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This study analyses the decadal changes in winter precipitation and extreme precipitation in a warming environment in China. The 
results show that, together with a trend of winter warming in China, winter precipitation and extreme precipitation in the region 
are also increasing. In addition, concurrent with the decadal warming shift that occurred in the mid-1980s, precipitation and ex-
treme precipitation both increased significantly. Quantitative analysis shows that precipitation and extreme precipitation increased 
at rates of 9.7% and 22.6% per 1°C of surface warming in China. This rate of precipitation increase is greater than the global 
mean, which indicates that precipitation in China is highly sensitive to climate warming and further highlights the importance of 
studying regional responses to climate warming. The fact that extreme precipitation is increasing at a higher rate than precipitation 
implies that winter precipitation in China will increasingly be of more extreme type in the context of global warming, which could 
partly explain why there have recently been a number of record-breaking extreme snowfall events in China. 
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Air temperature and precipitation are the two primary me-
teorological elements. Their anomalous variability is always 
associated with frequent occurrences of extreme droughts/ 
floods and heat waves/cold surges, which have substantial 
and direct influences on society and the natural environment. 
Air temperature and precipitation have therefore been a 
point of focus for scientists and the general public alike. 
According to the Clausius-Clapeyron equation (CC), at-
mospheric water vapour and precipitation will increase by 
approximately 7% for each 1°C increase in temperature. 
Analysis of satellite observations and reanalysed data con-
firms the CC theoretical inference on the relationship be-
tween atmospheric water vapour and temperature [1,2]. 
However, the quantitative relationship between precipitation 
and temperature remains a matter of debate. Wentz et al. [2] 
reported that global mean precipitation increased at a rate of 

approximately 7.4 per 1°C between 1987 and 2006. The 
increasing rate of precipitation in this observation is much 
larger than what was found in model simulations, wherein 
precipitation increased only approximately 1%–3% per 1°C 
[3]. Addressing the different responses of precipitation to 
temperature in the observations and simulations, Lambert et 
al. [4] raised questions regarding the method used by Wentz 
et al. [2] in calculating the sensitivity of precipitation to 
temperature. Using regression analysis, Lambert et al. [4] 

concluded that the rate of precipitation response to temper-
ature calculated by Wentz et al. [2] is much higher. In addi-
tion, in the climate models, there are some uncertainties in 
simulating physical or chemical processes (e.g. variation of 
atmospheric aerosols and clouds and their effects on surface 
radiation, etc.). Such uncertainties introduce further uncer-
tainty not only in temperature and precipitation changes but 
also in the rate at which precipitation changes with temper-
ature [4]. If such uncertainties in the climate model are  
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decreased, the response of precipitation to temperature in 
simulations can be understood as being comparable to the 
observed results [4]. Because only the period of 1987–2006 
was used in the study by Wentz et al. [2], other researches 
have questioned whether such a short time period is suffi-
cient to diagnose the response of precipitation to climate 
warming [5]. In theory, more credible results can be ob-
tained from analyses of longer periods of time. However, if 
the period of analysis is extended to the past half-century 
(1951–2005), the results from different observation data are 
divergent and even reverse [6], which mainly results from 
the different quality of and spatial distribution in different 
observational data. It is, therefore, quite difficult to accu-
rately diagnose the response of precipitation to temperature 
over a long time period on a global scale. 

In contrast, in the past half-century, the data quality and 
spatial distribution in some regional precipitation observa-
tions is superior than that of global data. In addition, global 
warming does not mean that all regions of the Earth are 
warming, and the regional differences in climate are distinct 
[6]. It is, therefore, both more important and feasible to in-
vestigate the response of precipitation to temperature from a 
regional perspective. In the past half-century, China has 
been one of the regions with the greatest warming in the 
world. In this study, the relationship between precipitation 
and temperature in China will be emphasised.  

