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Abstract Enhanced near-surface atmospheric warming has occurred over East Asia in recent decades,
especially in drylands. Although local factors have been confirmed to provide considerable contributions
to this warming, such factors have not been sufficiently analyzed. In this study, we extracted the radiatively
forced temperature (RFT) associated with the built-up greenhouse gases, aerosol emission, and various other
radiative forcing over East Asia and found a close relationship between RFT and CO2. In addition, using
climate model experiments, we explored the responses of temperature changes to black carbon (BC), CO2,
and SO4 and found that the enhanced dryland warming induced by CO2 had the largest magnitude and was
strengthened by the warming effect of BC. Moreover, the sensitivity of daily maximum and minimum
temperature changes to BC, CO2, and SO4 was examined. It showed asymmetric responses of daily maximum
and minimum temperature to radiative factors, which led to an obvious change of diurnal temperature
range (DTR), especially in drylands. The DTR’s response to CO2 is the most significant. Therefore, CO2 not
only plays a dominant role in enhanced warming but also greatly affects the decrease of DTR in drylands.
However, the mechanisms of these radiative factors’ effects in the process of DTR change are not clear and
require more investigation.

1. Introduction

Asia is arguably the most sensitive area to climate change because it accounts for almost 39% of the world’s
land area [White and Nackoney, 2003; Huang et al., 2013], contains large arid and semiarid regions [Huang
et al., 2014], and supports 67% of the world’s population [Guan et al., 2015]. A large portion of the drylands
in Asia exhibits significantly enhanced near-surface warming in the boreal cold season [Huang et al., 2012],
which will make the areas more arid [Wang et al., 2012] and accelerate the expansion of drylands [Huang
et al., 2016]. In fact, enhanced dryland warming has been reported at global scale [Huang et al., 2012;
Zhou, 2016], and the warming rate changes with altitude [Santer et al., 2005; Cook and Vizy, 2015]. The warm-
ing rate of near-surface air temperature depends on surface radiative forcing [Hansen et al., 2010; Thorne et al.,
2010; Wang and Dickinson, 2013]. To understand the warming mechanism over drylands, many researchers
examined the changes of surface energy budget [Cook and Vizy, 2015; Zhou, 2016; Zhou et al., 2016]. Zhou
et al. [2016] found that greenhouse gases (GHGs) enhanced downward longwave radiation (DLR) are the pri-
mary driver for desert amplification through a comprehensive analysis. DLR displays a persistent increasing
trend, while downward shortwave radiation varies slightly and has a secondary effect [Zhou, 2016].

Enhanced dryland warming may be affected by various dominant factors, including circulation dynamical
adjustment, sea surface temperature anomalies, land and atmosphere interactions, snow and frozen soil
cover changes, and regional human activities [Hu and Gao, 1994; Zhang et al., 2001; Huang et al., 2008;
Guan et al., 2009; He et al., 2014]. Especially in the cold season, snow-albedo feedback may play an important
role. As the enhanced warming in winter may cause a decline of snow/ice and frozen ground, it would
decrease surface albedo, absorbing more solar energy and causing the temperature to increase. Guan
et al. [2015] found that the enhanced warming in the drylands was a result of radiatively forced temperature,
which has a close relationship with human activities and aerosol column burden. Moreover, the rapid eco-
nomic development in Asia has led to increased consumption of fossil fuel, which has generated a consider-
able amount of GHGs and energy [Barnett and O’Neill, 2010], and the spatial distribution of temperature has
been greatly influenced by the GHGs released in recent years [Li and Zhao, 2012].

GHGs and aerosols are the two most important forcing agents associated with human activities [Myhre et al.,
2013; Lin et al., 2016a], and they have strong influences on temperature changes. The Intergovernmental
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Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) [Stocker et al., 2013] notes that the radiative
forcing of well-mixed GHGs has greatly increased and can reach 3 W m�2. Among all the radiative forcing
factors, increased CO2 has the largest contribution. Its radiative forcing is 1.68 W m�2, which can reach
1.82 W m�2 when considering other carbon-containing gases that can increase the CO2 concentration
[Stocker et al., 2013]. Model simulation results also show that increases in CO2 will induce a mean terrestrial
aridity decrease; thus, land areas will become drier [Feng and Fu, 2013; Lin et al., 2016b]. Because of the
impacts of GHGs on global precipitation patterns as well as fertilization effect, increases in GHGs, such as
CO2, may further influence the vegetation of drylands [Ukkola et al., 2015; Lu et al., 2016].

