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Sea-spray aerosol particles generated in the surf zone
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[1] To assess the properties of aerosol particles generated over the surf zone, two
experiments were held at the pier of Scripps Institution of Oceanography (SIO),

La Jolla CA, and at the pier of the U.S. Army Corps of Engineers Field Research Facility
(FRF) in Duck NC. On both sites concentrations of surf-generated sea spray particles,
wave parameters and meteorological conditions were measured. The surf-aerosol
concentrations in the diameter range 0.2—10 microns were obtained from the difference
in aerosol size distributions measured upwind and downwind of the surf zone. It was
found that the flux of surf-generated particles at diameters at formation can be expressed
in terms of wave energy dissipation, which itself is related to the properties of the
incoming wavefield and the bathymetry of the beach. Although the flux can also be
modeled in terms of wind speed, this relation is considered to be not universal and
limited to low- to medium wind speeds. In Duck NC, two transport experiments were
performed under offshore flow conditions. In this case, the surf-aerosol concentrations
were obtained from the differences in three aerosol size distributions, measured just before
and just behind the surf zone and up to 16 km downwind (out to sea). No significant
decrease in concentration was observed at the farthest range, which suggests that an
appreciable amount of surf-generated aerosols is advected over tens of kilometers.
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1. Introduction

[2] Aerosols play a fundamental role in physical and
chemical processes affecting regional and global climate. The
aerosol scattering and absorbing properties determine their
interaction with the incoming solar radiation and thus their
effect on climate. Absorption reinforces the effect of green-
house gases on global warming; scattering reduces the radia-
tion reaching the Earth’s surface and thus causes cooling
[Jaenicke, 1984; Charison et al., 1992; Andreae, 1995]. The
Intergovernmental Panel on Climate Change concluded that
the role of aerosols introduces a larger uncertainty in climate
assessment than the radiative forcing attributed to greenhouse
gases [Intergovernmental Panel on Climate Change (IPCC),
2008]. This is due to the heterogeneous spatial and temporal
distribution of aerosol particles in the troposphere, their dif-
ferent origins (natural, anthropogenic), and their physical and
chemical behavior in the free troposphere, all of which makes it
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difficult to get an accurate estimation of their climatic impact at
regional or global scale.

[3] With 70% of the Earth’s surface covered by oceans, sea-
salt aerosols formed by the interaction of air and water repre-
sent a major component of the natural aerosol mass. They are
of fundamental importance in air-sea interaction, and play a
dominant role in many aspects of atmospheric chemistry,
atmospheric radiation, meteorology, cloud physics and climate
[Laskin et al., 2003; Mallet et al., 2003; Lewis and Schwartz,
2004; Mulcahy et al., 2008; Piazzola et al., 2009a]. In coastal
areas, the aerosols of marine origin become mixed with aero-
sols originating over land, from natural sources (e.g., dust) as
well as from anthropogenic sources such as urban and indus-
trial activities [Piazzola and Blot, 2010]. This leads to a very
heterogeneous spatial and temporal distribution, which makes
the coastal zone especially challenging to model [van Eijk and
de Leeuw, 1992; Vignati et al., 1998].

[4] The generation of sea-spray aerosols has extensively
been studied in the past decades. Two major mechanisms have
been identified: bubble-mediated production of jet and film
droplets from breaking waves [see, e.g., Blanchard, 1963;
Spiel, 1994, 1997] effective at wind speeds from 4 m/s and up,
and production of spume droplets torn directly from wave
crests by strong turbulence [see, e.g., Monahan et al., 1986]
effective at wind speeds in excess of 10—12 m/s. Additional
sea-spray production mechanisms include rain-mediated pro-
duction [see, e.g., Blanchard and Woodcock, 1957] and
effervescence of bubbles in gaseous supersaturated waters
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[see, e.g., Stramska et al., 1990]. This latter process occurs
more prominently in warm, nutrient-rich coastal and shallow
waters, where phytoplankton activity may lead to significant
oxygen levels in the water and an enhanced production of small
bubbles [Marks, 2008]. The coastal waters are also more likely
to contain suspended matter (anthropogenic pollution, river
run-off) that can be scavenged by the bubbles, leading to
“dirty” bubbles with modified rise speed and overall bubble
kinetics [Woolf, 1997]. In turn, this may have a non-negligible
impact on sea-spray generation, considering that about 50% of
kinetic wave energy is dissipated to generate bubbles [Terray
et al., 1996]. These are just a few examples underlining the
complexity of the bubble-mediated production mechanism,
and demonstrate that there is a need for continued interest in
this subject.

[s] As breaking waves are especially abundant in the surf
zone, Monahan [1995] hypothesized that many more sea-
spray aerosols per unit area and time would be generated over
the surf zone than at Open Ocean. Indeed, early measurements
involving an application of atmospheric electric techniques for
the measurement of the electric charge on bubble-produced jet
drops had revealed a definite flux of electric charge flowing
from the surf zone into the air [Blanchard, 1966; Gathman and
Hoppel, 1970; Gathman, 1983]. Exton et al. [1985] were the
first to recognize the importance of surf aerosol production
when making beach aerosol measurement. Lidar observations
of the surf zone near Scripps Institution of Oceanography
(SIO), La Jolla CA, during the EOPACE (Electro-Optical
Propagation Assessment in Coastal Environment) campaign
[Jensen et al., 1997] confirmed that ocean waves breaking on a
beach created plumes of aerosols with concentrations reaching
several orders of magnitude higher than the ambient back-
ground levels. The plumes extended 20-30 m above the surf
zone and were carried along with the wind [Hooper and
Martin, 1999].

