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Abstract Using shipboard and satellite measurements we explore the environmental factors affecting
the number concentration of aerosols with diameter 100<D< 1000 nm over a cluster of three mesoscale
(~10–100 km) eddies in the North Atlantic. Strongest sensitivity to environmental conditions was found in
the 400<D< 1000 nm size range. In this size range particle concentrations were closely linked to the
surface wind speed, indicating in situ production of sea spray aerosols by wind-driven processes. Particle
concentrations were also affected by mesoscale variability in oceanic conditions at the vicinity of an
anticyclonic eddy. In addition, a distinct aerosol population possibly produced at a distance of ~1000–2000 km
from the study area was identified. The results highlight the importance of oceanic and atmospheric mesoscale
processes in determining the characteristics of aerosols over the marine environment.

1. Introduction

Covering approximately 70% of the Earth’s surface, the global ocean is one of the major sources of natural
aerosols. Sea spray aerosols (SSA), which are emitted from the sea surface through wind-driven processes,
contribute significantly to the Earth’s radiative budget, through direct interaction with solar radiation
[Bates et al., 2006] or indirectly by affecting the microphysical properties of clouds [Andreae and Rosenfeld,
2008]. Yet the emissions and atmospheric burden of SSA are still poorly constrained, and estimates of their
size-dependent production flux vary by an order of magnitude [de Leeuw et al., 2011], largely due to the
complexity of the SSA production process. While primarily dependent on the surface wind speed (W), SSA
emission and properties may also depend on a large variety of oceanic and atmospheric factors, including
atmospheric stability, relative humidity, sea surface temperature (SST), sea surface salinity (SSS), and the
presence of surface-active materials [Lewis and Schwartz, 2004]. An improved quantitative understanding of
SSA response to changes in environmental conditions is essential for accurate representation of their role
in the climate system.

Here we explore the link between aerosol number concentration and changes in environmental conditions
over a 2° × 2° region in the North Atlantic Ocean. To untangle the contributions of different oceanic and
atmospheric factors, we analyze variations over an area characterized by oceanic mesoscale (~10–100 km)
variability in physical and biogeochemical parameters. Such variability patterns result from dynamical
processes as horizontal stirring and vertical upwelling at the vicinity of mesoscale coherent eddies [Lévy et al.,
2012]. As recently shown, mesoscale eddies also have significant impact on atmospheric variables such as
wind, clouds, and rainfall [Frenger et al., 2013].

2. Data and Methods
2.1. In Situ Measurements

In situ data was collected aboard the R/V Knorr as part of the “North Atlantic Virus Infection of
Coccolithophore Expedition” (NAVICE; KN207-03; http://www.bco-dmo.org/dataset-deployment/455468).
Aerosol size distributions were measured using an optical particle counter (TSI model 3340, TSI Inc.,
Shoreview, MN, USA). Measurements represent light-scattering equivalent sizes of NIST traceable Polystyrene
Latex Spheres. Air was constantly pumped through a PM10 inlet heads from a 15 m ship mast. The air was
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pulled through stainless steel conductive tubes, minimizing adsorption of particles onto the tube walls.
Relative humidity in the inlets was reduced to 20–40% relative humidity (RH), using silica gel column dryers.

Measurements of SST, SSS, and chlorophyll fluorescence were performed by continuously sampling seawater
from the ship’s clean seawater inlet at the bow of the ship, nominally 5m below the sea surface. Surface
wind speed, relative humidity (RH), air temperature (T), and barometric pressure (P) measurements were
taken at the bow mast at a height of 15.5m above the waterline. Oceanic and meteorological data
were sampled in 60 s intervals.

2.2. Satellite Retrieval of Oceanic Variables

Regional surface concentrations of surface chlorophyll (Chl) and particulate inorganic carbon (PIC)
were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard Aqua. The data
set was comprised of 4 km L3 images obtained from the ocean color data distribution site (http://
oceandata.sci.gsfc.nasa.gov/).

Geostrophic velocity field was obtained from the Archiving, Validation, and Interpretation of Satellite
Oceanographic data database (http://www-aviso.cnes.fr). The data are gridded on a 1/3° × 1/3° Mercator grid,
with one data file every 7 days. Lagrangian coherent structures (LCS) [Haller and Yuan, 2000] were derived
from calculation of finite-size Lyapunov exponents. The cores of mesoscale eddies were characterized from
maps of the Okubo-Weiss parameter (OW) [Okubo, 1970; Weiss, 1991], which is a measure of the relative
dominance of vorticity (associated with the eddy’s core, negative OW) and deformation (associated with the
eddy’s periphery, positive OW).

