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Two case studies are discussed that evaluate the effect of ocean emissions on aerosol-cloud interactions. A review of the first case
study from the eastern Pacific Ocean shows that simultaneous aircraft and space-borne observations are valuable in detecting links
between ocean biota emissions and marine aerosols, but that the effect of the former on cloud microphysics is less clear owing
to interference from background anthropogenic pollution and the difficulty with field experiments in obtaining a wide range of
aerosol conditions to robustly quantify ocean effects on aerosol-cloud interactions. To address these limitations, a second case was
investigated using remote sensing data over the less polluted Southern Ocean region. The results indicate that cloud drop size is
reduced more for a fixed increase in aerosol particles during periods of higher ocean chlorophyll A. Potential biases in the results
owing to statistical issues in the data analysis are discussed.

1. Introduction

Since oceans cover ∼70% of the earth surface, they represent
a massive source of gaseous and aerosol emissions that
mix with ship and continental emissions to form a highly
complex soup of marine aerosol particles. Aerosols directly
interact with solar radiation via scattering and absorption of
light, and they also serve as cloud condensation nuclei (CCN)
and influence cloud properties and reflectivity. Attention
to the importance of aerosols in cloud and rain formation
can be traced back several decades ago to observations that
maritime clouds exhibit lower droplet concentrations than
similar clouds influenced by anthropogenic emissions over
continental areas, and that the maritime clouds often rain
in less than 30 minutes [1–3]. Since that time, research
has pointed to two critical pieces of information linking
aerosols to warm clouds: (i) more numerous subcloud
aerosol particles result in more reflective clouds (all else
being fixed) because of more abundant and smaller cloud
droplets [4] and (ii) for more numerous and smaller cloud
droplets, suppressed droplet collision-coalescence results
in less precipitation [5]. But observational and modeling

studies often provide conflicting results with regard to the
magnitude and even the sign of aerosol effects on clouds and
precipitation [6]. Furthermore, aerosol-cloud interactions
represent the largest uncertainty in assessments of the total
anthropogenic radiative forcing [7].

As shown in Figure 1 (see red arrows), aerosols are
at the heart of the effect of ocean emissions on cloud
properties. The sources and nature of marine aerosols are
influenced by some combination of ocean emissions, ship
exhaust, and transported continental emissions. The task of
characterizing the optically and CCN-relevant properties of
marine aerosols is overwhelming owing to the difficulty in
their measurement, their short atmospheric lifetime in the
marine atmosphere, their spatial inhomogenieties, and the
complexity of their composition. Just the organic fraction
of aerosols alone is thought to comprise over thousands of
species that are virtually impossible to speciate altogether
[8]. While it has long been known that ocean-emitted
dimethylsulfide (DMS) plays a major role in influencing the
marine CCN budget [9–11], recent studies have pointed to
the importance of other trace gas emissions such as isoprene
[12–15] and organic amines [16, 17], which can partition
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Figure 1: Illustration of the interactive processes between oceans,
aerosols, clouds, meteorology, and radiation in the marine atmo-
sphere. The red arrows represent the sources of aerosols and the
green and blue arrows collectively encompass the microphysical
processes associated with aerosol-cloud-precipitation interactions.

into the aerosol phase via secondary formation mechanisms
[18–31]. Also, the importance of primary emissions of sea
spray aerosols has long been recognized, but the significance
of primary biological aerosol particles is becoming more
evident as they have been shown to influence marine
atmospheric processes more than previously assumed [32–
41]. Although more will be learned about the physico-
chemical properties of marine aerosols with advances in
instrumentation, a remaining uncertainty is the extent to
which various aerosol physicochemical properties affect the
cloud microphysical and radiative response of clouds.

