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corresponding values are 1.6 ± 0.1 °C (5.3 ± 0.2 °C), 
1.8 ± 0.2 °C (5.6 ± 0.2 °C), and 11.9 ± 0.9 (38.4 ± 1.0) 
days under the RCP8.5 scenario. Nationally averaged 
increases in all of those extreme precipitation indices above 
due to the aerosol reduction account for more than 30 % of 
the extreme precipitation increases under the RCP8.5 sce-
nario. Moreover, the aerosol reduction leads to decreases in 
frost days and consecutive dry days averaged over China. 
There are great regional differences in changes of climate 
extremes caused by the aerosol reduction. When normal-
ized by global mean surface temperature changes, aero-
sols have larger effects on temperature and precipitation 
extremes over China than GHG.

Keywords Aerosols · RCP8.5 · Climate extremes

1 Introduction

Climate extremes (extreme weather or climate events) are 
defined as the occurrence of a weather or climate variable 
above (or below) a certain threshold value near the upper 
(or lower) ends of the range of observed values (IPCC 
2012). There is a consensus that changes in the frequency 
or intensity of climate extremes significantly influence both 
human society and natural systems. Climate extremes can 
cause tremendous losses in life and economic activities 
(Easterling et al. 2000).

Climate extremes in many regions have changed in 
terms of the frequency and intensity during recent decades 
as the global surface temperature has experienced a marked 
increase (Zhai et al. 2005; Zhang et al. 2011). Some stud-
ies have found a detectable anthropogenic influence in the 
observed changes in frequency of extreme temperatures 
(e.g., Jones et al. 2008; Stott et al. 2011; Morak et al. 2012). 

Abstract This study investigates the effect of reduced 
aerosol emissions on projected temperature and precipita-
tion extremes in China during 2031–2050 and 2081–2100 
relative to present-day conditions using the daily data 
output from the Community Earth System Model ensem-
ble simulations under the Representative Concentration 
Pathway (RCP) 8.5 with an applied aerosol reduction and 
RCP8.5 with fixed 2005 aerosol emissions (RCP8.5_FixA) 
scenarios. The reduced aerosol emissions of RCP8.5 mag-
nify the warming effect due to greenhouse gases (GHG) 
and lead to significant increases in temperature extremes, 
such as the maximum of daily maximum temperature 
(TXx), minimum of daily minimum temperature (TNn), 
and tropical nights (TR), and precipitation extremes, such 
as the maximum 5-day precipitation amount, number of 
heavy precipitation days, and annual total precipitation 
from days ˃95th percentile, in China. The projected TXx, 
TNn, and TR averaged over China increase by 1.2 ± 0.2 °C 
(4.4 ± 0.2 °C), 1.3 ± 0.2 °C (4.8 ± 0.2 °C), and 8.2 ± 1.2 
(30.9 ± 1.4) days, respectively, during 2031–2050 (2081–
2100) under the RCP8.5_FixA scenario, whereas the 
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Since the mid-20th century, anthropogenic forcing has very 
likely contributed to the observed changes in the frequency 
and intensity of daily temperature extremes at the global 
scale and has likely significantly increased the probability 
of occurrence of heat waves in some locations (Bindoff 
et al. 2013). Wen et al. (2013) indicated that anthropogenic 
influence was clearly detectable in Chinese extreme tem-
peratures and the impact of greenhouse gases (GHG) may 
be the dominant contributor to the observed increase in 
extreme temperatures during 1961–2007. Sun et al. (2014) 
showed that anthropogenic influences, including GHG and 
aerosols, have led to a more than 60-fold increase in the 
likelihood of the extreme warm 2013 summer in eastern 
China since the early 1950s.

