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Projection of future climate changes and their regional impact is critical for long-term planning at the national and regional levels 
aimed at adaptation and mitigation. This study assesses the future changes in precipitation in China and the associated atmospher-
ic circulation patterns using the Couple Model Intercomparison Project 5 Phase (CMIP5) simulations under the RCP4.5 and 
RCP8.5 scenarios. The results consistently indicate that the annual precipitation in China is projected to significantly increase at 
the end of the 21st century compared to the present-day levels. The number of days and the intensity of medium rain, large rain 
and heavy rain are obviously increased, while the number of trace rain days is projected to decrease over the entire area of China. 
Further analysis indicates that the significant increase of annual precipitation in Northwest China is primarily due to the increase 
of light rain and the increases in North and Northeast China are primarily due to the increase of medium rain. In the region of 
southern China, the increases of large rain and heavy rain play an important role in the increase of annual precipitation, while light 
rain events play a negative role. Analysis of the changes in atmospheric circulation indicates that the East Asian summer monsoon 
circulation is projected to be considerably stronger, and the local atmospheric stratification is projected to be more unstable, all of 
which provide a background benefit for the increase of precipitation and extreme rainfall events in China under global warming 
scenarios. 
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The significant warming that has been observed globally 
over the past century has a high probability of being due to 
the increase in anthropogenic factors concentrating green-
house gases. This significant warming has produced a sig-
nificant impact on human society, ecosystems, and the en-
vironment, and this warming is capable of causing thou-
sands of deaths and heavy economic losses. By the end of 
the 21st century, as reported in the Fourth Assessment Re-
port of the Intergovernmental Panel on Climate Change 
(IPCC AR4), human society will become much more vul-
nerable as the consequences of continuous global warming, 
with global temperature increasing by 1.1–6.4°C relative to 
1980–1999 [1]. Due to these future negative impacts, gov-
ernments and the public alike have begun to pay increased 

attention to climate change under the global warming sce-
nario. 

Modern global climate models that are capable of realis-
tically simulating many aspects of the climate are the pri-
mary tools for determining the attribution of recent warming 
and for developing projections of future climate change. 
Researchers in China have taken a great deal of effort to 
study future climate change based on such model simula-
tions, and some valuable and consistent results have recent-
ly been obtained [2–9]. For example, based on the mul-
ti-model ensemble mean (MME) of 16 CMIP3 model simu-
lations, Jiang and Fu [10] showed that the annual mean pre-
cipitation is expected to increase on average by 3.4%–4.4% 
over China with a 2°C increase in global temperature. Buhe 
[11] and Luo et al. [12] also indicated that the summer pre-
cipitation in China is projected to see a significant increase 
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as a result of global warming. This change is closely associ-
ated with the intensified East Asian summer monsoon cir-
culation [6,13]. Compared with the climatology, the ex-
treme rainfall events are much more sensitive to the global 
climate change. Jiang et al. [14] indicated that the events 
related to precipitation will become much more extreme, 
and the magnitude of this change is scaled to various emis-
sion scenarios. Similar results can be found in Chen et al. 
[15], who also documented that by the end of the 21st cen-
tury, the region of eastern China will experience more in-
tense and more frequent heavy rainfall events. They also 
indicated that the increased probability of heavy rainfall 
events in this region is closely connected with increased 
water vapor transportation from the Tropical Ocean and the 
increasing instability of the atmosphere stratification under 
the global warming scenario. In addition, the frequency of 
the intense snowfall events over southern China is reported 
to decrease, while over northern China the intense snowfall 
events initially increase and then decrease [16]. These 
changes exhibit significant agreement with the simulations 
by regional climate models (RCM), but with more local 
small-scale information provided in the high-resolution 
RCMs [17–21]. These results have been well reviewed by 
Ding et al. [22] and Wang et al. [23]. 