The effect of aerosols on clouds begins with the process of
cloud drop activation (Figure 1, green arrow). Observational
and modeling studies suggest that aside from dynamic effects
(e.g., cloud base updraft velocity), the most important
aerosol physicochemical parameter governing cloud drop
number concentration (Nd) is the aerosol size distribution
[42–46], while aerosol composition is argued to be of sec-
ondary importance [45]. However, under certain conditions
related to the degree of aerosol abundance or updraft velocity
strength, chemical effects have been shown to rival the
aerosol size distribution with regard to the value of Nd

[47]. The current understanding of the drop activation
process has benefited from both aerosol-CCN (e.g., [48–
52]) and aerosol/CCN-Nd closure studies (e.g., [44, 53–55]).
Although past closure studies have been met with limited
success, one study in particular, that carried out an aerosol-
Nd closure analysis using a cloud parcel model and aircraft
measurements from a single platform [44], showed that Nd

within adiabatic cloud regions was within 15% (on average)
of predictions. The accuracy of the drop activation process
in models will continue to benefit from future studies of this
nature using improved experimental techniques.

In addition to drop activation, the overall microphysical
response of clouds (e.g., drop size) to aerosols is highly
uncertain owing to the difficulty in untangling aerosol effects
on clouds in a buffered system [56]. Observational studies
face the challenging task of relating aerosol perturbations
to cloud microphysical responses (Figure 1, green and blue
arrows) while removing meteorological effects. A failure to
account for such meteorological factors, which refer to large-
scale thermodynamic and dynamic parameters that dictate
cloud properties on a larger scale, will yield misleading
results. The introduction of state-of-the-art observational
tools such as NASA’s A-Train constellation of satellites
[57] has provided valuable information related to aerosol
and cloud properties with a high degree of spatial and
temporal coverage that cannot be obtained with dedicated
field studies. Therefore, although there are many holes in
the current knowledge related to marine aerosols and their
effect on clouds and climate, new observational platforms
are providing an unprecedented view of ocean-aerosol-cloud
interactions.

The goal of this work is twofold: (i) present two case
studies that examine ocean effects on aerosol-cloud inter-
actions, specifically examining the steps leading from ocean
emissions to a change in cloud drop size and (ii) discuss how
results from these case studies can improve future attempts
to quantify the links between oceans, aerosol particles, and
clouds. Experimental methods used in this work are first
briefly summarized. Then results are highlighted from a
recent case study in the eastern Pacific Ocean region, where
the drawbacks of that work are used to motivate a second
case study in the Southern Ocean region that is subsequently
described in detail.

2. Experimental Methods

Two case studies are presented below to explore ocean
effects on aerosol-cloud interactions. In both case studies,
ocean chlorophyll A data are used from the Sea-viewing
Wide Field-of-view Sensor (Sea-WiFS; 8-day averaged data).
Chlorophyll A is a proxy measurement of phytoplankton
biomass and caution must be exercised when interpreting
it as a proxy for primary production (i.e., biota emissions).
The first case study focusing on the eastern Pacific Ocean
region (35.5◦ N–37◦ N, 122◦ W–123.5◦ W) is described in
detail elsewhere [17], but is revisited here to highlight
findings that motivate the second case study. Briefly, aerosol,
cloud, and meteorological measurements were carried out
on-board the Center for Interdisciplinary Remotely-Piloted
Aircraft Studies (CIRPAS) Twin Otter as part of the
Marine Stratus/Stratocumulus Experiment (MASE II) in
July 2007. The relevant instrumentation ([17, see Table 1])
included a forward scattering spectrometer probe (cloud
drop distribution), a particle-into-liquid sampler (water-
soluble composition) [58], a differential mobility analyzer
(aerosol size distribution), and a continuous flow thermal
gradient cloud condensation nuclei counter [59].

The second case study examines the spatial domain in
the Southern Ocean region encompassed by the following



Advances in Meteorology 3

Table 1: Summary of correlative relationships (r2) between ocean chlorophyll A, marine aerosols, and stratocumulus clouds during the
three-week MASE II field campaign in July 2007, during which chlorophyll A levels ranged between 1.01–3.58 mg m−3. Owing to the short
duration of the study and limited measurements of chlorophyll A (n = 3), all data have been averaged to correspond to the time durations
corresponding to each chlorophyll A measurement. Details related to the mean, standard deviation, and range of values of these parameters
are discussed in detail by Sorooshian et al. [17]. (Chl A = chlorophyll A; DEA = diethylamine; MSA = methanesulfonate; Nd = cloud drop
number concentration; TKE = turbulent kinetic energy).