Many studies have projected changes in climate 
extremes under different emissions scenarios. A large 
number of global climate models (GCMs) have projected 
increases in climate extremes, such as extreme precipita-
tion, consecutive dry days, and extremely hot days, under 
increased GHG concentrations and reduced aerosol emis-
sions (e.g., Caesar and Lowe 2012; Kharin et al. 2013; 
Sillmann et al. 2013a; Zhou et al. 2014). Simulations for 
the twentyfirst century by a global climate model showed 
that many temperature-based indices, such as daily mini-
mum temperature, daily maximum temperature, and the 
frequency of tropical nights (please see Sect. 2.3 about the 
definition), significantly increased worldwide (Sillmann 
and Roeckner 2008). Simulations by a regional climate 
model indicated that the number of frost days will decrease, 
and both the heat wave duration index and heavy precipita-
tion will increase dramatically over China at the end of the 
twentyfirst century under the Representative Concentration 
Pathway (RCP) 8.5 scenario (Ji and Kang 2015). Mascioli 
et al. (2015) showed that the patterns of extreme tempera-
ture and precipitation associated with GHG forcing dom-
inate in the U.S. during the twentyfirst century under the 
RCP8.5 scenario.

Aerosols are an important anthropogenic forcing agent, 
which can directly scatter or absorb sunlight (aerosol–
radiation interaction) and alter cloud microphysical and 
radiative properties by acting as cloud condensation nuclei 
(CCN) or ice nuclei (aerosol–cloud interaction) (Boucher 
et al. 2013). Since the start of the industrial era, an increase 
in anthropogenic aerosol emissions has likely led to a net 
cooling of the Earth’s climate system (Myhre et al. 2013). 
To mitigate environmental pollution and the resulting 
impacts on human health, governments worldwide will 
likely take continuous and stringent measures to reduce the 
emissions of most anthropogenic aerosols and their precur-
sors during the twentyfirst century. This will result in grad-
ual decreases in atmospheric aerosol concentrations and the 
net cooling effect of aerosols in the future (i.e., contributing 
to an additional warming) (Shindell et al. 2008; Wang et al. 

2015a). Sillmann et al. (2013b) showed that future reduc-
tion in aerosol emissions could greatly enforce the warm-
ing effect due to GHG and increase the temperature and 
precipitation extremes in Europe. China is one of the most 
polluted regions in the world due to the rapid economic 
development experienced in recent decades. Aerosols have 
had a significant impact on regional climate change over 
China in the past (e.g., Zhang et al. 2012; Guo et al. 2013). 
However, the role that future reduction in aerosol emissions 
will play in projected climate extremes over China has not 
been investigated.

The objective of this study is to explore the effect of 
reduced aerosol emissions on projected near-term (2031–
2050) and long-term (2081–2100) climate extremes over 
China under the RCP8.5 climate change scenario (a high 
GHG emission scenario) (Riahi et al. 2007), using daily 
data output from the simulations of a global climate model. 
Section 2 describes the model, simulations, and calcula-
tions of climate extremes. Section 3 presents the results. 
Finally, our discussion and conclusions are given in Sect. 4.

2  Model and methods

2.1  Model description

We used the Community Earth System Model (CESM1), 
which is a fully-coupled ocean–atmosphere–land–sea–ice 
model that can provide state-of-the-art simulations of the 
Earth’s past, present, and future climate states (Hurrell et al. 
2013). The horizontal resolution is 0.9° latitude × 1.25° 
longitude for the atmosphere and land, and 1° × 1° for the 
ocean. A comprehensive three-mode modal aerosol model 
(MAM3) that includes Aitken, accumulation, and coarse 
modes and two-moment bulk cloud microphysical scheme 
have been implemented in the model (Liu et al. 2012; Mor-
rison and Gettelman 2008; Gettelman et al. 2010). MAM3 
predicts the aerosol numbers and mass mixing ratios using 
internally mixed representations. The following assump-
tions are made for MAM3: (1) the primary carbon mode 
is merged with the accumulation mode, so that all primary 
carbon is internally mixed with secondary aerosol; (2) the 
coarse dust and sea salt modes are merged into a single 
coarse mode based on the assumption that the dust and sea 
salt are geographically separated; (3) the fine dust and sea 
salt modes are both merged with the accumulation mode; 
and (4) sulfate is partially neutralized by ammonium in the 
form of ammonium bisulfate, so ammonium is effectively 
prescribed and NH3 is not simulated. The total number of 
transported aerosol species is 15 (Liu et al. 2012). CESM1 
contains the physics to represent aerosol direct effects, semi-
direct effects, and indirect effects for both liquid and ice 
phase clouds (Ghan et al. 2012), and it is able to qualitatively 
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Fig. 1  The 1986–2005 time 
mean of climate extreme indices 
over China for CESM1 Large 
Ensemble simulations (left col-
umn) and gridded observations 
(right column)
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capture the observed geographical and temporal variations of 
aerosol mass and number concentrations, size distributions, 
and aerosol optical properties (Liu et al. 2012). The global 
annual mean aerosol direct, indirect, and total forcings from 
1850 to 2000 simulated by the model are −0.02, −1.45, and 
−1.47 W m−2, respectively (Ghan et al. 2012).

