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[1] We examine the direct effect of anthropogenic sulfate aerosol from China on the sea
surface temperature (SST) variability in the North Pacific, especially focusing on the
Pacific Decadal Oscillation (PDO) using a coupled general circulation model (CGCM).
We conduct two long-term simulations, i.e., the Exp_Asia and the Exp_Asia_2x.
Anthropogenic sulfate aerosols are prescribed in China only in the Exp_Asia. The
conditions for the Exp_Asia_2x simulation are the same as in the Exp_Asia simulation,
except the concentration of the anthropogenic sulfate aerosols in China is two times higher
than that of the Exp_Asia simulation. It is found that the spatial structure of the PDO
changes slightly despite an increase in the anthropogenic sulfate aerosol in China.
In contrast, the temporal structure of the PDO is significantly altered between the two
simulations. The variance in the PDO index in the boreal winter (December-January-
February) and spring (March-April-May) is enhanced for the Exp_Asia_2x on
low-frequency timescales (>10 years) compared to that of the Exp_Asia simulation.
Upon further analysis, the results of our study indicate that the change in the PDO index
from the Exp_Asia to the Exp_Asia_2x is associated with the change in the mean SST
in the Kuroshio-Oyashio Extension (KOE) region through the modification of atmospheric
circulation. The change in SST in the KOE region is primarily associated with a wave-like
temperature structure forced by the diabatic cooling in the low-level atmosphere in
China through the modification of atmospheric circulation, which is caused by an increase
in the anthropogenic sulfate aerosols. Therefore, it is possible for the temporal structure of
the North Pacific SST variability (i.e., PDO) to be altered through the mean SST change
in the North Pacific Ocean caused by an increase in regional sulfate aerosols in China.
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1. Introduction

[2] As reported in the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report [Trenberth et al.,
2007], an increase in anthropogenic greenhouse gases and

atmospheric aerosols caused by human activity is recognized
as the primary force responsible for climate change over the
globe. Among these gases and aerosols, sulfate aerosols cool
the Earth directly by increasing the scattering of solar
radiation and indirectly by providing condensation nuclei
for cloud formation; the latter modifies the microphysics,
radiative properties, lifetime, and extent of clouds [Huang
et al., 2007a]. A direct effect from scattering alone is the
cooling of both the surface and atmosphere and an increase
in the Earth’s albedo [Charlson et al., 1991; Schwartz,
1996; Huang et al., 2007b]. In contrast, indirect effects from
an increase in aerosols are an increase in the cloud droplet
concentration and a decrease in the cloud drop size, which
results in an increase in cloud albedo [Twomey, 1974;
Hansen et al., 1997].
[3] The sources of sulfate aerosols are anthropogenic,

biogenic, and volcanic activities [Chin and Jacob, 1996].
Approximately 70% of the global emissions of sulfur to the
atmosphere are anthropogenic, and 70% of the anthropogenic
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sources are concentrated in the United States, Europe, and
eastern Asia [Spiro et al., 1992; BenKovitz et al., 1996].
The concentrations of anthropogenic aerosols are the highest
over those regions with high industrial activities and/or
biomass burning [Charlson et al., 1992; Kiehl and Briegleb,
1993; Penner et al., 2001; Ramanathan et al., 2001; Menon
et al., 2002]; however, their climate impacts are very com-
plex. It is apparent that anthropogenic aerosols exert a
radiative influence on the climate that is comparable to that
of greenhouse gases, but opposite in sign. The effects of
anthropogenic aerosols on the climate have been studied
extensively in the past, with the studies focusing on estima-
tion of the direct and indirect impacts on radiative forcing,
surface temperature, cloud radiative properties, and precip-
itation [Charlson et al., 1991; Haywood et al., 1997;
Menon et al., 2002; Giorgi et al., 2002; Andreae et al.,
2004; Korean et al., 2004; Huang et al., 2007b]. In addi-
tion, recent studies have examined how climate-chemistry
interactions contribute to change in atmospheric composi-
tion and climate forcing in the future [Isaksen et al., 2009].
[4] However, a critical uncertainty in assessing the effect

