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Abstract An understanding of sea spray aerosol (SSA) production is needed to better assess its influence
on climate. Using satellite data, we investigated the production of the coarse mode of aerosol optical
depth (AOD,), a proxy for SSA, over the pristine South Pacific Gyre. The analysis was done on three time
scales: daily, seasonal, and interannual. Scale-dependent links were shown between the AOD. and wind
speed (W). AOD. and W were positively correlated on both daily and interannual time scales but were
significantly anticorrelated on the seasonal time scale. Seasonality of the AOD. — W link suggests
contribution of other environmental factors. The main variable that could statistically explain trends in AOD,
on the seasonal time scale was chlorophyll a concentration, which showed a clear negative correlation
with AOD.. The AOD, yield per W unit was clearly reduced when chlorophyll a concentration was high,
suggesting a secondary, but important influence of marine biological activity on SSA production.

Plain Language Summary In this study we conduct temporal-scale analysis on satellite data to
explore the environmental factors that impact sea spray particles production. We focus on the South
Pacific Ocean, which is a pristine marine environment and is characterized by low biological activity. The
production of sea spray particles, that is wind-driven process, is shown to be affected by the state of
the marine biological activity (detected best on a seasonal time scale). High biological activity is suggested
as a secondary influence that suppresses particles’ production. This discovery is important for estimates
of marine particles’ budgets and effects and will enable better representation of marine aerosols in
climate models.

1. Introduction

Marine aerosols—the aerosol forming in the marine atmospheric boundary layer (MBL)—are produced by
both primary and secondary processes. The primary marine aerosol, or sea spray aerosol (SSA), is produced
through the interaction of wind with the ocean surface, resulting in the mechanical formation of aerosols
(O’'Dowd & De Leeuw, 2007). The secondary aerosol is produced from the conversion of available trace gas-
eous molecules by chemical reactions into solid or liquid particles, in a gas-to-particle conversion mechanism
(Larson, 1980; O'Dowd et al., 1997; Ramachandran, 2018).

SSA is emitted from the surface of the ocean through bubble bursting (O'Dowd & De Leeuw, 2007). Ranging
in size from submicrometer to a few micrometers (Lewis & Schwartz, 2004), it contains both inorganic (sea
salts) and organic materials. SSA accounts for approximately 1 — 3 x 10'® g/year (Erickson & Duce, 1988;
Gong, 2003) of the global aerosol mass, making it one of the major types of particulate matter in the atmo-
sphere (Cochran et al., 2017; De Leeuw et al., 2011; Grini et al., 2002; Lewis & Schwartz, 2004).

SSA often dominates the mass concentration of marine aerosol, especially in remote locations (De Leeuw
et al, 2011; Fitzgerald, 1991). Consequently, the coarse mode (i.e., particles with radii>1 pm) of marine aero-
sol optical depth (AOD,) is composed mainly of SSA (Fitzgerald, 1991; Kleefeld et al., 2002; Lewis & Schwartz,
2004; Sellegri et al.,, 2001). Different studies using various measurement methods have shown that the frac-
tional contribution of SSA to the marine AOD, ranges between 50% and 100% (Bigg, 1980; Mészaros & Vissy,
1974; Quinn et al., 1998; Sellegri et al., 2001). Mcinnes et al. (1997) observed that in remote oceanic regions,
SSA accounts for 86—100% of supermicron aerosol particles. The fine mode of marine AOD (AODy) can consist
of some submicron SSA, but it is dominated by other types of materials (Lewis & Schwartz, 2004). Since about
98% of SSA mass is supermicron (Gong et al., 2002), together with the fact that in remote oceans, the marine
aerosol is dominated by SSA, we use the AOD, as a proxy for SSA in the atmosphere.
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Being abundant particles, SSA have a critical impact on the radiation budget (Charlson & Schwartz, 1992;
Murphy et al.,, 1998) and on the microphysical and macrophysical properties of clouds (Bender et al., 2016;
Bretherton et al.,, 2004; Feingold et al., 2010; Fitzgerald, 1974; Fitzgerald & Spyers-Duran, 1973; Koren &
Feingold, 2011; Ramanathan et al., 2001; Squires & Twomey, 1960; Twomey, 1977; Wood, 2012). Therefore,
SSAis a key element in the climate system (O'Dowd & De Leeuw, 2007). Accurate representation of the factors
and processes controlling SSA production, and the response of these formation processes to the changing
marine environment (Xu et al, 2015), is therefore an important step toward precise modeling of
climatic processes.