2.3. Air Mass Trajectories and Associated Wind Speed

Hourly back trajectories over 48 h were calculated with the Air Resources Laboratory’s Hybrid Single-Particle
Lagrangian Integrated Trajectory model, using the Real-time Environmental Applications and Display
System [Draxler and Rolph, 2014; Rolph, 2014]. Terminal height was set to 20, 50, 100, and 500m. Results vary
little for the different heights. To facilitate the presentation of the results only trajectories terminated at 20m
are shown.

Surface wind speeds along the air mass trajectories were derived from the Special Sensor Microwave Imager
(SSM/I) aboard the Defense Meteorological Satellite Program satellite F17 and from WindSat aboard the
satellite Coriolis. For both sensors, the spatial resolution is 25 km with two samples per day. WindSat data are
produced by Remote Sensing Systems (RSS) and sponsored by the NASA Earth Science MEaSUREs DISCOVER
Project and the NASA Earth Science Physical Oceanography Program. SSM/I data are produced by RSS and
sponsored by the NASA Earth Science MEaSUREs Program. RSS data are available at www.remss.com. Daily
wind speeds along the air mass trajectories were derived by averaging all available observations at a given
day over a 2° × 2° region centered at the air mass location 24 and 48 h prior to the trajectory initiation.

3. Results and Discussion

Aerosol sampling was performed in a system of two anticyclonic and one cyclonic mesoscale eddies
(Figure 1a) during an 11 d period (1–11 July 2012). The three eddies were encircled by LCS (Figure 1b),
indicating that they were fairly isolated and subject to little mixing with their surroundings [Lehahn et al.,
2011]. The two anticyclonic eddies were also characterized by high PIC signature (Figure 1c), associated with
CaCO3 plates (coccoliths) that cover coccolithophore cells. High corresponding in situ coccolith abundance and
backscatter was documented in the upper mixed layer of “Eddy A” (Figure 1a) (Y. Lehahn et al., Decoupling
physical and biological processes to assess the impact of viruses on algal blooms from satellite data, in
preparation), thereby confirming this satellite PIC signature.

3.1. Dependence on Surface Wind Speed

In general, the measured aerosol size distribution between 100 and 1000 nm was similar to previous
observations in clean maritime conditions (Figure 2a) [O’Dowd et al., 2001]. It was characterized by two
peaks, the first centered at around 200 nm and the second centered at around 500 nm. While the 200 nm
peak varies little in time and space, the 500 nm peak and the associated concentrations (C) of particles in
the 400–1000 nm range varied in response to changes in environmental conditions, most prominently
surface wind speeds (W). For wind speeds higher than 4m s�1, which are commonly considered as the
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threshold value for whitecap formation
[O’Dowd and de Leeuw, 2007],
concentrations of 400–1000 nm
particles significantly correlate
(R= 0.68, P< 0.01) with W (Figure 2b).
The dependence of aerosol
concentrations on W is indicative of
local wind-driven SSA production, with
wind speed of between 4 and 5m s�1

being the threshold value for
triggering the emission process
[Lehahn et al., 2010].

3.2. Low-Wind Aerosol Populations

When focusing on the low wind
(W< 4m s�1) regime, the dependence
on surface wind speed (Figure 2b),
reveals two distinct populations: (i) a
low-concentration population
(denoted LWLA, Figure 2b) that is
linked to the main cluster, thereby
showing an expected dependence on
surface wind; and (ii) a high-
concentration population (denoted
LWHA, Figure 2b) that is clearly
identified as a distinct cluster
separated from the general
relationship with W. These two
populations fundamentally differ in
their size distribution. The LWLA
population follows a similar size
distribution pattern as those measured
in other wind regimes, with lowest
concentrations at the range
400–1000 nm (Figure 2a, solid red
line). The LWHA population has a
different size distribution (with respect
to the other wind regimes), with
lower concentrations in the
200<D< 300 nm range, and relatively
high concentrations in the
400<D< 1000 nm range (Figure 2a,
red dashed line).