These previous studies are almost basing on CMIP3 sim-
ulations. However, recently, the simulation results from the 
latest generation couple models have been gradually re-
leased and are archived at the website of the Earth System 
Grid gateway that is hosted by the Program for Climate 
Model Diagnosis and Intercomparison. This dataset is called 
the “CMIP5 multi-model dataset” (referred to as CMIP5 in 
the following), which includes the climate model outputs 
for IPCC AR5. Compared with the earlier phases, the ex-
perimental design and the emission scenarios in CMIP5 
seem to be much more reasonable. The primary analysis on 
climate change using these model outputs has been previ-
ously begun [24,25]. However, changes in precipitation and 
its related extremes in China have yet to be investigated 
using the CMIP5 models. Thus, the purpose of this study is 
to investigate the future changes in the number of days and 
the intensity of rainfall events in different intensities, as 
well as in its corresponding contribution to the increased 
annual precipitation. The changes in the associated atmos-
pheric circulation patterns are further discussed. 

 

1  Data and method 

Compared with the emission scenarios in CMIP3, the rep-
resentative concentration pathways (RCP) related to the 
radiative forcing are identified as new climate scenarios in 
CMIP5, and they include RCP2.6, RCP4.5, RCP6.0, and 
RCP8.5. More information about these new scenarios, as 
well as the experimental design, can be found in reference 

[26]. In this study, we mainly focus on the changes in ex-
treme rainfall events in China at the end of the 21st century 
in the RCP4.5 (medium radiative forcing scenario) and 
RCP8.5 (high radiative forcing scenario) scenarios. Here, 
RCP4.5 corresponds to the case of radiative forcing after 
2100 of approximately 4.5 W/m2, which is equivalent to 
approximately 650 ppm CO2, which is somewhat larger 
than that in the B1 scenario (approximately 550 ppm) in 
IPCC AR4. Similarly, RCP8.5 is defined as the case where 
the radiation is assumed to exceed 8.5 W/m2, which means 
the equivalent CO2 exceeds 1370 ppm, and it is considera-
bly greater than that in the A2 scenario (860 ppm) [27]. 
Thus, the daily precipitation outputs from 16 CMIP5 mod-
els for the period of 2006–2099 in the RCP4.5 and RCP8.5 
scenarios are used here. A brief summary of these models is 
presented in Table 1. Meanwhile, the historical simulations 
from 1986–2005 and the site-observed daily precipitation 
data from 730 stations, which are released by the Chinese 
National Climate Center, are also used here to evaluate the 
reproducibility of these models. In addition, to discuss the 
favorable background for the changes of extreme rainfall, 
several other variables are analyzed, such as the monthly 
horizontal winds, specific humidity, relative humidity, at-
mosphere temperature, 2-m air temperature, precipitable 
water content, and sea level pressure. Note that the 
FGOALS-g2 model has not provided the variable of precip-
itable water content in its website and is thus not included in 
this discussion of the future change in atmospheric water 
content. We selected the target period of 1986–2005 as the 
present-day climate and the period of 2080–2099 as the 
future. For convenient analysis, all the simulations are bi- 
linearly interpolated into a common grid of 2° in latitude 
and 2° in longitude in this study. 

The multi-model ensemble (MME) approach is applied 
in this study in an effort to reduce the uncertainty from the 
internal variability and inter-model difference. We only take 
a simple multiple model mean and the model weight is not 
considered. This approach has been widely used in future 
climate projections [1]. Some studies further document that 
the MME performance is expected to outperform individual 
models in the case of present-day climate simulation over 
East Asia [28,29]. Meanwhile, the model reproducibility of 
the observed precipitation climatology is evaluated, and the 
results indicate that all the models have good performance 
in simulating the spatial patterns (Figure not shown) in the 
target period. The range of spatial correlation coefficients 
with observations is 0.34–0.85 (256 grids in China). Fur-
thermore, the MME result was reported prior to the indi-
vidual models, and its spatial correlation is up to 0.77, 
which further supports the use of the MME method in this 
study. 