In the past several decades, there have been a large 
number of studies on precipitation and extreme precipitation 
in China. Most of these valuable contributions to the litera-
ture were well reviewed in China’s National Assessment 
Report on Climate Change, as well as in a number of other 
review papers [7–9]. However, there have only been a few 
works that have directly studied the sensitivity of precipita-
tion to temperature. Qian et al. [10] suggested that the de-
crease in light rainfall is possibly related to the large-scale 
warming. Zhao et al. [11] compared the onset and end time 
of persistent rainfall in South and North China over differ-
ent time periods (1980s–1990s and 1960s–1970s) and found 
that, compared to relatively cold periods (1960s–1970s), the 
persistent rainfall in South (North) China starts earlier (later) 
and terminates later (earlier) over relatively warmer time 
periods (1980s–1990s). All of these studies indicate that 
there could be a response in precipitation to climate warm-
ing. Because climate warming signals are strongest in win-
ter, this study explores the qualitative and quantitative rela-
tionship of precipitation and extreme precipitation to winter 
temperatures in China.   

1  Data and methods 

Two observation datasets were used in this study. The ob-
served daily temperature data are newly updated, homoge-
nised temperatures gathered at China’s 549 stations from 
the period of 1960–2008 that were developed by Li and Yan 

[12]. The observed daily precipitation data from 756 sta-
tions in China were obtained from the National Meteoro-
logical Center of the China Meteorological Administration. 
The precipitation data are controlled for quality before they 
are released. Of these 756 stations, many have missing data 
points in the 1950s. Thus, this study focuses on the period 
from 1960 to 2008. The stations with missing data for more 
than 10% of days in a given year or 1% of days over the 
48-year period were not included. The missing daily records 
for the remainder of the stations have been filled in by their 
climatological values for the period of 1960–2008. Finally, 
temperature and precipitation data from a total of 535 sta-
tions were selected for analysis in this study.  

The threshold for extreme precipitation is estimated 
based on percentiles. First, we calculate the 95th percentile 
of daily precipitation for all precipitation days of each winter 
from 1971 to 2000; the 30-year mean of the 95th percentile 
values is regarded as the extreme precipitation threshold. 
An extreme precipitation day is defined as a day in which 
precipitation is greater than the extreme precipitation threshold. 
Extreme precipitation for a winter is defined as the sum of 
precipitation on extreme precipitation days for a given win-
ter, and total precipitation is defined as the sum of the pre-
cipitation on all precipitation days in a given winter.  

2  Results 

Before analysing the relationship of winter precipitation and 
extreme precipitation to temperature in China, it is im-
portant to first investigate the climatological features and 
trends in these three meteorological elements. As shown in 
Figure 1(a), winter temperature in China generally exhibits 
a meridional dipole pattern, namely temperatures to the 
north (south) of the line from the Shandong Peninsula south-
westward to Southwest China are below (above) 0°C. The 
temperature differences between the south and north flanks 
of China are larger than 40°C, which indicates the multi-
plicity of climate types in China. In the past half-century, 
consistent with global warming, China has experienced a 
strong warming trend, with a larger amplitude over northern 
China and a smaller amplitude over southwest China.  

Winter precipitation dominates southern China where the 
temperature is above 0°C. This trend is mainly attributed to 
the warm-moist air that can easily reach southern China and 
create water vapour conditions for winter precipitation in 
the region. In contrast, northern China has significantly less 
winter precipitation. In particular, in the region extending 
from Inner Mongolia to southern Xinjiang, winter precipita-
tion is less than 10 mm. In wintertime, northern China expe-
riences a strong winter monsoon, which brings cold-dry air 
from high latitudes and prevents the northward flow of 
warm-moist air from low latitudes. Consequently, there is 
less water vapour available to form precipitation over north-
ern China, which is one of the main reasons for the lower  
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Figure 1  Winter climatology of temperature (°C) (a), precipitation (mm) (c), and extreme precipitation (mm) (e) over the period from 1960–2008 and 
linear trends of these three variables ((b) temperature (°C/a), (d) precipitation (mm/a), and (f) extreme precipitation (mm/a)) over the same period. 