In addition, aerosols play a substantial role in climate change, especially regarding the obvious warming
effect in drylands [Huang et al., 2006, 2008; Chen et al., 2010; Ye et al., 2012; Jin et al., 2015]. They tend to have
a relatively large optical depth [Huang et al., 2010; Bi et al., 2011; Liu et al., 2011; Xu and Wang, 2015; Xu et al.,
2015], which leads to a significant radiative effect on drylands. Generally, the aerosols in drylands are divided
into two categories: natural and anthropogenic aerosols. Asia is a heavy aerosol-laden region with increasing
trends of both desert dust and anthropogenic emission [Hsu et al., 2012], and anthropogenic aerosols may
play a major role according to Guan et al. [2016]. With intense human activity and rapid economic develop-
ment, anthropogenic aerosol emissions have likely increased over different regions [Mahowald and Luo,
2003], and such increases can promote aerosol loading and affect radiative forcing [Huang et al., 2015a].

Black carbon (BC) aerosols are significant contributors to anthropogenic climate changes; they are considered
as the second largest warming agent following CO2 [Xu, 2014], with a global mean climate forcing of
1.1 W m�2 [Bond et al., 2013]. More than 50% of the global anthropogenic BC emission is from China and
India [Xu, 2014]. Thus, on a regional scale, particularly for the regions in Asia, BC aerosols have a large impact
on the climate system, including the Earth’s radiative balance, monsoon variability [Lau et al., 2010], and tro-
pical cyclone activity [Evan et al., 2011]. BC can absorb incoming solar radiation, and warm the air; and the
deposition of BC on snow/ice significantly darkens the surface, thereby altering surface albedo and acceler-
ating the melting of snow. The melting snow in response to the above mentioned heating mechanisms will
further decrease surface albedo, which then forms a positive feedback [Xu et al., 2016]. So the largest
response of surface temperature to BC appears in snow/ice. There are many field campaigns andmodel simu-
lations, which have been conducted to measure the impact of BC on snow [Ye et al., 2012;Wang et al., 2013;
Zhao et al., 2014; Xu et al., 2016].

Another major anthropogenic aerosol is sulfate (SO4), which is mainly generated via industrial sulfur dioxide
(SO2) emission [Qian and Fu, 1997]. SO4 aerosols can reduce the shortwave radiation reaching the surface via
scattering and reduce global precipitation [Lin et al., 2016c]. They are also effective cloud condensation nuclei
and ice nuclei for homogeneous freezing; therefore, they have a large impact on cloud droplet size, known as
an indirect aerosol effect [Twomey, 1977], which further brightens clouds and cools the climate by reflecting
more solar radiation back to space. SO4 and BC are two important aerosol species over East Asia, and they
represent nonabsorbing and absorbing aerosols, respectively [Gao et al., 2014].

East Asia is simultaneously experiencing rapid economic growth and enhanced warming. More anthropo-
genic GHGs and aerosols are released into the atmosphere as the consequences of social-economy develop-
ment, but the separate impacts of these radiative factors on temperature changes remain poorly understood.
In this study, the contributions of CO2, BC, and SO4 aerosols to enhanced dryland warming are explored by
using historical emission data and a Community Earth System Model (CESM) sensitivity test. In section 2,
we introduce the data sets and methods used in this study. In section 3, we present the observed enhanced
dryland warming in East Asia. In section 4, we analyze the responses of surface air temperature to CO2, BC,
and SO4, and their combined effects. Conclusions and discussion are presented in section 5.

2. Data and Methods
2.1. Aridity Index Data Set

In this study, the aridity index (AI) is used to classify climate types of different regions. The AI is defined as the
ratio of annual precipitation to annual potential evapotranspiration. It represents the degree of climatic
dryness; hence, a smaller AI indicates a drier region. The AI data set [Feng and Fu, 2013] used in this study
is based on the Climate Prediction Center data set. Drylands are identified as regions with AI < 0.65, and
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they are further classified into hyperarid (AI < 0.05), arid (0.05 ≤ AI < 0.2), semiarid (0.2 ≤ AI < 0.5), and dry
subhumid (0.5 ≤ AI< 0.65), following the classification ofMiddleton and Thomas [1997]. The AI data set covers
the period from 1948 to 2008 and has a spatial resolution of 0.5° by 0.5°.