[6] The quantitative assessment of sea-spray aerosol gen-
eration over the surf zone requires a source function, i.e., the
number of particles of specific radius produced at the sea
surface per unit area and time. While source functions for the
surf zone are sparse (see below), much effort has been devoted
to the establishment of source functions at Open Ocean. Most
source functions have been determined on the basis of exper-
imental observations [see, e.g., Andreas, 1998, 2002; Lewis
and Schwartz, 2004; O’Dowd and de Leeuw, 2007] and
wind speed is generally used to parameterize the aerosol pro-
duction in terms of environmental conditions. This suggests
that there is a strong correlation between aerosol production,
wave breaking and wind speed. While this may be effectively
true in deep waters for well-developed wind-generated
wavefields, wave breaking is a complex process that may not
always be clearly related to the prevailing winds. Therefore,
several of the more recent aerosol source functions are
expressed in terms of whitecap coverage, i.e., the fraction of
white water, which is a more direct measure of the amount of
wave-breaking (e.g., Piazzola and Despiau [2002], Clarke
et al. [2006], Shi et al. [2009] and Piazzola et al. [2009a],
building on pioneering efforts by Monahan et al. [1986]).
However, the vast majority of aerosol source functions are still
based on wind speed.

[7] From a hydro-dynamical point of view, the problem of
wave breaking on wave propagation onto a beach has exten-
sively been studied. Thornton and Guza [1986] proposed a
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parametric model based on the energy budget method. The
model expresses the budget between the energy flux of the
incident waves and the dissipation terms, i.e., wave breaking
and bottom friction. Neglecting bottom friction and using
additional closure models [Battjes and Janssen, 1978; Baldock
et al., 1998; Thornton and Guza, 1986], Francius et al. [2007]
expressed the local wave-energy dissipation WED (associated
with wave-breaking) in terms of the bathymetry profile and the
characteristics of the incident wavefield. Thus, from a hydro-
dynamical point of view, coastal wave-breaking and thereby
surf zone sea-spray aerosol generation is related to WED rather
than wind speed (assuming that spray production is dominated
by jet droplet production).

[8] Adopting the hydro-dynamical point of view, Chomka
and Petelski [1997] suggested that the total acrosol flux in
the surf zone is a function of wave energy dissipation. Using
dimensional analysis and measurements of the total aerosol
flux from two experiments in the Baltic Sea [see also
Petelski and Chomka, 1996], Petelski and Chomka [2000]
formulated an expression relating the total aerosol flux to
wave energy dissipation (WED) to the 3/4 power. They
considered this to be a universal relation, applicable to any
shoreline where waves are breaking. Coefficients in the
equation were different, however, for one set of experi-
mental measurements versus the other.

[9] Gathman and Smith [1997] reported aerosol concentra-
tions over the surf zone, measured using a boat (upwind of the
surf zone) and a shore-based station (downwind of the surf
zone) in San Diego Bay, during one of the 1996 trials of the
EOPACE campaign. They observed a concentration increase
of 1 order of magnitude and they found a relation between
swell height and the concentration of surf aerosol (as inferred
from the extinction at electro-optical wavelengths). Since swell
height and wave energy dissipation are related, this result
supports the hypothesis that wave energy dissipation at the
beach is a governing factor for surf acrosol production.

[10] de Leeuw et al. [1997] measured aerosol concentra-
tions over the surf zone in onshore winds at La Jolla, CA,
during two other trials of the EOPACE campaign in 1996 and
1997. Although they observed concentration increases up
to two orders of magnitude for particle diameters from 1 to
10 pm and clear vertical gradients, they could find no clear
relation between surf aerosol production and wind speed or
wave properties. Neele et al. [1998] reported a second look, in
more depth, at the results of the EOPACE experiments which
now also included data from a pier in Moss Landing, near
Monterey, CA. For these data sets, Neele et al. [1998] could
confirm the 3/4 power relationship proposed by Chomka and
Petelski[1997]. de Leeuw et al. [2000] revisited the EOPACE
surf data sets and prior analyses and stated that the 3/4 power
relationship worked for part of their data sets, but not for other
parts. They then turned away from wave energy dissipation
and proposed a simple power law surf source function by
correlating measured aerosol number fluxes for various par-
ticle diameters at the moment of formation against four dif-
ferent wind speed ranges. Increased aerosol concentrations
over the surfzone were later also reported by Zielinski [2003],
as inferred from lidar observations at various coastal sites of
the Southern Baltic Sea. Zielinski [2003] also presents a
relation between aerosol concentration and wind speed, but
he did not study possible relations with other meteorological
and/or hydro-dynamical parameters.
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[11] Clarke et al. [2006] report on a series of observations
from a tower at the beach of Oahu, Hawaii. Their in situ aerosol
measurements extend down to particle sizes much lower than
those achieved in the earlier efforts reported above. The anal-
ysis culminates in a universal function for the surface flux of
aerosols for a whitecap coverage of 100%, i.e., a function that
is not dependent on any environmental parameter. They
assume that this universal function scales with the whitecap
coverage. This implies that the surf source function (or for that
matter, the Open Ocean source function) can be retrieved by
multiplying with the whitecap ratio, which is taken to be a
function of wind speed following Monahan et al. [1986]. This
same hypothesis is adopted by O 'Dowd and de Leeuw [2007]
for the surf source function derived by de Leeuw et al. [2000],
albeit with the difference that O 'Dowd and de Leeuw [2007]
assume a whitecap ratio of 100% over the surf zone.