of anthropogenic sulfur emission on the climate exists in
terms of the spatial and temporal extent of the anthropogenic
aerosol. In addition, previous studies have primarily focused
on the aforementioned issues in atmospheric chemistry and
atmospheric climate variability. To date, a limited number
of studies [Chung and Ramanathan, 2006; Evan et al.,
2011] have focused on how anthropogenic aerosol forcing
is associated with oceanic variables, such as sea surface
temperature (SST), using a long-term period of simulation
with the ocean-atmosphere coupled general circulation
model (CGCM) [Shindell et al., 2008; Kloster et al., 2010;
Koch et al., 2011].
[5] According to previous studies, the total energy con-

sumption in Asia more than doubled between 1980 and
2003, causing rapid growth in Asian emissions including a
119% increase in SO2 emissions [Ohara et al., 2007]. In par-
ticular, the emissions in China showed a marked increase
during that time period, and the growth in emissions since
2000 has also been extremely high [Lu et al., 2010]. This
increase in China’s emissions is primarily caused by the
increase in coal combustion in power plants and industrial
sectors. Therefore, we may conclude that the total emission
for Asia is strongly influenced by the emissions in China.
In addition, the largest increase in SO2 emission between
2000 and 2030 is expected to occur in China, based on the
scenarios used in the ACCENT model comparisons [Isaksen
et al., 2009; Stevenson et al., 2006]. In this paper, we focus
on how the increase in anthropogenic sulfur emissions in
China affects the North Pacific SST variability, including
the Pacific Decadal Oscillation (PDO), which is the most
dominant SST variability in the North Pacific, in particular.
The fact that the North Pacific is located downstream of
China makes it possible for changes in the anthropogenic
sulfur emissions to influence the SST variability in the North
Pacific. In order to study this phenomenon, we compare two
runs: a control run in which the anthropogenic sulfate aerosols
are prescribed in China in a CGCM and another run that is the
same as the control run except the concentrations of anthropo-
genic sulfate aerosols in China are doubled. From this point
forward, we refer to the former and the latter experiments
as the Exp_Asia and the Exp_Asia_2x, respectively.

[6] Detailed descriptions of the model and methodology
are provided in section 2. In section 3 we discuss the results
based on the two simulations of the CGCM in the Exp_Asia
and the Exp_Asia_2x using the CGCM. Concluding remarks
are given in section 4.

2. Model and Methodology

[7] We run the Community Climate System Model ver-
sion 2 (CCSM2) that includes atmospheric, oceanic, sea
ice, and land component models mutually linked by means
of a coupler [Kiehl and Gent, 2004]. The atmospheric
component of the CCSM2 is the Community Atmospheric
Model version 2.0 (CAM2), which has a T31 horizontal
resolution and 26 vertical levels. The ocean component uses
the Parallel Ocean Program [Smith et al., 1992], which has a
horizontal resolution of 3.75� in the zonal direction and 1.2�
in the meridional direction. The land and sea ice components
of the CCSM2 are the Community Land Model version 2.0
and the Community Sea Ice Model version 4, respectively,
which have the same horizontal resolution as the atmospheric
and ocean component models. A more detailed description of
the CCSM2 can be found in a previous study by Kiehl and
Gent [2004]. We use the observation SST data that are
taken from the extended, reconstructed SST version 3
[ERSST.v3; Smith et al., 2008] for a comparison with the
model output. The ERSST data have a 2.0� spatial resolu-
tion. The period during which all of the data were collected
spanned 60 years, from 1950 to 2009. In addition, the linear
trends and the climatological seasonal cycle are removed
from the observation SST.
[8] In order to focus on the role of the anthropogenic

sulfate aerosols in China, we purposely remove from the
CAM2 the impacts of the anthropogenic sulfate aerosols in
all of the other regions except East Asia. Therefore, in the
Exp_Asia simulation, we prescribe the annual mean emis-
sion of the anthropogenic sulfate aerosols in China at
2001, which is obtained using the global chemical transport
model [Park et al., 2004] with the latest gridded anthropo-
genic SO2 emissions over the Asian domain (60�E to
158�E and 13�S to 54�N) [Streets et al., 2006; Zhang
et al., 2009]. The inventory was based on the studies by
Streets et al. [2006], which improved estimations for
Chinese industrial sources that had been underestimated in
the inventory developed earlier.
[9] Figures 1a and 1b show the annual mean concentrations

