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ABSTRACT: An aerosol mass dataset simulated from a chemical transport model for the period
1850 to 2100 is used in an atmospheric general circulation model to investigate anthropogenic
aerosol radiative forcing (RF) with a focus on East Asia. Compared to the pre-industrial era, the
calculated strongest global mean direct RF (DRF) of —0.30 W m™ at the all-sky top of the atmos-
phere (TOA) occurs in the 1980s and an indirect cloud albedo forcing (CAF) of —0.67 W m~2 in the
2000s; a maximum atmospheric DRF of 0.48 W m~2, mainly by black carbon absorption, is found in
the 2010s. Much larger aerosol DRF and CAF values are distributed over East Asia until the 2010s,
and the negative surface and positive atmospheric DRF in Eastern China is even projected to
maintain a magnitude of 5.0 W m™ until the 2030s. Increasing East Asian aerosol loading has
shifted the anthropogenic aerosol RF centers to lower latitudes in the Northern Hemisphere since
the 1980s, and this trend is more severe under future mid- and high-range emission scenarios.
Further results indicate that larger DRF values over East Asia can be partly attributed to climato-
logical summer atmospheric moisture that is higher relative to Norther American and European
regions, which enhances the aerosol hygroscopic effect, then strengthens aerosol optical depth
and DRF at clear-sky TOA and surface, and even influences their long-term changes. The obser-
vational comparisons reveal that present day simulated surface concentrations of key anthro-
pogenic aerosol species and resulting optical depth are highly underestimated in Eastern China.
Further research on simulated meteorology and aerosol features is therefore recommended to
reduce the uncertainties in estimating aerosol RF over East Asia.
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1. INTRODUCTION

Aerosols directly reflect and absorb solar radiation,
and indirectly change cloud optical properties and
lifetime (Twomey 1977, Albrecht 1989), both yielding
significant radiative forcing (RF) on the climate sys-
tem. Data on the climate effects from natural and an-
thropogenic aerosols are essential for climate change
studies (Ramaswamy et al. 2001, Carslaw et al. 2010).

*Corresponding author: wewang@albany.edu

Particularly, some atmospheric aerosol species and
loadings have changed considerably due to changes
in their anthropogenic emissions since the pre-indus-
trial era (PI, here taken to be up to 1850). When com-
pared with the PI, Schulz et al. (2006) indicated that
the global mean aerosol direct RF (DRF) could be from
—0.41 to 0.04 W m, with a median value of —-0.22 W
m~2. A more recent estimate of anthropogenic aerosol
DRF by Myhre et al. (2013) is —0.27 (range: —0.58 to
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-0.02) W m™2, In terms of the effects on cloud optical
properties, the median estimate of cloud albedo forc-
ing (CAF) is —0.70 W m2, according to the 4th assess-
ment report of the Intergovernmental Panel on Cli-
mate Change (IPCC AR4) (Forster et al. 2007), but the
uncertainty range is quite large, between -1.8 and
—-0.3 W m2. The more recent work by Yu et al. (2013)
reports a similar range of —=1.76 to =0.17 W m™2,

There are 2 distinct differences in the RF between
short-lived aerosols and long-lived greenhouse gases
(GHGsS). (1) Anthropogenic aerosol RF shows distinct
regional features dominated by large values over
mid-latitude land areas of the Northern Hemisphere.
(2) While the concentration of GHGs and the associ-
ated warming are likely to continue in the next few
decades (Moss et al. 2010), the aerosol loadings (and
thus the magnitude of cooling) are likely to fluctuate
subject to changes in regional aerosol precursor emis-
sions, which depend highly on economic develop-
ment. The stricter energy and environmental policies
since the mid-1980s (Bond et al. 2007, Folini & Wild
2011) have resulted in a decrease in atmospheric
loading for some anthropogenic aerosols over Europe
and North America. In contrast, China is in a period of
rapid development in terms of industry and agricul-
ture, which demands increasing levels of fossil fuel
consumption and biomass burning. Indeed, observa-
tions in Eastern China have revealed continued in-
creases in anthropogenic aerosol emissions and their
loadings (Smith et al. 2011, Wang et al. 2011). Fur-
thermore, transportation of air pollution takes the
heavy aerosol loading of Eastern China and extends it
in an easterly direction to other East Asian regions
and neighboring oceans. In addition, high anthro-
pogenic aerosol emissions over China are likely to
persist into the next several decades under some fu-
ture scenarios (Moss et al. 2010). The heavy anthro-
pogenic aerosol loading in East Asia may have caused
significant effects on regional climate (Menon et al.
2002, Qian et al. 2009, Li et al. 2011). Further, these
spatial differences of aerosol emissions and loading
may induce a latitudinal change in anthropogenic
aerosol RF in the Northern Hemisphere, which may
affect the pattern of global radiation budget to some
degree. To further quantify how aerosols affect re-
gional climate, it is therefore essential for the commu-
nity to investigate anthropogenic aerosol RF and its
possible time evolution over East Asia.