[12] While the surf source function provides information on
the local aerosol concentration, this function needs to be coupled
with a transport function to allow assessment of surf aerosol
effects at some distance away from the surf zone. The literature
is even sparser on transport issues than on surf production, and
the few papers available provide contradicting information. As
for vertical transport, lidar observations over the surf zone at
Scripps Pier CA revealed the presence of surf-aerosol plumes
that extended up to 20 m [Hooper and Martin, 1999]. Simul-
taneous in situ aerosol measurements at different heights
allowed de Leeuw et al. [1997] to infer a gradient function
yielding a similar plume height. On the contrary, Clarke et al.
[2006] present data obtained at Hawaii suggesting that the surf-
generated aerosol plumes remain much closer to the surface.
They suggest a concentration decrease by one order of magni-
tude over the first 5 m of altitude. Their results are also con-
firmed by lidar [Porter et al., 2003] and corroborate with other
reports in literature [Exton et al., 1985; Sievering et al., 2004].

[13] Ambiguity also applies to horizontal transport of surf-
generated aerosols. For onshore flow, Petelski and Chomka
[2000] reported a strong decrease in sea salt mass concentra-
tion as a function of distance from the shoreline. No salt par-
ticles greater than 10 microns were found farther inland than
82 m from the shoreline. In contrast, Kunz et al. [2002] con-
cluded from lidar observations on the Irish West Coast that
surf-generated aerosols may be transported over distances of
several kilometers. Vignati et al. [1998, 2001] developed the
numerical Coastal Aerosol Transport (CAT) model to assess
horizontal transport of surf aerosols in offshore flow. As a first
step, Vignati et al. [2001] reported encouraging agreement of
CAT with nearshore aerosol concentrations measured at the
island of South Uist [Smith et al., 1993] and Duck, NC
[Hooper and Martin, 1999]. The CAT model was then used to
predict (surf) aerosol concentrations beyond the surf zone. By
initializing the model with data obtained during the EOPACE
experiments in California in 1996-97, de Leeuw et al. [2000]
and Vignati et al. [2001] predicted that the effect of the surf
zone extended up to several tens of kilometers from the
shoreline, both for low and high surf production. Unfortu-
nately, the EOPACE data set did not allow for an experimental
verification of these model results.

[14] The above literature survey reveals that there is still
uncertainty over the proper environmental parameters to
describe the production of surf-generated sea-spray aerosols,
as well as their subsequent transport away from the produc-
tion zone. This provided the impetus for the present paper.
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We report on two experiments over the surf zone, one at the
pier of Scripps Institution of Oceanography (SIO), La Jolla
CA, the other at the pier of the U.S. Army Corps of Engineers
Field Research Facility (FRF) in Duck NC. On both sites
we measured concentrations of surf-generated sea spray
particles, wave parameters and meteorological conditions.
The surf-aerosol concentrations in the diameter range 0.2—
10 microns were obtained from the difference in aerosol size
distributions measured upwind and downwind of the surf
zone. In Duck NC, we also performed a transport experiment
under offshore flow conditions. In this case, the surf-aerosol
concentrations were obtained from the differences in three
aerosol size distributions, measured just before and just behind
the surf zone and up to 16 km downwind (out to sea). In
addition, we applied a numerical transport model (MACMod)
[Blot, 2009; Tedeschi and Piazzola, 2011] to obtain numerical
simulations of the aerosol concentrations in offshore flow.
[15] Section 2 presents the sites, the experimental set-ups
and the procedure to inter-compare the aerosol probes. This
procedure is instrumental for obtaining the difference con-
centrations mentioned above. Section 3 presents the meth-
odologies, and in particular a critical discussion of the model
used to convert aerosol concentrations into (mass) fluxes.
Results are described in section 4, starting with the spectra of
aerosol concentrations, then the spectra of aerosol fluxes, and
finally the integrated aerosol mass flux. This section also
presents the vertical and larger-scale horizontal variations in
the aerosol concentration. Finally, section 5 summarizes the
main findings. Although the present paper provides a full
discussion of the experiments and subsequent data analysis,
technical details are discussed more extensively in two
reports by van Eijk et al. [2009] and Piazzola et al. [2009b].

2. Experimental Setup

2.1.

[16] The core assets for the experiments consisted of
6 optical particle counters, manufactured by Particle Measur-
ing Systems (PMS), and 1 aerodynamic particle sizer (APS)
manufactured by Trust, Science, Innovation (TSI). Table 1
shows the main characteristics of the 7 probes that were
deployed. The data of all individual probes was synchronized
in time. Probe data was collected in 1-s intervals, and accu-
mulated over 1 min before storing on hard disk. Later, the raw
data was reduced by averaging over 5 or 10 min. The software
was able to merge data from 2 or more individual probes into a
single composite size distribution. This merge process con-
sisted solely of creating a “joint” data-array and did not include
any adjustment of individual bin concentrations. The capability
to merge data of individual probes allowed for the creation of
data files containing size distributions over a wide diameter
range from two probes placed side by side. These pairs of
probes will be referred to as probe 23, 46, 57 and 78. Thus, the
pair of probes 23 yields a size distribution between (nominally)
0.21 and 45.5 pum (see Table 1).