To investigate the contribution of the changes in differ-
ent-intensity rainfall events to the change in annual precipi-
tation, the rainfall events are divided into five categories: 
trace rain (0.1–1.0 mm/d), light rain (1.0–10 mm/d), medium 
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Table 1  Percentage changes from the period of 1986–2005 to the period of 2080–2099 in China for the average annual precipitation (P), rainy days  
(Days), intensity (I), and absolute changes in surface air temperature (Tas) in the RCP4.5 scenario 

Models Country 
Atmosphere resolution 

(Grids in longitude by latitude) 
P (%) Days (%) I (%) Tas (°C) 

BCC-CSM1.1 China 128×64 8.2 −0.5 8.7 2.1 

CanESM2 Canada 128×64 16.6 5.7 12.1 3.0 

CCSM4 USA 288×192 6.6 −0.7 7.7 2.1 

CSIRO-MK3.6.0 Canada 192×96 2.2 −4.2 6.8 3.0 

FGOALS-g2 China 128×60 5.4 −0.0 5.4 1.6 

FGOALS-s2 China 128×108 7.2 0.2 8.0 1.7 

HadGEM2-CC UK 192×145 15.8 1.5 15.6 3.4 

INMCM4 Russia 180×120 3.3 0.1 3.0 1.5 

IPSL-CM5A-LR France 96×96 6.8 −2.8 9.8 2.9 

IPSL-CM5A-MR France 144×143 2.3 −6.3 8.4 3.1 

MIROC5 Japan 256×128 13.5 2.4 10.6 2.8 

MIROC-ESM Japan 128×64 11.3 0.4 10.3 3.7 

MIROC-ESM-CHEM Japan 128×64 11.0 0.2 10.3 3.8 

MPI-ESM-LR Germany 192×96 4.9 −0.6 8.5 2.2 

MRI-CGCM3 Japan 320×160 13.5 3.2 12.4 1.9 

NorESM1-M Norway 144×96 10.1 −0.9 11.1 2.6 

Ensemble   8.8 −0.3 9.3 2.6 

 
 

rain (10–25 mm/d), large rain (25–50 mm/d), and heavy 
rain (>50 mm/d). This categorization method has been 
widely used in previous studies and in other operational 
works [30]. The purpose of this study is to investigate the 
future changes in frequency, intensity, and contribution for 
each category by the end of the 21st century, with respect to 
the present-day climate. The frequency is defined as the 
number of days that the daily precipitation is involved in the 
range of each category, and the intensity is the average pre-
cipitation for the corresponding category. The contribution 
is defined as the percent ratio that the precipitation changes 
for each category, and this figure is then divided by the an-
nual precipitation change. 

2  Future changes in extreme rainfall events 

Figure 1 shows the mean distributions of the daily precipita-
tion frequency (Figure 1(a)) and amount ratio (Figure 1(c)) 
for the different-intensity categories derived from observa-
tions (1986–2005) and the 16-model ensemble simulations 
for the present (1986–2005, historical) and future (2080– 
2099) climates under the RCP4.5 and RCP8.5 scenarios 
(intensity interval size is 1 mm/d). The percentage changes 
for the future scenarios are shown in Figure 1(b) and (d). 
From Figure 1, we can see that MME overestimates the 
frequency for daily precipitation less than ~15 mm/d but 
underestimates the frequency for precipitation over ~15 
mm/d. Thus, the amount of intense precipitation (approxi-
mately >15 mm/d) and its contribution to the total precipita-
tion are higher in the observations than in the MME. This 

feature can be found in each CMIP5 model that was used in 
this study. Further analysis indicates that the rainfall events 
in China are projected to be considerably more extreme 
under global warming scenarios. The number of days of 
intense precipitation is reported to significantly increase 
with respect to the present-day, and its contribution to the 
annual precipitation change is also obviously increased. 
This magnitude of change is scaled to the emission scenari-
os, with a greater increase in magnitude of RCP8.5 and a 
smaller increase in RCP4.5. This change suggests an in-
creased risk of flash floods in China from increased levels 
of intense precipitation under the RCP emission scenarios. 

