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Abstract. The impact of high temperature on rice yield has been evaluated by
using simulation models or conducting experiments with controlled high
temperature and sowing times. In this paper, observed daily maximum
temperature data at 6 representative stations in the Middle-Lower Yangtze
River Valley (MLYRV) from 1984 to 2013 was analyzed to examine the daily
relationship between rice seed setting rate (RSSR) and the maximum
temperature by using data from the mid-season late-maturing indica rice variety
regional experiments conducted in field conditions at the same representative
stations from 2004 to 2011 (totally using 615 samples and 69 rice varieties).
The results indicated that RSSR appears to be sensitive to high temperature
from 36 days before full heading to 4 days before full heading (with the
significance of the negative correlation between RSSR and maximum
temperature in this period above 99% confidence level) and the most sensitive
at about 14 days before full heading (near the meiosis phase), indicating that for
the mid-season late-maturing indica rice variety in the MLYRV, more attention
should be paid to the high temperature damage at the meiosis stage. According
to the extracted high temperature sensitive period, statistical forecast models
were established to predict the regional rice high temperature damage in the
MLYRV by using atmospheric circulation indices in preceding 12 months with
a correlation coefficient between the predicted and observed heat stress index of
0.95 and a normalized root mean square error (NRMSE) of 28.4%. In addition, a
high temperature-induced rice sterility simulation model was also used to
quantitatively forecast the meiosis phase high temperature influence on rice at
the site scale. The NRMSE of the simulated and forecasted relative seed setting
rate was 4.74% and 2.84%, respectively. In conclusion, the presented prediction
models were useful to improve the rice high temperature damage forecast and
were expected to be helpful to rice high temperature disaster prevention and
reduction in the MLYRV.
Keywords: Middle-Lower Yangtze River Valley; mid-season rice; high
temperature; seed setting rate; statistical forecast model
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Introduction

Global average temperature has increased by 0.74℃ in 1906-2005 and is projected to
continue to increase [1]. The projected climate change is recognized to increase
extremely high temperatures events [2-5]. China is one of the world’s most productive
rice regions, contributing ∼ 27.5% of the world rice production [6]. The MiddleLower Yangtze River Valley (MLYRV) is an important rice producing areas in China.
Under the background of climate warming, high temperature stress imposes an
increasing risk to rice production and becomes one of the major constrains in
increasing productivity of rice in the MLYRV [7-11].
High temperature influence on rice has been studied in many researches [12-15]. It
has been pointed out that the heat stress damage mainly occurs in the reproductive
period of rice. In previous studies, high temperature effect on rice yields were mainly
investigated by using model simulations or control experiments [16-21]. Several
studies have paid attention to effects of observed climate on rice [22-24]. For example,
Zhao et al. analyzed the effects of observed mean maximum temperature at the stages
of flowering and pre-milk on rice components in 1981-2003 [25]. These studies
mainly concentrated on the growing-season mean or development stage mean (mostly
flowering stage and filling stage) influence of high temperature on rice. Actually, the
impact of high temperature largely differed with the local climate, land suitability,
cultivated rice variety and time of sowing and harvesting et al. However, the critical
period of rice damage caused by natural environmental high temperature in actual rice
production is still not clear.
In this study, we tried to identify the most sensitive stage of mid-season RSSR to high
temperature in the MLYRV in field conditions. Based on the extracted key sensitive
period, the influence of high temperature on rice in the MLYRV was predicted by
using the statistical forecast models and the high temperature-induced rice sterility
simulation model.

2
2.1

Data and Methods
Data

This study was based on the rice data (including growth period and seed setting rate)
at 6 stations (Yichang, Yueyang, Hefei, Nanchang, Hangzhou, Yangzhou) in the
MLYRV from 2004 to 2011, which were obtained from the national regional yield
trial of southern China (totally using 615 samples and 69 mid-season late-maturing
indica rice varieties). The daily maximum temperature data and the monthly 74
circulation indices in 1984-2013 from the Chinese Meteorological Administration
were also used.