Triggered by wind-driven processes, SSA formation has been shown to depend primarily on the surface wind
speed (W; Ceburnis et al.,, 2008; Glantz et al., 2009; Gong, 2003; Korhonen et al., 2010; Lehahn et al., 2010;
Monahan & Muircheartaigh, 1980; Mulcahy et al., 2008; Prijith et al., 2014; Smirnov et al., 2003), especially
above a threshold of 4 m/s (Lehahn et al., 2010). Nevertheless, a number of studies have shown that the phy-
sical and chemical characteristics of the SSA population are influenced by the properties and content of the
seawater (Grythe et al., 2014; Jaeglé et al,, 2011; Kasparian et al., 2017; Ovadnevaite et al., 2014; Salter et al.,
2015; Tyree et al., 2007). This applies mainly to the uppermost 1-1,000-um layer of the ocean, which is
defined as the sea surface microlayer (Engel et al.,, 2017; Hardy, 1982; Hunter & Liss, 1977). Jaeglé et al.
(2011) showed a clear dependence of inorganic SSA emissions on sea surface temperature (SST) across multi-
ple data sets, especially under conditions of high wind speed (W > 6 m/s). Grythe et al. (2014) compared
existing SSA source functions with a global database of SSA mass concentration measurements and showed
a strong influence of SST on SSA production. More recently, Salter et al. (2015) derived an inorganic SSA
source function incorporating SST and employed it in large-scale models. Ovadnevaite et al. (2014) devel-
oped a source function that included the Reynolds number, allowing to combine not only W as a forcing
parameter but also the influence of wave height, wind history, friction velocity, and viscosity (which inher-
ently includes the impact of SST and salinity) in one parameter. Kasparian et al. (2017) proposed an empirical
parameterization of the organic-bearing particles’ concentration, which depends on water salinity and SST.
Frossard et al. (2014) conducted a bubbling experiment and observed that the presence of a thick stable
microlayer can prevent certain materials’ inclusion in the bubbles’ film and, consequently, might change
the SSA composition.

In recent years, the state of marine biological activity has also been shown to influence SSA properties (Cavalli
et al., 2004; Fuentes et al., 2010a; Meskhidze & Nenes, 2010; O'Dowd et al., 2004, 2008, 2015; Sellegri et al.,
2006; Tyree et al., 2007; Yoon et al., 2007). This follows from two decades of research that focused on the
impact of biological activity on the formation of secondary aerosols following gas-to-particle conversion of
the precursor dimethyl sulfide, emitted by phytoplankton (Charlson et al., 1987). Although extensive work
has been invested in identifying the possible impact of biological activity on the properties of MBL aerosols
(of both primary and secondary sources; Ayers & Gras, 1991; Korhonen et al., 2008; O'Dowd et al., 2004, 2015;
Vallina et al., 2006), the nature of this link is still not clear (Quinn & Bates, 2011).

Thus, although there is an overall agreement that seawater properties are likely to affect SSA production,
observational-based quantification of SSA’s response to changes in seawater properties is still lacking, mainly
due to (i) difficulty in distinguishing the contribution of locally produced SSA (to the aerosol population at a
given location) from the contribution of aerosols transported from remote terrestrial or marine locations; and
(ii) difficulty in untangling the secondary effect of changes in seawater properties from the dominant effect of
changes in W.

Here we address this challenge and estimate the effect of oceanic factors on SSA production with a focus
on biological activity, using satellite observations over the South Pacific Subtropical Gyre (see boxes in
Figure 1).