[17] The individual data points in each data file were fitted
to a polynomial function in log (dNdD) versus log (D) space
to obtain an analytical function for the aerosol size distribu-
tion. This polynomial function is only defined between the
smallest and largest diameter in the data file, i.e., no extrap-
olation was allowed at any time. Since the reliability of the
PMS probes becomes significantly less for diameters above

In Situ Aerosol Measurements
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Table 1. Probe Characteristics and Deployment
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Identification Number Type Size Range Radius (#m) Number of Channels Deployed at Scripps Deployed at FRF
2 PMS CSASP-200 0.21-18.5 31 Yes Yes
3 PMS CSAP-100HV 0.75-45.5 60 Yes Yes
4 PMS CSASP-200 0.21-18.5 31 Yes Yes
5 PMS PCASP-X 0.11-9.0 31 No Yes
6 PMS CSASP-100HV-ER 1.50-92.0 60 Yes Yes
7 PMS FM-100 1.50-49.0 20 No Yes
8 TSI APS 3321 0.49-20.5 53 No Yes

10 microns due to inlet losses that were not corrected for in
the experiments, data for these particle sizes should be not be
used in quantitative analyses. This was accomplished by
limiting the polynomial fit to an upper diameter limit. This
limit was determined for each individual data file and defined
as the first bin containing 5 or less counts. In practice, this
yields upper diameter limits of approximately 8—15 microns.

[18] All probes had been size-calibrated prior to the exper-
iment by introducing particles of known uniform sizes into the
scattering chamber. Unfortunately, an absolute calibration for
the number of particles counted per sampled air volume was
not possible. As shown by Reid et al. [2006], optical particle
counters may widely differ in the absolute amount of particles
registered. Therefore, all probes were run side by side for 24
to 72h prior and after the experiments. Based on this inter-
comparison, correction tables were constructed for the raw data
(bin counts) of each individual probe. By combining two
correction tables, the correction table for a probe pair was
constructed. These correction tables were then used to adjust
individual probe and probe-pair responses to a common
average size distribution, to which new polynomials were fitted
[de Leeuw et al., 2000]. Differences between correction tables
before and after the experiment showed that the characteristics
of individual probes had changed somewhat over the course of
the experiment (e.g., due to decreasing laser power, contami-
nation of optics). It was assumed that these changes had taken
place gradually, and the final correction tables were con-
structed on the basis of all inter-comparison data (both before
and after the experiment). Although the inter-comparison
reveals the systematic differences between the concentrations
as measured by the various probes, the analysis does not permit
selecting a probe (combination) that provides the best mea-
surements in an absolute sense. For this, an additional mea-
surement (e.g., the total aerosol mass as provided by a filter
method) is required, which is not available. The absence of an
absolute gauge for the aerosol concentration implies that our
measurements allow for the determination of functional
dependencies between aerosol concentration and for example,
wave energy dissipation, but that there is a remaining uncer-
tainty in the values of constants.

[19] The inter-comparisons were crucial to the experi-
ments, since the concentrations of surf-generated aerosols
were assessed from concentration differences as measured
upwind and downwind of the surf zone. After correction to
the common average size distribution, the average residual
difference concentrations (A, z(D)) were determined for
each combination of probes A4 and B:

%i((“’ log (dN /dD),— " log (dN /dD),)

i=1
)

(A4—p(D)) =

where the index i runs over all M pairs of individual aerosol
data files, and dN/dD is calculated from the polynomial fits to
the corrected data. This allows evaluating dN/dD at arbitrary
diameter, instead of being restricted to the center diameters of
the bins. The values of (A4 (D)) provide a measure for the
success of the inter-comparison: smaller values suggest that
the (corrected) size distributions of two probes A and B are
relatively close. Consequently, the values of (A4 (D)) pro-
vide an indication for the minimum resolvable concentration
difference between probe combination A and B. Because the
individual values of A, z(D) for two simultaneously mea-
sured aerosol records can be larger than (A4 (D)), we con-
sider (A4.5(D)) an optimistic estimate of the minimum
resolvable concentration difference. Figure 1 (top) shows
spectra of (A4 (D)) for three pairs of probes. The curve with
circles, for probe combination 46-23, applies to the inter-
comparison for the FRF experiment, but inter-comparison
results for the Scripps experiment were comparable. The
other curves apply to probe combinations only used at FRF
(see Table 1). Figure 1 (bottom) shows that the standard
deviations in the values of (A, (D)) are generally below
0.3 log unit (a factor of 2). We will take this value as the
minimum resolvable concentration difference for our probe
combinations. Figure 1 shows that the difference concentra-
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Figure 1. Inter-comparison results for probes 46-23 (cir-
cles), 46—78 (triangles) and 4657 (squares).(top) Residual
(A 4_p(D)) factors. (bottom) Standard deviations in (A 4_g(D)).
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Table 2. Ranges of Environmental Parameters Encountered Dur-
ing the Experiments

Scripps FRF
Parameter Unit Min - Max Average Min - Max Average
Wind speed ms! 0-8 1 0-21 4
Relative humidity % 40-100 90 40-100 82
Air temperature °C 10-25 16 7-28 22
Wave height m 0.3-2.2 0.8 0.5-4.5 0.6
Wave period s 3-15 9 5-15 9
Wave energy dissipation Wm > 10-70 22 10-180 26

tions are relatively more reliable in the domain below 10 pm.
The scatter in (A4_5(D)) and the increased standard devia-
tions at larger diameters suggests that the effective upper limit
of the aerosol spectra measured in the experiment was of the
order of 10 microns.