The previous studies consistently document that the 
amount of precipitation in China is significantly increased 
under global warming scenario [2,6]. Similar results can be 
found in the CMIP5 simulations. Figure 2(a) shows the dis-
tribution of the percentage changes in the annual precipita-
tion by the end of the 21st century under the RCP4.5 sce-
nario with respect to the present-day simulation. It is clear 
that the annual precipitation is projected to increase in the 
whole of China, with a larger increase in northern China but 
with a smaller increase in southern China. Further analysis 
indicates that a consistent increase of annual precipitation in 
northern China can be found in over 90% of the models. 
Considering the average across China, the likely range of 
increase in the annual precipitation is projected to be 2.2%– 
16.6% for the 16 CMIP5 models and 8.8% in the MME 
result (Table 1) under the RCP4.5 scenario. This increase in 
magnitude for RCP8.5 is much larger and the likely range 
of increase is 2.8%–25.8% for the 16 CMIP5 models and 
13.9% in the MME. Some differences can be found between  
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Figure 1  (a) China average distribution of the daily precipitation frequency as a function of the precipitation intensity (interval size is 1 mm/d) from ob-
servations and from the 16-model ensemble of simulations for the present (1986–2005) and future (2080–2099) climates under the RCP4.5 and RCP8.5 
scenarios; (b) the same results are presented here as in (a) but for the percentage changes for the two scenarios; (c) the same results are presented here as in  
(a) but for the precipitation ratio to total precipitation; and (d) the same results are presented here as in (c) but for the percentage changes for the precipitation 
amount. 

the changes in the number of rainy days (>0.1 mm/d) and 
the annual precipitation. The results from the RCP4.5 (Fig-
ure 3(a)) and RCP8.5 (Figure not shown) scenarios consist-
ently indicate that the number of rainy days are projected to 
increase over the regions of northern China and the eastern 
part of Tibet Plateau but that the number of rainy days is 
projected to decrease over the regions of the western part of 
Tibet Plateau, the mid-lower reaches of Yangtze river, and 
the southeastern coast in China. However, large uncertainty 
is found over most parts of China. As opposed to the in-
crease in annual precipitation, the area-averaged rainy days 
are reported to decrease by 0.3% in RCP4.5 and 1.7% in 
RCP8.5. An increase in the amount of precipitation but a 
decrease in the number of rainy days implies an increased 
intensity of rainfall events in China, which is supported by 
our calculation. The precipitation intensity is projected to 
increase by 9.3% in RCP4.5 and 16.7% in RCP8.5. These 
results suggest a high risk of flash floods and landslides in 
China under global warming scenario. 

Because of the significant decrease in the number of days 
of trace rain events in China (Figure 3(b)), the trace rain 
amount exhibits a declining trend across the whole of China 
(Figure 2(b)), although its intensity is reported to increase 
(Figure not shown). In the RCP4.5 scenario, the area-aver- 
aged number of trace rain days is projected to decrease by 
3.7%, and its amount is projected to decrease by 3.3%. A 

larger decrease can be observed in the RCP8.5 scenario, and 
7.0% and 6.4% are reported for the number of trace rain 
days and its amount, respectively. This decrease in the 
number of trace rain days produces a negative contribution 
to the annual precipitation increase of the change in the 
trace rain amount (Figure 4(a)). There is an approximately 
1.9% decrease in the area-averaged contribution in the 
RCP4.5 scenario, while an approximately 2.5% decrease 
occurs in the RCP8.5 scenario. 

Compared with the change in trace rain, the regional 
feature is much more distinct for the change in light rain in 
China (Figure 2(c)). The MME results indicate that the light 
rain amount will significantly increase in northern China, 
especially in Northwest China, where a larger increase than 
other regions is expected, while it will significantly de-
crease in southern China. Considering China as a whole, the 
light rain amount exhibits an increase with respect to the 
present-day climate, with an increase by 1.8% in RCP4.5 
and by 1.1% in RCP8.5. The changes in the light rain days 
are much similar to the changes in its amount (Figure 3(c)), 
with more days in northern China but fewer days in south-
ern China. In addition, the intensity of light rain is projected 
to consistently increase across China (Figure not shown), 
which means that the change in the number of light rain 
days is the primary contributor to the change of its amount. 
Thus, the spatial distribution of the light rain contribution   
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Figure 2  Projected precipitation changes from the period of 1986–2005 to the period of 2080–2099 from the 16-model ensemble in the RCP4.5 scenario. 
(a) Annual precipitation, (b) trace rain, (c) light rain, (d) medium rain, (e) large rain, and (f) heavy rain. ● shows more than 67% (likely) of the models indi-
cate a similar change as the MME, and + shows at least 90% (very likely) of the models indicate such a change. Blank regions denote no rainy events. 