2. Data and Methods

Our analysis used 8 years of satellite-retrieved data (2003-2010). To allow for simultaneous measurements,
we used the products of different sensors onboard the same satellite (Aqua). The Aqua satellite (launched
in May 2002) follows a sun-synchronous orbit, providing daily measurements with equatorial crossing times
at 13:30 local solar time.
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Figure 1. Annual mean distribution of (a) coarse mode of aerosol optical depth, (b) wind speed, (c) chlorophyll a
concentration, and (d) sea surface temperature over the oceans for the years 2003 to 2010. The red box marks the main
region of interest, and the black boxes mark the additional examined regions of interest.

2.1. Satellite Data

2.1.1. Aerosol Properties

Aerosol parameters were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) with
spatial resolution of 1° x 1°. AOD and size parameters are standard MODIS overocean products, and even
though the retrieval is considered to be less accurate for low AOD regimes, these products have been exten-
sively validated (Levy et al., 2013; Remer et al., 2005).

The data set consisted of daily and monthly level 3 AOD (retrieved at 550 nm) from the Collection 6 algorithm
of MODIS aerosol products (Levy et al., 2013). The MODIS aerosol products include the fine mode fraction (fy),
defined as the ratio between AOD contributed by small mode particles (radii <1 pm) and the total AOD
(AOD#AODyy), and therefore reflect the contribution of fine mode particles to the total aerosol extinction
(Remer et al., 2005). In this study, fr was used to calculate AOD. using AOD. = (1 — f7) - AODyy. As discussed
in section 1, AOD. is a good measure for SSA amount in the MBL of the region of interest (ROI).

2.1.2. Signal Validation

To validate MODIS's AOD retrieval and ensure that the signal shows an actual increase (decrease) in aerosol
amount and not changes in the background ocean color, we compared the MODIS AOD signal to the Visible
Infrared Imaging Radiometer Suite (VIIRS) aerosol optical thickness retrieval for the year 2014.

VIIRS is a 22-band cross-track scanning radiometer onboard the Suomi National Polar-Orbiting Partnership
spacecraft (Cao et al.,, 2014). VIIRS measures reflected and emitted radiation from the Earth-atmosphere sys-
tem in narrow discrete bands, similar to the MODIS instrument. VIIRS’s overocean AOD algorithm starts from
the 672-nm band, but, unlike MODIS, the VIIRS instrument’s aerosol algorithm uses the green band (550 nm)
only as part of internal screening tests over ocean and not to actually derive aerosol properties (Jackson et al.,
2013). Thus, a change in ocean color should not affect the AOD retrieval. The comparison between MODIS
and VIIRS showed good agreement throughout the entire year (see supporting information Figure S4),
proving that MODIS’s AOD retrieval captures the changes in aerosols in the atmosphere and not the changes
in the background ocean color.

2.1.3. Surface Wind

Surface wind speeds (W, i.e., winds at 10-m height above sea level) were estimated from measurements taken
by the Advanced Microwave Scanning Radiometer of NASA’s Earth Observing System sensor. The wind speed
data were obtained from Remote Sensing Systems Inc. (http://www.remss.com/). The spatial resolution was
0.25° x 0.25°. Advanced Microwave Scanning Radiometer of NASA's Earth Observing System is a passive
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Figure 2. Time series of daily AOD. and W (thin blue and red lines in a, respectively); the darker solid lines represent
smoothed values using a moving average filter of 90 days. Linear correlations between AOD. and W for daily (b) and
annual (c) time scales. The data were sorted according to W and divided into 15 bins of equal numbers of observations (see
numbers inside the panels). The correlation coefficients and p values were calculated from the full data set before binning
(b) and from the annual means (c). All correlations were found to be significant at over 99% confidence level (py5 = 0 in
both cases). AOD. = coarse mode of aerosol optical depth; W = wind speed.

microwave radiometer that provides estimates of the wind speed. Estimates of wind speed from passive
radiometers were validated against buoy data (Ebuchi et al.,, 2002; Mears et al.,, 2001) and, despite the differ-
ences in measuring methods, showed good agreement (Wentz et al., 2007).