The historical climate extremes simulated by the 
CESM1 have been evaluated by Kharin et al. (2013), Fis-
cher et al. (2013), Sillmann et al. (2013c), and Zhou et al. 
(2014). To show how well the CESM1 Large Ensemble 
simulations (see Sect. 2.2) represent present-day climate 
extremes over China, we compare the simulated results 
with the observational climate extremes data set during the 
period 1986–2005 (Fig. 1). The observation data are based 
on gridded daily precipitation and temperature at 1° × 1° 
resolution constructed from 2416 observation stations over 
China by the National Climate Center, China Meteoro-
logical Administration (Xu et al. 2009; Wu and Gao 2013). 
These results suggest that the model is able to capture the 
spatial distributions of climate extremes reasonably well.

2.2  Simulations

We used the daily data output from the CESM1 RCP8.5 
Large Ensemble simulations (Kay et al. 2014) and RCP8.5 
with fixed aerosols (RCP8.5_FixA) simulations (Xu et al. 
2015). The RCP8.5 Large Ensemble consists of 30-member 
ensemble simulations from 1920 to 2100 under the RCP8.5 
scenario. Each simulation uses the same trajectories of 
GHG and aerosol forcings, but starts from randomly per-
turbed initial conditions in the atmosphere. The RCP8.5_
FixA ensemble consists of 15 members that use the same 
forcings as the RCP8.5 scenario except that all aerosol 
emissions and tropospheric oxidants are fixed at 2005 lev-
els for the following years. Holding tropospheric oxidants 
fixed ensures that the production rate of sulfate from its 
precursor sulfur dioxide is unchanged. These simulations 

have been used to study terrestrial aridity under different 
scenarios (Lin et al. 2015) and the importance of aerosol 
scenarios in projections of future heat extremes (Xu et al. 
2015). The RCP emissions scenarios are from Riahi et al. 
(2007). Figure 2 shows historical and RCP8.5 emissions for 
SO2, BC, and OC, and the CO2 concentration from 2000 to 
2100. The estimated global annual mean radiative forcing 
by 2100 is 8.5 W m−2 under the RCP8.5 scenario relative 
to the pre-industry.

We examined the changes in projected climate extremes 
during 2031–2050 and 2081–2100 relative to the present-day 
conditions (2006–2015, henceforth PD) under the RCP8.5 
and RCP8.5_FixA scenarios, respectively. The differences 
between the different periods under the RCP8.5 scenario 
were due to both changes in GHG and aerosol forcings, 
whereas under the RCP8.5_FixA scenario they were only 
due to change in GHG. We could then assess the contribution 
of reduced aerosol emissions on climate extremes in RCP8.5 
by comparing the differences between the two scenarios.

2.3  Climate extremes indices

A set of indices based on daily temperature and precipita-
tion data, as defined by the Expert Team for Climate Change 
Detection and Indices (ETCCDI) (Zhang et al. 2011), were 
used to explore the climate extremes. The maximum of 
daily maximum temperature (TXx) and minimum of daily 
minimum temperature (TNn) capture the hottest day and the 
coldest night temperature of the year, respectively. Tropical 
nights (TR) are defined as days with minimum tempera-
tures above 20 °C, indicating very hot nighttime conditions. 
Higher nighttime temperatures can increase the heat stress 
for organisms (Sillmann and Roeckner 2008). Frost days 
(FD0) are defined as days with minimum temperatures less 
than 0 °C, indicating very cool conditions that have damag-
ing effects on plant growths. The maximum 5-day precipita-
tion amount (RX5 day) can be used as an indicator of flood-
ing. The number of heavy precipitation days (R10) is the 
number of days with total precipitation more than 10 mm. 
Very wet days (R95p) describes the annual total precipitation 
from days more than 95th percentile. The same thresholds 
were used for all ensembles. Consecutive dry days (CDD) 
are defined as the maximum consecutive days with precipita-
tion less than 1 mm, which is an indicator of drought.