2.2 Methods
2.2.1 Definition of the heat stress index
In previous studies, the high temperature effects on rice were often investigated by
using meteorological indices which were usually defined as the days of daily mean
temperature > 30℃ or days of daily maximum temperature > 35℃ [26-28]. In the
present study, the heat stress index (Ihs) calculated for the high temperature influence
assessment was based on the work of Teixeira et al. [29]. It was assumed that (1) rice
crop are only sensitive to high temperature during thermal sensitive period (TSP,
days); (2) heat damage occurs when maximum temperature (Tmax) exceeds the critical
temperature threshold (Tcrit); and maximum effect occurs when Tmax exceeds the limit
temperature threshold (Tlim). To calculate Ihs, “daily” high temperature stress intensity
(Ihsd) is firstly estimated as a function of Tmax (Eq.(1)).
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The value of Tcrit and Tlim used in this study is 35℃ and 45℃ respectively. The daily
values of Ihsd are then accumulated and averaged throughout the TSP (Eq.(2)).

I hs




TSP
i 1

I hsd

(2)

TSP

The period from July 11 to August 12 is chosen as the thermal-sensitive period in this
paper.
2.2.2 Validation of the forecast model
The normalized root mean square error (NRMSE) was used to evaluate the predictive
ability of the statistical forecast models.
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where Yi is the forecasted value, Xi the observed value, n the number of observations,
and

X is the mean of all observed values.

3 Results
3.1 Daily Variation Characteristics of the Maximum Temperature
In order to investigate the daily variation characteristic of the maximum temperature
in significant growth stages of rice, averaged daily maximum temperatures (mean of
615 samples) were calculated near the full heading phase. For example, for the full
heading day, the averaged maximum temperature was calculated as the mean of

maximum temperatures in all the full heading days in 615 samples. As shown in Fig.1,
for the mid-season rice variety in MLYRV, persistent high temperature mainly
occurred in the month before full heading (according to the standard of 33℃). After
the full heading stage, there was a consistent decrease in the averaged maximum
temperature. Thus, the persistent high temperature occurred concomitantly with the
booting and heading stages, resulting in serious loss and harm to rice production in
this region.
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Fig.1. Daily variation of the Tmax

3.2 High Temperature Effects on RSSR
To indentify the sensitive stage of RSSR to high temperature in the MLYRV, daily
relationships between maximum temperature (5-day running means) and RSSR before
and after full heading day were calculated. As shown in Fig.2, the RSSR is sensitive
to Tmax in the period of 4-36 days before full heading, corresponding to the averaged
date from July 11 to August 12. Obviously, the high temperature at about 14 days
before full heading had the most significant impact on RSSR. However, the RSSR
seemed to be not closely related to the high temperature at the full heading day. A
possible reason might be due to the lower maximum temperature at the full heading
day (32.2℃，see Fig.1). After the full heading day, the maximum temperature did
not have any influence on RSSR. Therefore, for the mid-season rice variety in
MLYRV, more attention should be paid to the heat damage around 2 weeks before
full heading.
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Fig.2. Daily correlation between RSSR and Tmax (5-day running means)（dashed indicate
significance at 99% confidence level）

The relationship between RSSR and averaged maximum temperature in 4-36 days
before full heading in 2004-2011 was further investigated in Fig.3. The results
indicated that RSSR was decreased significantly with increasing maximum
temperature in the sensitive period (4-36 days before full heading). The correlation
coefficient between regional averaged RSSR and averaged maximum temperature in
4-36 days before full heading during 2004-2011 was -0.9 (significance above 99.9%
confidence level). It was found that all the years with the averaged Tmax larger (less)
33℃ exhibited below (above) 80% RSSR in the MLYRV. Especially for the year
2004, the MLYRV suffered from a severe heat wave in summer. In this year, the
averaged maximum temperature in 4-36 days before full heading day reached above
34℃ with the RSSR of 76%.
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Fig.3. The relationship between RSSR and averaged Tmax in 4-36 days before full heading

3.3 Statistical Forecast Models of Ihs
As discussed above, the prediction of high temperature influence on rice with several
months lead time is valuable to the rice production in the MLYRV, where the higher
than normal summertime temperature will directly cause decreases in rice yield. To
further predict the impacts of high temperature on mid-season rice in MLYRV, a rice
heat stress index (Ihs) was calculated by using TSP as the extracted sensitive period