Previous studies (Myhre et al. 2001, Takemura et
al. 2006) have investigated the historical variation of
global mean aerosol RF. Skeie et al. (2011) used the
historical emissions provided by Phase 5 of the Cou-
pled Model Intercomparison Project (CMIP5) (Taylor

et al. 2012) to examine global and some regional time
series of aerosol RF from the PI to the present day.
More recently, Bellouin et al. (2011), Takemura
(2012), and Shindell et al. (2013) estimated future
global and regional changes in aerosol RF using the
Representative Concentration Pathway (RCP) sce-
narios. However, quantitative analyses on aerosol RF
in East Asia are lacking. Moreover, calculating aero-
sol RF in climate models is also sensitive to some
meteorological conditions, especially atmospheric
moisture, of which significant differences exist be-
tween East Asia, North America and Europe; for
example, the strong summer monsoon in East Asia
(Wang 2006). Atmospheric relative humidity (RH) is
an important factor in determining aerosol DRF for
some hydrophilic species. Studies by Haywood &
Ramaswamy (1998), Adams et al. (2001), and Ocko et
al. (2012) have demonstrated that atmospheric RH
significantly affects the optical properties of hydro-
philic aerosols, and the calculated DRF is also very
sensitive to the modeled RH in climate models. Dur-
ing the summer monsoon period, atmospheric mois-
ture is high over East Asia, producing favorable con-
ditions for hygroscopic effects in hydrophilic aero-
sols. However, few researchers have investigated the
effects of RH on the regional aerosol DRF and its time
evolution over East Asia in the context of compar-
isons with Europe and North America. Zhou et al.
(2012) suggested that the meteorological fields simu-
lated by different climate models can be very differ-
ent, and can therefore cause differences in aerosol
RF estimates. In fact, these simulation biases of mete-
orological conditions in climate models are unavoid-
able, and they are also important sources of un-
certainty in estimating aerosol RF. Therefore, further
investigation of the relationship between regional
aerosol RF and atmospheric moisture is warranted.

The aim of our study is to investigate aerosol DRF,
indirect CAF, and their time evolution at both global
and regional scales using our global atmospheric
general circulation model (AGCM) and its built-in ra-
diative transfer model. The input aerosol dataset is
simulated from NCAR CAM-Chem (Lamarque et al.
2012), covering the period 1850 to 2100. Although
our analyses focus on East Asia, comparisons with
other major industrial regions are also conducted.
The possible effects of atmospheric moisture and as-
sociated model biases on aerosol DRF are examined.
The aerosol species considered here are mainly from
anthropogenic activities, including black carbon
(BC), nitrate, organic carbon (OC), and sulfate. Dust
and sea-salt are generally linked to natural sources,
and therefore not considered for their DRF.
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2. STUDY CONFIGURATIONS

Calculating aerosol RF requires global datasets of
aerosol distributions and meteorological fields (tem-
perature, moisture, clouds, etc.) as inputs for atmos-
pheric radiative transfer calculations. In the present
study, we adopt the aerosol mass dataset simulations
from NCAR CAM-Chem (Lamarque et al. 2012) and
use the meteorology simulated from the AGCM
developed at the State Key Laboratory of Numerical
Modeling for Atmospheric Sciences and Geophysical
Fluid Dynamics (LASG), Institute of Atmospheric
Physics, Chinese Academy of Science (Bao et al.
2010). The model has 26 vertical hybrid layers, and
its horizontal resolution is approximately 2.81° x
1.67° in longitude and latitude. The model is able to
capture mean large-scale climatological patterns and
their variability, and has been used in various studies
(e.g. Wu et al. 2012, He et al. 2013). More details can
be found in the Supplement at www.int-res.com/
articles/suppl/c061p241_supp.pdf. Below, we pre-
sent information directly related to the aerosol RF
calculations of the model.

2.1. Radiative transfer scheme

The radiative transfer scheme used in the model is
a modified version of the Edwards—-Slingo scheme
(Edwards & Slingo 1996, Sun 2011), and uses an ap-
proach of correlated-k distribution (Fu & Liou 1992,
Li & Barker 2005) for the flux calculation. The scheme
has 9 spectral intervals for solar radiation (0.25 to
5.0 pm) and 8 for thermal radiation (5.0 to40 pm).
When compared with line-by-line calculations, the
scheme can accurately simulate gaseous absorption
due to water vapor, carbon dioxide, ozone, methane,
nitrous oxide, oxygen and chlorofluorocarbons (Sun
2008, 2011). The treatment of liquid cloud optical
properties adopts the works of Hu & Stamnes (1993)
and Sun & Rikus (2004), and the ice cloud properties
follow the work of Chou (2002).

refer to some previous relevant work (e.g. Kiehl et al.
2000, Liao et al. 2003) to choose the aerosol size
parameters. The sources of the refractive indices
used in our study are Toon et al. (1976) for ammo-
nium sulfate; Haywood & Ramaswamy (1998) for
soot; and Hess et al. (1998) for ‘water soluble’ OC.
The specific mass extinction, single-scattering
albedo, and asymmetry factor of aerosols are then
calculated by Mie theory. These radiative properties
at 0.55 pm are listed in Table 1. While BC is treated
as a dry aerosol, hygroscopic growth of hydrophilic
sulfate and OC are considered, respectively, using
the approach of Li et al. (2001) and Hess et al. (1998).
Nitrate optical properties and their hygroscopic
growth are treated the same as sulfate. External mix-
ing is adopted for these aerosols.

