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[1] Aerosols over the Northeastern Pacific Ocean enhance
the cloud drop number concentration and reduce the drop
size for marine stratocumulus and cumulus clouds. These
microphysical effects result in brighter clouds, as evidenced
by a combination of aircraft and satellite observations.
In-situ measurements from the Cloud Indirect Forcing
Experiment (CIFEX) indicate that the mean cloud drop
number concentration in low clouds over the polluted
marine boundary layer is greater by 53 cm�3 compared to
clean clouds, and the mean cloud drop effective radius is
smaller by 4 mm. We link these in-situ measurements of
cloud modification by aerosols, for the first time, with
collocated satellite broadband radiative flux observations
from the Clouds and the Earth’s Radiant Energy System to
show that these microphysical effects of aerosols enhance
the top-of-atmosphere cooling by �9.9 ± 4.3 W m�2 for
overcast conditions. Citation: Wilcox, E. M., G. Roberts, and

V. Ramanathan (2006), Influence of aerosols on the shortwave

cloud radiative forcing from North Pacific oceanic clouds: Results

from the Cloud Indirect Forcing Experiment (CIFEX), Geophys.

Res. Lett., 33, L21804, doi:10.1029/2006GL027150.

1. Introduction

[2] The albedo of low clouds will generally increase as
the total liquid water path or geometric thickness of the
cloud increases. For clouds of equivalent liquid water
amount, however, anthropogenic aerosols acting as addi-
tional cloud condensation nuclei (CCN) are known to
increase the albedo [Twomey, 1977; Coakley et al., 1987].
Furthermore, suppression of drizzle may impact the
liquid water path and the cloud fraction [Albrecht, 1989;
Ackerman et al., 2004]. The net radiative forcing of climate
attributable to these indirect aerosol effects has been deter-
mined primarily using global atmospheric models, and the
magnitude remains highly uncertain [Lohmann and
Feichter, 2005]. This study reports on the influence of
aerosol variations on shortwave cloud radiative forcing over
the Northeast Pacific Ocean during April 2004 using
observations from the Cloud Indirect Forcing Experiment
(CIFEX). In-situ measurements document the aerosol influ-
ence on cloud microphysics, and satellite observations
determine the resulting influence on cloud radiative forcing.

[3] CIFEX was conducted from April 1 to 21, 2004.
During 24 flights in the U. of Wyoming King Air aircraft, a
full complement of microphysical measurements were made
including aerosol number concentration and size distribu-
tion (Particle Cavity Aerosol Spectrometer Probe; PCASP),
and cloud drop number concentration and size distribution
(Forward Scattering Spectrometer Probe; FSSP). Flights
were conducted from Arcata, CA (41.0�N, 124.1�W) to
approximately 650 km offshore, alternating between 5–
10 min. aerosol sampling below cloud base and 5–10 min.
cloud sampling below cloud top. Some clouds were profiled
from cloud base to cloud top.
[4] Aerosols sampled during CIFEX have been classified

based on the aerosol size distribution and back trajectories
[Roberts et al., 2006]. The aerosol types include North
American aerosols, marine boundary layer aerosols,
recently cloud-processed aerosols, and aerosols linked to
Asian outflow. Within the Asian air masses, cases of recent
new particle formation were found, as well as cases of aged
aerosols. Aerosols linked to Asian outflow were found in
layers above the boundary layer. Aerosol samples used in
this study are limited to those in the boundary layer (below
1500 m). Most of the boundary layer aerosols encountered
during CIFEX were composed of cloud-processed and
North American continental aerosols.
[5] Cloud systems observed during CIFEX were predom-

inantly stratocumulus and broken cumulus; some precipi-
tating cumulus and mixed-phase clouds were also
encountered. Under pristine conditions, low clouds were
frequently observed to be drizzling.
[6] In this study we seek to document the impact of

elevated concentrations of aerosol particles coincident with
low clouds on the number concentration and size of cloud
drops, as well as the resulting impact on shortwave cloud
radiative forcing as determined by satellite albedo measure-
ments from broadband radiometer observations. We ad-
vance a methodology that provides a quantitative measure
of the enhanced shortwave cooling owing to the first aerosol
indirect effect (the Twomey effect).
[7] Measurements of cloud drop number concentration

(Nd), effective radius (reff) and albedo (a) are sorted
according to the number concentration of aerosol particles
(Na) in the 0.1–3.0 mm diameter range as determined from
the PCASP instrument, and evaluated as a function of cloud
liquid water path (LWP) from the AMSR-E microwave
radiometer on the Aqua satellite (F. Wentz and T. Meissner,
AMSR-E/Aqua L2B Global Swath Ocean Products derived
from Wentz Algorithm V001, March to June 2004, http://
nsidc.org/data/ae_ocean.html). Albedo is observed from the
Clouds and the Earth’s Radiant Energy System (CERES)
instrument [Wielicki et al., 1996], which is also mounted on
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