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Atmospheric aerosols affect weather and global general circulation
by modifying cloud and precipitation processes, but the magnitude
of cloud adjustment by aerosols remains poorly quantified and
represents the largest uncertainty in estimated forcing of climate
change. Here we assess the effects of anthropogenic aerosols on the
Pacific storm track, using a multiscale global aerosol–climate model
(GCM). Simulations of two aerosol scenarios corresponding to the
present day and preindustrial conditions reveal long-range trans-
port of anthropogenic aerosols across the north Pacific and large
resulting changes in the aerosol optical depth, cloud droplet number
concentration, and cloud and ice water paths. Shortwave and long-
wave cloud radiative forcing at the top of atmosphere are changed
by −2.5 and +1.3 W m−2, respectively, by emission changes from
preindustrial to present day, and an increased cloud top height
indicates invigorated midlatitude cyclones. The overall increased
precipitation and poleward heat transport reflect intensification of
the Pacific storm track by anthropogenic aerosols. Hence, this work
provides, for the first time to the authors’ knowledge, a global per-
spective of the effects of Asian pollution outflows from GCMs. Fur-
thermore, our results suggest that the multiscale modeling
framework is essential in producing the aerosol invigoration effect
of deep convective clouds on a global scale.
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Atmospheric aerosols, formed from both natural and an-
thropogenic sources (1, 2), affect the Earth’s energy budget

directly, by scattering or absorbing solar radiation, and indirectly,
by altering cloud microphysical characteristics and regulating the
hydrological cycle (3–5). In particular, the aerosols have an
indirect effect by serving as cloud condensation nuclei, and
their interaction with the microphysics and dynamics of deep
convective clouds (DCCs) may modify the cloud structure and
redistribute latent heating (6), leading to an enhanced pre-
cipitation efficiency (7–12), invigorated convection strength
(13–15), and intensified lightning activities (16–18). At this
time, the indirect radiative forcing of anthropogenic aerosols
represents the least-understood component in the forcing of
climate change (19, 20).
Increasing levels of particulate matter (PM) pollutants from

the Asian continent and their associated outflows have raised
considerable concern because of their potential effects on re-
gional climate and global atmospheric circulation (21–23). In-
tense emissions of anthropogenic aerosols and their long-range
transport from Asia are clearly documented by satellite and in
situ measurements (21, 22). Zhang and colleagues (23) first
suggested that Asian pollution likely accounts for a climatically
increased DCC amount over the north Pacific on the basis of
long-term analysis of cloud measurements from the International
Satellite Cloud Climatology Project and high-resolution infrared
sounder. In addition, a trend of increasing wintertime precipitation

over the north Pacific has been identified from Global Precipitation
Climatology Project measurements (24). The effects of anthropo-
genic aerosols on DCC systems over the north Pacific have been
modeled in episodic simulations, using a regional cloud-resolving
model (CRM) with a two-moment bulk microphysical scheme (23,
24). Most recently, on the basis of hierarchical modeling and ob-
servational analysis, it has been suggested that midlatitude cyclones
are modulated by Asian pollution (25).
At this time, an explicit representation of cloud microphysical

processes in global climate models (GCM) is computationally
impractical. Because the vertical velocity and latent heating
within DCCs are crudely diagnosed in traditional convective
cloud parameterizations, the pathway of aerosols in affecting
clouds and the precipitation of DCCs is not properly accounted
for in GCMs, and most of those models are incapable of in-
vestigating the complicated interaction between aerosols and
DCCs. To overcome such inherent deficiencies of GCMs, a
multiscale modeling framework (MMF) has been developed
(26). The first MMF model was built at the Colorado State
University, replacing the cloud parameterizations in a host
Community Atmospheric Model (CAM) with a 2D version of the
cloud-resolving System for Atmospheric Modeling embedded
within each grid column of CAM to resolve subgrid variability in
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the dynamics and microphysics of clouds. As an extension to
the Colorado State University MMF, an aerosol version has
been developed at the Pacific Northwest National Laboratory
(PNNL-MMF), using an explicit-cloud parameterized-pollutant
approach to link the cloud processing of aerosols on the large-
scale grid with the cloud/precipitation statistics in the System for
Atmospheric Modeling and replacing the one-moment cloud
microphysics scheme in the System for Atmospheric Modeling
with a two-moment scheme to permit simulation of the inter-
actions between aerosols and hydrometeors (27, 28).
In this article, we investigate the transport process of anthro-

pogenic aerosols over the north Pacific and the resulting effects
on the Pacific storm track, using the results of explicitly simu-
lated chemical, aerosol, and cloud processes for both convective
and stratiform clouds on a global scale from the PNNL-MMF.
Two aerosol scenarios, corresponding to 2000 and 1850, were
chosen to represent present-day (PD) and preindustrial (PI) emis-
sions, respectively, based on emissions from the Intergovernmental
Panel on Climate Change Fifth Assessment Report (19, 20).