(Figure 4(b)) is very similar to the change in the number of 
days. The changes in the area-averaged light rain amount 
are contributed by 9.6% and 4.1% to the increase of the 
annual precipitation in RCP4.5 and RCP8.5, respectively. 

By the end of the 21st century, the simulations indicate 
that the medium rain amount exhibits a significant increase 
across all of China (Figure 2(d)), with a larger increase in 
magnitude for northern China, especially in Northwest 
China. Both the changes in the number of medium rain days 
(Figure 3(d)) and the intensity of the medium rain events 
(Figure not shown) are reported to significantly increase, 
with a larger increase in northern China and a smaller in-
crease in southern China. Due to increases in the number of 

days and the intensity of these rain events, the change in the 
medium rain amount exhibits a positive contribution to the 
increase of the annual precipitation across all of China. This 
change is quite obvious in the RCP8.5 scenario (Figure not 
shown). Compared with the present-day climate, the area- 
averaged amount in the RCP4.5 and RCP8.5 scenarios in-
creases by 12.0% and 16.7%, respectively; the number of 
days increases by 11.3% and 15.3%, respectively; the inten-
sity increases by 3.4% and 6.5%, respectively; and by 
40.7% and 38.3% of the increased annual precipitation are 
reported due to the increase in the medium rain amount, 
respectively. These results are consistent across all the 
models as well as the MME.  
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Figure 3  Same as in Figure 2, but for the rainy days (daily precipitation > 0.1 mm/d) and the number of days for five rainfall events. 

Similar results are observed in the changes of the large 
rain. The large rain amount is projected to significantly in-
crease (Figure 2(e)) because of the significant increases in 
its number of days (Figure 3(e)) and intensity (Figure not 
shown). The area-averaged number of days in China in-
creases by 24.2%, and the intensity increases by 10.0%, 
resulting in a 25.3% increase in the large rain amount with 
respect to the present-day. Larger increases can be found in 
the RCP8.5 scenario, with a 41.7% increase in the large rain 
days, 18.3% increase in the intensity, and 44.4% increase in 
its amount. This significant increasing trend is obvious in all 
16 CMIP5 models. Due to the increase in the large rain 
amount, the positive contribution is significant fraction of 
the increase of annual precipitation in China (Figure 4(d)). 

In the RCP4.5 and RCP8.5 scenarios, the change in the  
area-averaged large rain amount will see increases of 31.6% 
and 35.0% to the increase of annual precipitation amount, 
respectively. 

The change in heavy rain events is the most obvious. 
Projections from the RCP4.5 and RCP8.5 scenarios con-
sistently indicate a significant increase in the heavy rain 
amount because of the significant increase in the number of 
days (Figure 3(f)) and the intensity (Figure not shown), 
which also produces a positive contribution to the increase 
of annual precipitation (Figure 4(e)). These changes are 
much greater in the RCP8.5 scenario, but they are smaller in 
the RCP4.5 scenario. The area-averaged days, intensity, and 
rain amount are projected to increase by 57.7%, 44.7%, and  
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Figure 4  The spatial distribution of the projected contribution by the changes in the rainfall events to the increase of annual precipitation for the period 
2080–2099 from the 16-model ensemble in the RCP4.5 scenario. (a) Trace rain, (b) light rain, (c) medium rain, (d) large rain, and (e) heavy rain. ● shows 
more than 67% (likely) of the models indicate a similar change with the MME, and + shows at least 90% (very likely) of the models indicate such a change. 
Blank regions denote no rainy events.  

62.9%, respectively, in the RCP4.5 scenario, and by 135.9%, 
98.8%, and 153.7%, respectively, in the RCP8.5 scenario. 
In addition, the increased rain amount contributes to the 
increase of annual precipitation by approximately 19.5% 
and 25.0% in RCP4.5 and RCP8.5, respectively. All the 
simulations indicate significant increasing trends that are 
similar to the MME results. 