levels of winter precipitation in the region. The trend dis-
tribution shows that, with the exception of some small areas 
over North China and western China, winter precipitation 
over almost all of the country has increased, with large in-
creases occurring over southern China. The distribution of 
winter extreme precipitation is very similar to that of pre-
cipitation. From a climatology perspective, extreme precip-
itation accounts for approximately one-third of the total 
precipitation. However, from the perspective of the trend, 
the value of extreme precipitation is much closer to that of 
total precipitation. Based on these results, we deduce that 
the increasing rate of extreme precipitation accounts for a 
large part of the total precipitation increase, which is further 
confirmed by the following quantitative analysis. 

The pronounced climatology and trend analysis shows 
that, together with climate warming over the past half-cen-     
tury, winter precipitation and extreme precipitation have 
both increased, which implies that there could be a strong 
relationship between precipitation and temperature in China. 
The following analysis is performed based on this phenom-
enon. Considering that climate warming is phenomenon 

occurring over a long time scale, we first remove the inter-
annual variability from all data via the nine-year moving 
mean method. This approach highlights the decadal features 
of precipitation and extreme precipitation, which are suita-
ble for diagnosing their relationship with climate warming.  

To investigate the relationship between precipitation and 
temperature, the singular value decomposition (SVD) method 
is used. This method can detect a coupled signal of two  
elements. The SVD results indicate that there is strong cou-
pling between winter precipitation and temperature in China 
on the decadal time scale. The first mode accounts for 
93.8% of the total square covariance. It is, therefore, rea-
sonable to diagnose the relationship between precipitation 
and temperature by only analysing the first mode situation. 
Figure 2 shows the first paired modes of winter precipita-
tion and temperature, as well as their corresponding expan-
sion time series. The temperature mode exhibits a consistent 
warming pattern over the country, with larger (smaller) 
values over northern (southern) China. This temperature 
distribution is quite similar to the warming trend in China 
over the past half-century, as shown in Figure 1(b). The  
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Figure 2  First paired mode of temperature (a) and precipitation (b) and 
their corresponding normalised time series (c).  

corresponding temperature time series shows an increasing 
trend and exhibits an abrupt decadal change around the 
mid-1980s, which is consistent with the warming trend in 
China during the past half-century [13]. Therefore, the 
temperature mode of the SVD and its related expansion 
time series reflect the winter warming features of China, 
which provides a solid basis for exploring the response of 
precipitation to climate warming in the country. 

Figure 2(b) shows the SVD precipitation mode, which is 
related to climate warming in China. As compared to the 
temperature mode, the precipitation mode shows a relative 
weaker spatial consistency. There are some small negative 
value regions dispersed over southern Northeast China, 
northern North China, Northwest China, the southern region 
of the Tibetan Plateau, and Southwest China. However, 
these negative values are small, and most parts of China 
show consistent, large-scale positive values. Considering 
that climate warming is a large-scale phenomenon, in this 
study we will only focus on the consistent, large-scale 
changes in precipitation and ignore the pronounced small, 
localised negative signals of precipitation. Accordingly, it 
can be concluded that increases in winter precipitation in 
China are associated with a warming environment, and the 
region with the greatest increase is southern China. The two 

corresponding expansion time series of the first paired 
modes co-vary very well. Their correlation coefficient is 
0.83, and they both show an abrupt decadal change around 
the mid-1980s. These results further confirm that there is 
strong coupling between winter precipitation and tempera-
ture in China: as climate warming increases, so does the rate 
of winter precipitation. 