Results and Discussion
Anthropogenic emissions from Asia produce significant increa-
ses in aerosol optical depth (AOD) over the northwest Pacific
(Fig. 1A), with the largest increases near sources on the Asian
continent. The zonal extension of enhanced AOD reflects the
transport of PM pollution from East Asia to the Pacific (Fig. S1).
AOD is increased by 0.03 in the PD case, averaged over the
northwest Pacific, which is a 46% relative increase. Most of the
increase in the aerosol mass concentration over the northwest
Pacific (Fig. 1B) is a result of anthropogenic sulfate, which
increases sulfate concentration more than threefold. In addition,
the concentrations of primary organic carbon and black carbon
(BC) also increase by 3–5 times in PD compared with PI. The
ratio of sulfate to the total aerosol mass concentrations increases
from 30% to 53%. In contrast, the aerosol concentrations from

natural sources, such as dust and sea salt, are relatively un-
changed in the two aerosol scenarios. Clearly, the enhanced
AOD over the northwest Pacific in the PD scenario confirms
efficient transport of anthropogenic aerosols from the Asian
continent and is consistent with previous satellite and in situ
aerosol measurements in this region (21–23).
The coupling between convective clouds and Asian pollution

outflows produces significant effects on cloud properties, atmo-
spheric radiative forcing, and poleward heat transport (Fig. 2).
The increased sulfate aerosol concentration in PD increases the
cloud droplet number concentration substantially over the north-
west Pacific (Fig. 2A), with the largest increase near the pollution
sources and an average relative increase of 108%. The total liquid
water path (LWP) is enhanced by 5.6 g m−2 (9.8%) compared with
the PI case (Fig. 2B), indicating the delay of warm precipitation in
the presence of the larger number of small cloud droplets with the
PM pollution outflows.
Because the enhancement ratio of the liquid water content

(9.8%) is much less than that of cloud number concentration
(108%) in PD, the cloud effective radius is reduced by 13% in
the PD scenario. The average ice water path (IWP) increases by
0.7 g m−2 (9%) over the northwest Pacific in the PD case (Fig.
2C), suggesting more efficient mixed-phase processes, such as
droplet freezing and riming of ice crystals above the freezing
level. As a consequence, the anvil of convective clouds is
broadened over the storm track. The enhanced IWP is located in
the center of the north Pacific region (around 180° E) down-
stream of the storm track, downwind from the location of en-
hanced LWP, close to the Asian continent. Examination of the
spatial distributions of LWP and IWP in PD and PI (Figs. S2 and
S3) reveals that liquid-phase water dominates in clouds over the
west Pacific, but ice clouds become abundant in the middle of
the ocean. The geospatial difference between the LWP and IWP
enhancement over the northwest Pacific suggests that anthro-
pogenic aerosols have an effect on the various cloud types
throughout the life cycle of cyclones. The major enhancement of
the high cloud fraction (Fig. 2D) is located downstream of the
storm track, coinciding with elevated IWP in the center of the
north Pacific. The 2.6% relative increase in the high cloud
fraction averaged over the northwest Pacific is consistent with
the observed climatologic trend of increasing high clouds on the
basis of the International Satellite Cloud Climatology Project
and high-resolution infrared sounder satellite cloud measure-
ments (23).
The changes in LWP, IWP, and droplet effective radius pro-

duce changes in cloud radiative forcing at the top of atmosphere
(TOA). The shortwave cloud radiative forcing at TOA (Fig. 2E)
over the northwest Pacific becomes stronger by 2.5 W m−2 be-
cause of a reduced cloud particle effective size and enhanced
LWP in the PD case, both producing stronger cooling. The
longwave cloud radiative forcing at TOA is increased by 1.3
W m−2 in the PD case (Fig. 2F), providing stronger atmospheric
warming, especially at nighttime. Because the spatial pattern of
longwave cloud radiative forcing enhancement is consistent with
that of IWP and high cloud frequency, a greater amount of high-
level ice clouds is likely responsible for the reduced outgoing
longwave radiation at TOA in the PD scenario. The warming
effects on longwave radiation from the enlarged anvils of convec-
tive clouds induced by aerosols are consistent with previous studies
from satellite measurements (29) and CRM simulations (30).
Although aerosol direct effects on atmospheric radiation

