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Limitations in current capabilities to constrain aerosols adversely
impact atmospheric simulations. Typically, aerosol burdens within
models are constrained employing satellite aerosol optical proper-
ties, which are not available under cloudy conditions. Here we set
the first steps to overcome the long-standing limitation that aero-
sols cannot be constrained using satellite remote sensing under
cloudy conditions. We introduce a unique data assimilation method
that uses cloud droplet number (V) retrievals to improve predicted
below-cloud aerosol mass and number concentrations. The assim-
ilation, which uses an adjoint aerosol activation parameterization,
improves agreement with independent N, observations and with
in situ aerosol measurements below shallow cumulus clouds. The
impacts of a single assimilation on aerosol and cloud forecasts
extend beyond 24 h. Unlike previous methods, this technique can
directly improve predictions of near-surface fine mode aerosols re-
sponsible for human health impacts and low-cloud radiative for-
cing. Better constrained aerosol distributions will help improve
health effects studies, atmospheric emissions estimates, and air-
quality, weather, and climate predictions.

air quality | indirect effect | weather prediction | stratiform cloud |
microphysics

mbient aerosols are important air pollutants with direct im-
pacts on human health (1). They also play important roles in
Earth’s weather and climate systems through their direct (2),
semi-direct (3), and indirect effects (4) on radiative transfer and
clouds. Their role is dependent on their size, number, phase, and
composition distributions, which vary significantly in space and
time. There remain large uncertainties in predictions of aerosol
distributions due to uncertainties in emission estimates and in
chemical and physical processes associated with their formation
and removal (5-9). These uncertainties in aerosol distributions
lead to large uncertainties in weather and air-quality predictions
and in estimates of health and climate-change impacts (10).
Constraining ambient aerosol distributions with current Earth-
observing systems is a difficult task. The most common approach
is to assimilate satellite retrievals of aerosol optical depth (AOD)
(11, 12), a quantity that represents total aerosol mass and com-
position in the atmospheric column. The requirement of cloud-
free conditions for a successful retrieval and the remaining chal-
lenges of relating AOD to aerosol mass, size, and composition
limit the utility of AOD retrievals (by themselves) in constraining
aerosol mass and composition (13, 14). These shortcomings are
particularly true in regions of persistent marine stratocumulus,
such as the southeast Pacific off the coast of Chile and Peru,
where aerosol-cloud interactions are important to the energy
balance (15), and limitations in current observing and modeling
capabilities adversely impact regional and global weather and cli-
mate predictions (16). A typical MODIS AOD scene in this re-
gion (Fig. 1, Upper Left) shows that AOD provides essentially no
useful information to constrain aerosol distributions when low
clouds are present (Fig. S1).
Aerosols play an important role in cloud formation, acting as
cloud condensation nuclei (CCN), and further affect cloud
macro-and micro-physical properties such as albedo (17), driz-
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zling capacity and lifetime (18), and cloud base and top heights
(19), among others. Despite uncertainties (10) and challenges
(20) in modeling aerosol—cloud interactions, recent studies have
shown significant capabilities in predicting and explaining aerosol
indirect effects in low cloud regimes (6, 7, 21). By building on this
mechanistic understanding, observations of clouds may be used to
infer acrosol physicochemical properties. This is done by using a
unique data assimilation technique presented in Methods and
described in depth in S7 Text.