of the anthropogenic sulfate aerosols prescribed in China in
the Exp_Asia and Exp_Asia_2x simulations, respectively.
The highest concentration of anthropogenic sulfate aerosols
is found in East China in the Exp_Asia simulation. For the
Exp_Asia_2x simulation, we doubled the concentration of
the anthropogenic sulfate aerosols used in the Exp_Asia.
Therefore, the differences between the two runs are solely
because of the enhanced concentrations of anthropogenic
sulfate aerosols in the Exp_Asia_2x relative to the Exp_Asia
simulation. In this study, we conducted a simulation for 550
years in Exp_Asia. In Exp_Asia_2x, the concentration of
anthropogenic sulfate aerosols gradually increases in the
simulation period of 120 years until it reaches 2 times as much
as that in Exp_Asia, and then we spin up the model in the sim-
ulation period of 80 years. Therefore, Exp_Asia_2x has been
run for 400 years and all of the analysis shown here is based
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on the data for the last 200 years, which has been compared
with Exp_Asia. Note that aerosol indirect effects are not
included in both simulations.
[10] Figure 2a shows the difference in the downwelling

shortwave flux at surface between the Exp_Asia_2x and
the Exp_Asia (Exp_Asia_2x minus Exp_Asia) results
during the entire simulation period. A large reduction in
the surface shortwave flux, which is mainly caused by a
direct effect of the anthropogenic sulfate aerosols in the
CGCM, is found in China. The concentration of the anthro-
pogenic sulfate aerosols in China in the Exp_Asia_2x simu-
lation is twice the concentration in the Exp_Asia simulation,
as shown in Figure 1. These results indicate that the direct
effect of anthropogenic sulfate aerosols is reasonably
simulated using Exp_Asia_2x. In contrast, Figure 2b is the
same as Figure 2a except for the difference in radiative for-
cings at the surface, i.e., the summation of net shortwave
flux and net longwave flux, between the two simulations
during the entire simulation period. One can see that the
difference in radiative forcings at the surface in China is
mostly caused by downwelling shortwave flux between the
two simulations. In contrast, there are also regions where
the difference in radiative forcings at the surface is signifi-
cant in the downstream region of the North Pacific
including the Yellow Sea. This might be associated with

changes in atmospheric circulation, which will be discussed
in section 3.

3. Results

[11] First, we determine the spatial structure of the PDO in
the observation data (Figure 3a) and the simulation data
from the Exp_Asia (Figure 3b) and Exp_Asia_2x (Figure 3c)
simulations, which are obtained using the leading empirical
orthogonal function (EOF). The spatial structure accounts
for 24%, 21%, and 23% of the total variance in the SST
anomalies in the observation, Exp_Asia, and Exp_Asia_2x
data, respectively. The geographical pattern of the models’
PDOs for the Exp_Asia and Exp_Asia_2x simulations has
both some similarities to and some differences from that of
the observation data. The overall spatial manifestations of
the positive phase of the simulated PDOs in both runs
(Figures 3b and 3c) are characterized by cool temperatures
in the western and central North Pacific with an elliptical
shape and are accompanied by anomalously warm tempera-
tures to the east, north, and south. These results seem to be in
agreement with the observation data results (Figure 3a).
However, the details of PDO structure in both simulations
have some differences from those in the observation. For
example, the center of the simulated PDO is shifted to the

Figure 1. Annual mean concentration of the column-integrated anthropogenic sulfate aerosols
prescribed in the (a) Exp_Asia run and the (b) Exp_Asia_2x run. Unit is mg/m2.
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west in both runs, and its maximum variance is located in the
western North Pacific along the Kuroshio-Oyashio
Extension (KOE) near 40�N in comparison with the obser-
vation data. The PDO in the observation data has its primary
maximum in the central North Pacific with a secondary max-
imum along the KOE [Deser and Blackmon, 1995; Mantua
et al., 1997; Nakamura et al., 1997; Schneider and
Cornuelle, 2005; Kwon and Deser, 2007]. Note that the
pattern correlation between the PDOs (Figures 3b and 3c)
simulated in Exp_Asia and Exp_Asia_2x is 0.98, which is
statistically significant at the 95% confidence level. We
argue that an increase in the anthropogenic sulfur in China
has little impact on the spatial pattern of the PDO by directly
comparing the simulated PDOs of both runs.
[12] In order to determine the changes in the temporal

structure of the PDO, we examine the power spectrum of
the PDO index in the Exp_Asia, the Exp_Asia_2x simula-
tions and the observations (Figure 4) based on Tukey’s
spectral analysis. The PDO index is defined as the principal
component time series of the leading EOF in each run.
Various timescales of variability from a short period to low-
frequency timescales may be found in the PDO indices in both
runs and the observation. In addition, the spectral density of
the PDO indices in both runs exhibits pronounced decadal var-
iability without a spectral peak, which also can be found in the
observations. The PDO index in the Exp_Asia_2x simulation
varies significantly on the low-frequency timescales, while
the indices in both the Exp_Asia simulation and the observa-
tion do not. For instance, the spectral density of a longer
period than the 10 year period is significantly higher in