fluxes are explicitly represented in PNNL-MMF, the influence of
aerosol scattering on the shortwave radiation budget is limited
because of the large cloud fraction over the wintertime Pacific,
and absorption by BC is effective only if the BC is above clouds.
The aerosol effect on the clear-sky shortwave downward flux at
the surface over the northwest Pacific is −2.5 W m−2, which is

Fig. 1. Aerosol properties over the northwest Pacific from PNNL-MMF. (A)
The difference of AOD between PD and PI. (B) The comparison of aerosol
mass concentration and chemical composition in the accumulation mode
between PD and PI.
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Fig. 2. The differences in cloud, radiative, and EMHF between PD and PI over the northwest Pacific from PNNL-MMF. (A) Cloud number concentration, (B)
LWP, (C) IWP, (D) high cloud fraction, (E) shortwave cloud radiative forcing at TOA, (F) longwave cloud radiative forcing at TOA, (G) precipitation, and (H)
EMHF at 850 hPa smoothed by an 8-d high pass filter. The black dots indicate regions with t test significance of larger than 90%.
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much less than the all-sky effect of −5.0 W m−2, because the
aerosol indirect effect dominates (Fig. S4).
The response of precipitation to the different aerosol sce-

narios is nonuniform over the northwest Pacific (Fig. 2G). For
the rainfall bell characteristic of the Pacific storm track (Fig. S5),
enhanced precipitation mainly occurs in areas with a heavy mean
precipitation rate (>6 mm d−1). The precipitation rate averaged
over the northwest Pacific is increased by about 2.4%, consistent
with an observed decadal trend of increasing precipitation over
this region (24).
The Pacific storm track represents a critical component in

the global general circulation by transporting heat and moisture
fluxes. The simulated transient eddy meridional heat flux (EMHF)
at 850 hPa over the northwest Pacific (Fig. 2H) increases by 5% in
the PD scenario. The increase is more pronounced over the storm
track downstream, indicating that the heat transport associated
with the Pacific storm track is intensified under the influence of
the Asian pollution outflow. The enhancement of EMHF over
the northwest Pacific by anthropogenic aerosols is in agreement
with predictions using hierarchical modeling and from rean-
alysis data (25).
The aerosol invigoration of convective storms is further evi-

dent in the vertical profiles of the convective cloud amount and
cloud top height. Fig. 3 shows the PD − PI differences in the
vertical profiles of the amount of convective clouds (diagnosed in
the PNNL-MMF model by using CRM cloud statistics) and the
cloud top fraction. The coverage of shallow convective clouds
(lower than 850 hPa) is slightly larger in PD than in PI throughout
the northwest Pacific, and an even larger increase of middle-level
tconvective clouds (between 850 and 400 hPa) occurs in remote
maritime areas to the west of 150° E (Fig. 3A). Greater cloud
water contents and strengthened updrafts (Fig. S6) are re-
sponsible for the larger coverage of convective clouds in the PD
case. Fig. 3B shows that the cloud top heights are considerably
different between PD and PI. In the troposphere above 600 hPa,
the cloud top fraction increases by 10–20%, but clouds with
heights lower than 600 hPa are significantly reduced in the center
of the northwest Pacific from 140° E to 170° E. The modified
cloud structure and elevated cloud top height provide direct
evidence of aerosol-induced invigoration of DCC development,
consistent with satellite measurements over the Pacific and At-
lantic regions (23, 31).
Our findings on aerosol–cloud–precipitation interactions over

the northwest Pacific are consistent with those from CRM sim-
ulations (30, 32) and from long-term surface and global satellite
observations (13, 33). To illustrate how essential it is to explicitly
resolve the cloud updrafts in the PNNL-MMF, we compare the
cloud invigoration response in the PNNL-MMF to the response

