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Based on a 153-year (1948–2100) transient simulation of East Asian climate performed by a high resolution regional climate 
model (RegCM3) under the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) 
A1B scenario, the potential future changes in mean and extreme climates over China in association with a global warming of 2°C 
with respect to pre-industrial times are assessed in this study. Results show that annual temperature rises over the whole of China, 
with a greater magnitude of around 0.6°C compared to the global mean increase, at the time of a 2°C global warming. Large-scale 
surface warming gets stronger towards the high latitudes and on the Qinghai-Tibetan Plateau, while it is similar in magnitude but 
somewhat different in spatial pattern between seasons. Annual precipitation increases by 5.2%, and seasonal precipitation in-
creases by 4.2%–8.5% with respect to the 1986–2005 climatology. At the large scale, apart from in boreal winter when precipita-
tion increases in northern China but decreases in southern China, annual and seasonal precipitation increases in western and 
southeastern China but decreases over the rest of the country. Nationwide extreme warm (cold) temperature events increase (de-
crease). With respect to the 1986–2005 climatology, the country-averaged annual extreme precipitation events R5d, SDII, R95T, 
and R10 increase by 5.1 mm, 0.28 mm d–1, 6.6%, and 0.4 d respectively, and CDD decreases by 0.5 d. There is a large spatial 
variability in R10 and CDD changes. 
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Surface air temperature has increased both over China and 
globally since the pre-industrial era, a trend that is closely 
linked to anthropogenic emissions of greenhouse gases and 
aerosols into the atmosphere, as well as land-use and land- 
cover changes [1,2]. Global warming and the accompanying 
changes in mean and extreme climates have affected many 
aspects of the environment, economy, society, and people’s 
daily lives at global and regional scales. The fact, attribution, 
and projection of climate change attract more and more at-
tention and have become one of the central issues of the 
geosciences. Accordingly, it is of interest to perform scien-

tific projections of future climate to cope with global 
change, upon which climate change mitigation and adapta-
tion strategies in the context of sustainable development can 
be better made. 

Based on studies on the influences of climate change on 
biogeochemical cycles, and on the key vulnerabilities and 
risks from climate change, a global warming threshold of 
2°C above pre-industrial times has been put forward and 
subsequently supported and advocated by many countries, 
including the member states of the European Union, and 
international organizations [3,4]. The idea is that, once this 
threshold is passed, the corresponding climate change 
would lead to irreversible or dangerous changes in the 
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components of the climate system, particularly in terms of 
freshwater resources, food production, sea level rise, ocean 
acidification, biodiversity reduction, extreme weather and 
climate events, and, ultimately, impacts upon the human 
living environment [3,5]. Although there is still debate on 
the 2°C target, limiting global warming to 2°C has been a 
central issue of climate change negotiation and a goal for 
setting greenhouse gas emissions reduction strategies world-
wide [4,6–10]. Accordingly, more emphasis is being placed 
upon the related projections of climate change, such as the 
time when global temperature change will exceed 2°C above 
pre-industrial levels [11], and the associated potential chang-
es in mean climate, vegetation, and extreme weather and cli-
mate events at global and regional scales [12–16]. 

In recent years, considerable efforts have been made by 
Chinese scientists to project future climate changes over the 
globe and East Asia [2,17,18]. Little attention, however, has 
been placed on studies of the global warming threshold. 
Previously, the results of 17 climate models participating in 
the Coupled Model Intercomparison Project Phase 3 
(CMIP3) were used to investigate the future spatial and 
temporal characteristics of 1, 2, and 3°C warming above 
1990–1999 levels over China [19]. Actually, this is a dif-
ferent topic to the 2°C target. Recently, the timing, atmos-
pheric concentration of greenhouse gases, and climate change 
in China associated with a 2°C global warming above 
pre-industrial times were examined based on the results of 16 
of the CMIP3 climate models [20]. However, the horizontal 
resolutions of those global models are too coarse when the 
regional scale is concerned. It is thus necessary to apply dy-
namical downscaling methods to obtain high resolution in-
formation, particularly considering that precipitation over 
China is more reasonably simulated by high resolution re-
gional climate models [21–25]. Furthermore, extreme weath-
er and climate events impact deeply on our environment and 
society. Apart from the mean climate change assessed in the 
aforementioned study [20], to what extent climatic extremes 
would change in China remains an open question. In the con-
text of these issues, a long-term transient simulation of East 
Asian climate performed by a regional climate model was 
used in the present study to project future changes in mean 
and extreme climates over China at a point when global 
warming reaches 2°C above pre-industrial times. 