2.2. Temperature Data Set

The observed temperature used in this study is the monthly mean surface air temperature of the land-only
TS3.21 data set obtained from the Climate Research Unit at the University of East Anglia [Mitchell and
Jones, 2005]. The dynamical adjustment method [Wallace et al., 2012] is used to divide the raw temperature
into two parts: dynamically induced temperature (DIT) and radiatively forced temperature (RFT). The separate
DIT and RFT data sets are provided by Guan et al. [2015], and they cover the period from 1902 to 2011 with a
spatial resolution of 0.5° by 0.5°.

2.3. CMIP5 Historical Emission Data

BC and SO2 emissions are from the standard inventory adopted by the Climate Model Intercomparison
Program #5 (CMIP5) in support of the IPCC AR5 as described in Lamarque et al. [2010]. Both BC and SO2 emis-
sions are mainly anthropogenic emissions. The inventory covers the period from 1850 to 2000 in terms of
monthly mean, which changes once every 10 years, and the spatial resolution is 0.5° by 0.5°. In addition,
the annual CO2 concentration is used to calculate its correlation with RFT. The CO2 concentration for the
period of 1950–2005 is from the CMIP5 historical simulation data set, and that for the period of 2006–2011
is from the Representative Concentration Pathway (RCP) 8.5 simulation data set.

2.4. Global Climate Model Experiment

We used the simulation results of the CESM1 provided by Xu and Xie [2015], with a finite-volume nominal
1° horizontal resolution (0.9° by 1.25°). The CESM1 is a coupled ocean-atmosphere-land-sea ice model that
includes the forcing of GHGs [Lamarque et al., 2010]. CESM1 climate simulations have been documented
extensively [Meehl et al., 2013]. In CESM1, the overall climate system response including forcing and feed-
back is much improved compared to the previous model version [Meehl et al., 2013]. A new cloud micro-
physics scheme [Morrison and Gettelman, 2008] was applied in the model. Aerosol concentrations can
affect the number concentration of cloud droplets and ice crystals; thus, the “indirect radiative forcing”
of aerosols is included in the model. It was also validated by comparing the climatology of temperature
[Xu et al., 2016] and aridity [Lin et al., 2015] against observations. The model simulation data set used in
this paper has been used in many other studies, such as aridity analysis [Lin et al., 2016c], high-altitude
warming [Xu et al., 2016], and ocean mediation of tropospheric response [Xu and Xie, 2015] to
radiative factors.

In this study, mainly two sets of model experiments are used: a control simulation for the preindustrial climate
and four sets of perturbed simulations (BC, SO4, CO2, and all three forcings combined). The control simulation
is a 319 yearlong preindustrial control run, which was extendedwith an additional 75 year run to test whether
a discernible drift occurred in themean climate state. In the four sets of the perturbed simulations, the forcing
was imposed by instantaneously increasing the emission of BC, the emission of the precursor to SO4 (SO2), or
the concentration of CO2 to the present-day level (400 ppm), and then running the perturbed simulations in
the fully coupled mode for 75 years, which started from the end of the 319th year of the control simulation.
Except for the adjusted BC present-day emission from the standard emission inventory to account for the
potential underestimation of BC emissions [Xu et al., 2013], all other emissions are from the standard inven-
tory adopted by the CMIP5 models [Lamarque et al., 2010]. To increase the signal-to-noise ratio in the BC case
(due to a smaller BC forcing), five ensembles of perturbed simulations were conducted. Long averaging time
enables us to dampen the influence of decadal natural variability, such as that in the atmospheric circulation,
and to obtain a clear effect due to aerosol perturbation. So we calculate the difference between the last
60 years (the first 15 years are considered as the model spin-up period) of the perturbed simulations and
the long-term control simulation to provide the respective response signal caused by the imposed forcing
[Xu et al., 2016].

2.5. Methods

Guan et al. [2015] successfully divided the raw temperature into DIT and RFT using the dynamical adjustment
method. This method was first proposed by Wallace et al. [2012] to analyze the nonuniformity of spatial
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warming over the Northern Hemisphere, and it was subsequently improved by Smoliak et al. [2015]. The sea
level pressure (SLP) data and high-pass-filtered surface air temperature time series were first standardized,
and then the surface air temperature was regressed to the SLP using a partial least squares approach in a
pointwise manner. After that, the DIT variability associated with changes of atmospheric circulation
patterns was partitioned, and the residual part was the RFT. The RFT is associated with GHGs, volcanic
eruptions, aerosol emissions, and local anthropogenic forcing.The study area is 73–150°E and 20–53°N, as
shown in Figure 1. The regionally average temperature of region k is calculated as follows:

Tk ¼
PNk

i¼1
Wki�Tki

PNk

i¼1
Wki

(1)

where Nk is the number of grids in region k, Tki is the temperature at grid i in region k, and Wki = cos
(θi × π/180), where θi is the latitude of grid i.