Figure 3 shows the time series of changes in annual 
mean climate extreme indices averaged over China under 
the RCP8.5 and RCP8.5_FixA scenarios from 2006 to 
2100 relative to the PD. The TXx, TNn, TR, RX5 day, R10, 
and R95p in China consistently increase, whereas the FD0 
and CDD gradually decrease over time under both scenar-
ios. There are few overlaps for the changes in these extreme 
indices in the future between both scenarios except the 
CDD.

Fig. 2  Historical and RCP8.5 emissions for SO2 (unit: Tg a−1), BC 
and OC (units: TgC a−1) and CO2 concentration (unit: ppm) from 
2000 to 2100
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Fig. 3  Time series of changes in annual mean climate extreme indi-
ces averaged over China under the RCP8.5 (red) and RCP8.5_FixA 
(blue) scenarios from 2006 to 2100 relative to the present day. The 

red and blue shading represents two standard deviations from 30 
RCP8.5 and 15 RCP8.5_FixA simulations, respectively
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3  Results

3.1  Changes in extreme temperature indices

Figure 4 shows the spatial patterns of changes in TXx over 
China during 2031–2050 and 2081–2100 under the RCP8.5 

and RCP8.5_FixA scenarios relative to the PD, respec-
tively. There are uniform increases in TXx over China dur-
ing both periods, but the magnitude of increase is larger 
under the RCP8.5 scenario than the RCP8.5_FixA scenario. 
This suggests that reduced aerosol emissions will lead to a 
marked increase in TXx in the future. The increases in TXx 

Fig. 4  Changes in maximum of daily max temperature (TXx) over 
China during the periods a, b 2031–2050 and d, e 2081–2100 under 
the RCP8.5 and RCP8.5_FixA scenarios relative to the PD, respec-

tively (units: °C). c, f are the contributions of reduced aerosol emis-
sions during the both periods. The dots represent significance at 
≥95 % confidence level from the t test

Table 1  Changes in nationally 
averaged climate extremes over 
China during 2031–2050 and 
2081–2100 relative to the PD

The ensemble mean values and standard deviation (numbers following ±) are shown. Values in parentheses 
are the percentages of changes in climate extremes indices due to reduced aerosol emissions relative to 
their total changes, i.e., (RCP8.5–RCP8.5_FixA)/RCP8.5

2031–2050 2081–2100

RCP8.5 RCP8.5_FixA RCP8.5 RCP8.5_FixA

TXx (°C) 1.6 ± 0.1 (23 ± 8 %) 1.2 ± 0.2 5.3 ± 0.2 (17 ± 3 %) 4.4 ± 0.2

TNn (°C) 1.8 ± 0.2 (27 ± 9 %) 1.3 ± 0.2 5.6 ± 0.2 (16 ± 3 %) 4.8 ± 0.2

TR (days) 11.9 ± 0.9 (31 ± 7 %) 8.2 ± 1.2 38.4 ± 1.0 (20 ± 3 %) 30.9 ± 1.4

FD0 (days) −13.1 ± 1.0 (25 ± 8 %) −9.8 ± 1.3 −38.5 ± 1.2 (14 ± 3 %) −33.1 ± 1.4

RX5 day (mm) 2.6 ± 0.5 (32 ± 20 %) 1.7 ± 0.6 8.7 ± 0.6 (30 ± 6 %) 6.1 ± 0.6

R10 (days) 1.9 ± 0.4 (37 ± 20 %) 1.2 ± 0.5 5.9 ± 0.4 (42 ± 7 %) 3.4 ± 0.5

R95p (mm) 65.0 ± 12.9 (37 ± 20 %) 40.8 ± 15.2 207.9 ± 13.9 (36 ± 7 %) 132.7 ± 14.9