Results

The assimilation procedure is demonstrated for the case of the
southeast Pacific’s persistent stratocumulus deck, where in situ
aircraft observations during the VOCALS-REXx field experiment
(22) provide independent accumulation mode aerosol mass and
number concentrations (23) for verification. We predict meteor-
ology and aerosol mass (M) and number (N) distributions at
the regional scale with the WRF-Chem model (24, 25) configured
for this area (6). Cloud optical depth and effective droplet radii
retrieved from Terra MODerate-resolution Imaging Spectroradi-
ometer (MODIS) and Geostationary Operational Environmental
Satellite (GOES) imager data (26, 27) are used to compute
observed N, (28). We perform experiments utilizing these retrie-
vals (see SI Text, Assimilation experiments). The impacts of as-
similation of MODIS N, on optimized modeled N,, N, and
aerosol sulfate mass concentration are shown in Fig. 1 for a day
with an extensive and thick stratocumulus deck (Fig. 1, Upper
Right, and Fig. S1), which is a typical condition in the region
[e.g., daytime cloud fraction was between 70-90% during the
VOCALS-REx period (7)]. The background modeled N, (prior)
resolves the longitudinal gradient in the observations defined by
the indirect effects due to anthropogenic pollution (6) but gen-
erally overestimates coastal amounts and underestimates remote
concentrations. The assimilation produces an improved a poster-
jori modeled N, as shown by a 30% fractional error reduction
(*) and by the better resemblance of N, assimilated fields com-
pared to the observations (Fig. 1, first and second row). Assim-
ilation increases (decreases) N and M in places where N, is
under (over) predicted (Fig. 1, third and fourth row), activating
more (less) particles, thus reducing the error.

As the observation operator for this assimilation technique is a
mixing-activation parameterization, the aerosols modified are
those most active in the activation process; i.e., below cloud
and accumulation mode aerosols. Coarse aerosols do participate
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Fig. 1. Observed and model maps for the southeast Pacific and coastal Chile and Peru. (Top Row) MODIS AOD (Left) and Ny (Right, in #/cm?) at October 16,
2008, at 15Z overpass. Second to fourth rows show prior (Left) and assimilated (Right) results for Ny, accumulation mode N (#/cm?) and sub-micron sulfate
concentrations (ug/m?) one hour after assimilating MODIS Ny. See S/ Text, Assimilation experiments, for further details.

in activation, but their sensitivities are low because their number
concentrations are small. As vertical mixing is also considered,
the aerosols modified are not only those in the layer immediately
below clouds but also from lower near-surface layers. The vertical
extent of the impact depends on the mixing state of the atmo-
sphere below clouds. For cloud-capped marine boundary layers
(as in the stratocumulus deck studied here), depending on the
decoupling state (29) the aerosol constraint can extend to the
sea surface. Thus, this technique can directly improve estimates
of fine mode near-surface aerosol number, composition, and size.
For instance, sulfate dominates the hygroscopic fine aerosol mass
in the marine boundary layer (MBL) in this region throughout
this study period (7) and therefore receives the most constraint
from assimilation (Fig. 1, fourth row). Species during this period
found mainly in the coarser size bins like nitrate and sea salt (7)
are not impacted as much, and those found in the free tropo-
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sphere above the cloud layer, such as biomass burning organic
aerosol (23), are not affected by the assimilation.

The impact of assimilation on constraining aerosol distribu-
tions is evaluated in an experiment (see S/ Text, Assimilation
experiments, for further details) where GOES-10 N, was assimi-
lated at the time when a research flight was conducted that did a
longitudinal in situ sampling of the cloud deck (Fig. 2, Top). The
model prior underestimates offshore aerosol mass and number,
which the assimilation corrects, reducing fractional biases by
25% and 33%, respectively. Similar assimilation experiments
for two coastal pollution survey flights (Fig. 2, Bottom) improved
statistical performance for below cloud aerosol mass and number,
reducing fractional bias and error (30) and increasing spatiotem-
poral correlation in each case. The use of retrievals from geosta-
tionary satellites to constrain aerosols is an important advance-
ment because it provides a significant improvement in temporal
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Fig. 2. Statistical comparison between modeled and in situ C-130 observa-
tions (23) of accumulation mode aerosol number concentration and fine sul-
fate mass. (Top) Longitudinal statistics as box and whisker plots for flight RF13
(November 13, 2008). Center solid lines indicate the median, circles represent
the mean, boxes indicate upper and lower quartiles, and whiskers show the
upper and lower deciles. Number of 1-min samples contributing to each long-
itudinal bin is indicated at the top. (Bottom) “Soccer goal” plot (30) showing
bias and error improvements for flights RF11 (November 9, 2008), RF12 (No-
vember 11, 2008), and RF13. Each arrow represents N (red) and SO, (blue) for
each flight, where the arrow tail and tip represent the base and assimilated
model statistics, respectively. Arrows pointing toward (0, 0) indicate that
assimilation improves both bias and error. The embedded table shows correla-
tion (R) between models and observations. Model and measurements are be-
low cloud. See S/ Text, Assimilation experiments, for further details.

resolution (approximately 16 retrievals per day) compared to po-
lar orbiting satellites that produce one retrieval per day.