2.3. Aerosol-cloud interactions

To study the aerosol CAF, there are many schemes
that explicitly consider the interactions between
aerosol and cloud droplet number concentration
(CDNC) (e.g. Abdul-Razzak & Ghan 2002, Nenes &
Seinfeld 2003). However, considering the large
uncertainties in the present understanding of many
aerosol—-cloud interactions and their parameteriza-
tions in climate models (Ekman 2014), for illustrative
purposes, we adopt the widely-used empirical
approach of Boucher & Lohmann (1995) and Quaas et
al. (2006) to link CDNC (Ng cm™) to aerosol mass
concentration (Mgey; pg m™>):

Nd =eXP(ao+a1 lnmaer) (1)

Here, ao (= 5.1) and a; (= 0.41), derived from in situ
measurements, account for the total mass of all
potential hydrophilic aerosols, including sub-micron
sea salt (0.2 to 1.0 pm), sulfate, and primary and sec-
ondary organic aerosols. The cloud droplet effective
radius (r,; pm) for warm clouds can then be calcu-
lated using a diagnostic scheme (Martin et al. 1994):

Table 1. Physical and optical properties at 0.55 pm assumed for dry

2.2. Aerosol optical properties

The NCAR aerosol dataset docu-

aerosols. ry: geometric radius (pm); o: standard deviation; p: mass density
(g cm™); 6,: extinction coefficient (m? g~!); w: single-scattering albedo; g:

asymmetry factor

Refractive index Iy c p Ge 0] g

1.53-1.0x 1077i 0.05 2.0
1.75-0.44 1
1.53 -0.006 1

1.769 341 1.0 0.64
0.0118 2.0 1.0 9.26 021 034
0.0212 2.0 1.8 291 096 0.61

mented in Lamarque et al. (2012) Aerosol
includes the bulk mass of anthropogenic component
aerosol species of BC, nitrate, OC, and

sulfate. To calculate aerosol optical ]S;(l:lfate
properties, we follow the NCAR original ocC

study (Lamarque et al. 2012) and also
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where L is cloud water content, p, is the density of
water, and k is a modification coefficient (0.67 over
continents and 0.8 over oceans) to account for the dif-
ference between the mean volume radius and r.. The
treatments thus link the aerosol mass directly to
cloud bulk radiative properties for CAF calculations.
It should be noted that the empirical scheme used in
our work is derived from limited observational sites
and is not globally representative. In addition, the
empirical scheme based on the present observational
period may not be suitable for past or future climate
conditions.

2.4. Aerosol distributions

To calculate the aerosol DRF and CAF, we use a
prescribed aerosol dataset simulated from an atmos-
pheric chemical-transport model. This method avoids
time-consuming interactive aerosol processes and
has been used in many studies (e.g. Kiehl et al. 2000,
Skeie et al. 2011). Here, we use the decadal aerosol
mass dataset simulated from NCAR CAM-Chem
(Lamarque et al. 2012), which includes sulfate, BC,
OC, nitrate, dust, and sea-salt. The historical period
covered is 1850 to 2009, and the future period is 2010
to 2109. The future aerosol distribution is based on
the CMIP5 mid-range (RCP4.5) and high-range
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(RCP8.5) scenarios (Moss et al. 2010). These 2 scenar-
ios are the core scenarios in the CMIP5 experiments
(Taylor et al. 2012) and are representative of future
climate change. The decadal average of 1850-1859 is
treated as the PI. The historical and future GHG con-
centrations and RFs are taken from the CMIP5 RCP
website (www.iiasa.ac.at/web-apps/tnt/RcpDb).

Fig. 1 presents the temporal change in anthropo-
genic sulfate and BC atmospheric loading and their
aerosol optical depth (AOD). Here, the AOD is the
averaged value for the shortwave band (0.50 to
0.625 pm) calculated in our work. The global mean
sulfate and BC loadings begin to increase from the
PI, and peak in the 1980s (maximum: 2.34 mg m™2)
and 1990s (0.15 mg m™2), respectively. The sulfate
and BC loadings over Europe and North America
reach maximum values earlier than in East Asia, and
are then projected to continuously decrease to the PI
level by the end of the 21st century. In the second
half of the 21st century, the projected BC loading in
Europe and North America is even below the PI
level. In contrast, the sulfate and BC loading in East
Asia peak in the 2010s, with values of 10.89 and 1.08
mg m~2 for RCP4.5, respectively. In particular, the
projected BC loading in East Asia is much higher
than the global mean and the other 2 regions. Under
RCP8.5, the future sulfate and BC loading over East
Asia are slightly higher than under RCP4.5. How-
ever, the 2 aerosol loadings over Europe and North
America are relatively lower under RCP8.5, which is
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Fig. 1. Annual mean (a) sulfate and (b) black carbon (BC) loadings (mg m™2), (c) sulfate and (d) BC aerosol optical depths

(AOD) relative to pre-industrial values. The 3 major industrial regions are Europe (EU) (35°-60° N, 0°-45°E), East Asia (EA)

(20°-45°N, 100°-145°E), and North America (NA) (25°-50° N, 245°-290° E). GL: global mean. Since 2010, solid lines = RCP4.5
scenario and dashed lines = RCP8.5 scenario
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likely due to much stricter emission control polices in
the 2 regions. Similar features associated with
aerosol emissions and loadings under different RCPs
were also reported by Bellouin et al. (2011) and
Takemura (2012). Our results indicate that anthro-
pogenic aerosols from East Asia are projected to be
bigger contributors to global aerosol loading, as com-
pared to European and North American regions,
especially under the high-range RCP8.5 scenario.
Additionally, as shown in Fig. 1, the variation of sul-
fate AOD (Fig. 1c) is similar to its variation in loading,
but an evident difference is that the largest AOD
appears over East Asia in the 2010s. Sulfate AOD is
highly affected by simulated RH. The annual mean
atmospheric precipitable water over East Asia is
much larger than that over Europe (see Table 3).
Thus, the sulfate hygroscopic effect is stronger and
causes higher AOD when sulfate loading over East
Asia peaks in the 2010s. BC in this study is treated as
a dry species, and is thus unaffected by RH. The tem-
poral change of BC AOD (Fig. 1d) is therefore consis-
tent with its loading, and the maximum value also
exists over East Asia in the 2010s.