1  Data and methods 

This research is based on the simulations of the Abdus 
Salam International Centre for Theoretical Physics (ICTP) 
Regional Climate Model version 3 (RegCM3) [26] under 
the Intergovernmental Panel on Climate Change (IPCC) 
Special Report on Emissions Scenarios (SRES) A1B sce-
nario [27–29]. Initial conditions and time-dependent lateral 
boundary conditions used to drive RegCM3 were achieved 
from simulations conducted with MIROC3.2_hires under 

the same emissions scenario. The horizontal resolution of 
the atmospheric component of MIROC3.2_hires is T106, 
roughly equivalent to 125 km, which is the highest in the 
CMIP3 archive. MIROC3.2_hires is capable of reproducing 
the main features of the present East Asian climate [30]. 
The RegCM3 domain covers China and surrounding areas, 
with a horizontal grid spacing of 25 km and 18 vertical 
sigma layers with the top at 10 hPa. RegCM3 is integrated 
consecutively from 1948 to 2100, and the first three years 
are used for model adjustment. Note that this represents by 
far the best simulation in terms of horizontal resolution of 
East Asian climate for the 21st century, and that RegCM3 
has been verified to reproduce temperature and precipitation 
over China reasonably well for the period 1981–2000, 
showing particularly good agreement between simulated 
and observed spatial patterns of summer (June–August) 
rainfall [28]. 

Towards an objective identification of the time at which 
2°C global warming would occur, global mean temperature 
series from 2001–2100 as simulated by MIROC3.2_hires 
under the SRES A1B scenario was first smoothed by a 
9-year running mean, so as to exclude the interannual varia-
bility of temperature. Since the 2°C target is with respect to 
pre-industrial times, the corresponding baseline period 
should not be influenced by climate change in the 20th cen-
tury. However, the MIROC3.2_hires outputs within the 20th 
Century Climate in Coupled models (20C3M) data, used for 
driving RegCM3, span only the period 1900–2000. This 
period is beyond the scope of pre-industrial times, as is the 
case for most CMIP3 models. Accordingly, the timing of a 
1.4°C global warming above the 1990–2000 level was re-
garded as an alternative to a 2°C global warming according 
to the literature [3], because the best estimation of global 
temperature for that period is 0.6°C above pre-industrial 
times [1]. In this way, a 2°C global warming above pre- 
industrial times was identified to occur in the year 2029 in 
the SRES A1B experiments of MIROC3.2_hires. Compara-
tively, this year is much earlier than those obtained from 
other CMIP3 models under the same emissions scenario 
[20], owing to a faster rate of global warming in 
MIROC3.2_hires. Finally, the nine years surrounding 2029, 
namely 2025–2033, correspond to a 2°C global warming 
above pre-industrial times in the RegCM3 simulations. Be-
low, we address climatic differences between the periods 
2025–2033 and 1986–2005, and the reason for choosing the 
latter as the reference period is that this period has been 
suggested as the baseline in the climate change projection 
section of the forthcoming IPCC Fifth Assessment Report. 

2  Results 

2.1  Changes in mean climate over China with a 2°C 
global warming 

Annual and seasonal temperature (2 m surface air tempera-
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ture) rises notably relative to 1986–2005 over China in as-
sociation with a 2°C global warming (Figure 1). Large-scale 
annual and seasonal warming gets stronger towards the high 
latitudes and on the Qinghai-Tibetan Plateau compared to 
surrounding areas, which resembles the spatial pattern of 
temperature change over China as derived both from obser-
vation for the second half of the 20th century and global 
climate model projection for the 21st century [2]. Annual 
temperature rises by more than 1.4°C over China except in 
parts of South China and Southwest China (Figure 1(a)), 

with a regional average of 2.0°C. This means the annual 
warming is around 2.6°C above pre-industrial times over 
the country, which is greater than the simultaneous global 
warming of 2°C. Such a stronger warming is consistent with 
the corresponding temperature increase of 2.9°C as obtained 
from 16 global climate models under the SRES A1B sce-
nario [20], but with a smaller magnitude of around 0.3°C. 
On the seasonal scale, spring (March–May), summer, au-
tumn (September–November), and winter (December– 
February) temperature over China rises on average by 1.9, 