Exp_Asia_2x than in Exp_Asia and the observation by as
much as 50%.
[13] Interestingly, a similar increase in the spectral density on

the low-frequency timescales is also found in the PDOvariabil-
ity during the boreal winter (December-January-February) and
spring (March-April-May) (Figures 5a–5f). Figures 5a–5c are
the same as Figure 4, except they are for spring. Figures 5d–5f
are the same as Figure 4, except they are for winter. First of all,
the spectral density of Exp_Asia (Figures 5a and 5d) and the
observation (Figures 5c and 5f) is similar in terms of their
magnitude during both seasons. In contrast, the spectral
density above the decadal (>10 year period) timescales in
Exp_Asai_2x is significantly higher (with a spectral peak
around 25 years) by as much as 4 times, than the Exp_Asia
simulation and the observation in both seasons. It should be
noted that the spectral density of the PDO variability
during the boreal summer (June-July-August) and fall
(September-October-November) does not show a significant
difference when compared to that during the winter and spring
(not shown here). Overall, these results indicate that an increase
in the anthropogenic sulfate aerosols in China tends to change
the temporal structure of the PDO on the low-frequency time-
scales, during the spring and winter in particular.
[14] The spatial structure of the simulated PDOs in both

runs is characterized by a maximum variance of the SST
anomaly (SSTA) in the KOE region near 40�N, as shown
in Figures 3b and 3c. This result indicates that the PDO var-
iability is highly correlated with the SST variability in the
KOE region. As expected, the PDO index is highly correlated
with the variability of the average SSTA in the KOE region

Figure 2. (a) Spatial difference between the Exp_Asia_2x run and the Exp_Asia run (Exp_Asia_2x
minus Exp_Asia) in the downwelling shortwave radiation flux at the surface during the entire simulation
period. (b) is the same as (a) except for the radiative forcing at the surface. Unit is W/m2. Shading denotes
the region where the difference is statistically significant at the 90% confidence level based on the T-test.
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(35�N to 45�N, 140�E to 170�E). The simultaneous correla-
tion coefficient is statistically significant at a 99% confidence
level during the four seasons in both the Exp_Asia and the
Exp_Asia_2x simulations (Table 1). Not surprisingly, the
SSTA variability in the KOE region also changed in a similar
manner to the PDO index from the Exp_Asia to the Exp_
Asia_2x simulations, as shown in Figure 5. In other words,
the SSTA variance is greater in the Exp_Asia_2x simulation
than the Exp_Asia simulation on the low-frequency timescale
during the spring and winter (not shown).
[15] Figures 6a–6d illustrate the differences in the SSTA

standard deviations between the Exp_Asia and the Exp_
Asia_2x simulations (Exp_Asia_2x minus Exp_Asia) during
the four seasons. The SSTA variability is significantly
greater in the Exp_Asia_2x simulation than the Exp_Asia
simulation, particularly during the spring (Figure 6a) and
winter (Figure 6d). This result is consistent with the results
shown in Figure 5, which displays the enhanced spectral
density of the PDO index during the spring and winter.
Therefore, it would be useful to investigate the physical pro-
cesses associated with the changes in the SSTA variability in
the KOE region during spring and winter in order to under-
stand the changes in the temporal structure of the PDO index
between the Exp_Asia and the Exp_Asia_2x simulations.
[16] We first examine the differences in the El Niño and