2.1.4. Seawater Properties

Surface chlorophyll a (Chl,) concentrations and SST were also derived from MODIS. The data set was com-
posed of level 3 images obtained from the ocean color data distribution site (http://oceandata.sci.gsfc.
nasa.gov/). The spatial resolution was 9 km ('/;,°x"/,,°).

2.2, Region of Interest

To inspect how ocean properties and W affect SSA loading in a controlled way, we looked for a region that
was free of long-range transport of aerosol. Moreover, assuming that the marine productivity effect is mostly
noted in transitions from extremity oligotrophic to slightly productive conditions, the selected main ROl cov-
ered a 10° X 10° area in the southern Pacific Ocean between 22°S — 32°S and 124°W — 114°W (red box in
Figure 1). The ROl is located 4,500 km from the nearest continent, away from known sources and transport
routes of terrestrial aerosol, to minimize the contribution of anthropogenic, mineral dust, or wildfire particles.
The region is characterized by a mean annual AOD, value of 0.089 + 0.005 (Figure 1a) and AODy value of
0.0052 + 7.8 - 10~ (see Figure S5), which is among the lowest worldwide (Koren et al., 2014). Moreover,
the ROl is characterized by low variance in meteorological conditions. This translates into small changes in
the MBL height throughout the year (~1,000 + 200 m). These environmental conditions and aerosol proper-
ties allow us to assume that particles emitted from the sea surface comprise most of the coarse mode aero-
sols in the MBL (Mcinnes et al.,, 1997) and, therefore, that AOD, values provide a good measure for SSA.
Assuming this, hereafter, we use AOD. as a proxy for SSA abundance over the ROI. The relatively low AOD,
values are associated with a moderate annual mean W (7.34 + 0.93 m/s; Figure 1b). From an oceanic perspec-
tive, the region is characterized by very low levels of biological productivity, largely due to limited availability
of nutrients in the upper, well-lit surface layer (Claustre & Maritorena, 2003; Dandonneau et al., 2003; Polovina
etal,, 2008). This is reflected in low annual mean values of Chl, (0.027 + 0.012 mg/m?; Figure 1¢) in a region of
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Figure 3. Daily means (each point represents the average value of the same day of the year for 8 years of data, 2003 to
2010). The thick lines show smoothed values (using a moving average filter of 10 days) and standard deviations

(shaded areas) of (a) AOD, (b) W, (c) Chl, concentration, and (d) SST. Scatter plots and correlations between AOD. and
(e) W, (f) Chl, concentration, and (g) SST. The data were sorted according to W, Chl,, and SST (e-g, respectively) and divided
into 15 bins of equal numbers of observations. The correlation coefficients and p values were calculated from the full data
set before binning. All correlations were found to be significant at over 99% confidence level (p,5 = 0 in all cases).
AOD, = coarse mode of aerosol optical depth; Chl, = chlorophyll a; W = wind speed; SST = sea surface temperature.

relatively high SST (22.27 + 1.85°C; Figure 1d). The phytoplankton bloom in this region peaks in austral
winter (Figure 3c).

In addition to the main ROI, similar analysis was done for two neighboring 10° x 10° boxes that span alto-
gether a ~3,000-km belt over the Pacific Ocean. This belt is located south of the Tropical Pacific, and therefore,
the interannual influence of the El Nifio-Southern Oscillation is less pronounced (Xu et al., 2015).

2.3. Statistical Analysis

Daily data of aerosol parameters, W, Chl, level, and SST, were extracted over a 10° x 10° ROl and averaged for
the required time period. The ROl was covered by 100 pixels, where W, Chl,, and SST data were averaged from
a finer resolution of 0.25° x 0.25° (W) and '/,,°x"/,,° (9 km) (Chl, and SST) into 1° x 1° resolution to match
the AOD data. The data were sorted according to W, Chl,, and SST and divided into 15 bins of equal numbers
of samples. Slope values, correlation coefficients, and p values (using t test) were calculated from the full data
set before binning.