 

 

Figure 1  Simulated (a) annual, (b) spring, (c) summer, (d) 
autumn, and (e) winter surface air temperature changes (rela-
tive to 1986–2005; units: °C) over China at the time of a 2°C 
global warming during 2025–2033 above its pre-industrial 
level. 
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1.9, 2.0, and 2.0°C respectively, which is near to or the 
same as the aforementioned annual mean of 2.0°C. The geo- 
graphical distribution of seasonal temperature changes is 
similar overall to the annual mean pattern, while there are 
also differences between them (Figure 1(b)–(e)). For exam-
ple, warming is greater in northern China, particularly for 
central and southern Northeast China, and in most parts of 
North China, but is smaller in South China and on the 
Qinghai-Tibetan Plateau during summer. Temperature in-
crease is relatively smaller in Southwest China during win-

ter. It is worth noting that these features of seasonal temper-
ature changes still exist by the middle and end of the 21st 
century [28]. 

Annual precipitation increases on average by 5.2% rela-
tive to 1986–2005 over China in association with a 2°C 
global warming, and its changes vary regionally and sea-
sonally (Figure 2). As shown in Figure 2(a), annual precipi-
tation increases over western China west of about 105°E 
and over Southeast China and decreases between those two 
areas at the large scale. Those changes are mostly less than  

 
 

 

Figure 2  Simulated (a) annual, (b) spring, (c) summer, (d) 
autumn, and (e) winter precipitation changes (relative to 
1986–2005; units: %) over China at the time of a 2°C global 
warming during 2025–2033 above its pre-industrial level. 
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25% and are relatively larger in the Tarim Basin, and the 
latter is because annual precipitation is low there for the 
reference period 1986–2005 in RegCM3 simulations. On 
the seasonal scale, all spring, summer, autumn, and winter 
precipitation increases over China, with a regional average 
of 4.7%, 4.2%, 7.1%, and 8.5% respectively. As is well 
known, precipitation occurs mainly during the summer 
rainy season over China, particularly for continental mon-
soon areas in eastern China. That explains the similarity in 
the geographical distribution of annual (Figure 2(a)) and 
summer (Figure 2(c)) precipitation changes. Unlike the an-
nual change, spring precipitation increases over the middle 
and lower reaches of the Yangtze River and Yellow River 
valleys (Figure 2(b)), and there are not large-scale precipita-
tion changes over Northeast and North China and the sur-
rounding regions during autumn (Figure 2(d)). Winter pre-
cipitation increases over the north but decreases over the 
south of the country, particularly for the Tarim Basin and 
the Jianghuai valley (the Qinghai-Tibetan Plateau and South 
China) where it increases (decreases) mostly by 10%–50% 
(Figure 2(e)). It is also noted that in Southwest China, in-
cluding Yunnan Province where severe droughts have fre-
quently occurred in recent years, both annual and seasonal 
precipitation decreases, as in the cases obtained from 
RegCM3 for the middle and end of the 21st century [28]. 

The East Asian monsoon also changes relative to 
1986–2005 in association with a 2°C global warming. Dur-
ing summer, atmospheric circulation anomalies at 850 hPa 
feature northerly winds over central and eastern Northeast 
China and over the Bohai Sea and adjacent areas but south-
erly winds over southern China south of about 30°N (Figure 
3(a)). Summer monsoon weakening in the former areas oc-
curs because the appearance of an anomalous low pressure 
system over Japan and the ocean east of Japan weakens the 
warm high pressure system over the western North Pacific, 
leading to the western branch of the resulting cyclonic cir-

culation anomalies at 850 hPa being a northerly wind over 
the former areas. On the contrary, a stronger warming over 
continental East China than over the South China Sea owing 
to the smaller heat capacity of the land enhances the merid-
ional thermal contrast, and in turn anomalous southerly 
winds occur over South China. 