An important feature of the cloud droplet number assimilation
is that it results in a change in aerosol distribution, which can im-
pact cloud predictions forward in time over the lifetime of the
aerosols throughout the region of analysis (approximately 2 days
in the MBL). To demonstrate this persistent effect of the constraint
we assimilate a single retrieval of MODIS N, and evaluate the
forecast of N, by comparing to independent hourly resolved
GOESI10 N retrievals (Fig. 3). One to five hour after assimilation
(Fig. 3, first day) the magnitude and variability of forecast N, over
polluted and clean geographical regions are improved as seen by
the enhancement in number and variability in the clean region and
a decrease in mean and variability in the polluted zone, achieving a
global 20-30% fractional error reduction. For the second day,
model errors (6) and the transport of the aerosols out of the
domain reduce the impact of the assimilated fields. However,
the assimilation still has a positive impact on the forecasts that
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extends beyond 24 h. A snapshot 22 h after assimilation (Fig. 3,
Bottom) shows features in the assimilation-predicted fields that
resemble the observations and are not found in the prior: N, en-
hancement over 100 #/cm? (near 20 °S, 85 °W) that can be traced
to a plume present in the retrieval near 27°S, 79 °W (Fig. 1); and
an increase in cloud cover in the northwest of the domain that was
missed in the background simulation. After 48 h, the assimilated
aerosol has exited the regional model domain, and only small
differences between background and assimilated fields remain.
This lasting influence on cloud and aerosol properties could help
overcome one of the main issues in contemporary cloud assimila-
tion methods, where information gained in the analysis is attenu-
ated within hours after initialization (31, 32).

Discussion

The technique presented here is designed for use with single-
layer warm liquid cloud systems with vertically homogeneous
N,. These conditions represent low stratiform clouds, which per-
sistently cover large regions around the world (e.g., stratocumulus
decks off the west coasts of Africa and South and North America)
and are pointed out as the main players in aerosol indirect forcing
(33). While this first approach to N, assimilation does not resolve
the vertical N, gradients and ice and graupel phases that arise
from convection, convective clouds are often accompanied by
or form from low clouds where this technique can be applied.
Beyond regions of persistent low stratocumulus, single-layer li-
quid cloud conditions can also be identified in model calculations
and matched with instantaneous cloud retrievals on a pixel-
by-pixel basis and assimilated opportunistically throughout the
world, whenever and wherever they occur. The application of this
technique to other regions requires further evaluation of the N,
satellite retrieval calculation. Even though global estimates of N,
can be made (34), region-specific expressions evaluated using in
situ measurements can help reduce uncertainty in the retrievals
(28). In this sense, it is encouraging that for a given region, a sin-
gle formula can be used across satellites and instruments (GOES
imager, MODIS Aqua, and Terra) with excellent performance
against N, in situ data, remarkably better than for other retrieved
cloud properties (28, 35). The activation parameterization and its
assumptions represent another source of uncertainty (20), but
again, comparisons with in situ and satellite measurements help
better understand these limitations and their extent (6, 7). Ex-
panded applications of this approach (e.g., aerosol retrieval and
assimilation under multilayer, convective, and ice clouds) may be
possible, but additional research and testing is required on both
retrieval and modeling sides.