CDD (days) −1.6 ± 1.1 (11 ± 72 %) −1.4 ± 0.8 −3.7 ± 1.1 (12 ± 30 %) −3.2 ± 1.1
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during 2031–2050 are generally between 0.75 and 1.5 °C 
under the RCP8.5_FixA scenario, whereas they range from 
1 to 2 °C under the RCP8.5 scenario (Fig. 4a, b). Compar-
ing the RCP8.5 and RCP8.5_FixA scenarios, the decrease 
in aerosol emissions leads to an additional increase of 
about 0.4 °C in TXx across most of China during 2031–
2050 (Fig. 4c). There are significant spatial variations in the 
increases in TXx over China during 2081–2100 (Fig. 4d, 
e). The largest increases are seen over eastern, northeast-
ern, and northwestern China and southern Tibet Plateau 
(TP), with the maximum being more than 6 °C. Compar-
ing Fig. 4d, e reveals that the continuing reductions in aer-
osol emissions further magnify the TXx over China, with 
marked increases found in eastern, southern, and northeast-
ern China and the Sichuan Basin (Fig. 4f). In particular, 
the aerosol reduction results in an increase of more than 
1 °C in TXx over eastern China where the aerosol emis-
sions are large. The projected TXx averaged over China 
increases by 1.2 ± 0.2 and 4.4 ± 0.2 °C during 2031–2050 
and 2081–2100, respectively, under the RCP8.5_FixA 

scenario, whereas the corresponding values are 1.6 ± 0.1 
and 5.3 ± 0.2 °C under the RCP8.5 scenario (Table 1). This 
suggests that the reduced aerosol emissions contribute to 
24 ± 8 and 17 ± 3 % of the total increases in TXx aver-
aged over China during the two periods, respectively, under 
the RCP8.5 scenario.

Figure 5 shows the projected spatial patterns of changes 
in TNn over China. The TNn increases during 2031–2050 
and 2081–2100 under both scenarios. The increases are 
larger in western and northern China than eastern and 
southern China, which is consistent with the results 
reported by Ji and Kang (2015) using a regional climate 
model. As with the change in TXx, the increase in TNn 
is stronger under the RCP8.5 scenario than under the 
RCP8.5_FixA scenario. The most marked increases in TNn 
due to the reduced aerosol emissions are seen over the TP 
and northeastern and northwestern China, with a maximum 
increase being around 1 °C during 2031–2050 (Fig. 5c) 
and close to 2 °C during 2081–2100 (Fig. 5f). Figures 3 
and 4 show that the spatial patterns of responses in TXx 

Fig. 5  Same as Fig. 4, but showing changes in minimum of daily min temperature (TNn) over China (units: °C)
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and TNn are generally similar under the RCP8.5_FixA sce-
nario, whereas they are fairly different under the RCP8.5 
scenario. This could be because the TXx occurs at daytime, 
while the TNn appears at night. However, aerosols directly 
affect solar radiation at daytime. During the two periods, 
the reduced aerosol emissions contribute to 27 ± 9 and 
16 ± 3 % of the total increases in TNn averaged over China 
under the RCP8.5 scenario, respectively (Table 1).

Figures 6 and 7 show the projected spatial changes of 
TR and FD0 over China. Concomitant with the increases in 
TXx and TNn, the TR also increase over China in the future. 
The increases are large (>15 days) in most of southwestern, 
southeastern, and northwestern China during 2031–2050, 
with a maximum increase >40 days (Fig. 6a, b). The spa-
tial distribution of change in TR during 2081–2100 is simi-
lar to that during 2031–2050, but the magnitude is larger, 
with increases >30 days in most areas of China (Fig. 6d, 
e). Compared to the GHG-only scenario (RCP8.5_FixA), 
the aerosol reduction in RCP8.5 significantly increase the 
TR during 2031–2050, with an increase of >10 days over 

southwestern China (Fig. 6c), >14 days over southwestern 
and southern China, and about 10 days over most of north-
ern China during 2081–2100 (Fig. 6f). The increases in TR 
averaged over China due to the reduced aerosol emissions 
account for 31 ± 7 and 20 ± 3 % of the total increases dur-
ing 2031–2050 and 2081–2100 under the RCP8.5 scenario, 
respectively (Table 1).

