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Indirect radiative forcing of atmospheric aerosols by modification
of cloud processes poses the largest uncertainty in climate predic-
tion. We show here a trend of increasing deep convective clouds
over the Pacific Ocean in winter from long-term satellite cloud
measurements (1984–2005). Simulations with a cloud-resolving
weather research and forecast model reveal that the increased
deep convective clouds are reproduced when accounting for the
aerosol effect from the Asian pollution outflow, which leads to
large-scale enhanced convection and precipitation and hence an
intensifed storm track over the Pacific. We suggest that the
wintertime Pacific is highly vulnerable to the aerosol–cloud inter-
action because of favorable cloud dynamical and microphysical
conditions from the coupling between the Pacific storm track and
Asian pollution outflow. The intensified Pacific storm track is
climatically significant and represents possibly the first detected
climate signal of the aerosol–cloud interaction associated with
anthropogenic pollution. In addition to radiative forcing on cli-
mate, intensification of the Pacific storm track likely impacts the
global general circulation due to its fundamental role in meridional
heat transport and forcing of stationary waves.

aerosols � climate � clouds

A tmospheric aerosols influence cloud development, dura-
tion, or precipitation (1–6). This process, known as the

aerosol indirect effect, alters the cloud albedo and exerts an
important radiative forcing on climate (2). Current understand-
ing of the aerosol indirect effect remains highly uncertain,
constituting the greatest uncertainty in climate prediction (2).
Cloud processes are determined by complex thermodynamic,
dynamical, and microphysical processes and their interactions
(5). Following the pioneer work by Twomey (1), there has been
accumulative evidence in support of the qualitative conclusion
that high aerosol levels reduce the cloud droplet size for a fixed
liquid water content (6, 7). Reduced cloud droplet sizes delay the
onset of precipitation, leading to invigoration and restructuring
of clouds. Measurements of heavy smoke forest fires in the
Amazon found suppression of low-level rainout and aerosol
washout, which allows transport of water and smoke to upper
levels, causing more intensive thunderstorms and release of
more latent heat higher in the atmosphere (7). Recent analyses
of satellite measurements of the aerosol optical depth and cloud
top pressure also suggested a correlation between the presence
of aerosols and the structural properties of clouds, indicating a
likely cloud invigoration by pollution (8). In addition, enhanced
deep convection and mixed-phase processes associated with
urban pollution have been implicated in elevated electrification
and lightning activities in thunderstorms (9–11).

Increasing pollution levels in Asia and associated outflows
have raised considerable concerns because of their potential
impact on regional and global climate (12, 13). Notable decadal
changes in regional aerosol optical depths during winter months
in Asia have been observed from satellite Total Ozone Mapping
Spectrometer (TOMS) measurements (14) and can be attributed
to dramatically increased SO2 and soot emissions from fossil-fuel

burning. In this report, we present an analysis of long-term
satellite cloud measurements, emphasizing the north Pacific
region, where most transPacific pollution transport occurs (15).

Results and Discussion
The data used in this study are monthly mean cloudiness from
the International Satellite Cloud Climatology Project (ISCCP),
which contains a long-term record with a global coverage. The
ISCCP data correspond to cloud statistics from 1984 to 2005 and
are derived by using all operational geostationary and polar
orbiting weather satellites (16). The data are a merger of
advanced very high-resolution radiometer polar orbiter data two
to four times per day, with available geosynchronous observa-
tions superimposed. The ISCCP uses the channels common to
weather satellites, the visible channel at 0.6 �m and the infrared
window at 11 �m, to detect clouds and measure their optical
depths. We considered deep convective clouds (DCCs) from the
ISCCP data, classified by the measured values of the cloud
optical thickness (23–379) and cloud top pressure (440–50
mbar). Comparison of the amount of optically thick clouds
between ISCCP and high-resolution infrared sounder (HIRS)
showed a good agreement (17) [see supporting information (SI)
Text].

Figure 1 displays January distributions of ISCCP DCC
amounts averaged during the periods of 1984–1993 and 1994–
2005. A prominent feature over the Pacific Ocean lies in the
relatively high DCC amounts (Fig. 1 a and b), which extend
mostly from southwest to northeast. The DCC pattern coincides
with the winter Pacific storm track. Over the northwest Pacific,
the near-surface meridional temperature gradient is high in
midlatitudes, where the cold, dry, monsoonal air encounters the
warm air mass to the south. Also, there is an abundant supply of
heat and moisture from the warm ocean surface to the mon-
soonal air. The two effects sustain high lower tropospheric
baroclinicity, which facilitates migrating baroclinic eddies to
form a storm track downstream (18), characterized by a belt of
local maximal precipitation across almost the entire north Pacific
(19). The Pacific storm track is fundamental to the global general
circulation by relaxing the Earth’s temperature gradient through
sensible heat transport to higher latitudes and the forcing of
stationary waves (18).
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