Potential applications for this technique are found throughout
the atmospheric sciences and beyond. When incorporating aero-
sol indirect feedbacks on clouds in numerical weather prediction,
better aerosol predictions can further improve MBL height and
cloud heights, liquid and precipitable water, precipitation rates,
cloud optical properties, and cloud lifetime (6). As aerosol influ-
ences on clouds have been shown to affect convective systems
(36), lighting (37), tropical cyclones (38), and tornados (39), more
accurate aerosol representation could also lead to better predic-
tions for severe storms and hazards. In addition, better con-
strained fine and below-cloud aerosol distributions will help
improve air quality predictions (12) and reduce uncertainties
in assessments of health and climate impacts due to aerosols
(11). The use of this technique is not limited to 3DVAR and
may be used for sensitivity analysis (40) as well as being coupled
to an adjoint of all model components for 4DVAR assimilation
of aerosol state and evolution (12) or used in inverse modeling
to better estimate emission sources. In this sense, important
applications include improving highly uncertain estimates of
oceanic organic emissions (8, 9) and constraining anthropogenic
emissions such as those occurring upwind of persistent cloud re-
gimes (e.g., central Chile and northern California) (6) and those
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Fig. 3. (Top) Box and whisker plots as in Fig. 2 for time series of GOES10 and modeled N statistics on 5° x 5° areas centered at 20 °5,85 °W (Top) and
20°S,75 °W (Bottom). In the assimilation, a single assimilation using MODIS Ny (Fig. 1, first row) is performed at 15 UTC on October 16 (first day), and then
the model is run as a forecast for 72 h. Thick black vertical lines separate different consecutive days. (Bottom) Composite maps for GOES10 observations, model
prior, and assimilated model Ny for October 16 at 20Z (southeast box, 5 h after assimilation) and October 17 at 13Z (remainder of the map to the west
and north, 22 h after assimilation). See S/ Text, Assimilation experiments, for further details.

emitted below clouds (e.g., ship emissions). These applications
are not limited to persistent stratocumulus decks; similar aerosol
feedbacks have been shown for other marine (41) and continental
(42) shallow cumulus. Also, there is no limitation on aerosol com-
position distribution (sulfate dominates the case studied) as long
as the aerosol properties participating in the activation process
(e.g., hygroscopicity, solubility) are specified correctly. These ap-
plications are currently feasible given the availability of near real-
time cloud retrievals (26).

The technique can be combined with AOD assimilation to con-
strain aerosol distributions for mass, number, composition, and
optical properties over a broader range of conditions, as AOD
and N, assimilation are complementary, employing observations
that do not coexist (e.g., there is no AOD retrieval when there are
clouds and vice-versa). Using these retrievals together enables
the observing system (satellites retrievals + model simulations)
to “see aerosols” for a larger number of pixels in a scene, even
under cloudy conditions.

Methods

We propose a unique data assimilation technique (Fig. 52) to improve aerosol
mass (M) and number (N) distributions from satellite retrievals of cloud dro-
plet number (N,) and demonstrate it for a stratocumulus application, where
these remote sensing products have been shown to accurately represent in
situ N4 observations (28, 35, 43). The forward model includes a vertical mix-
ing-activation parameterization used to predict N, from meteorological
conditions and initial M (composition/size/phase resolved), N (size/phase
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resolved), and Ny distributions. Sensitivities of predicted Ny derived with re-
spect to these input variables are computed efficiently using the adjoint of
the mixing-activation parameterization. These sensitivities are then utilized
in a formal data assimilation framework to find the optimal model state that
best fits the N, observations considering confidence in both the observations
and the initial conditions. We chose to optimize for initial N only because it
has been shown to be the most important contributor to Ny sensitivities over
other variables such as vertical velocity and aerosol composition for most con-
ditions (20, 44), especially over oceans (40, 45, 46). This is accomplished
through three-dimensional variational (3DVAR) data assimilation with a
log-normal cost function and five-dimensional (3D in space + size + phase)
N covariances. Assimilation yields size-, phase-, and space-resolved correction
factors for N, which are further applied to each M composition bin (assuming
the internal composition of each size/phase bin remains the same), resulting
in an updated aerosol mass for each compound as well. Further details on the
technique can be found in S/ Text, Observations, Observation operator
(Forward and Adjoint Models), and Assimilation method.
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