2.5. RF calculation

We use the ‘instantaneous RF' (Forster et al. 2007)
to calculate aerosol RF. The radiation code is called
twice to calculate aerosol RF in our AGCM run. For
DREF, the first call performs a standard calculation
without aerosol species. The second call includes the
specified aerosol species in a diagnostic mode, i.e.
the aerosols only affect the radiative process without
influencing the model simulation. The radiative flux
difference at the TOA or surface between the 2 radi-
ation calls is defined as the aerosol DRF. Similarly,
the DRF due to aerosols in the whole atmosphere is
also calculated. For CAF, the CDNC and effective
cloud drop radius is firstly diagnosed in the first radi-
ation call using the aerosol mass in the PI (1850 to
1859). The second call uses a different decadal
aerosol mass. The difference of radiative flux at the
TOA and the surface between the PI and the next
decadal results is computed as CAF relative to the PI.
The AGCM is run to a stable state and then inte-
grated for a period of 1 yr to calculate monthly mean
aerosol RFs. In our study, the input for radiative pro-
cesses uses the same state variables, except for
aerosol. These state variables include simulated air
temperature, water vapor, surface conditions, cloud
fraction, and water content. The greenhouse gases
and solar forcing are fixed at the present level.

Meanwhile, the ozone profiles are climatological
results from Li & Shine (1995). The sea surface tem-
perature and sea ice are taken from the prescribed
Atmospheric Model Inter-comparison Project (AMIP)
climatology. Thus, the meteorological variables are
the same for the time series of historical and future-
projected aerosol RF.

3. RESULTS
3.1. Geographical distribution of aerosol RF

First, we present the global distribution of aerosol
effects in the most recent decade (2000 to 2009) rela-
tive to the PI. As expected, the largest change in
AOD exists over Eastern China (Fig. 2a) caused by
the presence of the strongest sulfate and BC loading.
The distribution of aerosol DRF (Fig. 2b) basically
reflects the AOD pattern. However, the CAF pattern
(Fig. 2d) is somewhat different from the CDNC distri-
bution (Fig. 2c) due to the effects of cloud distribu-
tion. For example, the weaker CAF in central Asia
can be attributed to the lower cloud amount and
water content even though the CDNC is not small. In
addition to Eastern China, stronger CAF is also pres-
ent in regions with heavy aerosol loading, such as the
Asian maritime continent, tropical western Africa,
and Central America, where marine stratocumulus
clouds are persistent (Ming et al. 2005). The global
annual mean TOA aerosol DRF in the 2000s relative
to the PI is calculated to be —0.27 W m™2 for all-sky
and —0.63 W m™2 for clear-sky conditions. As seen in
Table 2, the anthropogenic aerosol DRFs in both all-
sky and clear-sky conditions are close to the multi-
model means from Aerosol Comparisons between
Observations and Models (AeroCom) I and II. The
calculated AOD and the clear-sky normalized DRF
(NDREF) are also within the AeroCom range of values.
Our AOD is slightly weaker than the AeroCom
model mean because we use AOD from the interval
of 0.50 to 0.625 pm rather than at 0.55 pm, which
results in lower AOD and higher NDRF. The CAF
value of -0.67 W m~2 is also very close to the mean of
—-0.70 W m~2 reported by Forster et al. (2007). More-
over, much larger values are obtained in the industri-
alized regions. For example, the maximum aerosol
DRF and CAF over East Asia are up to —1.0 and
-3.0 W m2, respectively.

The decadal changes in the global distribution of
aerosol RF for several decades at the TOA and sur-
face as well as in the atmosphere using RCP4.5 are
depicted in Fig. 3. For the 1980s, the TOA global
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Fig. 2. Geographical distribution of (2000-2009, relative to the pre-industrial value) annual mean (a) aerosol optical depth

(AOD), (b) aerosol direct radiative forcing (DRF) (W m~2) at the all-sky top of the atmosphere (TOA), (c) cloud droplet num-

ber concentration (CDNC; droplets cm™) at ~850 hPa, and (d) cloud albedo forcing (CAF) (W m™2). Values at top right:
global means

mean DRF (versus PI) is calculated to be —~0.30 W m™2
with strong negative forcing occurring over Central
and Northeast America, Europe and East Asia.
Changes in the aerosol DRF at the TOA and surface
in the 2000s (relative to the 1980s) decreases remark-
ably over Europe and North America and may con-
tinue to decrease until the 2030s, almost up to 2.0 W
m~2 This change is consistent with the surface
brightening phenomena reported by some re-
searchers (e.g. Wild 2009). The strong negative DRF
over Eastern China and India persist until the 2030s,
reflecting a continuous surface dimming feature. The
CAF change is similar to aerosol DRF. In contrast to
TOA cooling, the atmospheric DRF in the 1980s (rel-
ative to PI), as shown in Fig. 3, is positive over most
regions, with a global average of 0.39 W m™2. The
largest positive atmospheric DRF, up to 5.0 W m2,
occurs over Eastern China. Moreover, there are also
negative changes in the atmospheric DRF over
Northeast America and the British Isles, which is
caused by the reduction of BC loading. The strong
positive atmospheric DRF over Asian regions may
persist until the 2030s, while the atmospheric DRF
over North America and Europe becomes much
weaker.