3. Observed Enhanced Dryland Warming

The distribution of the 61 year averaged AI in East Asia from 1948 to 2008 is shown in Figure 1. It illustrates
that most of the drylands are located in the northwest and the humid regions are located in the southeast.
The arid and semiarid regions account for the greatest area of East Asia, and AI shows a general increasing
pattern from northwest to southeast. According to Huang et al. [2012], the warming trend in Asia was parti-
cularly enhanced in the boreal cold season over semiarid regions. Using the dynamical adjustment method
[Wallace et al., 2012], Guan et al. [2015] successfully demonstrated that RFT plays a dominant role in the
enhanced warming in East Asia. However, they only analyzed data via statistical approach and did not qualify
the warming effects of individual radiative factors.

Huang et al. [2015b] reported that the climate over East Asia became drier in the recent 60 years, dominated
by a weakened East Asian summer monsoon. To ensure the quality of the data set [Mitchell and Jones, 2005;
Zhou, 2016], we choose the data set from 1950 to 2011 in our study. Figure 2 shows the spatial distribution of
the raw temperature, the DIT and RFT trends over East Asia in winter between 1950 and 2011. Figure 2a
illustrates the gradually increasing warming pattern from south to north with the strongest warming trend
over northern East Asia, especially in the Junggar Basin and Northeast China. The distribution of the RFT trend
(Figure 2c) exhibits a similar distribution to that of the raw temperature, and obvious warming occurred over
the northern area of East Asia, which reached 0.05°C yr�1 in some regions. The distribution of the DIT trend
(Figure 2b) is quite different from that of the raw temperature and likely presents a basic warming back-
ground over East Asia.

Figure 1. Spatial distribution of annual-mean AI from 1948 to 2008 over East Asia.
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Figure 3 shows the long-term trends of
raw temperature, RFT, and DIT in winter
as a function of annual-mean AI. Both
the raw temperature and RFT reaches
peak in the area with the AI between 0
and 0.2. The trend of the DIT does not
show a distinct difference over different
climate regions, which indicates that the
RFT accounts for a major contribution to
the regional temperature variation.
Compared with the results presented in
Figure 2, the trend in Figure 3 suggests
that radiative factors have a dominant
role in the enhanced warming observed
over the drylands. Variability in RFT is
usually closely associated with GHGs,
aerosols [Huang et al., 2011; Li et al.,
2011; Guan et al., 2016], land use cover
changes, decreased albedo, clouds
[Huang et al., 2005, 2006], and regional
human activity. With the rapid eco-
nomic development and industrializa-
tion of East Asia, a large number of
anthropogenic GHGs, especially CO2

and aerosols, are being produced and
released into the atmosphere, and
eventually impact local climate [Qian
et al., 2009, 2011]. Therefore, it is neces-
sary to qualify the response of surface
temperature to these radiative factors.
In this study, three representative
factors of CO2, BC, and SO4 are chosen
to explore the response of surface
air temperature.

4. Contributions of Radiative
Factors to Enhanced
Dryland Warming
4.1. Individual Roles of
Radiative Factors

Figure 4a shows the distribution of
the correlation coefficient between
detrended CO2 and detrended RFT, with
the stippling indicating the 95% confi-
dence level. As CO2 is a typical GHG with
a broad influence on warming, we
chose the time series of CO2 and calcu-
lated its relationship with RFT. The
correlation coefficients present confi-
dence levels that are higher than 95%
in most regions of East Asia, and they
are primarily centered in central China
and western China, with the largest

Figure 2. Spatial distributions of (a) raw, (b) dynamically induced, and
(c) radiatively forced temperature trends (°C/yr) in winter from 1950 to
2011 over East Asia.

Figure 3. Regionally averaged temperature trend as a function of annual-
mean AI for raw (black), dynamically induced (blue), and radiatively forced
(red) temperatures in winter from 1950 to 2011 over East Asia.
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correlation coefficient reaching 0.77. Figure 4b shows the correlation coefficients passing the 95% confidence
level as a function of AI. Theymainly concentrated on semiarid regions. More than half of the correlation coef-
ficients in drylands pass the 95% confidence level. It suggests that the enhanced dryland warming may have
a close relationship with CO2.