The two low-wind aerosol populations
were also distinguished in time and
associated meteorological conditions.
The LWLA population was found
intermittently over a 6 day period
between 4 and 9 July and is associated
with a high-pressure system (measured
surface pressure of 1023 ± 1.6 mb). The
LWHA population appeared during a
~48 h event between 1 and 3 July and

Figure 1. Satellite-derived (a) geostrophic surface currents, (b) Lagrangian
coherent structures (LCS), and (c) particulate inorganic carbon (PIC). Solid
lines mark sections of the 11days ship track: red and green sectionsmark the
locations associated with sampling of the LWLA and LWHA aerosol popula-
tions, respectively. Purple sectionmarks the 24h leg used for quantifying the
impact of mesoscale changes in oceanic variability, at the vicinity of the
anticyclonic eddy marked by the letter A (see text).
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was associated with a low-pressure
system (measured surface pressure
of 1013 ± 2.8 mb).

The origin of the two populations was
investigated by analysis of the air mass
history and of the surface winds
associated with it, 48 h prior to the
sampling of the two populations
(Figure 3). Backward air mass
trajectories were initiated on 2 July
(for the LWHA population) and 4 July
(for the LWLA population), when
highest numbers of samples were
classified as LWHA and LWLA,
respectively. The trajectories were
initiated at 12:00. During the 48 h prior
to the sampling, the LWLA air mass
traveled a relatively short distance in
the vicinity of the sampling area
(Figure 3a, red line) and was associated
with moderate winds (averaged W
along the 48 h trajectory was
4.3 ± 1.08m s-1, Figure 3b). The
LWHA air mass followed a longer
trajectory (Figure 3a, black line) and
was associated with relatively
strong winds (averaged surface wind
speed along the trajectory was
7.7 ± 2.4m s�1, Figure 3c).

The relatively low aerosol
concentrations, together with the
overall agreement with the different
wind regimes, suggest that the LWLA
population represents the regional
background aerosol field. In contrast,
given their much higher concentration

and associated air mass and wind history, the LWHA population probably corresponds to SSA that were
produced by relatively strong winds of up to 9.5m s�1, 24–48 h prior to sampling. Accordingly, the particles
were transported ~1000–2000 km before settling at a low-wind area, at which time they were sampled. The
characterization of a distinct population that is associated with transport of SSA from a remote location
emphasizes the important role of atmospheric mesoscale (~10–1000 km) variability in modulating properties
of marine boundary layer aerosols, supporting previous observations by Anderson et al. [2003]. Identification
of a distinct transported SSA population was made possible due to a unique combination of low wind speeds
at the sampling location (average W on 2 July, when almost all aerosols were characterized as LWHA, was
1.5 ± 0.7m s�1) and strong winds along the air mass trajectory prior to the sampling time. It is likely to assume
that sampling during other periods also included contribution of transported aerosols, which may have
masked part of the signature of the locally produced SSA. Estimates of W along the air mass trajectories
suggest that in addition to 2 July, transported SSA may be found substantially in 7, 10, and 11 July (averaged
W along the 48 h air mass trajectories initiate at 12:00 were 6.6 ± 2.9m s�1, 8.2 ± 0.3m s�1, and 7.1 ± 2.8m s�1,
respectively; Figure S1 in the supporting information). Nevertheless, the relatively strong winds measured in
situ during those days (averaged values of 6.4 ± 0.9m s�1, 7.6 ± 1.7m s�1, and 9.3 ± 1m s�1 during 7, 10,
and 11 July, respectively) indicate to a strong signature of locally produced SSA, in addition to the possible
effect of transported aerosols. During the rest of the sampling period, we estimate the contribution of

Figure 2. (a) Aerosol number size distribution throughout the 11 days per-
iod for different wind regimes. Solid and dashed red lines are associated
with the low-wind (W< 4m/s) aerosol populations LWLA and LWHA,
respectively. (b) Concentrations of 400<D< 1000 nm aerosols plotted
against surface wind speed. Lower and upper boxes delineate the clusters
associated with the LWLA and LWHA aerosol populations, respectively.
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transported SSA to be small, due to low winds (~5m s�1 or smaller) along the 48 h backward air mass
trajectories (Figure S1).