2.2. Aerosol Measurements on a Larger Spatial Scale

[20] Information about the aerosols in the Scripps area was
acquired with the TNO 7-wavelength transmissometer,
operating in 7 bands between 0.4 and 13.7 pm. A 6.7 km
transmission link was set up between the end (ocean-side) of
Scripps pier and the entrance to Torrey Pines State Park. The
transmissometer provided the path-averaged extinction for
the 7 wavelength bands. After removing the molecular con-
tribution from the signals, an iterative procedure was used to
estimate the aerosol size distribution from the aerosol
extinctions, using Mie-theory. Further details about the
instrument, the experimental set-up and the determination of
the aerosol size distribution are given by de Jong et al. [2007]
and Kusmierczyk-Michulec et al. [2008].

[21] Two Sun photometers were operated at Scripps. One
photometer was a MICROTOPS II, mounted on a tripod and
provided by SPAWAR Systems Center (SSC) Pacific, San
Diego; the other an automated CIMEL Sun photometer, part
of the AERONET network, which was temporarily relocated
to Scripps pier. At Duck, the handheld MICROTOPS II Sun
photometer was deployed. The Sun photometers measured
the optical depth from ground to the top of the atmosphere in
the direction of the sun, at 57 wavelengths between 0.34 and
1.02 pm. The data were analyzed with AERONET standard
procedures to retrieve aerosol optical depth, Angstrom coef-
ficient and size information [Holben et al., 2001; Dubovik and
King, 2000; Smirnov et al., 2000]. Only quality-assured and
cloud-free data (level 2) data were used.

[22] Aerosol properties on a synoptic scale were assessed
from air mass backward trajectory analysis, which trace the
history (location and height) of an air mass back in time from
the location of interest. For Scripps, 7-day backward trajec-
tories were available from AERONET, and their calculation is
based on the National Aeronautics and Space Administration
(NASA) Goddard kinematic trajectory model [Schoeber! and
Newman, 1995; Pickering et al, 2001]. At Duck, 4-day
backward trajectories were calculated using the public-domain
NOAA ARL HYSPLIT (HYbrid Single Particle Lagrangian
Integrated Trajectory) model (http://www.arl.noaa.gov/).

2.3. Wave and Meteorological Data

[23] At Scripps, the wavefield data were obtained from
three different sensors: 1) a CDIP (The Coastal Data Infor-
mation Program) buoy operated by the Ocean Engineering
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Research Group at SIO; 2) a SIO pressure sensor mounted on
the second piling from the north, on the west end of the pier,
15.13 m below the top surface of the pier deck; and 3) an
Acoustic Doppler Velocimeter (ADV) operated by the
Southern University of Toulon-Var, lowered into the water
adjacent to the southwest end of the pier, about 10 m from the
end of the pier. At Duck, wavefield data were obtained from
the FRF Sensometric SP793(C) array of 15 pressure-gauges
(ID3111), located at 8 m depth at 1 km offshore from the pier.
Tide information was obtained from the NOAA Tide station
(ID 8651371), located at the end (ocean-side) of the pier. At
both sites, the Southern University of Toulon-Var operated a
high-resolution video camera to make recordings of the surf
zone. These recordings were analyzed with image processing
techniques to estimate the length of the surf zone.

[24] Bathymetry profiles were required for the calculation
of wave energy dissipation (WED). Bathymetry measure-
ments around Scripps pier were made one week prior to the
start of the experiment by a contractor, Applied Technology
and Research, Encinitas CA. The bathymetry profile resem-
bled closely a plane beach with constant slope equal to 1/3
and isobaths parallel with the alongshore direction. At FRF,
the bathymetry was surveyed by the FRF staff on October
11th. The bathymetry profile at FRF was more irregular than
at Scripps, and two transects, north and south of the pier, were
used for the calculations. The resulting values of wave energy
dissipation did not differ significantly. The local bathymetry
was surveyed again on November 6th after the passing of
tropical storm Noel, and it was found that it had not signifi-
cantly changed due to the passing of Noel.

[25] Meteorological data was recorded by the standard
instruments deployed by SIO and FRF on their piers. In both
experiments, the TNO meteorological station made addi-
tional recordings of wind speed, wind direction, relative
humidity, air and sea temperatures and rainfall at location
near the end (ocean-side) of the piers. All data was reduced to
5 min averages and stored with the aerosol data. Table 2 lists
the ranges of relevant environmental parameters as encoun-
tered during the two experiments. Table 2 shows an important
difference between the two sites: at FRF, both the peak values
and the average values of wind speed and wave energy dis-
sipation were much higher than at Scripps. The larger
dynamic ranges of these two key parameters are paramount to
the analysis presented below. The Scripps experiment was
characterized by exceptionally fair weather with pleasant
temperatures and low winds. The site was subject to a very
regular sea-breeze, resulting in onshore winds during the day
and offshore winds during the night. In contrast, the weather
at FRF was far more irregular and more extreme. The passing
of a tropical storm caused strong winds and high waves, and
these high waves lasted for several days after the passage of
the storm. Because onshore and offshore flow conditions
pertained for several days, the final data set for FRF consists
of a limited number of longer onshore and offshore “flow
events” (3 each) as opposed to Scripps.

2.4. First Experimental Site: Scripps Pier

[26] The first experiment took place from 2 to 29 November
2006 at the pier of Scripps Institution of Oceanography
(SIO) in La Jolla, California. The Scripps pier is 330 m long,
starting from the back of beach and projecting well beyond
the surf zone even at low tide. The deck of the pieris 10.25 m
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Figure 2. (top) SIS at FRF pier. (bottom) Wahoo with
aerosol probes 23 (white boxes).

above mean low water level and the pier is oriented toward the
west northwest, 288° from true north. Behind SIO, the coastal
hills rise quickly to a height of about 125 m. This may impact
on the larger-scale airflow patterns in that area.