3.2. Decadal variation of global mean aerosol RF

Fig. 4 shows the decadal changes (relative to PI) in
the annual, global and regional mean DRF due to
anthropogenic aerosols. The global mean all-sky
DRF at the TOA reaches a maximum of —0.30 Wm~™2
in the 1980s and decreases thereafter. The global
mean all-sky surface DRF peaks in the 1990s with a
value of —0.73 W m™2, and the atmospheric all-sky
DRF peaks in the 2010s for RCP4.5 with a value of
0.48 W m2. Comparatively, the regional mean DRFs
are much larger than the global average but peak in
different periods because of different temporal varia-
tions of individual aerosol loadings. Note that,
because of the dominance of sulfate aerosols, the
change in DRF at the TOA is similar to that of sulfate
loading. The TOA DRF over Europe and North
America reaches a maximum in the 1980s, but the
largest DRF over East Asia occurs under RCP4.5 in
the 2010s. On the other hand, the atmospheric DRF
coincides with variation of BC loading (Fig. 4e). The
clear-sky atmospheric DRF (not shown) is very close
to the all-sky result. Because of BC absorption in the
atmosphere, the surface DRF is stronger than the
TOA DREF (Fig. 4c). The strongest surface and atmo-
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Table 2. Global mean anthropogenic values for all-sky and clear-sky aerosol direct radiative forcing (DRF), normalized DRF
(NDRF) with respect to aerosol optical depth (AOD) for clear sky, and present day total cloud fraction. For this study, AOD
is the mean value in 0.50 to 0.625 pm. Parentheses: AeroCom multi-models range

All-sky DRF Clear-sky DRF  Clear-sky NDRF AOD Total cloud
(Wm™) (Wm? (Wm™2) fraction
AeroCom I (Schulz et al. 2006) -0.22 —-0.68 -23 0.029 0.63
(-0.41 to 0.04) (—0.94 to -0.29) (=33 to -10) (0.014 to 0.046) (0.57 to 0.70)
AeroCom II (Myhre et al. 2013) -0.27 -0.67 -26.8 0.0295 0.57
(-0.58 to -0.02)  (-1.01 to -0.35) (-76 to —17.4)  (0.0099 to 0.0527) (0.25 to 0.66)
This study -0.27 -0.63 -40.35 0.0155 0.6

spheric DRF occur over East Asia, with values of
—4.48 and 3.20 Wm™?, respectively, under the RCP4.5
scenario in the 2010s.

By the end of the 21st century, the aerosol DRF over
Europe and North America is projected to decrease
below the PI level. In particular, the rapidly deceas-
ing BC loading in the 2 regions results in a weaker
atmospheric DRF from the middle of the 21st century
with respect to the PI. In contrast, the stronger DRF
over East Asia could last several decades until the
2030s, thus implying that anthropogenic aerosol forc-
ing in the near future is projected to be increasingly
important over East Asia. As shown in Fig. 4b,d, the
DRF at the TOA and surface are much larger in
the absence of clouds. Under RCP4.5 in the 2010s,
the maximum TOA DRF over East Asia increases
from about —1.29 W m™? under all-sky conditions to
-3.51 W m~2 under clear-sky conditions, and the cor-
responding maximum European value in the 1970s
increases from -2.10 to —3.35 W m™2. The clear-sky
TOA DRF depends on the aerosol loading and, more
importantly, on atmospheric moisture, as shown in
Table 3, which has large values over East Asia. As a
result, the hygroscopic effects, mainly due to water-
soluble sulfate aerosols, lead to larger clear-sky DRF
over East Asia. As listed in Table 3, the sulfate DRF
normalized by mass loading to exclude the loading
effect over East Asia is therefore considerably larger
than the regional mean over Europe. Similar to the
variation of BC and sulfate loading, the future aerosol
DRF for RCP8.5 over East Asia is slightly stronger
than that for RCP 4.5 and is projected to contribute
more DRF compared to the 2 other regions.

Fig. 5 shows the variation of decadal mean global
and regional aerosol indirect RF. The 850-hPa CDNC
change from the PI to the late 20th century shows the
same increasing trend as the sulfate loading. The
biggest CDNC change occurs in the European region
in the 1970s, and the second largest change in CDNC
happens in East Asia in the 2010s. According to the
empirical relationship, the increase of CDNC will

reduce the effective radius of the warm cloud (r) if
the cloud water content and other meteorological
fields are fixed. As presented in Fig. 5b, r, continu-
ously decreases while the CDNC increases in Europe
until the 1970s; similarly, the averaged r, over East
Asia decreases until the 2010s. The largest r, change
of 0.338 um over East Asia under RCP4.5 in the 2010s
is slightly larger than the change of 0.324 pm over
Europe because the cloud water content over the for-
mer is stronger than the latter. However, the pro-
jected r, over East Asia is 0.323 pm under RCP8.5 in
the 2010s, which shows that the projected regional
CAF is also very sensitive to the aerosol loading. As
shown in Fig. 5¢, the temporal change of global an-
nual average CAF is very similar to the TOA DRF,
but the global mean maximum of —0.67 W m~2 occurs
in the 2000s. The CAF peak over East Asia is about
4 decades later than in the European and North
American regions. Moreover, the CAF peaks are
-2.13 and —2.01 W m~2 over East Asia for RCP4.5 and
RCP8.5, respectively, which are twice as high as the
1970s peak of —1.0 W m~2 over Europe (Fig. 5¢).