Chl A DEA MSA Particle Conc. CCN (0.3%) Nd TKE

DEA 0.99

MSA 1.00 0.98

Particle Conc. 0.10 0.05 0.07

CCN (0.3%) 0.59 0.69 0.65 0.13

Nd 0.97 0.92 0.95 0.23 0.42

TKE 0.97 1.00 0.99 0.02 0.75 0.89

Wind speed 0.78 0.86 0.94 0.03 0.96 0.62 0.95

coordinates: 42◦ S–60◦ S, 180◦ W–180◦ E. Cloud and aerosol
parameters are obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS), specifically the 1◦

gridded aerosol index (Level 3, MODIS Collection 5) [60]
and the drop effective radius (Level 2, 1-km resolution) [61].
Aerosol index (AI) is taken as the product of the 0.55 μm
aerosol optical depth × 0.55/0.867 μm Ångstrom exponent,
where the latter parameter accounts for the aerosol size
distribution. MODIS is also used to derive cloud liquid water
path (LWP; a product of the drop effective radius and cloud
optical depth). Lower tropospheric static stability (LTSS
= potential temperature difference between 700 hPa and
1000 hPa) estimates are derived from the European Centre
for Medium Range Weather Forecasts (ECMWF) analyses.
This parameter serves as a proxy for the thermodynamic state
of the atmosphere [62]. A detailed screening procedure using
data from the CloudSat cloud profiling radar, ECMWF-
AUXiliary analysis (ECMWF-AUX), and MODIS is used to
isolate only warm clouds for this case study analysis [63].

3. Case Study in the Eastern Pacific
Ocean Region

A recent study off the coast of California pointed to the
advantage of simultaneously using multiple platforms of
analysis to study ocean-aerosol-cloud interactions, while also
highlighting experimental limitations to studying these inter-
active processes in the coupled ocean-atmosphere system
[17]. Table 1 presents a reanalysis of data from that study,
specifically summarizing the degree of correlation between
Sea-WiFS-derived chlorophyll A, meteorological parameters,
and aerosol and cloud properties. Biogenic tracers were
detected in the boundary layer aerosols during periods
of enhanced ocean emissions, including methanesulfonate
(MSA, a dimethylsulfide oxidation product) and diethy-
lamine (DEA). These two species were highly correlated with
both chlorophyll A and low-level wind speed (r2 > 0.86).
Amines were shown to be a source of secondary organic
aerosol in the marine atmosphere, which together with MSA
accounted for as high as 14% of the mass of sulfate during
the peak chlorophyll A period. It is argued that rather than

predominantly being produced via new particle formation
or being primarily emitted, that amines partitioned to the
aerosol phase by condensation onto preexisting aerosols; this
is supported by the lack of a correlation between particle
concentration and either DEA/MSA/chlorophyll A (r2 ≤
0.1), and with independent field [16, 64] and laboratory
measurements [65] related to particulate amine production.

Subsaturated aerosol hygroscopic growth measurements
indicated that the organic component during periods of high
chlorophyll A and wind speed exhibited considerable water
uptake ability. However, a critical limitation of the study
was the inability to distinguish between the effect of ocean-
derived organics and other organics (e.g., ship emissions)
on overall hygroscopicity. Enhanced CCN activity was also
observed, which was attributed to both size distribution and
chemical effects, but again it was not possible to confidently
attribute the change in CCN activity to the ocean-derived
organics owing to the region of analysis.

Although in Table 1 it is shown that MSA/DEA/ chloro-
phyll A are highly correlated with Nd (r2 ≥ 0.92), other
meteorological proxies such as turbulent kinetic energy (r2 =
0.89) are also highly correlated with Nd. In order to quantify
the cloud microphysical response to an aerosol perturbation,
it is necessary to account for meteorological conditions. In
other words, clouds with similar LWP (or some closely-
related proxy) should be compared when determining how
cloud droplet size varies with the subcloud aerosol concen-
tration. Short-term field studies are faced with the challenge
of obtaining a significant range of aerosol variability in bins
of cloud LWP to afford a robust calculation of an aerosol
effect on cloud properties. For example, after removing
data clearly influenced by anthropogenic pollution (using
particle concentration data and back-trajectory analysis) in
the current case study, only three events can be identified
exhibiting a narrow range of meteorological conditions
(turbulent kinetic energy was used as the meteorological
proxy) to compare subcloud CCN to Nd (r2 = 0.41).
Similarly, only three events were isolated with a narrow range
of subcloud CCN concentration to correlate the turbulent
kinetic energy to Nd (r2 = 0.95). Therefore, the limited
dataset indicates that meteorology influenced Nd to a greater
extent than aerosol effects, and that aerosol perturbations as
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a result of higher chlorophyll A and wind speed may have had
a secondary effect on Nd.