Besides CO2, BC is a popular warming aerosol. Figure 5a is the regionally averaged BC emission as a function
of the AI. It shows that most high concentration of BC is distributed in humid regions; the value is much
higher than that in arid and semiarid regions. Most of the BC emissions in drylands (with AI< 0.5) is less than
1 × 10�5 kg m�2. The largest regionally averaged BC emission observed in humid regions is located in region
where the AI is between 1.4 and 1.6, with the value of BC reaching 7.6 × 10�5 kg m�2, which is almost 10
times larger than the regionally averaged BC emissions in arid and semiarid regions. This discrepancy is
related to production of the BC emission by China. BC emissions are mainly from the industrial and residential
sectors [Xu, 2014], and eastern China is a relatively developed area than the western arid regions in terms of
industry and population. The distribution of mean temperature’s response to BC changes as a function of BC
emission (Figure 5b) emphasizes BC’s influence on temperature of drylands. The regions with low BC emis-
sion (less than 1 × 10�5 kg m�2) have greater temperature responses compared the regions with high BC
emission. The areas with BC emission less than 1 × 10�5 kg m�2 are mainly distributed in arid and semiarid
regions. It suggests that the temperature in arid and semiarid regions is more sensitive to BC emission than
that in humid regions.

SO4 is another important aerosol species over East Asian, representing nonabsorbing aerosols. Figure 6
shows the SO2 (SO4’s precursor) concentration distribution as a function of the AI (Figure 6a) and the mean

Figure 4. (a) Spatial distribution of correlation coefficient between detrended CO2 and detrended radiatively forced temperature in winter from 1950 to 2011 over
East Asia. Grid points in Figure 4a are stippled for statistically significant changes based on the 95% confidence interval from a two-sided t test. (b) Frequency of
correlation coefficients passed the 95% confidence level as a function of the annual-mean AI.

Figure 5. (a) Regionally average black carbon emission (total emissions of January, February, and December in year 2000, units: 10�5 kg m�2) as a function of
annual-mean AI over East Asia. (b) Mean temperature response (°C) to BC as a function of the BC emission over East Asia by calculating the difference of mean
temperature for 60 years between perturbation simulation and the preindustrial control run.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026506

ZHANG ET AL. RADIATIVE IMPACT ON ENHANCED WARMING 7728



temperature response to SO4 as a function of SO2 emission (Figure 6b). The SO2 emission is higher than the
BC emission, although their distributions are similar. In arid regions with AI less than 0.5, the SO2 emission is
low, whereas in humid regions, the SO2 emission is much higher. The humid regions are mostly located in the
eastern part of East Asian, which is more developed; therefore, there are higher anthropogenic aerosol
emissions in the humid regions. Significant differences are not observed in the mean temperature response
to SO4 aerosols as a function of SO2 emission. Therefore, although the SO4 emission over drylands is much
lower than that in humid regions, the temperature response is comparable.

4.2. Mean Temperature Response

To determine the relative roles of CO2, BC, and SO4 in temperature changes, we calculated the temperature
response to the three forcing factors individually. The temperature response is the difference of mean
temperature over 60 years between perturbed simulation and the preindustrial control run. In the model
simulation, the forcings were imposed by instantaneously increasing the emissions of CO2/BC/SO4’s precur-
sor to present-day levels. Therefore, the model output is not aiming at reproducing the reality during the
twentieth century, but at understanding surface air temperature’s responses to different radiative factors.
Figure 7 shows distributions of the mean temperature (°C) responses in winter to CO2 (Figure 7a), BC
(Figure 7b), SO4 (Figure 7c), and all three forcing factors combined (Figure 7d), with the 95% confidence from
a two-sided t test covering most of the region.

In response to CO2, the mean temperature shows a warming pattern over all East Asia (Figure 7a). The
temperature increase is greater in the northwest arid regions, and a large center is located in Inner
Mongolia and Xinjiang Uyghur Autonomous Region. Model simulation results show that the increase in
CO2 would make land areas drier [Lin et al., 2016b]; thus, it may lead to an expansion of drylands.
Expansion of drylands will further result in reduced carbon sequestration and enhanced regional warming
[Huang et al., 2012; Ji et al., 2014], causing more sensitive temperature response to CO2 over drylands than
over humid regions [Huang et al., 2016]. For the effect of BC on temperature, Figure 7b shows a tempera-
ture increase over almost all East Asia, with a slight decrease over India and Burma. In addition, the BC
warming magnitude is relatively smaller compared to that of CO2, and a greater center is located over
Tibet and Northeast China. This is because the temperature response to BC is larger in regions with snow
and ice [Xu et al., 2016].