As also pointed out by Skeie et al. (2011) and
Lamarque et al. (2011), starting in the 1970s, the sul-
fate and BC loading centers in the Northern Hemi-
sphere begin to move southward, which most likely
affects the aerosol DRF and CAF distribution because
of the difference in the climate regimes between the
tropical and mid-latitudes. Fig. 6 shows the latitude—
time evolution of aerosol RF. The strong TOA DRF
around 40° N begins to decrease, and the peak posi-
tion moves southward to the low latitudes from the
1980s (Fig. 6a). For the atmosphere (Fig. 6b), there
are 2 periods with stronger positive DRF: one in the
early 20th century over 45° N, with a large BC loading
in the United States and British Isles; and another
from the 1980s to 2050s at 30°N, mainly caused by
the strong BC loading in Asia. Meanwhile, there is
also a large positive DRF over the tropical regions.
Fig. 6c shows that the negative surface DRF is
stronger than TOA DREF, and its peak period is also
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later than at the TOA but earlier than the atmosphere.
For CAF (Fig. 6d), the southward shifting is more evi-
dent than in the DRF. The shift begins in the 1970s,
and the forcing peak could remain at a high level
until the 2040s. It is noted that the strong aerosol RF
can persist over 5 decades in the lower latitudes of the
Northern Hemisphere. Additionally, although the
evolution pattern under RCP8.5 is similar to RCP4.5,
the projected aerosol RF in low latitudes could persist
longer. This indicates that—under a higher sce-
nario—low latitudes (especially East Asia) are pro-
jected to contribute more to anthropogenic aerosol RF
in the next decades. With the change of aerosol RF to
low latitudes, the spatial pattern of radiative energy
budget at TOA may be somewhat perturbed. In this
way, the change in East Asian aerosol RF likely im-
poses larger climate impacts, and more attention
should be paid to this in the future.

The maximum values and the corresponding peri-
ods of aerosol RF (relative to the PI) are summarized
in Table 4 for the globe and several regions. The
global aerosol RF at the TOA peaks in the 1980s,

which is consistent with the conclusion by Shindell et
al. (2013), but the surface DRF, atmospheric DRF, and
CAF have different peak periods with respect to the
TOA DRF. The combined aerosol RF (DRF and CAF)
peaks over Europe and North America around the
1970s with a magnitude of up to -2.0 W m~2. Both
aerosol DRF and CAF in East Asia peak under the
RCP4.5 scenario in the 2010s with much larger maxi-
mum values than the global averages, indicating that
aerosols will exert strong forcing on the regional cli-
mate system. Since the aerosol RF is substantial, we
further compare its magnitude with the warming
forcing due to the major GHGs including CO,, CHy,
N,0O, HFCs, PFCs, SF6, and Montreal Protocol gases.
The decadal TOA DRF due to GHGs relative to the PI
is calculated using the dataset from the CMIP5 web-
site. During most periods, the warming TOA RF due
to GHGs is much larger than the global mean values
of combined aerosol RF (DRF and CAF), reaching
4.27 W m~2 for RCP4.5 and 7.84 W m~2 for RCP8.5 by
the end of the 21st century (Fig. 7). However, it is
totally different when examined over East Asia: the

180°
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Table 3. Annual mean meteorological variables simulated from our atmospheric general circulation model, aerosol loading in
NCAR dataset, and sulfate direct radiative forcing (DRF) and normalized DRF (NDRF) by its loading and peak time (Global:
1980s; Europe: 1970s; East Asia: 2010s) in different regions. TOA: top of the atmosphere. Here, the projected value is for RCP4.5

Precipitatable Total cloud Cloud water Total aerosol loading  Sulfate DRF at TOA  Sulfate NDRF at
water (mm) amount  path (g m™?) (mg m~?) (Wm™?) TOA (Wg)

Components All aerosols Sulfate All-sky Clear-sky All-sky Clear-sky
Global 27.05 0.6 97.44 2.92 2.34 -0.39 —0.66 -168 —-280
Europe 15.75 0.49 91.68 14.52 12.96 -1.46 -2.33 -113 -180
East Asia 29.06 0.46 103.03 15.39 10.89 -1.88 -3.46 -173 -318

combined aerosol RF is quite large, comparable to
the warming RF due to GHG before the 2030s. For
example, the combined aerosol RF value of -3.42 W
m~2 in the 2010s is even slightly larger than the cor-
responding GHG RF (-3.28 W m?) in East Asia for
RCP4.5. This implies that the aerosol cooling largely
offsets the warming RF due to GHGs over East Asia
in the first half of the 21st century. Of course, the
present model estimation of aerosol RF in East Asia is
still subject to very large uncertainties (Myhre et al.
2013). Some works (e.g. Chang & Liao 2009) suggest
the aerosol negative DRF might be even higher than
our values in Eastern China. Considering the severe

air pollution over China in recent years (Zhao et al.
2013), the actual aerosol RF in Eastern China may be
much stronger than the estimation in this study, and
levels are likely to persist in the near future.

3.3. Sensitivity of aerosol DRF to atmospheric
moisture

In addition to atmospheric loading, the aerosol RF is
also determined by many other factors, such as air
moisture, cloud macro- and micro-physical properties,
surface albedo, solar radiation and others. Of these
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factors, air moisture (that affects the aerosol hygro-
scopic effects) has strong regional variation (Li et al.
2012). Here, we use sulfate aerosols as an example to
examine the effect in different regions, especially un-
der clear-sky conditions. The contrasting sulfate load-
ing between the 1990s and 2000s show a decrease
over Europe, but an increase over East Asia. The do-
mains are the same as in section 3.

The observational climatology of air moisture is
derived from the ERA-Interim dataset (Uppala et al.
2008). As shown in Fig. 8a,b, the strongest observa-
tional air moisture occurs over East Asia in summer,
when the heaviest sulfate loading also occurs
(Fig. 8c,d). Thus, the higher air moisture over East
Asia in summer provides a good setting for studying
the hygroscopic effects of hydrophilic aerosols. The
results, depicted in Fig. 9a,b, show that the strongest
clear-sky DRF due to sulfate occurs over East Asia

and coincides with maximum air moisture in August.
This aspect becomes even clearer when we examine
the normalized clear-sky DRF to exclude the effects
of sulfate loading. Fig. 9c,d clearly show that the
clear-sky sulfate NDRF in summer is the strongest
over East Asia and the weakest over Europe, with
North America between.