[27] In deciding where to place the PMS probes, locations
were sought that would provide undisturbed airflow into the
probe as much as possible. At the outer end of the pier, the probe
pair 23 was placed at approximately 13 m above the ocean on
top of one of the storage buildings, right at the outer edge of the
building and facing the ocean. This ensured the best measure-
ment conditions during onshore winds. For offshore winds,
however, sampling may have been less optimal. First, the inlet
horns were not turned into the offshore winds, but remained
ocean-facing. While prior experience had shown that in low
wind speeds (a few m/s) the forced convection produced by the
probe’s internal fan provides enough suction to draw in ade-
quate samples, some under-sampling cannot be ruled out. This
is especially true for the larger diameters as no correction was
made for inlet losses. Furthermore, in offshore flow the deck of
the pier becomes a possible source of obstruction for the aero-
sols generated at the sea surface, which can again cause under-
sampling. However, since the wind direction was rarely exactly
aligned with the pier, aerosol plumes generated left or right of
the pier should have been able to reach the probe’s location.

[28] On the shore end, selecting a location for the PMS
probes was more difficult. de Leeuw et al. [1997] had placed
their probes immediately next to the pier (south side), but
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the analysis by Neele et al. [1998] suggested that the sun-
heated pier deck had affected the measurements. To avoid
adverse effects by the pier, a location 168 m south of the
pier was chosen for the present experiment. In view of the
relatively uniform bathymetry along the beach, it was
assumed that the surf-aerosol production would be relatively
homogeneous along the beach, which means that a (modest)
shift in probe location over the alongshore coordinate does
not change the experiment. The onshore site was a lawn
with no immediate buildings behind the probes. The probe
pair 46 was set facing the ocean, at the edge of a short steep
slope coming up from the sea wall at the back of the beach.
The height of probes was about 9.5 m above the mean water
level. For onshore winds, these probes had an unobstructed
view of the ocean. Consistent with the probes at the end of the
pier, the inlet horns were not turned around in offshore flow.

2.5. Second Experimental Site: FRF Pier

[29] The second experiment took place from 16 October—
9 November 2007 in Duck NC at the pier of the Field
Research Facility (FRF) of the U.S. Army Corps of Engi-
neers. The pier is 560 m long, extending well beyond the surf
zone. The deck of the pier stands 7.7 m above mean low water
level and the pier is oriented 75° from true north. The pier is
located on a 650 m wide strip of land, separated by Currituck
Sound from the U.S. mainland. Contrary to Scripps, the flat
land and body of water ensure an unobstructed airflow.

[30] The FRF pier is equipped with the Sensor Insertion
System (SIS), shown in the top panel of Figure 2. The SIS is a
crane-like device with two arms that reach 15-25 m out from
the side of the pier. The two arms can be raised or lowered
independently, and rotated 360° around a base mounted on a
railroad car that rides on rails running the full length of the
pier. The SIS offered a flexible platform for positioning the
aerosol probes upwind or downwind of the surf zone while
avoiding interference from the pier structure. By rotating the
SIS arms from one side of the pier to the other, the probes
could be kept on the upwind side of the pier when the wind
direction was at an angle to the pier axis, thus avoiding having
the probes sit in the wake of the pier.

[31] Figure 3 shows the probe configurations during onshore
and offshore flow. The two arms of the SIS were at approxi-
mately 6 and 16 m above the water level. Apart from the SIS,
two more locations were chosen for aerosol measurements.
The top of a container at the end (ocean-side) of the pier pro-
vided a location to measure the background concentration
during onshore flow at about 10 m above the low water line. A
table next to the FRF building (behind the pier) provided a
location to measure the background concentration during off-
shore flow, at about 1.2 m above the ground and at approxi-
mately 9 m above the low water line. This location was not
ideal, but provided the best compromise between available
locations and exposure to the dominant wind directions during
offshore flow. Probes 5 and 8 were permanently located at the
ocean and land sites, respectively. Probe 7 was moved back
and forth between the table and the container to extend the size
distribution to larger particles during offshore and onshore
flow, respectively. Toward the end of the experiment, probe 5
broke down and probe 8 was then also moved back and forth,
along with probe 7.

[32] Inview ofthe larger wind speeds encountered at FRF as
compared to Scripps, the inlet horns of all aerosol probes were
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Figure 3. Acrosol probe locations during the FRF experi-
ment. Numbers refer to probes (see Table 1).

always pointed into the wind to avoid under-sampling. As at
Scripps, the contribution of surf-generated aerosols was
assessed from difference concentrations. For onshore flow, the
probe combinations 78 and 46 provided the primary data for
these differences, whereas the probe combinations 57 and 46
provided the primary data during offshore flow (see Figure 3).
Probe combinations 23 and 46 provided the data for assessing
the vertical dispersion of the surf aerosols.