3. Results

We studied the effects of varying environmental conditions on SSA production over the South Pacific
Subtropical Gyre (see red and black boxes in Figure 1). Temporal variations and mean values of AOD. and
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their association to changes in environmental conditions were analyzed

scale, the AOD, signal was highly variable, with abrupt day-to-day changes
that ranged between 0.006% and 55% of the annual mean (thin blue line
in Figure 2a). In agreement with previous studies (Glantz et al.,, 2009;
Korhonen et al, 2010; Lehahn et al, 2010; Monahan & Muircheartaigh,
1980; Mulcahy et al., 2008; Prijith et al., 2014; Smirnov et al.,, 2003), these
high-frequency variations in AOD. were significantly correlated with W
(Figure 2b; see p values in the figure caption), which was also characterized
by high variability (thin red line in Figure 2a). In contrast, a comparison of
the seasonal cycles of AOD. and W signals derived by applying a 90-day

0.02

é 0 1‘2 14 moving average window (thick blue and red lines in Figure 2a, respec-

wind [m/s] tively) showed no clear dependency: the two smoothed time series were

characterized by distinctly different seasonal cycles. Finally, comparing

Figure 4. AOD, as a function of wind speed for the mean of JJA (austral win-  annual averages of AOD. and W showed a significant correlation

ter, blue) and DJF (austral summer, red) for the years 2003-2010. The data
were sorted according to wind speed and divided into 15 bins of equal
numbers of observations (n = 2,670 and n = 1,496 for JJA and DJF, respec-

(Figure 2c), indicating that the observed interannual variability in AOD,
can be explained, to a first order, by year-to-year variations in the mean

tively). Points and shaded areas represent the mean and standard deviation ~ W. The apparent differences in the smoothed AOD. and W signals (thick
of AOD, for each bin. The solid lines represent the linear regression that was  blue and red lines in Figure 2a, respectively) suggest that on a seasonal
performed from the full cloud of data points above a wind speed time scale, the variability in AOD, over the ROI is impacted by changes

threshold of 4 m/s (Lehahn et al., 2010). AOD. = coarse mode of aerosol

in other environmental factors.

optical depth; JJA = June-July-August; DJF = December-January-February.

To further investigate this effect, we compared the seasonal cycles of dif-
ferent parameters as calculated for 8 years of data for the main ROI (Figures 3a-3d) and for the two additional
ROIs (Figures S1 and S2). AOD, and W were characterized by opposite seasonal cycles, with an annual mini-
mum in AOD,. during austral winter (June-July-August; Figure 3a) that was associated with an annual maxi-
mum in W (Figure 3b). A similar picture emerged for the case of phytoplankton biomass as expressed by
Chl, concentration, with the low wintertime AOD,. levels being associated with an annual maximum in
Chl, levels (Figure 3c). These high Chl, levels represent the wintertime phytoplankton bloom, which results
from the seasonal deepening of the oceanic-mixed layer. The SST was characterized by a different seasonal
cycle, with maximum and minimum values observed during the austral fall and spring, respectively
(Figure 3d). These results were consistent for the three ROlIs.

The relations between the seasonal cycles of the different parameters (as shown in Figures 3a-3d, S1, and S2)
were reexamined in scatter plots of mean daily data (Figures 3f and 3g), where each of the 365 points repre-
sents an average of the same day (along the year) over 8 years. Significant correlations were found between
the mean daily signals of AOD. and W (R = — 0.15), between AOD. and Chl, (R = — 0.57; this was done also
for the two additional ROIs, see Figure S3), and between AOD. and SST (R = 0.035; Figures 3f and 3g, respec-
tively). Although significant, the low R and slope values showed that on a seasonal time scale, changes in
both W and SST cannot explain the AOD, signal.

Finally, to further highlight the emerging link between SSA production and biological activity that changes
significantly on a seasonal time scale, we compared two seasons. We examined the relations between daily
time series of AOD. and W during austral winter when AOD_ is minimal and Chl, is at its maximal level and the
austral summer (December-January-February) when AOD. is maximal and Chl, is minimal (blue and red lines
in Figure 4, respectively).

This analysis isolated, to a first approximation, the effect of biological activity (measured by Chl, level) on SSA
production from the W effect. It showed significant differences in the dependency of AOD. on W between the
two seasons. The regression slopes between the two fields were 0.005 in austral winter when the biological
production is at its peak (Figure 3c) and 0.011 in the summer when biological production is minimal.