During winter, a cold high pressure system dominates 
over the Eurasian continent, whereas a warm low pressure 
system dominates over the western North Pacific. This 
large-scale sea level pressure pattern leads to prevailing 
northerly winds in the lower troposphere over East China 
(Figure 3(b)). Relative to 1986–2005, anomalous southerly 
winds at 850 hPa occur over East China north of about 
35°N in association with a 2°C global warming. Such a 
weakening monsoon circulation occurs because under the 
same or similar positive radiative forcing, the rate of warm-
ing is faster over the mid-high latitudes of the eastern Eura-
sian continent than over the western North Pacific as a con-
sequence of the difference in heat capacity between land 
and ocean. As a result, zonal and northwest–southeast ther-
mal and sea level pressure differences between those two 
areas decrease [31], and in turn northwesterly winds weaken 
over northern East China. 

2.2  Changes in extreme climates over China with a 2°C 
global warming 

Ten extreme climate events widely used in the literature  
[32] are investigated in this study. Of these, five are extreme 
temperature events (FD, ETR, GSL, HWDI and Tn90), and 
five are extreme precipitation events (R10, CDD, R5d, SDII 
and R95T). Their full names and definitions are given in 
Table 1. 

All indices of extreme temperature events excluding ETR 
show a consistent trend relative to 1986–2005 over China in 
association with a 2°C global warming (Figure 4). FD 

 
 

 

Figure 3  Simulated changes in (a) summer and (b) winter winds at 850 hPa (relative to 1986–2005; vector; units: m s–1), together with their climatological 
meridional wind at 850 hPa during 1986–2005 (shading; northward wind is positive; units: m s–1), over China at the time of a 2°C global warming during 
2025–2033 above its pre-industrial level. 
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Table 1  Definition of indicators of climatic extremes [32] 

Indicator Definition Unit 

FD Total number of frost days (days with absolute minimum temperature <0°C) d 

ETR Intra-annual extreme temperature range: difference between the highest and lowest daily temperature of a given calendar year °C 

GSL Growing season length: period between when daily temperature >5°C for >5 d and daily temperature <5°C for >5 d d 

HWDI 
Heat wave duration index: maximum period >5 consecutive days with daily maximum temperature >5°C above the mean  

daily maximum temperature during 1986–2005 
d 

Tn90 Warm night index: percent of time when daily minimum temperature >90th percentile of daily minimum temperature % 

R10 Number of days with precipitation ≥10 mm d–1 d 

CDD Maximum number of consecutive dry days with daily precipitation <1 mm d 

R5d Maximum 5-day precipitation total mm 

SDII Simple daily intensity index: ratio of annual total to the number of precipitation with daily precipitation ≥1.0 mm mm d–1 

R95T Fraction of total annual precipitation due to events exceeding the 1986–2005 95th percentile % 

 
 

 

Figure 4  Simulated annual changes in (a) FD (units: d), (b) 
ETR (units: °C), (c) GSL (units: d), (d) HWDI (units: d), and 
(e) Tn90 (units: %) (relative to 1986–2005) over China at the 
time of a 2°C global warming during 2025–2033 above its 
pre-industrial level. 
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decreases over China, with a regional average of –17.0 d. It 
decreases by 0–10 d over part of South China and western 
Tibet, by 10–20 d over most parts of northern China, and by 
20–30 d over the lower reaches of the Yangtze River and 
Yellow River valleys and over the central and eastern 
Qinghai-Tibetan Plateau. ETR decreases over Xinjiang, 
central and western Inner Mongolia, western and southern-
most Tibet, northern Northeast China, and over part of the 
middle and lower reaches of the Yangtze River valley, but 
increases over the rest of the country, particularly eastern 
Inner Mongolia and Southwest China. Most of the ETR 
changes are within the range of ±3°C, with a regional aver-
age of –0.5°C. GSL increases over China apart from in 
northwesternmost Tibet, part of coastal South China, and 
Hainan Island. It increases by 0–10 d over southern South 
China, northern Northeast China, and northern Tibet, and by 
more than 20 d, with a local maximum of more than 40 d, 
over southeastern Tibet. GSL increases on average by  
18.1 d over the whole of the country. HWDI increases by 
0–6 d over most parts of China, with a regional average of 
2.1 d. In contrast, it decreases slightly over northern North-
east China, coastal South China, the eastern Qinghai-   
Tibetan Plateau, and part of Southwest China. Tn90 in-
creases on average by 19.2% over China, with relatively 
small (large) changes over South China and northernmost 
Northeast China (Beijing, Tianjin, Hebei, and central- 
southern Xinjiang). Collectively, warm temperature ex-
tremes increase, while cold temperature extremes decrease 
over China. These are consistent with observed changes in 
extreme temperature changes over China for the second half 
of the 20th century [18,33]. 