Southern Oscillation (ENSO) amplitude during the spring
and winter between the two runs (Figures 7a and 7b) in order
to examine the effects of SST forcings in the tropical Pacific.
There is little difference in the ENSO amplitude between the
two runs during both of the seasons. In addition, no
change is found in the ENSO frequency between the
Exp_Asia_2x ando the Exp_Asia simulations during
winter, when the ENSO frequency simulated in the two runs
has a strong spectral density on the biennial timescales (not
shown). Overall, there are no significant changes in the ENSO
properties between the Exp_Asia and the Exp_Asia_2x
simulations in terms of amplitude and frequency. Therefore
we can conclude that the temporal changes in the PDO index
between the Exp_Asia and the Exp_Asia_2x simulations did
not originate from the tropics.
[17] We hypothesize that the changes in the mean SST in

the North Pacific are responsible for the changes in the tem-
poral structure of the PDO index between the Exp_Asia and
the Exp_Asia_2x simulations. We find that a large reduction
in the surface shortwave flux in China, which is primarily
because of a direct effect of the anthropogenic sulfate aero-
sols in the CGCM (Figure 2a), is able to change the mean
SST in the downstream region of the North Pacific through
a wave-like structure of anomalous temperature. Not surpris-
ingly, the difference in radiative forcings at the surface is
also characterized by a wave-like structure in the down-
stream region of the North Pacific (Figure 2b), indicating
that changes in atmospheric circulation exist that lead the
changes in radiative forcings over the North Pacific.
Figure 8a shows the difference in surface mean temperature
between the Exp_Asia and the Exp_Asia_2x simulations
(Exp_Asia_2x minus Exp_Asia), which is largely consistent
with the difference in radiative forcings at the surface in
terms of their spatial pattern. An anomalous negative tem-
perature is observed in China where the concentration of
the anthropogenic sulfate aerosol in the Exp_Asia_2x simu-
lation is double than in the Exp_Asia simulation (Figure 1).

Figure 4. Power spectrum of the PDO index in the Exp_
Asia (black), the Exp_Asia_2x (red), and the observation
data for the period of 1950-2009 (green). The solid line
denotes the power spectra, and the dashed line corresponds
to the red-noise power spectra at a 95% confidence level.

Figure 3. The leading empirical orthogonal function
(EOF) in the (a) observation data, (b) the Exp_Asia run,
and (c) the Exp_Asia_2x run. Shading denotes positive
values. The contour interval is 0.02 and the unit is
nondimensional.
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In contrast, a significantly warm temperature is found in the
Yellow Sea, where positive radiative forcings at the surface
are dominant in Exp_Asia_2x compared to Exp_Asia
(Figure 2b). In addition, a large difference between the two
runs in the mean SST is observed in the KOE region. In
other words, a large difference exists in the mean SST in
the meridional direction in the KOE region. The wave-like
structure of temperature anomalies in the downstream region
of the North Pacific may be caused by a cooling in China via
a wave-like atmospheric circulation. That is, an increase in
the sulfate aerosols in China plays a role in cooling the
low-level atmosphere. This cooling causes a change in the
mean SST in the downstream region of the North Pacific in-
cluding the Yellow Sea through the modification of atmo-
spheric circulation over the same region.

[18] To examine more details, we calculate the difference
in mean sea level pressure (SLP) and the geopotential height
at 500 hPa between the two simulations, respectively, as
shown in Figures 8b and 8c. The difference in mean SLP
is characterized by a dipole-like structure in the meridional
direction. This indicates that the center of the Aleutian
Low is shifted to the south from Exp_Asia to Exp_Asia_2x.
In addition, the difference in Z500 (Figure 8c) is also charac-
terized by a wave-like structure from China, from the
Yellow Sea to the northern North Pacific. We speculate that
cooling in China can cause the changes in wave-like
atmospheric circulation in the downstream region of North
Pacific, resulting in the changes in the mean SST along with
the net radiative forcings. In addition, a southward shift of
Aleutian low pressure is largely consistent with a southward
shift of storm track in the North Pacific, which may lead to
an enhanced SSTA variability in the KOE, as shown
in Figure 6.
[19] Our results indicate that the meridional SST differ-

ence is more significant in the KOE region during the spring
and winter than the summer and fall. Figure 9 shows the
latitudinal variations of the SST difference, which is zonally
averaged in the KOE region (140�E to 165�E) for the spring
and winter. In addition, the climatological SST averaged

Figure 5. (a–c) The same as in Figure 4 except they are for spring. (d–f) The same as in Figure 4 except
they are for winter.