From the above analysis, it is clear that the precipitation 
and its related extremes are projected to significantly in-
crease, but some differences are exhibited in the rainfall 
events of different-intensity categories under global warm-

ing scenario. By the end of the 21st century, all the simula-
tions consistently project that the trace rain will significant-
ly decrease across all of China. The increase of the annual 
precipitation in Northwest China is primarily due to in-
creases in light rain. The increases in North and Northeast 
China are primarily due to increases in medium rain. In the 
region of southern China, the increases in the large rain and 
heavy rain play an important role in the increases in annual 
precipitation, while light rain events play a negative role. 
Compared with the projection in CMIP3, the CMIP5 simula-
tions exhibit similar results, with a similar change magnitude 
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in the days of intense precipitation, but with a much greater 
change in the magnitude of its intensity [15]. 

3  Relationship between the changes in  
precipitation and temperature 

The relationship between the changes in precipitation and 
temperature has become an issue of concern, and research-
ers have started to pay significantly more attention to it in 
recent years. Both observations and simulations document 
that the global-mean precipitable water increases linearly 
with temperature at a rate of approximately 7%/°C [31], 
which is much more obvious under future global warming 
scenarios. The simulations from 16 CMIP5 models indicate 
that, by the end of the 21st century, the likely range of in-
crease of surface air temperature is 1.5–7.5°C and that of 
annual precipitation is 2.2%–25.8% in China for the two 
scenarios considered. A least square fit to all the model 
projection yields a slope of 1.6%/°C, which is somewhat 
larger than the change in global-mean precipitation in the 
CMIP3 simulations [30]. In addition, a high correlation ex-
ists between the changes in the area-averaged precipitation 
and temperature in China, and the correlation is up to 0.47, 
which is significantly above the 99% confidence level. 

For trace rain, there is a consistent relationship between 
the changes in the number of days and temperature, with 
correlation coefficient of −0.51, and the number of days is 
projected to decrease with a linear trend of −1.3%/°C. The 
changes in light rain are much more complex. Its intensity is  
projected to increase (0.3%/°C) with the temperature in-
crease, and their correlation coefficient can be up to 0.51. 
However, there is no consistent relationship between the 
changes in the number of days and temperature, and their 
correlation coefficient is only −0.16. For medium rain 
events, the MME exhibits increases with a 1.5%/°C trend in 
the number of days and with a 0.9%/°C trend with respect to 
its intensity, and the correlation coefficients with increased 
temperature among the models are reported to be 0.41 and 
0.55, respectively. For the intense precipitation, the rela-
tionships with temperature change are much more obvious. 
The correlation of temperature is up to 0.81 for the change 
in large rain days and is up to 0.83 for the change in heavy 
rain days. The rate of the increase in the number of days 
with surface warming in China is approximately 6.0%/°C 
for large rain events and is approximately 27.3%/°C for 
heavy rain events. We also calculate the relationships be-
tween the changes in intensity of intense precipitation and 
surface temperature. For large rain event, the intensity in-
creases with temperature by 2.4%/°C and their correlation is 
up to 0.74. A greater increasing trend appears in the heavy 
rain intensity. Moreover, this trend increases by 19.7%/°C, 
and its correlation with temperature is up to 0.84. Addition-
ally, further analysis indicates that the start day of intense 
precipitation is projected to be advanced and the end day of 

intense precipitation is projected to be delayed at the end of 
the 21st century with respect to the present-day climate. 
Here, the start day is defined as the first day that the daily 
precipitation exceeds 25 mm/d in one certain year and the 
end day is the last day that the intense precipitation event 
occurs. This means that the time interval between the first 
day and the last day that the intense precipitation event oc-
curs is projected to be prolonged, with an increase by ap-
proximately 10 days in RCP4.5 and by approximately 17 
days in RCP8.5 in China. The changes in the spatial extent 
that the intense precipitation event occurs in China are also 
estimated, and the results indicate that the spatial extent is 
projected to increase by approximately 5.0% and 8.7% in 
RCP4.5 and RCP8.5, respectively. 