The above SVD analysis describes the seasonal mean 
precipitation. Now, SVD analysis is employed to further 
consider the coupling relationship between winter extreme 
precipitation and temperature. Figure 3(a) shows that the 
temperature mode of SVD has a similar distribution with 
that of the climate warming trend in China: all of the coun-
try is warming, with larger (less) value regions in northern 
(southern) China, which indicates that the temperature mode 
of SVD also reflects the warming features of China over the 
past half-century. Figure 3(b) depicts the extreme precipita-
tion mode of SVD. The extreme precipitation mode is simi-
lar to that of precipitation, presented in Figure 2(b). Except 
for some small negative centres over southern Northeast 
China, northern North China, Northwest China, the southern 
region of the Tibetan Plateau, and Southwest China, the  

 

Figure 3  First paired mode of temperature (a) and extreme precipitation 
(b) and their corresponding normalised time series (c). 
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extreme precipitation over most parts of China is increasing 
together with climate warming. The correlation coefficient 
between the two corresponding time series of extreme pre-
cipitation and temperature is 0.92, which is higher than that 
between precipitation and temperature. In addition, the first 
mode of extreme precipitation and temperature accounts for 
95.4% of the total square covariance, which is also higher 
than that of precipitation and temperature. All of these re-
sults indicate that there is a stronger coupling relationship 
between extreme precipitation and temperature, relative to 
that of precipitation and temperature.  

The pronounced SVD analysis suggests that there is a 
close relationship between winter precipitation and extreme 
precipitation to temperature in China. How strong is the 
response of winter precipitation and extreme precipitation to 
warming in China? To answer this question, the quantitative 
relationship of winter precipitation and extreme precipita-
tion with temperature is studied from the country mean 
perspective. To calculate the country mean time series, the 
station data are first interpolated to a 2° × 2° grid using the 
Cressman interpolation method. The China mean time series 
for temperature, extreme precipitation, and temperature are 
computed by area-weighting the average of these three me-
teorological variables over grids for the whole country. Ta-
ble 1 shows the correlation coefficients between the SVD 
expansion time series and the China mean time series for 
precipitation, extreme precipitation, and temperature. The 
table suggests that all of the correlation coefficients are 
greater than 0.93, which implies that the China mean time 
series reflect the decadal variability features of China’s 
winter precipitation, extreme precipitation, and temperature 
and their coupling relationship, as revealed in SVD analysis. 
It is therefore reasonable to determine the quantitative cou-
pling relationship of precipitation and extreme precipitation 
with temperature using the China mean time series to sub-
stitute the SVD time series. Figure 4(a) and (b) presents the 
scatter plots of precipitation and temperature (extreme pre-
cipitation and temperature) anomalies (relative to the cli-
matology of 1965–2004). These two figures suggest that 
there is a strong linear relationship between precipitation 
and extreme precipitation and temperature. In addition to  

Table 1  Correlation coefficient between the China mean time series of 
temperature, precipitation, and extreme precipitation and the corresponding 
time series of the SVD first mode over the period of 1965–2004a)  

 Correlation coefficients 

SVD-TEP vs. T 1.00 

SVD-TP vs. T 1.00 

SVD-EP vs. EP 0.95 

SVD-P vs. P 0.93 

a) T/P/EP indicates the China mean time series of temperature/precipi-      
tation/extreme precipitation. SVD-TP/SVD-P (SVD-TEP/SVD-EP) indicates 
the time series of SVD analysis of precipitation and temperature (extreme 
precipitation and temperature). 

 

Figure 4  Scatter plots for winter temperature anomalies (relative to 1965– 
2004) and precipitation anomalies (a) and for winter temperature anomalies 
(b) and extreme precipitation anomalies. The linear regression formulas are 
presented in the lower right corners of the figures. 

increasing winter temperatures in China, winter precipita-
tion and extreme precipitation have both increased in the 
region, which is consistent with the pronounced SVD result. 