The FD0 greatly decreases over China in the future with 
the rise in surface temperature (Fig. 7). Comparing the dif-
ferences between the changes in FD0 under the RCP8.5 
and RCP8.5_FixA scenarios, the aerosol reduction leads to 
a decrease in FD0. The largest decreases occur over the TP 
and central China, with values ranging from 5 to 10 days 
and 10 to 20 days during 2031–2050 and 2081–2100, 
respectively. The decreases in FD0 averaged over China 
due to the reduced aerosol emissions account for 25 ± 8 
and 14 ± 3 % of the total decreases during the two periods, 
respectively (Table 1).

Overall, the aerosol reduction weakens the aerosol 
net cooling effect, causing an additional warming of the 

Fig. 6  Same as Fig. 4, but showing changes in tropical nights (TR) over China (units: days)
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Earth’s climate system, thus increasing extreme tempera-
ture events. This confirmed the results of previous studies 
by You et al. (2011) and Caesar and Lowe (2012), which 
suggested that changes in temperature extremes tended 
to follow a similar trajectory to the changes in mean 
temperature.

3.2  Changes in extreme precipitation indices

Figures 8, 9 and 10 display the spatial patterns of changes in 
RX5 day, R10, and R95p, which represent the wet precipi-
tation extremes, over China during 2031–2050 and 2081–
2100 under both scenarios relative to the PD, respectively. 
Changes in extreme precipitation may generally follow 
changes in temperature according to the Clausius–Clapey-
ron equation (Boer 1993; Allen and Ingram 2002; Kharin 
et al. 2013). The RX5 day increases in the future under 
both scenarios, and there are similar patterns in the changes 
in RX5 day over different periods (Fig. 8). The marked 
increases are located in eastern, southern, and southwestern 

China, and the Himalayas. Comparing the changes under 
both scenarios, the reduced aerosol emissions lead to an 
increase in RX5 day over most of China, with a maximum 
>14 mm over the Sichuan Basin and southern coast of 
China. Table 1 shows that the increases in RX5 day aver-
aged over China are 1.7 and 6.1 mm during 2031–2050 and 
2081–2100, respectively, under the RCP8.5_FixA scenario, 
whereas the corresponding increases are 2.6 and 8.7 mm 
under the RCP8.5 scenario. The aerosol reductions contrib-
ute to more than 30 % of the increases in RX5 day aver-
aged over China under the RCP8.5 scenario.

The R10 mostly increases over China in the future 
(Fig. 9). The largest increase occurs in the Himalayas, 
southeastern TP, and southern and North China. However, 
the R10 decreases slightly in some areas of the Shaanxi, 
Shanxi, Inner Mongolia, and Xinjiang Provinces of China 
during 2031–2050 and in East China during 2081–2100 
under the RCP8.5_FixA scenario, and also decreases in the 
eastern TP during 2031–2050 under the RCP8.5 scenario. 
Overall, the reduced aerosol emissions mainly increase the 

Fig. 7  Same as Fig. 4, but showing changes in frost days (FD0) over China (units: days)
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R10 over China, especially in the Sichuan Basin and south-
ern China, whereas they lead to a decrease in R10 over the 
southeastern TP and west of the Hengduan Mountains. The 
increases in R10 averaged over China due to the aerosol 
reductions account for 37 ± 20 and 42 ± 7 % of the total 
increases during 2031–2050 and 2081–2100, respectively 
(Table 1).