Two key limitations in this case study included the region
of analysis and the difficulty in obtaining a sufficiently wide
range of aerosol conditions with surface- and aircraft-based
measurements to robustly quantify links between aerosol
perturbations and cloud microphysical responses at fixed
meteorological conditions (i.e., LWP). The region off the
coast of California is characterized by a significant amount
of background anthropogenic pollution, which makes it
difficult to identify a causal relationship between ocean
emissions and cloud properties (i.e., change in drop size).
Generally speaking, targeting links between ocean emissions
and aerosol and cloud properties may be difficult in many
regions of the globe where field studies are carried out owing
to the significant amount of background pollution in the
form of aged ship emissions and transported continental
emissions. A region that likely qualifies as a better ambient
laboratory to study the effects of marine biota emissions
on cloud properties is the Southern Ocean, which is the
focus of the next case study that leverages satellite data.
Limitations in data from dedicated field campaigns, as noted
above, strongly motivate the use of satellite data, which afford
greater temporal and spatial coverage (i.e., greater chance of
achieving a wide range of aerosol conditions as a function of
cloud regime).

4. Case Study in the Southern Ocean Region

This case study is motivated by previous work based on
satellite-based observations in the Southern Ocean region,
which indicated that a link exists between phytoplankton
and cloudiness [13]. More specifically, cloud drop effective
radius was shown to be reduced during periods of enhanced
chlorophyll A, suggesting that enhanced phytoplankton
emissions lead to higher Nd. However, there is uncertainty
as to whether the inverse correlation between chlorophyll A
and drop effective radius is a robust relationship in different
global regions [17, 66].

The cloud microphysical response to aerosol pertur-
bations is quantified in this analysis using the following
Aerosol-Cloud Interaction metric [67]:

ACIr = −∂ ln re
∂ lnα

(
range = 0–0.33

)
, (1)

where re is the drop effective radius (at cloud top using
MODIS), α is a subcloud CCN proxy (AI in this analysis),
and the partial derivative is evaluated with meteorological
conditions held fixed (i.e., LWP). A higher value of ACIr can
be interpreted as meaning that for a fixed increase in AI,
drop radius decreases more (all else fixed). The analysis is
conducted for 11 LWP bins between 50 and 350 g m−2 and
for varying degrees of atmospheric stability, where data are
separated into conditions of relatively low stability (LTSS <
15◦C) and high stability (LTSS > 18◦C). While the data are
stratified into meteorological bins, it is noted that there still
is room for meteorological variability owing to measurement
uncertainties and because the bins still exhibit a finite range
of values. Satellite-derived ACIr values are reported only
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Figure 2: Time series of 8-day averaged Sea-WiFS chlorophyll A
concentration in Southern Ocean region (42◦ S–60◦ S, 180◦ W –
180◦ E).

when they statistically significant with 95% confidence (1-
tailed T distribution).

Figure 2 displays the time series of chlorophyll A, where
it is clearly evident that there are periods of enhanced
phytoplankton biomass, usually between October and Febru-
ary. Previous field-based studies have also identified clear
seasonal differences in CCN and Nd, with increases during
summer months (e.g., January and February) [68, 69], but
the enhancement is less pronounced for Nd [69]. Although
higher values of ocean chlorophyll A exist in smaller spatial
domains in the Southern Ocean, this analysis is carried out
for a large area to ensure there is a sufficient amount of data
to provide a robust calculation of ACIr in the numerous
macrophysical bins employed. In order to compare ACIr
during periods of relatively low and high chlorophyll A, data
is split into three time periods ranging between October–
February (>0.3 mg m−3), March–September (<0.3 mg m−3),
and April–August (<0.3 mg m−3). The latter two time
periods represent low chlorophyll A conditions, but differ
in time range to demonstrate the biasing effect of varying
sample sizes on the absolute magnitude of ACIr . Although
the data from April and August were removed for the results
reported here, the conclusions of the sample size comparison
are robust regardless of which months of data are removed.