in the host GCM (CAM5) when cloud parameterization (34) is
used to represent deep convection, rather than embedded CRMs.
CAM5 treats cloud–aerosol interactions for stratiform clouds but
does not resolve convective clouds. Simulations by CAM5 are
performed using the same Intergovernmental Panel on Climate
Change Fifth Assessment Report emission datasets to represent
PD and PI conditions. Comparison of AOD between PD and PI
shows that AOD in the PD case increases by 0.02, averaged over
the northwest Pacific (Fig. 4A), in agreement with the increase of
0.03 in AOD from PNNL-MMF. Because of an increased cloud
droplet concentration and a reduced droplet effective size in
CAM5, LWP is increased by 10 g m−2 in PD, leading to a relative
increase of LWP by 33%, which is much larger than the 10%
relative increase of LWP in PNNL-MMF (Fig. 4B). A global
comparison between CAM5 and PNNL-MMF (28) also indicates
that the response of LWP to a given cloud condensation nuclei
perturbation in PNNL-MMF is about one-third that in CAM5.
Noticeably, CAM5 predicts reduced IWP in the PD case over the
northwest Pacific region, in contrast to the enhanced IWP by
PNNL-MMF (Fig. 4C). In addition, CAM5 simulations yield
a reduced convection depth in the PD case (Fig. S6), indicating
that the convective strength of storms over the northwest Pacific
is suppressed. In addition, a weakened cyclone intensity in the
PD scenario from CAM5 simulations further leads to a 3% re-
duction of surface precipitation from convective clouds over the
northwest Pacific (Fig. 4D). Thus, CAM5 without multiscale
modeling yields little aerosol invigoration of convective clouds
and overpredicts aerosol indirect effects on stratiform clouds.
The response of LWP to increasing aerosol in PNNL-MMF has
been found to be much more realistic than that in CAM5 without
multiscale modeling (35).
The simulations from the PNNL-MMF multiscale aerosol–

GCM clearly illustrate long-range transport of anthropogenic
aerosols from Asia to the Pacific region. The results with greater
anthropogenic aerosol loading yield decreased shortwave and
increased longwave cloud radiative forcing at the TOA and in-
creased precipitation and poleward heat transport. In addition,
the increasing amount of high-level clouds indicates invigorated
cyclones by anthropogenic aerosols. The differences in the spa-
tial distributions of LWP and IWP changes suggest that an-
thropogenic aerosols likely exert distinct effect on the various
cloud types throughout the lifecycle of cyclones. Hence, our
results corroborate previous findings indicating that transport of
Asian anthropogenic aerosols leads to an intensified Pacific
storm track (23–25), providing for the first time to the authors’
knowledge a global perspective of the effects of Asian pollution
outflows from GCMs. Furthermore, our results suggest that

Fig. 3. The differences in the vertical distribution of (A) convective cloud fraction and (B) the frequency of the cloud top occurrence between PD and PI over
the northwest Pacific from PNNL-MMF.
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inclusion of the multiscale framework in GCMs is critical in pro-
ducing the aerosol invigoration effect of DCCs on a global scale.

Methods
Six-year global climate simulations driven by the climatological sea surface
temperature were carried out, using PNNL-MMF. Simulations with the con-
ventional host CAM5 alone were also conducted to compare with the per-
formance of PNNL-MMF. Both the host CAM5 and PNNL-MMF runs were
performed at a 1.9° × 2.5° horizontal resolution with 30 vertical levels. The
years 2000 and 1850 were chosen to represent the PD and PI cases, re-
spectively. The global sources and burden of six types of aerosols considered
in PD and PI cases, including sulfate, BC, primary organic matter, secondary
organic aerosol (SOA), dust, and sea salt. Anthropogenic SO2, BC, and pri-
mary organic matter data are taken from the Intergovernmental Panel on
Climate Change Fifth Assessment Report. Emissions of other aerosol pre-
cursors and the formation mechanisms of SOA have been described previously
(27, 28). SOA formation is contributed from atmospheric photochemical oxi-
dation products of biogenic and anthropogenic hydrocarbons (36–38), al-
though particle-phase reactions leading to SOA formation have yet to be
included in atmospheric models (39, 40). Sea salt particles are assumed to
contain mainly sodium chloride, although a recent study has indicated that

sea spray aerosols may contain significant biological species, including bac-
teria, phytoplankton, and viruses (41). The northwest Pacific area (25° N–50° N,
120° E–170° W) was focused on in this study. Monthly simulations in January
and February were considered, as the Pacific storm track is most active in
wintertime (42) and because transport of the Asian pollution also peaks from
January to March annually (43).
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