The spatial pattern of change in R95p is generally con-
sistent with that in R10 over China, and is mainly char-
acterized by an increase (Fig. 10). As seen from Fig. 10c, 
the aerosol reduction increases the R95p in most of China, 
especially in the Sichuan Basin and southern coast of 
China, whereas there is a decrease in R95p in some regions 
of the southeastern TP, west of the Hengduan Mountains, 
and East China during 2031–2050. Due to the reduced 
aerosol emissions, the R95p increases over China during 

2081–2100, except for the west of the Hengduan Moun-
tains, with the largest increases in the Sichuan Basin and 
southern coast of China (Fig. 10f). The increases in R95p 
averaged over China due to the aerosol reduction account 
for 37 ± 20 and 36 ± 7 % of the total increases during the 
two periods, respectively (Table 1).

The projected spatial change in CDD, which repre-
sents a dry precipitation extreme, is displayed in Fig. 11. 
Increased total precipitation leads to a decrease in CDD 
in most regions of China in the future, whereas it causes 
an increase in CDD over the middle and lower reaches of 
the Yangtze River, southeastern coast of China, southwest-
ern China, and the eastern TP. Comparing to the 2006–
2015, it is found that the occurrence probabilities of low 
(high) daily rainfall significantly decrease (increase) during 
2031–2050 and 2081–2100 under both scenarios (Fig. 12). 

Fig. 8  Same as Fig. 4, but showing changes in max 5-day precipitation amount (RX5 day) over China (units: mm)
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This indicates why both the CDD and extreme precipita-
tion increase in certain regions. As seen from Fig. 11c, 
the aerosol reduction leads to a decrease of CDD in east-
ern Xinjiang and western Inner Mongolia, but a marked 
increase in CDD over the middle and lower reaches of 
the Yangtze River during 2031–2050. The reduced aero-
sol emissions decrease the CDD in eastern Xinjiang, 
Inner Mongolia, and south of the Yangtze River in China, 
whereas it increases in southwestern Xinjiang, Jiangsu, and 
Henan Provinces of China and the TP during 2081–2100 
(Fig. 11f). The aerosol reduction contributes to 12 % of the 
total reductions in CDD averaged over China during both 
periods, respectively (Table 1).

3.3  Normalized changes in climate extremes

Table 2 presents the normalized changes in nationally aver-
aged climate extremes over China scaled by global mean 
surface temperature changes due to change in aerosols or 
GHG during 2081–2100 relative to the PD. The motiva-
tion for normalization is to understand the differences 

of changes in climate extremes when giving an equal 
amount of global warming due to change in GHG or aer-
osols. The global mean surface air temperatures increase 
by 1.16 ± 0.06 °C (3.73 ± 0.07 °C) and 0.89 ± 0.07 °C 
(3.21 ± 0.04 °C) during 2031–2050 (2081–2100) under 
the RCP8.5 and RCP8.5_FixA scenarios, respectively. 
When normalized by the global mean surface temperature 
changes, aerosols have a slightly larger effect on tempera-
ture extremes but significantly greater effect on precipita-
tion extremes over China than GHG. This is because aero-
sols can affect climate through more complex ways (direct, 
semi-direct, and indirect effects) than GHG. Aerosols can 
affect climate extremes not only by changing the surface 
temperature but also by changing the vertical structure of 
temperature, cloud microphysics, and cloud precipitation 
(figures not shown). In addition, the aerosol reduction can 
result in a positive forcing at the top of the atmosphere 
and negative forcing in the atmosphere relative to the PD 
(Wang et al. 2015b). This combination of forcings implies 
a stronger response of hydrological cycle to aerosol reduc-
tion relative to GHG (Rotstayn et al. 2013).

Fig. 9  Same as Fig. 4, but showing changes in number of heavy precipitation days (R10) over China (units: days)
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4  Discussion and conclusions

Anthropogenic aerosols lead to a variety of adverse effects 
on the environment and human health. Thus, legislation 
has been introduced by governments worldwide to reduce 
the emissions of aerosols and their precursors and improve 
air quality in recent years (Cofala et al. 2007; Moss et al. 
2010). There will be a substantial effect on future climate 
change due to the aerosol reduction (Rotstayn et al. 2013; 
Wang et al. 2015b). We explore the effect of reduced aer-
osol emissions on climate extremes over China under 
future scenarios by contrasting the projected results from 
the CESM1 ensemble simulations under the RCP8.5 and 
RCP8.5 with fixed aerosol emissions scenarios. The pro-
jected changes in extreme temperature and precipitation 
indices over China by CESM1 are generally consistent 
with previous results (e.g., Sillmann et al. 2013a; Ji and 
Kang 2015) and observations, although there are differ-
ences between the results in some regions.