2.6. Transport Experiments at FRF

[33] The transport of surf-generated aerosols was assessed
by measuring difference concentrations between the pro-
duction zone and a distance downwind. For this purpose, a
13 m commercial tuna fishing boat, the Wahoo (Figure 2,
bottom) was chartered. For the transport experiment, the
aerosol probe pair 23 was relocated from the SIS to the top of
the boat’s main cabin. In addition, a small portable meteorol-
ogy station was mounted next to the probes. During steady
offshore flow conditions, the Wahoo sailed to the end of the
pier for a baseline comparison with probe pair 46, still mounted
on the lower arm of the SIS and positioned downwind of the
surf zone. Care was taken that the pier did not obstruct the
airflow from the surf zone to the Wahoo. Then, the Wahoo
traveled along the offshore wind vector to a distance of
approximately 15 km before sailing back to the pier for a final
comparison. Typically, 10 stops were made during this trip
(67 on the outbound run and 3—4 on the inbound run) and
at each waypoint the aerosol distribution was sampled for
approximately 15 min. The whole experiment lasted about 4 h
and was performed twice, on 5 and 6 November 2007, during
relatively steady offshore flow conditions (constant wind speed
and wave height). The data obtained at each waypoint was
subsequently averaged into a single data file and corrected to
the “average distribution” obtained from the inter-comparisons.

3. Methodology

3.1.

[34] Francius et al. [2007] provide a detailed description
of the calculation of wave energy dissipation. They applied
a semi-empirical model based on the integration of the wave

Calculation of Wave Energy Dissipation
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energy balance equation, which can be written in general
form as

d

- (ECyc080) = —¢) — &1 2)
assuming that linear water wave theory is valid and consid-
ering obliquely incident waves on a coastline with straight
and parallel contours. In equation (2), x is the cross-shore
coordinate and 6 is the mean angle of incidence of the
wavefield. E is the total wave energy per unit surface area and
C, is the wave group velocity, which are expressed as the
general linear wave theory equations for finite depth.
Applying finite depth relations implies that reflection of wave
energy can be neglected and that the cross shore variations of
the bottom profile occur on larger scales than that of the
wavefield. The terms on the right hand-side of equation (2),
€p and 4 represent the contributions to the averaged (over
time) value of the local dissipation of wave energy due to
depth-induced wave breaking effects and bottom friction
effects, respectively. These latter effects are commonly small
compared to dissipation, and hence, /is neglected.

[35] The dissipation function €, is modeled with Battjes and
Janssen’s [1978] model for a periodic wave bore, which
requires a distribution function p,(H) of breaking wave heights
for closure. Since this function is not known, an additional
closure model is needed that provides a relation between the
breaking waves, the local wave height and the local water
depth 4. Three of such models by Battjes and Janssen [1978],
Thornton and Guza [1986] and Baldock et al. [1998] were
tested, and these all yielded similar results when it came to the
values of WED. The model by Baldock et al. [1998] was
retained, because it not only applies to plane, mildly sloped
beaches, but also to steep and/or non-planar beaches.

[36] The local water depth % is the sum of the bottom depth
below still water level, /¢, and a variation in mean water level
of the mean surface, 7, that represents wave-driven effects
which are associated with shoaling and breaking waves. The
variations 7) are calculated according to Longuet-Higgins and
Stewart [1963]:

08,
Ox

on

+pg(ho +1) 5= 0 ()
where the radiation stress component, S,,, is calculated
according to linear wave theory and /4, is obtained from the
measured bathymetry profile. Numerical integration of
equations (2) and (3) from an offshore position to the shoreline
then yielded the cross-shore variations of the wave height
and the mean wave energy dissipation. The results were vali-
dated using benchmark studies reported in literature, for both
laboratory and field conditions.

3.2. Calculation of Aerosol Difference Concentrations

[37] As mentioned above, the concentrations of surf-
generated aerosols are assessed from differences in the
aerosol concentration measured upwind and downwind of
the surf zone. To do this, the analytical representations of
the size distribution (see section 2.1) are used to evaluate:

b(D) = (dN/dD)down - (dN/dD)up (43)

S10g(D) ='* Log(dN /dD),,,, — ""Log(dN /dD),, (4b)
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for 60 diameters ranging between 0.1 and 100 pm. Note that
this is a numerical grid; the experimental data does not nec-
essarily cover the full grid. The differences 6(D) are taken to
represent the aerosol size distribution of the aerosols generated
over the surf zone, as measured at the height above the sea
surface of the downwind probe (a varying parameter due to
tidal effects). Since the upwind and downwind probes were
generally not positioned at the same height, the latter statement
implies that the background aerosols (measured upwind) were
well-mixed, i.e., that there was no (significant) vertical gradi-
ent in the background concentration. Considering the small
difference in probe heights (typically less than 5-10 m), the
small gradients observed over the Ocean [cf. de Leeuw, 1993],
and the relatively small concentration of background aerosols
as compared to surf-generated aerosols (see section 4.3), this
assumption seems justified.

3.3. Definition of Onshore and Offshore
Flow Conditions

[38] The measurement of difference concentrations
required that the probes upwind and downwind of the surf
zone measured the same air mass, which translated into the
requirement of wind directions perpendicular to the beach (or
more precisely: along the line between the shore and ocean
probe locations). Since a rigorous application of this criterion
would yield a very limited amount of aerosol data, intervals of
120° on the wind rose were selected to represent onshore and
offshore flow. The center of each interval corresponded with
the orientation of the pier. E.g., for the FRF pier at the East
Coast, oriented 75° from true North, the terms ‘onshore’ and
‘offshore’ in our analysis correspond to two wind direction
intervals on the wind rose of 195-315°N and 15-135°N,
respectively. In a worst case scenario, this implies that an air
mass flowing over the probe positioned at the end of the pier
“missed” the other probe station by 300 m on the alongshore
axis. In view of the bathymetry measurements, it seems rea-
sonable to assume that the surf production was homogeneous
over this distance.