Since the calculated aerosol DRF depends on the
realism of the simulated moisture, here we also dis-
cuss the uncertainty of DRF associated with the
model biases. Compared to the observational RH (not
shown), the model underestimates the RH in all 3
regions, although the biases are relatively larger
over Europe than the other 2 regions. Consequently
the hygroscopic effect is underestimated over Eu-
rope. In East Asia, the simulated air moisture is more
accurate than Europe. Therefore, given the sulfate
loading, the water uptake of sulfate will be relatively
well simulated over East Asia, which leads to the
stronger clear-sky DRF. This feature is more obvious
in the 2000s (Fig. 9b), when the sulfate loading over
East Asia is close to that over Europe (Fig. 8d). The
results presented here indicate that estimating
aerosol DRF in a climate model is very sensitive to
the atmospheric moisture. Moreover, the work by Li
et al. (2012) showed that the improvement of RH sim-
ulation could slightly increase AOD and DRF over
Europe, but the effects of stronger summer climato-
logical air moisture over East Asia play dominant
roles in aerosol DRFas compared to this RH improve-
ment, which therefore does not affect the results pre-
sented in Figs. 1 & 9. The effects of cloud on aerosol
DRF are also important. We do not further discuss
associated all-sky issues here because of the com-
plexity of cloud properties.

3.4. Observational validation in East Asia

Due to sparse in situ aerosol observations over
China, there are few observational comparisons for
aerosol mass concentration, which add further diffi-
culties in estimating aerosol RF in East Asia, as well
as the aforementioned effects of air moisture. Here,
we use surface mass density from the Chinese aero-
sol network (Zhang et al. 2012) to validate the simu-
lation of BC and sulfate mass. These dataset are from
14 sites from 2006 to 2007 and have been averaged
into annual mean results. Fig. 10 shows the scatter
relationship between simulations and observations
for BC and sulfate aerosols. It is clearly seen that sim-
ulated BC and sulfate surface concentrations are
even less than half of the corresponding observations
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Fig. 6. Time evolution of zonal-averaged anthropogenic aerosol (a—c, e—g) direct radiative forcing (DRF) and (d-h) cloud albedo
forcing (CAF). (a) At top of the atmosphere (TOA), (b) in the whole atmosphere, (c) at the surface, and (d) CAF under RCP4.5;
(e=h) corresponding aerosol RFs under RCP8.5. Note: DRF is relative to pre-industrial (PI) values and for all-sky conditions

at most sites, which indicates that the aerosol simula- the observation, Fig. 11 presents the satellite re-
tion used in this study seriously underestimates the 2 trieved AOD at 0.55 pm for small mode aerosols,
aerosol surface mass concentrations. The largest which are mainly contributed by anthropogenic
aerosol mass is distributed in the low-level atmos- activities. Although the spatial pattern of AOD is

phere, so the anthropogenic AOD and TOA DRF basically reproduced, its magnitude over East Asia is
dominated by sulfate and the atmospheric DRF much weaker than the satellite dataset, especially in
mainly by BC may also be underestimated over Eastern China, where most serious anthropogenic
China. To roughly compare our calculated AOD with small mode aerosols exist (Van Donkelaar et al.
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Table 4. Peak periods and values of aerosol radiative forcing (RF) (DRF: direct RF and CAF: cloud albedo forcing) relative to
pre-industrial values. Parentheses: results for clear-sky conditions. Different values in RCP4.5 and RCP8.5 are presented for

T T T — T — T

projected DRF
Components DRF (W m™2) CAF (Wm™)
TOA Surface Atmosphere
Global 1980s 1990s 2010s 2000s
—-0.30 (-0.65) —-0.73 (-1.08) RCP4.5: 0.48 (0.46) -0.67
RCP8.5: 0.46 (0.44)
East Asia 2010s 2010s 2010s 2010s
RCP4.5: -1.29 (-3.51) RCP4.5: -4.48 (-6.80) RCP4.5: 3.20 (3.29) RCP4.5: -2.13
2020s RCP8.5: —4.39 (-6.60) RCP8.5: 3.19 (3.29) RCP8.5: -2.01
RCP8.5: -1.21 (-3.34)
Europe 1970s 1970s 1930s 1970s
-2.10 (-3.39) -2.89 (-4.14) 1.00 (1.12) -1.13
North America 1970s 1980s 1910s 1970s
-1.18 (-1.87%) —-0.87 (-1.44) 0.89 (0.99) -1.00
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Fig. 7. Cumulative bar graph for the time series of RF due to greenhouse gases (GHGs) and aerosols relative to the pre-industrial

era. Red bar: global mean GHG RF at TOA; light and deep blue bars: global mean aerosol DRF and CAF at the all-sky TOA, re-

spectively; Light and deep green bars: corresponding results for the East Asian mean DRF and CAF, respectively. Total length
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2010). Thus, since major aerosol mass and resulting
AOD are underestimated, the calculated clear-sky
DREF is easily influenced in a similar way. Moreover,
considering strong hygroscopic effects by hydro-
philic sulfate, underestimation of sulfate mass defi-
nitely then reduces the magnitude of atmospheric
column AOD and clear-sky DRF at the TOA and sur-
face. In fact, the model work by Liu et al. (2012) and
Shindell et al. (2013) also revealed that simulated
AOD over Eastern China is weaker than observa-
tions. So, at least based on this study, present aerosol
DRF over East Asia should very likely stay at a higher
level than the estimations.