3.3. Dependence on Mesoscale Oceanic Variability

To investigate the possible impact of oceanic variability, and to untangle it from the dominant effect of
surface wind speed, we focus on a leg from 6 July that was characterized by relatively constant
atmospheric conditions and varying oceanic conditions (purple section of the ship’s track in Figure 1).
The leg took place at the vicinity of an anticyclonic eddy (denoted A in Figure 1). Surface winds were
relatively strong and homogeneous (7.7 ± 0.9m s�1). To further reduce the variability associated with
wind speed, we restrict the analysis to samples corresponding to W> 8m, resulting in average surface
winds of 8.6 ± 0.5 s�1. In both cases average concentrations of 400<D< 1000 nm aerosols were
1.0 ± 0.3 cm�3. Surface wind speeds along 48 h backward air mass trajectories prior to the sampling time
were relatively low (averageW along three trajectories initiated at the sampling location on 6 July at 6:00,
12:00, and 18:00 was 5.1 ± 0.6m s�1), suggesting relatively small contribution of transported SSA. In
agreement with the low atmospheric variability, during the leg there was little correlation between
concentrations of 400<D< 1000 nm aerosols and atmospheric variables (Figure 4, green bars). In
contrast, aerosol concentrations during the leg were strongly linked to a number of oceanic variables
(Figure 4, blue bars).

The correlation with the OW parameter, which is a measure to morphology of mesoscale eddies as observed
in a satellite-derived velocity field [Lehahn et al., 2011], indicates that aerosol concentrations varied in
space in response to mesoscale oceanic variability at the vicinity of eddy A. This is supported by the fact the
leg included crossing of LCS (Figure 1b), which may separate between water bodies with distinct physical and
biogeochemical characteristics [Lehahn et al., 2007; d’Ovidio et al., 2010; Efrati et al., 2013].

Figure 3. (a) Forty-eight hours back trajectory of air mass associated with the LWLA (initiated on 4 July at 12:00, red line)
and LWHA (initiated on 2 July at 12:00, black line) aerosol populations. Triangles mark the corresponding sampling
locations at 34.5°W/62°N and 33.8°W/61.8°N. The trajectories are superimposed on MODIS-Aqua surface chlorophyll image
for the period 29 June to 6 July 2012. (b, c) Daily averages of satellite-derived surface wind speeds along the LWLA and
LWHA air mass trajectories, respectively.
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Since the different oceanic variables are
coupled and vary simultaneously with
the transition between water masses, it
is difficult to attribute the spatial
change in 400<D< 1000 aerosol
concentrations to a single variable.
Furthermore, because of the complexity
of the SSA production mechanism,
changes in a given parameter may have
different, and possibly contrasted,
results under different environmental
conditions. For example, laboratory
experiments [Mårtensson et al., 2003;
Hultin et al., 2011] and global
observational studies [Jaeglé et al., 2011]
report on both positive and negative
correlations between SSA production
and SST. Similarly, contradictory results
were reported on possible link between
atmospheric stability, which is
associated to the difference between air
temperature and SST (Figure 4, maroon
bar), and the coverage and persistence
of whitecaps [Lewis and Schwartz, 2004].

The spatial scale of the observed
variability (oceanic mesoscale; ~10–100 km), which dominates the planktonic ecosystem [d’Ovidio et al.,
2010], implies that the change in aerosol properties during the leg was associated with changes in biogenic
composition of the surface waters [O’Dowd et al., 2004; Fuentes et al., 2010]. Specifically, the change in
400<D< 1000 aerosol concentrations is suggested to be associated with surfactants, which were shown to
affect the primary production of submicron marine aerosols [Sellegri et al., 2006]. Furthermore, the negative
correlation with chlorophyll fluorescence (Figure 4) is in agreement with Sellegri et al. [2006] laboratory
experiments that show a decrease in the amplitude of mode 3 (300 nm) of the aerosols size distribution in
response to surfactant addition. Alternatively, the negative correlation can correspond to changes in surface
concentrations of small organic particulates and dissolved organic matter released during phytoplankton
predation and viral lysis [Quinn and Bates, 2011].

4. Summary and Conclusions

Using continuous shipboard aerosol size distribution measurements, in conjunction with measurements of
oceanic and atmospheric variables, we investigate the environmental factors that affect the number
concentration of submicron particles over a cluster of mesoscale eddies in the North Atlantic. The strongest
variability was observed in the 400<D< 1000nm size range, where particle concentrations were closely linked to
surface wind speed and to mesoscale changes in oceanic conditions in the vicinity of an anticyclonic mesoscale
eddy. Considering the importance of mesoscale dynamics in shaping the physical and biogeochemical oceanic
landscape, further investigation of variability patterns at this scale will improve our ability to correctly interpret and
represent the role of oceanic processes in regulating marine aerosol production. Furthermore, the presence of a
distinct aerosol population associated with advection from a distance of ~1000–2000km highlights the
importance of atmospheric mesoscale processes in structuring the distribution of marine boundary layer aerosols.
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