Table 1. Correlation Coefficients Between the PDO Index and the
SSTA Variability in the KOE Region During Four Seasons

Spring Summer Fall Winter

Exp_Asia -0.89 -0.88 -0.62 -0.82
Exp_Asia_2x -0.93 -0.89 -0.75 -0.88

YEH ET AL.: REGIONAL SULFATE AEROSOL EFFECT

1266



in the KOE region in the Exp_Asia simulation is also plot-
ted. Figure 9b is the same as Figure 9a except that it shows
the variations for the summer and fall. Note that the meridi-
onal gradient of climatological SST in the KOE region in
spring and winter is stronger than in summer and fall. Fur-
thermore, it is evident that the meridional gradient of the
mean SST difference in the KOE region is more significant
during the spring and winter (Figure 9a) than the summer
and fall (Figure 9b). These results indicate that the merid-
ional SST gradient becomes stronger in the KOE region
in the Exp_Asia_2x simulation than the Exp_Asia simula-
tion during the spring and winter, when the change in the

SSTA standard deviation is the most prominent, as shown
in Figures 6a and 6d. In addition, one can see that the
changes in meridional SST gradient in the KOE region
from Exp_Asia to Exp_Asia_2x occur in the region where
the meridional gradient of climatological SST in the KOE
region is the largest. Therefore, we argue that a wave-like
impact of aerosol changes in China may effectively
change the strength of the oceanic front via the modifica-
tion of atmospheric circulation. In contrast, it is difficult
to find such differences during the summer and fall
(Figure 9b), when the change in the SSTA standard devi-
ation is negligible, as shown in Figures 6b and 6c. There-
fore, we can argue that the change in the mean SST plays
a role in the change in the SSTA variability in the KOE
region, which results in the change in the temporal
structure of the PDO index between the Exp_Asia and
Exp_Asia_2x simulations.
[20] The enhanced meridional SST gradient in the KOE

region that is observed in the Exp_Asia_2x simulation com-
pared to the Exp_Asia simulation may be associated with the
enhanced atmospheric eddy activity in the same region,
which provides potential energy there. As shown in
Figure 8b, in addition, the enhanced atmospheric eddy activ-
ity in the KOE region is also consistent with a southward
shift of the center of the Aleutian Low from Exp_Asia to
Exp_Asia_2x. We could not analyze how the transient eddy
influences the SST variability in the KOE region in the
Exp_Asia and Exp_Asia_2x simulations, because of lack
of data. Even so, we find that the variance difference in the
anomalous zonal wind at the lower level (i.e., 850 hPa and
1000 hPa) between the two runs is positive in the KOE
region (35�N to 45�N, 140�E to 170�E) during the spring
and winter (not shown here). This result indicates that the
enhanced SSTA standard deviation in the Exp_Asia_2x
simulation might be associated with a strong meridional
temperature gradient caused by enhanced atmospheric
momentum forcings. We speculate that enhanced atmo-
spheric momentum flux over the KOE region may contrib-
ute to the enhanced SSTA variance, particularly on the

Figure 7. Difference in the SSTA standard deviation during
the (a) spring and (b) winter between the Exp_Asia and the
Exp_Asia_2x simulations. The contour interval is 0.1�C.
Shading denotes the region where the difference is statisti-
cally significant at the 90% confidence level based on the
F-test.

Figure 6. Difference in the SSTA standard deviation
between the Exp_Asia and the Exp_Asia_2x (Exp_Asia_2x
minus Exp_Asia) simulations during the (a) spring, (b) sum-
mer, (c) fall, and (d) winter. The contour interval is 0.2�C.
Shading denotes the region where the difference is statisti-
cally significant at the 90% confidence level based on the
F-test.

YEH ET AL.: REGIONAL SULFATE AEROSOL EFFECT

1267



low-frequency timescales, based on the Hasselmann hypoth-
esis [Hasselmann, 1976]. In other words, the ocean in the
KOE region integrates an enhanced atmospheric momentum
forcing between the Exp_Asia and the Exp_Asia_2x

simulations and then it transforms a white-noise signal into
a red-noise signal, resulting in the enhanced SSTA standard
deviation on the low-frequency timescales.