The quantitative coupling relationship of precipitation 
and extreme precipitation to temperature is assessed using 
the linear regression method. Lambert et al. [4] suggest that 
diagnosing the response of precipitation to climate warming 
using the linear regression method is more reasonable. The 
linear regression formulas for precipitation and extreme 
precipitation with temperature are presented in the lower 
right corner of Figure 4. The formulas show that precipita-
tion and extreme precipitation increased by 3.1 and 2.2 mm, 
respectively, corresponding to a 1°C increase in temperature. 
If these increased precipitation and extreme precipitation 
values are divided by their climatology (averaged over the 
period of 1965–2004), winter precipitation and extreme 
precipitation increase at rates of 9.7% per 1°C and 22.6% 
per 1°C, respectively. The increasing amount of extreme 
precipitation accounts for 71.6% of the total precipitation 
increase, implying that the increase of winter extreme pre-
cipitation is much larger than that of precipitation in a 
warming environment in China. This phenomenon coin-
cides with the recent occurrence of many record-breaking 
snowfall events in China [14–16] and with projections of 
increased winter precipitation and extreme weather events 
in China in the context of climate warming [17,18].   

3  Summary and discussion 

This study analyses the coupling relationships between winter 
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temperature and precipitation as well as extreme precipita-
tion in China. The results indicate that over the past 
half-century, winter precipitation and extreme precipitation 
show consistent variability with the temperature on a deca-
dal time scale. In addition to increasing temperature, precip-
itation and extreme precipitation have also increased, and 
these three variables consistently demonstrate an abrupt 
decadal change around the mid-1980s. Previous studies 
have shown that the East Asian winter monsoon (EAWM) 
experienced an abrupt decadal change around the mid- 
1980s [19,20], after which it became weaker, The weaken-
ing of the EAWM during the past several decades could be 
related to climate warming, because simulations of coupled 
climate models show that the EASM will decrease under the 
warming background [21]. The weakened EAWM further 
weakens the control of its related cold-dry air over East 
Asia, favouring the northward flow of warm-moist air from 
low latitudes and the ocean. Consequently, in a weaker 
EAWM year, there is more winter precipitation over China, 
in particular over southern China [22,23]. These results are 
consistent with the distribution of winter precipitation and 
extreme precipitation associated with climate warming in 
China. Therefore, the coupling relationship of winter pre-
cipitation and extreme precipitation with climate warming 
over China can be physically explained via the EAWM var-
iability. The quantitative analysis shows that winter precip-
itation and extreme precipitation are increasing at rates of 
9.7% per 1°C and 22.6% per 1°C, respectively. The in-
creasing amount of extreme precipitation accounts for 
71.6% of the total precipitation increase, implying that win-
ter precipitation will increasingly be of more extreme type 
as global warming increases.  

To compare the sensitivity of precipitation and extreme 
precipitation to climate warming in winter, we also briefly 
investigate the relationship of precipitation and extreme 
precipitation with temperature in summer. The results sug-
gests that in summer, precipitation and extreme precipita-
tion also increased together with increasing temperature at 
rates of 6.7% per 1°C and 15.4% per 1°C; the rate of in-
crease in summer is less than that in winter. These results 
indicate that the response of precipitation and extreme pre-
cipitation is stronger in winter, the season with greater 
warming, which further suggests that investigating the sea-
sonal impact of warming offers more comprehensive data.  

The rates of increased winter precipitation and extreme 
precipitation are 9.7% per 1°C and 22.6% per 1°C, which is 
greater than that of the global mean [2–4]. One of the possi-
ble reasons for the differences in rate between China’s mean 
and the global mean is that the global mean result is calcu-
lated from the annual mean, while in this study the China 
mean result focuses on winter. It is well known that winter 
is the season with the greatest warming. If precipitation re-
sponds to global warming, the response may be strongest in 
winter. Therefore, it is reasonable that the increasing rate of 
winter precipitation evidenced in the China mean is greater 

than that of annual rate of precipitation for the global mean. 
In addition, global warming is not spatially consistent 
worldwide, and precipitation has strong regional features. It 
is also reasonable that the response of precipitation is 
stronger in certain regions and is weaker in others. The re-
sults of this study indicate that the response of winter pre-
cipitation to temperature in China is stronger than the global 
mean. This difference underscores the importance of exam-
ining the impact of climate warming on a regional scale. We 
should examine the impact of climate warming from a re-
gional as well as global perspective, which will enable a 
more comprehensive picture of the impact of climate 
warming and provide information for developing adaptation 
strategies.  
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