The aerosol reduction will weaken the aerosol net cool-
ing effect and produce an additional warming of the Earth’s 
climate system (Shindell et al. 2008; Wang et al. 2015a), 
thus affecting future extreme temperature and precipita-
tion events. Our results show that reduced aerosol emis-
sions will lead to marked increases in TXx, TNn, and TR 
over China. Relative to the PD, the projected TXx, TNn, 
and TR averaged over China increase by 1.2 ± 0.2 °C 
(4.4 ± 0.2 °C), 1.3 ± 0.2 °C (4.8 ± 0.2 °C), and 8.2 ± 1.2 
(30.9 ± 1.4) days, respectively, during 2031–2050 (2081–
2100) under the RCP8.5_FixA scenario, whereas the cor-
responding increases are 1.6 ± 0.1 °C (5.3 ± 0.2 °C), 
1.8 ± 0.2 °C (5.6 ± 0.2 °C), and 11.9 ± 0.9 (38.4 ± 1.0) 
days under the RCP8.5 scenario. The small standard devia-
tions of changes in these extreme indices across ensemble 
members suggest that the results are robust. The spatial dis-
tributions show that reduced aerosol emissions result in sig-
nificant increases in TXx and TNn over northwestern and 
northeastern China and TR over southwestern China during 

Fig. 10  Same as Fig. 4, but showing changes in very wet days (R95p) over China (units: mm)
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2031–2050, whereas they lead to marked increases in TXx 
and TNn over the Sichuan Basin, TP, eastern, northwestern, 
and northwestern China, and TR over southwestern and 
southern China during 2081–2100. Moreover, the aerosol 
reduction decreases the FD0 over China.

Reduced aerosol emissions significantly increase the wet 
precipitation extremes characterized by different metrics 

(i.e., RX5 day, R10, and R95p) in China, except for some 
individual regions. We find large increases in the Sichuan 
Basin and south of the Yangtze River of China. The aero-
sol reduction contributes to >30 % of the total increases of 
all these extreme precipitation indices averaged over China 
under the RCP8.5 climate change scenario. Moreover, the 
decreases in CDD due to the reduced aerosol emissions 

Fig. 11  Same as Fig. 4, but showing changes in consecutive dry days (CDD) over China (units: days)

Fig. 12  Probability distribution 
of daily precipitation over China 
during the periods 2006–2015, 
2031–2050, and 2081–2100 
under the RCP8.5 and RCP8.5_
FixA scenarios, respectively. 
The unit of horizontal axis is 
mm
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averaged over China, only account for 12 % of their total 
decreases during both 2031–2050 and 2081–2100.

Aerosols can affect climate through more sophisti-
cated ways relative to GHG. Our results suggest that aer-
osols have larger effects on temperature and precipitation 
extremes over China than GHG under an equal amount of 
global warming due to change in GHG or aerosols. The 
similar result for heat extremes was reported by Xu et al. 
(2015). Changes in climate extremes may not be greatest in 
regions with largest reduction in aerosol emissions. This is 
because changes in climate extremes are also likely driven 
by changes in large-scale atmospheric circulation (Hay-
lock and Goodness 2004; Cassou et al. 2005). Wang et al. 
(2015b) suggested that the future reduction in anthropo-
genic aerosol emissions would greatly enhance East Asian 
summer monsoon circulation and precipitation. This may 
also contribute to the increases in precipitation extremes 
over China.

Our results are consistent with those reported by Sill-
mann et al. (2013b), which suggests that the global aerosol 
reduction will greatly enhance the warming effect due to 
GHG and lead to significant increases in temperature and 
precipitation extremes in Europe. Therefore, the reduction 
of aerosol emissions, which clearly has health benefits, 
needs to be considered more carefully when devising future 
emission control strategies at the national and international 
level.
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