Extreme precipitation events differ from the period 
1986–2005 over China in association with a 2°C global 
warming (Figure 5). R10 increases over western China west 
of about 105°E, northern and eastern Northeast China, 
South China, and the lower reaches of the Jianghuai valley, 
but decreases over most parts of Southwest China, North 
China, and central and southern Northeast China, with a 
regional average of 0.4 d. CDD generally decreases (in-
creases) in the areas north (south) of about 35°N. It de-
creases by 20–60 d over most parts of the Tarim Basin, but 
increases by more than 5 d over central and eastern Tibet 
and part of South China, while it changes mostly within the 
range of –20 d to 5 d over the rest of the country. CDD de-
creases by an average of 0.5 d over China. R5d increases 
over most parts of China except Huanghuai and part of 
Southwest China, with a regional average of 5.1 mm, and it 
increases by more than 10 mm over part of South and 
Northeast China. SDII slightly decreases over part of 
Southwest China and part of the lower reaches of the Yel-
low River valley, but increases over most parts of the rest of 
the country, particularly South China, the lower reaches of 
the Yangtze River valley, part of southern Northeast China, 
and part of the Tarim Basin where it increases by 1.0–1.5 
mm d–1. SDII increases by an average of 0.28 mm d–1 over 

China, which means an enhanced intensity for each precipi-
tation event. In addition, R95T increases over most parts of 
China except part of South China, with a regional average 
of 6.6%, indicating an enhanced contribution of extreme 
heavy precipitation to total annual precipitation. 

3  Conclusions 

In this study, the period of time during which a global 
warming of 2°C above pre-industrial times will occur was 
first identified as 2025–2033 according to the results of 
MIROC3.2_hires, which was used to drive a 25-km hori-
zontal resolution version of RegCM3 for the period 
1948–2100 under the SRES A1B scenario. The RegCM3 
transient simulation of East Asian climate was then used to 
examine future changes in annual and seasonal mean cli-
mates and trends in 10 extreme climate events over China 
for the period 2025–2033, relative to the period 1986–2005. 
The primary results in association with a 2°C global warm-
ing are as follows. 

(1) Annual and seasonal temperature rises over China, 
and the annual warming is around 0.6°C greater than the 
simultaneous global warming of 2°C. Surface warming be-
comes stronger towards the high latitudes and over the 
Qinghai-Tibetan Plateau compared to surrounding areas. 
There exists a difference in the spatial pattern of tempera-
ture changes between seasons. 

(2) Annual precipitation increases on average by 5.2% 
over China. Regionally, it generally increases over western 
and southeastern China, but decreases between those two 
areas. Precipitation increases in all seasons, with a similar 
spatial pattern to the annual mean, except in winter when an 
increase (decrease) appears over northern (southern) China. 

(3) Summer monsoon slightly weakens (strengthens) 
north (south) of about 30°N over East China, and winter 
monsoon weakens only north of about 35°N over East Chi-
na. Both occur because of changes in the land–sea thermal 
contrast and sea level pressure gradient, as well as associat-
ed large-scale atmospheric circulation. 

(4) Averaged over China, FD, ETR, and CDD decrease 
by 17.0 d, 0.5°C, and 0.5 d, while GSL, HWDI, Tn90, R10, 
R5d, SDII, and R95T increase by 18.1 d, 2.1 d, 19.2%, 0.4 d, 
5.1 mm, 0.28 mm d–1, and 6.6% respectively. Changes in 
those indices differ between the regions to a varying degree. 

As reviewed in the introduction, limiting global warming 
to 2°C has been a target for international negotiation on 
climate change and for setting greenhouse gas emissions 
reduction strategies. Although there is still debate on the 
target, it is necessary to further use high resolution climate 
change information to investigate regional influence and 
vulnerability over China associated with a 2°C global 
warming, particularly for agriculture, hydrology, and sur-
face ecosystems [34,35]. In this way, we can better under-
stand what the 2°C global warming most likely means for  
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future climate and the environment over China, upon which 
national policies on climate change can be made more rea-
sonably. 
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