4. Summary and Discussion

[21] Even though aerosols represent a marginal fraction of
the atmospheric mass, they play an important role in our cli-
mate because they interfere with radiative transfer via the
atmosphere. Therefore, the influence of aerosols should be
considered for future climate studies. Among the different
aerosol species, sulfate aerosols are able to significantly alter
the Earth’s climate by changing the radiative characteristics
of the surface and clouds. In comparison to studies about
the effects of anthropogenic aerosols on the climate, less
attention has been paid to how anthropogenic sulfate aero-
sols are associated with climate variability including ocean
SST variability. Therefore we focused on how the increase
in anthropogenic sulfur emissions in China affects the
Pacific Decadal Oscillation by conducting long-term simula-
tions, which included two runs: the Exp_Asia and the
Exp_Asia_2x simulations. Anthropogenic sulfate aerosols,
which were obtained from a global, three-dimensional,
coupled oxidant-aerosol model, were prescribed in China in
the Exp_Asia run, and the Exp_Asia was the same as the
Exp_Asia_2x run, except that the concentration of anthropo-
genic sulfate aerosols in China was doubled (Figure 1).
[22] While the spatial structure of the PDO was not signifi-

cantly changed in spite of an increase in the anthropogenic sul-
fate aerosols in China, the PDO index in the Exp_Asia_2x
simulation had an enhanced variability on low-frequency
timescales (>10 years) compared to the Exp_Asia simulation.
This was particularly true during the spring and winter sea-
sons. It was found that the temporal variability of the PDO
was highly correlated with SST variability in the KOE region.
Therefore, the SSTA variance in the KOE region in the
Exp_Asia_2x simulation was significantly enhanced during
the spring and winter compared to that in the Exp_Asia
simulation, which mainly contributes to enhance the PDO

Figure 8. Difference in the climatological surface mean
temperature between the Exp_Asia and the Exp_Asia_2x
(Exp_Asia_2x minus Exp_Asia) simulations. The dashed
line denotes a negative value, and the contour interval is
0.1�C. Shading denotes the region where the difference is
statistically significant at the 90% confidence level.

Figure 9. Latitudinal variations in the average climatological SST difference (solid line) between the
(a) Exp_Asia and the Exp_Asia_2x (Exp_Asia_2x minus Exp_Asia) simulations in the 140ºE–165ºE
range during the spring and winter. (b) The same as (a) except it is for the summer and fall. Note that
(b) indicates the magnitude of climatological SST (closed circles) in the 140ºE–165ºE range in Exp_Asia
during spring-winter and summer-fall, respectively. Unit is �C.
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variability on the low-frequency timescales. By comparing the
changes in SSTA variance in the tropical Pacific in the two
runs, we could disprove our hypothesis that the temporal
changes in the PDO from Exp_Asia to Exp_Asia_2x are from
the tropics.
[23] Further analysis indicated that the meridional temper-

ature gradient of the SST around 40�N became stronger in
the KOE region, where the meridional temperature of
climatological mean SST is the strongest, in the Exp_
Asia_2x simulation during the spring and winter than in
the Exp_Asia simulation. We argued that a wave-like impact
caused by aerosol changes in China may effectively change
the strength of the oceanic front via the modification of
atmospheric circulation and the changes in mean SST in
the North Pacific. Furthermore, it was found that the center
of the Aleutian Low is shifted to the south from Exp_Asia
to Exp_Asia_2x, which is largely consistent with a south-
ward shift of storm track in the North Pacific. Therefore,
we hypothesized that an enhanced momentum flux over
the KOE region plays a role in enhancing the SSTA variance
on low-frequency timescales between the Exp_Asia and the
Exp_Asia_2x simulations. This variance was associated
with the changes in the temporal variability of the PDO
index between the two runs.
[24] We acknowledge that the results are limited in a

single CGCM simulation and that there is a lack of observa-
tional evidence to prove the model results. According to
recent studies, Asian sulfate has dramatically increased in
recent decades [Isaksen et al., 2009; Cofala et al., 2007;
Stevenson et al., 2006], therefore, one can argue that this
may affect the temporal variability of the PDO index.
Despite a short period of observed PDO index in the period
1900 to 2011 (http://jisao.washington.edu/pdo/), we found
that the spectral density of the PDO index on the low-
frequency timescales is enhanced from the period 1900 to
1949 to the period 1962 to 2011 (not shown here). However,
we cannot conclude that such an increase is caused by the in-
crease in Asian sulfate during recent decades because of the
short time period of analysis. In contrast, our methodological
approach is very simple and idealized, and the CGCM used
in this study has a low resolution in the midlatitude ocean.
According to a recent study [Cheon et al., 2012], the
strength of the meridional SST gradient in the KOE region
is sensitive to the model resolution. Therefore, some physi-
cal processes, as suggested in this study, can be largely
dependent on model resolution to some extent. Further study
is needed to examine how the changes in SST variability
in the North Pacific caused by changes in regional sulfate
aerosol forcings are sensitive to the spatial resolution in
CGCMs.
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