Positive relationships are indicated between the changes 
in precipitation and its related extremes with surface warm-
ing in China. However, a great deal of uncertainty exists 
between these relationships on the regional scale; therefore, 
more research is required. 

4  Future changes in atmospheric circulation 
over the East Asian region 

The seasonal variability in the number of days of precipita-
tion and its related extremes are calculated from the obser-
vations in China in the target period 1986–2005 (Figure not 
shown), and the results indicate that the focused time period 
of precipitation and its related extremes mainly span from 
June to August. Thus, the following analysis will mainly 
focus on this summer season. 

Figure 5(a) shows the spatial distributions of the changes 
in summer mean surface air temperature, sea level pressure, 
and 850-hPa horizontal winds for the RCP4.5 scenario 
based on the 16-model ensemble over East Asia. Figure 5(b) 
shows the changes in the vertical integrated water vapor 
flux (integration from surface to 300 hPa) and the precipita-
ble water content. From Figure 5, the summer surface air 
temperature increases over East Asia and the Pacific areas 
by the end of the 21st century, but stronger surface warming 
is expected over East Asia. Accordingly, the sea level pres-
sure over East Asia is projected to decrease, but it should 
rise over the Northwest Pacific. This increased land-sea 
contrast between East Asia and its adjacent ocean is much 
clearer in the RCP8.5 scenario (Figure not shown). Conse-
quently, anomalous southerly winds prevail over East Asia. 
Meanwhile, northeasterly winds are projected to be stronger 
over this region in the high level of 100 hPa. In particular, 
for the region to the south of 30°N, the increase in northerly 
winds is quite obvious (Figure not shown). This result im-
plies that the East Asian summer monsoon will be much 
stronger at the end of the 21st century with respect to the 
present-day climate. From the observations, two main water 
vapor sources for the precipitation processes in eastern 
China are the Indian Ocean and the tropical Western Pacific  
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Figure 5  Projected changes in the summer large-scale circulations over 
East Asia in the period of 2080–2099 with respect to the period of 1986– 
2005 in the RCP4.5 scenario. (a) Changes in the sea level pressure (shading, 
Pa), 2-m air temperature (contour, °C), and 850 hPa horizontal winds (only 
the differences that are significant at a 95% confidence level are plotted); 
(b) changes in the precipitable water content (shading, kg/m2) and the 
vertical integrated water vapor flux from the surface to 300 hPa. 

[32]. These two sources become significantly stronger by 
the end of the 21st century because of the intensification of 
East Asian summer monsoon circulation that leads to a sig-
nificant increase of the precipitable water content (Figure 
5(b)). The MME results indicate a 16.6% increase in the 
area-averaged precipitable water content in RCP4.5 and a 
36.4% increase in RCP8.5. Hence, the intensified East 
Asian summer monsoon could provide sufficient water va-
por sources for the increase of precipitation and its related 
extremes over East China under global warming scenario. 

Atmospheric stability is another important diver for the 
occurrences of precipitation and its related extremes. The K 
index, a diagnostic factor for precipitation occurrence, has 
shown an ability to depict the stability of the atmosphere 
and has been widely used in the operational works. The 
large value of the K index generally favors more occurrenc-
es of precipitation and its related extremes [15,33]. By the 
end of the 21st century, the projections from the MME re-
sults consistently indicate that the K index over East Asia 
increases significantly in the two RCP scenarios, but with a 
greater increase in high-latitude than in low-latitude. This 
geographical distribution of change in the K index is very 
similar with the change in the number of days of extreme 
rainfall events, with a larger increase in northern China and 

less of an increase in southern China. Considering China as 
a whole, all 16 CIMP5 models exhibit a consistent increase 
in the area-averaged K index, and a 1.5°C increase is re-
ported in the MME result of RCP4.5. A larger increase is 
exhibited in RCP8.5, and the MME indicates a 3.4°C in-
crease. This significant increase in the K index suggests that 
atmospheric stratification becomes much more unstable, 
thereby providing a beneficial background for the increases 
of precipitation and its extremes under global warming sce-
nario. 