4. CONCLUSION AND DISCUSSION

This study uses long-term aerosol data simulated
from the NCAR CAM-Chem model as inputs to the

LASG AGCM to study the decadal variation of
anthropogenic aerosol DRF and CAF with the em-
phasis on East Asia. The major conclusions from the
study can be summarized as follows.

In terms of the global mean, the largest DRF at the
all-sky TOA (-0.30 W m~2) and CAF (-0.67 W m™2)
relative to PI occur in the 1980s and 2000s, respec-
tively, while a maximum atmospheric positive forcing
of 0.48 W m™2, mainly due to BC, is found around the
2010s for RCP4.5. The regional aerosol RF in the
Northern Hemispheric industrial regions is much
stronger than the global mean and shows a different
temporal evolution. The aerosol RF (all-sky TOA DRF
and CAF) peaks over Europe and North America
around the early 1970s. In East Asia, the largest
aerosol DRF occurs in the late 2010s for RCP4.5. Par-
ticularly, in developing Eastern China, the stronger
negative surface and positive atmospheric DRF, due
to absorbing aerosols, are projected to persist until
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Fig. 8. Seasonal variation of (a) ERA-Interim observed and (b) simulated precipitable water (PW; mm); sulfate loading (mg m~2)
in the (c) 1990s and (d) 2000s. NA: North America, EU: Europe, EA: East Asia

the 2030s, and the largest magnitude could be over
5.0 W m~2, Because of the rapidly decreasing DRF in
Europe and North America, a greater contribution to
projected aerosol DRF could be from East Asia, espe-
cially in the high-range RCP8.5 scenario. Therefore,
a shift in aerosol RF centers from the mid-latitudes to
low-latitudes started in the 1980s and is projected to
become more obvious in the next decades. Mean-
while the combined negative aerosol direct RF and
CAF (with a peak value of -3.42 W m~2 in the 2020s
over East Asia under RCP4.5) could be comparable in
magnitude to the positive RF attributed to GHGs.
Furthermore, and perhaps more importantly, the
higher atmospheric moisture over East Asia helps to
enhance the hygroscopic effects of hydrophilic aero-
sols, then strengthens resulting aerosol AOD and

DRF at clear-sky TOA and surface, and even influ-
ence their long-term change. The simulation biases
of air moisture in our AGCM also add some uncer-
tainties for estimating regional aerosol DRF. The
observational comparisons reveal that present simu-
lated surface concentrations of key anthropogenic
aerosol species (sulfate and BC) and resulting optical
depths are highly underestimated in Eastern China.
This underestimation very likely makes the anthro-
pogenic aerosol DRF over Eastern China and even
East Asia lower than the actual values. So, further
studies should be conducted in order to improve East
Asian aerosol regional features in climate models.
Clearly, the results in this study have many uncer-
tainties. (1) The aerosol mass dataset provided by the
NCAR CAM-Chem is subject to uncertainties in the
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surface emissions of aerosol precursors and resulting
atmospheric loading, especially for East Asia. The
multi-model comparison results by Myhre et al.
(2013) showed that the largest uncertainties in
aerosol DRF due to anthropogenic aerosol species
lies in East Asia. Hence, further model and observa-
tional studies are needed to examine aerosol RF at

regional scales to reduce relevant uncertainties. (2)
The aerosol DRF depends highly on the aerosol
radiative properties. In this study, BC is treated as a
dry aerosol and the hygroscopic effect is ignored.
This treatment tends to underestimate aerosol DRF.
The external mixing treatment is used in our work
because of aerosol dataset and model limitations, but
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Fig. 10. Modeled (interpolated to observational sites) and observed annual

mean surface (a) sulfate and (b) black carbon (BC) concentration in China. Sim-

ulation and observational periods are the 2000s and 2006-2007, respectively.
Solid line = 1:1 line; dashed lines = 1:2 and 2:1 lines

internal mixing among different aero-
sol species generally exists in many
real cases, which has direct effects on
aerosol DRF (Ghan & Zaveri 2007).
Necessary attention to these issues
should be paid in further studies. (3)
This study does not consider the con-
tribution of nitrate to CAF. Earlier
work (Liao & Seinfeld 2005, Bellouin
et al. 2011) pointed out that nitrate
emissions are increasing rapidly, and
its contribution to aerosol RF could
exceed sulfate in the late 21st cen-
tury; therefore, it is important to
include nitrate aerosols into aerosol
CAF, especially when examining the
projected change. (4) The aerosol RF
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is certainly subject to biases inherent in the model
simulations of atmospheric moisture and clouds. Sub-
stantial differences exist between simulated and
these observed meteorological conditions. Some im-
provements in climate models (including our AGCM)
processes are expected to reduce aerosol DRF uncer-
tainties caused by model biases. Moreover, the aero-
sol CAF is closely related to not only aerosol mass,
but also their number distribution. The empirical for-
mula for relating aerosol to CDNC and the following
cloud optical properties cannot represent CAF well
in some cases. For example, there are many disad-
vantages if the empirical method based on present
and regional observations is used in other periods or
regions (Pringle et al. 2009). So increasingly, studies
tend to use mechanistic methods to treat aerosol-
cloud relations (Ghan & Schwartz 2007, Cheng et al.
2010). However, it should be pointed out that simu-
lated aerosol states and model parameterization dif-
fer significantly in present climate models, which

then bring some difficulties for estimating aerosol
indirect CAF, even if mechanistic methods are used.
Considering such large uncertainties in estimating
aerosol RF, it is necessary for the community to use
multiple methods, including empirical, mechanistic,
and observation-based approaches to examine
aerosol RF and reduce the regional uncertainties.
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