The cooling effect of SO4 on surface air temperature (Figure 7c) is greater in Northeast and Southeast China
than in the other regions because of the high concentration of sulfate aerosols in these regions. There is also a
large center in the Tibet Plateau, which is similar to the result of Kasoar et al. [2016]. It illustrates that the tem-
perature response is not only related to SO4 concentration but also influenced by clouds via SO4, atmospheric
circulation, and other factors. Figure 7d shows the temperature response to the combined forcing, which has
a warming effect on temperature, and an obvious decreasing pattern from the northwest to the southeast. To
further explore temperature response over different climate regions, the regionally averaged mean
temperature responses to CO2, BC, and SO4 are illustrated in Figure 8. The increased temperatures induced
by BC, CO2, and the combined forcing are greater in drylands than in humid regions, especially in arid and

Figure 6. Same as Figure 5 except for SO2 (units: 10
�5 kg m�2).
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semiarid regions. The warming effect of CO2 is the largest, followed by that of BC. Comparing the responses
to CO2, BC, and SO4, we can see that the enhanced dryland warming is mainly induced by CO2, followed by
BC. Although SO4 has a larger effect on temperature than BC, its effect on drylands does not have an obvious
difference with that on humid regions. So SO4 does not appear to play an important role in the enhanced
dryland warming.

4.3. Diurnal Temperature Range Response

As the mean temperature is related to daily maximum and minimum temperatures, the effects of the
radiative factors may impact both daily maximum and minimum temperatures [Guan et al., 2015].
Therefore, we show the distributions of dailymaximum temperature responses inwinter to CO2 (Figure 9a), BC
(Figure 9b), SO4 (Figure 9c), and the combined forcing (Figure 9d), and the distributions of daily minimum

temperature responses (Figure 10). In
general, the distributions are all similar
to those of the mean temperature
(Figure 7). However, for the temperature
response to CO2, the daily maximum
temperature distribution (Figure 9a) is
more uniform compared with the daily
minimum temperature distribution
(Figure 10a). The daily minimum tem-
perature response to CO2 (Figure 10a)
is stronger in Northwest China and smal-
ler in Southeast China compared with
the results of daily maximum tempera-
ture shown in Figure 9a. Such asymme-
trical changes in daily maximum and
minimum temperatures will directly
induce changes in diurnal temperature
range (DTR).

Figure 8. Regionally average mean temperature (°C) responses in winter
to CO2 (red), BC (black), SO4 (blue), and the combined forcing (green) as
a function of annual-mean AI over East Asia.

Figure 7. Distributions of mean temperature (°C) responses in winter to (a) CO2, (b) BC, (c) SO4, and (d) the combined forcing over East Asia. Grid points are stippled
for statistically significant changes based on a 95% confidence interval from a two-sided t test.
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The distributions of DTR responses in winter to CO2 (Figure 11a), BC (Figure 11b), SO4 (Figure 11c), and the
combined forcing (Figure 11d) are also shown. The DTR response to CO2 (Figure 11a) is decreased in the
northwest drylands and increased in the southeast humid regions, with the boundary along the Taihang
Mountains. Most of the areas pass the 95% confidence level. The DTR response to BC (Figure 11b) is
decreased in most regions, although an increase is observed in central and West China and in most regions
of Inner Mongolia, with a small area of the DTR’s response to BC passing the 95% confidence level. The DTR
response to SO4 (Figure 11c) is nearly opposite to the response to CO2, with an increase in the arid region of

Figure 9. Same as Figure 7 except for daily maximum temperature (°C).

Figure 10. Same as Figure 7 except for daily minimum temperature (°C).
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Northwest China and a decrease in the humid region of Southeast China. Figure 11d shows that the three
combined radiative factors induce a DTR decrease in most regions. It is consistent with the previous studies
of DTR based on observational data, which showed that the DTR decreased on a global scale because of the
strong increase in the daily minimum temperature [Karl et al., 1984, 1993; Kukla and Karl, 1993]. The obvious
decrease of DTR in China has been studied by Chen and Chen [2007], and other related analyses focused on
the effects of clouds, solar radiation, soil moisture, surface wind, and precipitation on DTR [Dai et al., 1999;
Zhou et al., 2009; Wang et al., 2013].