(from July 11 to August 12) and statistical models were presented for predicting the
high temperature stress on rice in this section.
Presented in Fig.4 was the inter-annual variation of the Ihs in the extracted sensitive
period of the mid-season rice in the MLYRV (solid line). It can be seen that the Ihs
showed a significant ability to describe the rice heat-stress events occurred in the
MLYRV (such as the year 2003 and 2013). As is known, local climate variability
mainly depends on the large scale atmospheric circulations. Therefore, the correlation
coefficients between the rice heat stress index in the MLYRV and 74 circulation
indices in preceding 12 months (January to June in current year and July to December
in last year) was examined to identify key preceding predictors of the Ihs. Statistical
prediction models for the Ihs in the MLYRV were then constructed by using a multilinear stepwise regression method based on the extracted predictors. We applied yearby-year validation to further verify the prediction models. The year-by-year validation
was applied by establishing prediction models using circulation indices in preceding
20 years to forecast the Ihs in the following year (for example, using circulation
indices in 1984-2003 to establish the forecast model and predict the Ihs in 2004; using
circulation indices in 1985-2004 to establish the forecast model and predict the Ihs in
2005; ······; using circulation indices in 1993-2012 to establish the forecast model and
predict the Ihs in 2013). The year-by-year validation method was used because it was
closer to the approach in actual forecasting. Results of the year-by-year validation test
during 2004-2013 (Fig.4) demonstrated that the constructed prediction models shown
good predictive abilities for forecasting the Ihs in the MLYRV with the correlation
between the predicted and observed Ihs of 0.95 (significance above 99.9% confidence
level) and the NRMSE of 28.4%.
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Fig.4. The observed (solid) and forecasted (dashed) Ihs values in the MLYRV

3.4 Quantitative Forecast Model of High Temperature Effects on Rice
The heat stress in the MLYRV could be well forecasted with several months lead time
by using the presented statistical models. However, the application of large area
averaged prediction information was quite limited in production decisions. Therefore,
a simulation model of high temperature induced rice sterility at a meiosis phase was
used to predict the relative RSSR in MLYRV at the site scale.
According to the research of Shi et al. [30], the daily RSSR could be expressed in
terms of temperature in meiosis phase with a quadratic equation:

Yi  1  c  (Ti  TC )2

(4)

where Yi is the daily relative RSSR，Ti is the daily Tmax，c and TC are variety
parameters. The relative RSSR decreases when the maximum temperature in the
meiosis stage is higher than TC. Because of the varied daily maximum temperature in
actual production, the total influence of high temperature on relative RSSR is
expressed in the product of daily relative RSSR:
t1

Y   Yi

(5)

i t 0

where Y is the total influence of high temperature during meiosis phase on relative
RSSR, t0 and t1 is the starting and ending time of the meiosis phase, respectively.
In the present study, the year 2009 without heat stress was set as the CK year. The
observed rice relative RSSR was defined as rRSSR(i)/rRSSR(2009) ×100%, where
rRSSR(i) and rRSSR(2009) is the relative RSSR in forecast year and in 2009,
respectively. As shown in Fig.3, the MLYRV experienced significantly high
temperature stress in the year 2004 and 2007. Therefore, the rice data in 2004 and
2007 was used to calibrate and validate the model, respectively. The daily Tmax in
crucial high temperature sensitive stage (7-19 days before full heading, see Fig.2)
were used to run the high temperature-induced rice sterility simulation model and
trail-and-error method was adopted to calibrate the parameters. The result of
calibration showed that for the mid-season rice in the MLYRV, the value of
parameter c and TC is 0.000246 and 30.6℃, respectively. Fig.5 presented the
simulation and prediction results of the high temperature-induced rice sterility
simulation model (observed RSSR is the average of 69 rice varieties). Because of the
missing data in Nanchang (2004 and 2009) and Yangzhou (2007), we actually used 5
samples in 2004 and 4 samples in 2007. The results shown that the high temperatureinduced rice sterility simulation model accurately simulated the relative RSSR in
2004 with a NRMSE of 4.74% and forecasted the relative RSSR in 2007 with a
NRMSE of 2.84% (the correlation coefficient between the predicted and observed
relative RSSR in 2007 reached 0.96 with the significance above 95% confidence
level), indicating the good predictive skill of the high temperature-induced rice
sterility simulation model in the MLYRV.
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Conclusions

Previous studies have found that rice plant was the most sensitive to high temperature
at heading time. In this study, daily relationship between RSSR and temperature was
investigated by using observed daily maximum temperature data at 6 representative
stations in the MLYRV. Our results indicated that for the mid-season rice in the
MLYRV, years with the maximum temperature in meiosis stage of rice above than
normal may experience significant yield losses in the MLYRV. The results in the
present study reinforced the need to plan adaptive strategies for rice production with
regard to heat stress in the meiosis phase of mid-season rice in the MLYRV. Based on
the revealed high temperature sensitive period, high temperature-induced rice sterility
simulation model and statistical models were established to forecast rice heat stress in
MLYRV. The results of validation tests further illustrated the good prediction ability
of the constructed forecast models.
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