Figure 3 summarizes the results of the ACIr analysis.
For low LTSS conditions (<15◦C), ACIr ranges in value
between 0.06–0.19 over the LWP range studied, while for
more stable conditions (LTSS > 18◦C) the values range
between 0.04–0.05. All of the ACIr values are contained
within the expected range of values for ACIr [0–0.33; 67, 70]
and are consistent with values obtained in other satellite-
based studies [62, 70–72]. A peculiar feature of these data
is that much fewer data points are statistically significant
for more stable conditions; furthermore, those statistically
significant values at high LTSS exhibit the smallest overall
ACIr values. This is hypothesized to be due to the difficulty
in observing the ACIr signal in clouds with greater dynamical
suppression. The striking result of this analysis is that the
majority of data points exhibit higher ACIr during periods of
higher chlorophyll A. The difference in ACIr is even greater
when using the wider time range to represent low chlorophyll
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Table 2: Statistical summary of the ACIr analysis shown in Figure 3. The numbers reported below represent ratios of a particular parameter
between periods of relatively high chlorophyll A (>0.3 mg m−3; October–February) versus low chlorophyll A (<0.3 mg m−3; April–August).
The average and standard deviation calculations are based on 11 values representing individual LWP bins between 50 and 350 g m−2. These
results represent 27 months of data starting in June 2006 for the Southern Ocean region (42◦ S–60◦ S, 180◦ W–180◦ E). (AI = aerosol index;
AOD = aerosol optical depth; ANG = Ångstrom exponent; re = cloud drop effective radius; min = minimum value; max = maximum value).
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Average 3.46 1.69 1.55 1.51 1.20 1.19 2.57 1.39 1.33 1.15 0.99 0.94

Std.
Dev.

0.77 0.38 0.39 0.47 0.37 0.39 1.18 0.34 0.34 0.38 0.03 0.14
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Figure 3: Comparison of ACIr values (1) for periods of relatively
high and low chlorophyll A concentration in the Southern Ocean
region based on data over a span of 27 months starting in June 2006.
Marker sizes are proportional to LWP between 50 and 350 g m−2 (11
total LWP bins).

A conditions; this is presumably a result of larger sample
sizes (greater by a factor of ∼1.5–2), and consequently a
dampening of the ACIr signal owing to a greater likelihood
of mixing different macrophysical conditions. To emphasize
that using a larger sample size at similar chlorophyll A
conditions will reduce the ACIr signal, ACIr is larger during
the April–August time frame by a factor of 1.35 ± 0.28 as
compared to the March–September period.

When comparing comparable sample sizes for conditions
of high chlorophyll A and low chlorophyll A (April–August),
the value of ACIr during the former period is greater by
a factor of 1.3 ± 0.3. This result suggests that during
periods of higher phytoplankton biomass a fixed increase
in aerosol particles more strongly suppresses re because of
more droplets for a fixed amount of cloud water. If this is
the case, a potential explanation for these results is that those
marine aerosols during periods of higher chlorophyll A may