4. Discussion and Conclusions

Using satellite observations of atmospheric and oceanic variables, we assessed the effect of environmental
conditions on the production of SSA in a pristine region over the South Pacific Subtropical Gyre. We found
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that the association between SSA (which was approximated by satellite-derived AOD.) and some environ-
mental factors (including W, SST, and Chl,) depends on the time scale under consideration. While the wind
is the crucial mechanism that produces SSA, we specifically distinguished between two time regimes: (i) a
dominant wind regime, in which the AOD, trend can be explained by changes in W. This regime emerges
for the daily and interannual time scales; and (ii) a regime in which AOD_ variability cannot be fully explained
by W but by other environmental oceanic factors. This regime matched the seasonal time scale.

The observed day-to-day dependence of AOD. on W is in agreement with many previous studies (Glantz
et al,, 2009; Korhonen et al,, 2010; Lehahn et al.,, 2010; Monahan & Muircheartaigh, 1980; Mulcahy et al.,
2008; Smirnov et al., 2003), which all showed the strong dependence of SSA emission on surface wind speed,
the driving force for its production (Lewis & Schwartz, 2004). Our results showed that this dependency also
translates to the interannual time scale, such that year-to-year changes in mean W drive changes in annually
averaged SSA production. This result suggests that even a small increase in W, as expected for a warmer cli-
mate (Flohn & Kapala, 1989; Thomas et al., 2008; Young et al., 2011), will lead to enhanced SSA production
and, consequently, to an increased amount of marine aerosols.

In contrast to the observed dependence on short and long (i.e., daily and interannual, respectively) time
scales on the intermediate (seasonal) time scale, AOD. was negatively correlated with W. This suggests that
on such time scale, another factor may influence SSA production more significantly than W (see Figures S6
and S7). Based on the satellite-derived annual trend of Chl, which was anticorrelated with that of
AOD. (Figure 3f), our results suggest that SSA production as examined on a seasonal time scale is partly asso-
ciated with the change in marine biological activity, which controls the properties of the microlayer. A similar
link between AOD, and Chl, exists also on the interannual time scale (see Figure S8). Changes in microlayer
properties have been shown to affect SSA characteristics (Engel et al., 2017; Frossard et al., 2014; Gantt et al.,
2011). The microlayer’s composition determines the water surface tension, which in turn modulates fluxes to
the atmosphere (Elliott et al., 2017).

Specifically, our results suggest that the wintertime increase in phytoplankton biomass in the highly oligo-
trophic water of the South Pacific Subtropical Gyre suppresses SSA production, resulting in relatively low
levels of AOD.. Anticorrelation between biological activity and SSA abundance was recently observed
(Lehahn et al., 2014), based on in situ measurements in the North Atlantic. This hypothesis of enhanced bio-
logical activity resulting in reduced SSA production agrees with previous laboratory experiments that pro-
posed an effect of high surfactant amounts in the surface microlayer (which are associated with high
biological activity conditions) on the primary production of marine aerosols (Fuentes et al., 2010b; Modini
et al,, 2013; Sellegri et al., 2006). Modini et al. (2013) reported that increased amounts of surfactants in the
microlayer decreased the efficiency of aerosol production by 79-98%. The suggested mechanism involved
the influence of surfactants on bubble stability: addition of soluble surfactants to the surface seawater
increased bubble persistence, leading to thinning of the bubble film, which may result in reduced
aerosol production.

As the main driver of SSA production, untangling the W effect on SSA production is critically important and
challenging. The fact that the link between W and AOD.—which serves as a good proxy for SSA concentra-
tion—is dependent on season provides a strong indication that indeed, this link is affected by environmental
factors that change the mixed layer, and more importantly, the oceanic microlayer’s properties, and therefore
regulate the wind-driven SSA production. More specifically, the analysis of separate time scales and the daily
analysis per season provided a measure of the secondary albeit important role of phytoplankton in the pro-
cess, improving our quantitative understanding of the factors that control the amount of SSA in the
oceanic environment.
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