5  Conclusions 

The future potential changes in precipitation and its ex-
tremes are critical for the long-term social planning. The 
precipitation changes in China thus are investigated based 
on 16 simulations in the CMIP5 for the RCP4.5 and RCP8.5 
scenarios, and the results consistently project that the rain-
fall events in China are reported to significantly increase 
and become much more extreme by the end of the 21st cen-
tury. Furthermore, the East Asian summer monsoon is pro-
jected to be much stronger under global warming scenario. 
The main conclusions are as follows: 

(1) The analysis of the changes in precipitation indicates 
that, by the end of the 21st century, the annual precipitation 
is projected to significantly increase and the rainfall events 
will become much more extreme under global warming 
scenario. The number of days of trace rain is observed to 
significantly decrease across all of China, while a signifi-
cant increase is expected in the number of days of medium 
rain, large rain, and heavy rain. The number of light rain 
days is projected to increase in northern China but decrease 
in southern China. Unlike the changes in the rainfall days, 
the intensity is projected to significantly increase for all 
events by the 16 models. Further analysis indicates that the 
contributions to the increase of annual precipitation by the 
rainfall events of different-intensity categories exhibit simi-
lar distributions with the changes in the number of rainfall 
days, with a negative contribution for trace rain in China, 
and a positive contribution for medium rain, large rain, and 
heavy rain, and a positive contribution in northern China for 
light rain but a negative contribution in southern China. 

(2) The analysis on the relationships between the changes 
in precipitation and temperature exhibits a significantly 
negative correlation in the days of trace rain and signifi-
cantly positive correlations in the days of medium rain, 
large rain, and heavy rain, and no significant correlation   
in the days of light rain. By the end of the 21st century,  
the days of trace rain are reported to decrease with a linear 
trend of −1.3%/°C when the two scenarios are considered. 
However, the days of medium rain, large rain, and heavy 
rain are projected to significantly increase with temperature 
at a rate of 1.5%/°C, 6.0%/°C, and 27.3%/°C, respectively. 
Accordingly, the annual precipitation increases significantly 
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with temperature, with the regressed linear trend of 1.6%/°C. 
(3) The analysis of the changes in the large-scale circula-

tions indicates that the East Asian summer monsoon is pro-
jected to be much stronger. This increase in intensity leads 
to significantly higher water vapor content in East China 
that is sourced from the Indian Ocean and the tropical Pa-
cific Ocean. Meanwhile, atmospheric stratification becomes 
much more unstable. These changes in large-scale circula-
tions provide a favorable background for the occurrence of 
precipitation under global warming scenario. 

With scientific advancement, the models involved in 
CMIP5 are all substantially improved in many aspects, e.g. 
resolution, experimental design, and emission scenarios [26]. 
Despite the good performance in simulating the precipita-
tion climatology in China, most models still underestimate 
the annual precipitation and its variability, which will be 
discussed in a subsequent paper. From the projections of 
this study, we can see that the models indicate consistent 
changes in the annual precipitation and its related extremes, 
but a large uncertainty still exists because of the differences 
in the parameter schemes, response to the external forcing, 
and other reasons, for the different models. All models pro-
ject increases in the annual precipitation and its related ex-
tremes, but large differences are projected in the various 
magnitudes of these increases. Currently, research involving 
climate prediction and projection using high-resolution 
RCMs is underway [34–36]. Compared with the couple 
models, RCMs exhibit improved performance in simulating 
the regional climate features. However, some discrepancies 
can be observed in climate projection between the RCMs 
and the couple models. For example, the annual precipita-
tion and its related extremes are projected to significantly 
increase across all of China at the end of the 21st century by 
the couple models; however, the results from RegCM3 in-
dicate that the precipitation and its related extremes de-
crease over the regions of Southwest China and the Tibetan 
Plateau, but they increase over the other regions [18]. Hence, 
more research based on high-resolution RCMs is quite nec-
essary in future climate projection analyses that can be used 
to further identify the uncertainty between the RCMs and 
the couple models. 
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