To further explore the DTR response to CO2, BC, and SO4 changes over different types of climate regions, we
calculated the changes of DTR as a function of the AI, shown in Figure 12. In nearly all the dry and humid
regions, the DTR decreases in response to the three combined factors (green) and presents greater changes
in drylands compared with those in humid regions. CO2 (red) has the most significant influence on the DTR
change. In arid regions, the DTR shows the greatest decrease, which reaches �0.31°C. In the humid regions

with large AI, the DTR increases in
response to CO2, and in the regions with
AI between 1.6 and 1.8, the increased
amplitude is the highest. BC and SO4

do not present obvious impacts on
DTR. The influence of CO2 on tempera-
ture is mainly via the absorption and
emission of longwave radiation; hence,
it leads to the warming of both daily
maximum and minimum temperatures
and induces the change of DTR.

5. Summary and Discussion

In this paper, we focus on the contribu-
tions of CO2, BC, and SO4 to enhanced
dryland warming. Our results demon-
strate that the enhanced warming in

Figure 11. Same as Figure 7 except for diurnal temperature range (°C).

Figure 12. Same as Figure 8 except for diurnal temperature range (°C).
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the drylands of East Asia was mainly induced by CO2 and BC, because temperature responses showed the
greatest sensitivity to both CO2 and BC in the drylands. The influence of CO2 on temperature is most obvious
over Northwest China. The influence of BC on temperature is most obvious over Tibet and Northeast China,
because the BC in snow/ice regions shows an enhanced impact on temperature increase [Ye et al., 2012; Xu
et al., 2016]. Compared with CO2 and BC, SO4 has a negative impact on temperature, and its influence on
temperature is most obvious in Northeast China because of the high concentration of SO4 in the region.
The effects of the radiative factors are not limited to the mean temperature but extend to the daily
maximum andminimum temperature as well. Daily maximum andminimum temperatures show asymmetric
responses over different climate regions, inducing changes in DTR. In general, the DTR decreases in response
to the three combined radiative factors. However, the DTR’s response to CO2 decreases in drylands and
increases in humid regions.

Different from the mean temperature, DTR has important ecological significance [Chen and Chen, 2007].
Determining changes in DTR is considered a suitable method for investigating the counteracting effects of
longwave and shortwave radiative forcing [Makowski et al., 2008], and it has been promoted as a new indi-
cator for climate change [Stone and Weaver, 2003; Braganza et al., 2004; Lewis and Karoly, 2013]. Previous
studies on the reduction of DTR in a warming climate noted large changes in cloud cover, sunshine duration
[Xia, 2013], soil moisture, snow cover, and precipitation variability [Cao et al., 1992; Karl et al., 1993; Stone and
Weaver, 2003; Zhang et al., 2009; Zhou et al., 2009; Lauritsen and Rogers, 2012; Wang et al., 2014]. Generally,
these forcing factors can be divided into natural forcing (volcanic aerosols and solar variability) and anthro-
pogenic forcing (anthropogenic GHG and aerosols) [Liu et al., 2016].

Observational analyses have attributed reductions in DTR primarily to increase in cloud cover and secondarily
to increases in precipitation and soil moisture [e.g., Dai et al., 1999]. However, large decrease in the DTR was
observed over East China, where considerable decrease in cloud cover was found [Kaiser, 1998; Liu et al., 2004;
Zhou et al., 2009]. Studies have suggested that the observed global trend in DTR is primarily caused by
anthropogenic forcing [e.g., Zhou et al., 2010; Lewis and Karoly, 2013]. Model simulations demonstrated that
anthropogenic forcing plays a dominant role in the declining trend of DTR over Asia, where the GHG forcing is
the main factor [Liu et al., 2016]. Anthropogenic aerosol forcing also contributes to the decreasing trend in
DTR over China, especially over East China [Liu et al., 2016], which is consistent with the results of this study.
However, we illustrate that DTR shows an opposite response to CO2 over drylands and humid regions in this
study. Further investigations are required to explore the mechanisms underlying the effects of CO2, anthro-
pogenic aerosols, and their interactions on DTR, especially in terms of differences in DTR over regions with
different climate types.
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