exhibit more favorable physicochemical properties (i.e., size
distribution and chemical properties) with regard to droplet
activation. However, cautionary notes apply with regard
to this conclusion owing to measurement and statistical
uncertainties. Table 2 highlights the issue of whether a “fair”
statistical comparison was conducted during the identified
periods of high and low chlorophyll A conditions; it is
hypothesized that a wider dynamic range in AI during
periods of high chlorophyll A results in a more pronounced
ACI signal using satellite data. Several ratios (minimum,
maximum, range) are reported between periods of high
versus low chlorophyll A for AI, AOD, Ångstrom exponent,
and re. It is shown that during periods of higher chlorophyll
A, the minimum, maximum, and overall range of AI values
was larger than those for low chlorophyll A conditions. Of
the two AI subcomponents (AOD and Ångstrom exponent),
the range in the Ångstrom exponent was larger (∼1.33) as
compared to AOD (1.19) during high chlorophyll A periods
versus low chlorophyll A periods. (It is noted that using
AOD as the subcloud CCN proxy in (1) results in an ACIr
enhancement of 1.23 ± 0.66, which is slightly less than that
when using AI.) No enhancement was evident for cloud drop
effective radius (when analyzed in bins of cloud LWP), which
was relatively similar for the two chlorophyll A conditions.
Owing to the wider range of AI (and higher overall absolute
values) during the period of enhanced chlorophyll A, it is
suspected that the ACIr signal is more pronounced. The
likely reason that the re values were more similar as compared
to AI (and its subcomponents) is that marine aerosols
are more closely linked physically to ocean emissions than
clouds (Figure 1). Therefore, although a link between higher
chlorophyll A and enhanced AI values seems to be evident,
the effect on cloud properties cannot be identified with
high confidence using this dataset owing at least partly to
statistical factors in this analysis.

5. Conclusions

Two case studies were discussed that explore ocean effects
on aerosol-cloud interactions in regions with different levels
of background anthropogenic pollution: off the California
coast and the Southern Ocean. The first study that is
reviewed briefly in this work off the California coast [17]
leveraged simultaneous satellite and field measurements to
show a direct link between ocean emissions and aerosol
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physicochemical properties during periods of enhanced
chlorophyll A and low-level wind speed, which otherwise
would not have been identified with any one measurement
platform alone. That work also pointed to the advantage
of each individual platform of analysis (ground, airborne,
satellite); for example, the aircraft measurements provided
unique insight into the detailed aerosol physicochemical
properties and their vertical atmospheric profiles. But a
drawback with the aircraft and ground-based measurements
was the difficulty in obtaining a wide range of aerosol
conditions at fixed meteorological conditions to robustly
quantify the cloud microphysical response to aerosol per-
turbations during periods of varying ocean productivity.
Furthermore, that region is characterized by a significant
amount of background anthropogenic pollution, which
made it challenging to isolate the effect of ocean biota
emissions on cloud properties.

Owing to the ambiguity of the results related to ocean
emissions on aerosol-cloud interactions in the first case
study, a second investigation was carried out for the Southern
Ocean region owing to its lower amount of background
anthropogenic pollution. In order to examine aerosol effects
on clouds in this area during periods of relatively low and
high chlorophyll A conditions, ACIr (1) was quantified while
accounting for macrophysical factors such as atmospheric
stability and cloud LWP. The cloud microphysical response
to aerosol perturbations was stronger (higher ACIr) during
periods of higher chlorophyll A. This indicates that cloud
drop size experiences a greater reduction for a fixed increase
in aerosol concentration, potentially as a result of aerosols
with more favorable physicochemical properties for droplet
activation. But a causal relationship is difficult to establish
owing to biasing factors in the datasets. It is shown that
during periods of higher chlorophyll A, the range and
minimum/maximum values of AI and its subcomponents
(AOD and Ångstrom exponent) are higher than those
during low-chlorophyll A periods. Although this points to
higher aerosol concentrations during times characterized by
enhanced phytoplankton biomass, it also suggests that the
ACIr signal may be more pronounced owing to the wider
range in AI. It is argued that this does not allow for a
“fair” comparison and it points to the need to consider
such issues in future studies. Another factor shown to bias
ACIr values is sample size, where an increase in the amount
of data led to a reduction in ACIr for conditions of low
chlorophyll A presumably owing to a greater likelihood of
mixing data across a wider range of meteorological and cloud
conditions.

The topic of ocean-aerosol-cloud interactions will benefit
from future analyses with more extensive datasets at higher
spatial resolution. Field measurements are needed in addi-
tion to satellite observations to quantify the physicochemical
properties of marine aerosols (e.g., size and composition)
and to probe more detailed issues such as the role of
surface-active and directly-emitted aerosol particles [73–78]
in influencing Nd and cloud albedo. In addition, comple-
mentary modeling-based studies (e.g., [79–84]), are essential
in advancing predictions of marine aerosol emissions and
their impacts on clouds and climate.
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