would be quite 
different. This can be explained as follows. Specifically, the four selected 
RCPs included one mitigation scenario leading to a very low forcing 
level (RCP2.6), two medium stabilization scenarios (RCP4.5/RCP6.0) 
and one very high emission scenarios (RCP8.5) (Van Vuuren et al., 
2011). Therefore, cold exposure would disappear early and the intensity 
would significantly decrease under RCP2.6 scene relative to the baseline 
pattern. By contrast, these trends would be reversed under RCP8.5. 
Enhancements in cold tolerance could fundamentally reduce the dam-
age of cold events, and will offer substantial hope for coping with future 
risk of cold stress (Moura et al., 2017; Olesen et al., 2011). As for the 
shifts in rice phenology, it mainly affects the temperature conditions 
during the thermal-sensitive period, hence would be likely to change 
cold exposure. Therefore, this indirect effects could show different over 
the study area. In southern China, the changes under different shifts in 

rice phenology could be understood. In these areas with late rice culti-
vated, the thermal-sensitive period is mainly in autumn, during which 
strong and cold winds (called cold dew winds) is quite often (Qian et al., 
2015). When the critical phenology is earlier, late rice would be less 
likely to experience cold events, hence cold exposure would be mitigated 
relative to the baseline pattern. Otherwise, cold exposure would disap-
pear late and the intensity would increase. 

4.2. Critical adjustments in the adaptation to future changes of cold 
exposure 

During the future period, the temporal changes in rice exposure to 
cold stress should be not fixed due to the uncertainties of critical factors 
such as future emission scenarios, rice phenology and cold tolerance. 
Therefore, we first analyzed the critical adjustments in the adaptations 
to future changes of cold exposure under the baseline scene, and then 
discussed the differences under other scenes. According to the time 
points of cold-exposure disappearance in Fig. 7, the efforts to resist cold 
stress could turn to other aspects after the 2030s, 2040s, 2060s and 
2080s in Liaoning, Fujian, Jilin and Hunan, respectively. In Hei-
longjiang, Jilin, northern Yunnan, southern Sichuan, Hunan and Zhe-
jiang, the efforts to resist cold stress should remain until the end of this 
century. In these areas, decreases in cold-exposure intensity should be 
made full use of from the 2020–2050s, and major adjustments should be 
made to adapt to the rise of cold-exposure intensity after the 2060s. 

Fig. 6. Changes of the disappearance time under the phenology scenes of − 5 days (a), − 10 days (b), − 15 days (c),+ 5 days (d), + 10 days (e), + 15 days (f) relative 
to that under the baseline scene. "-n" indicates the disappearance of cold exposure would be n decades early, and "+n" for n decades late. 
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Compared with the adaptations to the baseline pattern, the adjustment 
should be taken 4–5 decades early under RCP8.5, whereas 1–2 decades 
early under RCP6.0. The strength of adaptation measures should be 
enhanced under RCP2.6, but be reduced under RCP8.5 particularly in 
the second half of this century. In most of the study area, enhancing cold 
tolerance would provide the substantial hope to reduce cold exposure 
throughout this century. Particularly, in northeastern China, the ad-
justments should be taken 2–3 decades early relative to the baseline 
pattern, and the strength of adaptation measures should be significantly 
reduced. Given the different impacts of rice-phenology shifts, shifts in 
rice phenology would be not suggested in Heilongjiang and Jilin, while 
early rice phenology should be encouraged to substantially reduce cold 
exposure in Hunan and Zhejiang. In these provinces, when rice 

phenology is 10/15 days forward, the adjustments should be taken 2–4 
decades early relative to the baseline pattern, and the strength of 
adaptation measures should be significantly reduced. 

4.3. Uncertainties and limitations 

In this study, some factors not considered (e.g., micro-climate, micro- 
phenology) might influence the calculations of CDD and then lead to 
some uncertainties in the pattern of cold exposure at the grid scale. 
Therefore, the resulting broad-scale analysis is more suited to capturing 
major patterns at a larger scale (e.g., provinces or regions), than be 
interpreted at a fine grid scale. The daily gridded climate data sets 
during 2020–2099 were collected from CMIP5, and have been widely 

Fig. 7. Changes (%) of the decadal intensity of cold exposure under the phenology scenes relative to that under the baseline scene in different provinces. The decade 
with a significant increase/decrease in cold-exposure intensity is marked with a red/blue circle. 

Fig. 8. Changes of the disappearance time under the tolerance scenes of + 1 ℃ (a), + 2 ℃ (b), + 3 ℃ (c) relative to that under the baseline scene. "-n" indicates the 
disappearance of cold exposure would be n decades early, and "+n" for n decades late. 
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used in climate impacts assessments such as the Inter-Sectoral Impact 
Model Intercomparison Project. However, there remain uncertainties 
about global climate models and greenhouse gas emission pathways. In 
future studies, the accuracy of cold-exposure assessments should be 
further enhanced by using the continually updated projections such as 
the outputs from CMIP6. Besides, to evaluate the impacts of rice- 
phenology shifts and cold-tolerance enhancements, we made compari-
sons between the baseline pattern and the patterns under the 
phenology/tolerance scenes. Given the number of test groups are 
limited, the current results could not cover all the possibilities during the 
future period. Nevertheless, the major impacts of these critical factors 
could be revealed from the macroscopic viewpoint. 

5. Conclusions 

Based on daily gridded climate data, we comprehensively assessed 
the decadal changes of rice exposure to cold stress over the 21st century 
in the Chinese mainland. The results indicated that under the baseline 
scene, the disappearance of cold exposure would be found during the 
next three decades in most of Liaoning and Fujian, whereas during the 
second half of this century in Jilin, eastern Hunan and western Fujian. 
Cold exposure in Heilongjiang, northern Yunnan, southern Sichuan, 
western Hunan and northwestern Zhejiang would remain until the end 
of this century. In these provinces, the 2060s could be a critical time 
point when the temporal trend of cold-exposure intensity would change 
significantly. Compared with the baseline pattern, RCP8.5 and cold- 
tolerance enhancements would lead to significantly earlier disappear-
ance and lower intensity of cold exposure across China. In southern 
China, cold exposure could be substantially reduced by forward move-
ments in rice phenology. Major adjustments should be made according 
to the critical points of changes in cold exposure. These findings can 

provide insights for decision makers to develop mitigation strategies to 
ensure rice production security. 

Through comprehensive investigation, this study could provide an 
overall process used to project critical time points of changes in crop 
exposure to extreme events throughout this century, which could offer 
much-needed insights into adaptation planning under climate change. 
By comparing the disappearance points under the baseline scene and 
other potential scenes, we expressed cautious optimism about the 
effectiveness of adjustments in crop phenology and provided quantita-
tive support to the enhancement in cold tolerance. Moreover, we 
emphasized the importance of accounting for both global-scale climate 
change mitigation (via reduction of greenhouse gas emissions) and local 
adaptation (via adjustments of phenology and cold tolerance) within a 
consistent framework. 
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