3.4. Model for Evaluating Aerosol Fluxes

[39] In order to obtain the surf aerosol source strength, the
concentrations measured at some distance and height from
the production zone need to be transformed into the con-
centration flux at the surface in the production zone. This
transformation can be made by applying the continuity (mass
conservation) equation:

%—F%(nDU)—O—%(n'DW'—nDV,) =S, (5)
where np is the concentration of aerosols of diameter D at
location (x, z), U is the mean horizontal wind speed, V; is the
terminal fall velocity, w' is the fluctuating part of the vertical
wind velocity, and ' is the fluctuating part of the concentration
field, and S, is the concentration volumetric gain or loss. If we
integrate the equation over a height interval, we obtain:

J(z1) —j(z2) = fog (z1) — fa(z1) — j(22)

z2 z2 z2
81’![) 0
_/ (ﬁ) dz+/a(nDU)dzf/S,,ndz 6)
z1

zl z1
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where j denotes the mean net vertical flux, fsis the effective
production flux and f; is the deposition flux. Equation (6) is
simplified by a number of assumptions: (a) stationary condi-
tions apply (6/0t = 0); (b) U is independent of (x, z) over the
surf zone; (c) U has a positive value for onshore flow; (d) there
is no volumetric gain or loss between heights z; and z, (S, = 0);
(e) surf-generated particles are contained in the height domain
up to 7z, (j(z) = 0); (f) the x-derivative can be approximated as
the difference between the beginning of the surf zone and the
shore line divided by the length of the surf zone L; (g) the
deposition flux at z; is much smaller than the production flux.
The latter assumption will break down for those diameters where
the production strength is small (very small or very large parti-
cles) and for those diameters where the deposition flux is large
(very large particles). In practice, this poses severe doubts on the
validity of the assumption for diameters larger than (approxi-
mately) 10 microns. With these assumptions, we obtain:

Jepr(21) :% (/ZZ nDdz) — (/ZZnDdz) . (7)
shore pier

zl zl

[40] To further simplify equation (7), we assume that the
aerosols upwind from the surf zone (the “background” con-
centration on which the surf contribution will be super-
imposed) are well-mixed with respect to height between
z; and z,. This assumption is considered justified in view of
the order of magnitude difference in surf and background
aerosol concentrations. Finally, the diameter dependence is
made explicit to obtain:

where the subscript surf denotes the surf contribution
(obtained by subtracting the concentrations measured by the
probes after the surf zone from those before the surf). The
integral now runs from the surface, where we want to evaluate
dF/dD, to a height z,,,,, which must at least correspond to the
maximum height the surf aerosols can attain. The factor 10° is
added to express dF/dD in units of [um '.m %5 ']. The flux
dF/dD can be converted into a volume flux dF,/dD in units of
[pm 'm.s '] by multiplying with 7D?/6. The inputs to
equation (8) are the dN/dD values at ambient humidity
(assuming that the surf-generated droplets adjust rapidly to
the ambient humidity [cf. Andreas, 1992]), which thus yields
the source function dF/dD at ambient humidity. However, it is
customary to specify the source function dF/dD either in a
standard environment of 80% humidity or for diameters at
formation. We have chosen to express dF/dD as diameters at
formation, and the conversion of the dF/dD values was made
with an iterative algorithm evaluating droplet density at
ambient humidity using seawater salinity as input [van Eijk
etal.,2001].

[41] The theoretical framework outlined in equations (5)—(8)
relates the flux at the surface to the concentration of surf-
generated particles at some distance downwind from the pro-
duction zone. This approach can be visualized by a box, where
particles enter the box at the source (vertical flux of surf-
generated particles) and leave the box through the vertical
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Figure 4. Sensitivity of aerosol volume fluxes dF,/dD, in
[umfl.mfz.sfl] and for onshore flow at Scripps, to flux
model parameterizations. Solid squares: default parameteri-
zation given by equations (5)—(11); crosses: effect of using
L, instead of L; open squares: effect of changing z,.r by
—1 m; pluses: effect of 33% steeper gradient function (.

plane at the downwind location of the detector (PMS-probe,
horizontal flux out of the box). It is evident that this model
requires that all particles are transported from the production
zone to the receptor plane. In other words, this model will break
down in the absence of wind (or at very low wind speeds) as the
deposition flux has been neglected.

3.5. Parameterizations Used for the Flux Model

[42] The evaluation of equation (8) requires explicit
expressions for the vertical concentration profile of the surf
aerosols and the length of the surf zone. The latter quantity is
obtained from the high-resolution video recordings of the surf
zones at Scripps and FRF as made by the Southern University
of Toulon-Var. Following Neele et al. [1998], the surf length
L in equation (8) is taken to be an effective surf length,
defined as:

L= Lo
| cos (WD — Apier) |

©)

where WD is the wind direction, 4, is the alignment of the
pier along the wind rose, and Ly is the length of the surf zone
taken perpendicular to the beach evaluated from the video
recordings. The effective surf length accounts for the longer
path of the air mass over the production zone in the case that
the wind is not aligned with the pier.

[43] Following de Leeuw et al’s [1997] analysis at
Scripps, it is assumed that the height dependence of the surf-
generated aerosol concentration in equation (8) is described
by an exponential function:

dN(z,D) dN (z,g/-, D)
dD ~—  dD

* exp[((z = zrer) | (10)

where z,,, corresponds to the (tide-corrected) height of the
PMS probe downwind of the surf zone. The exponential
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profile corresponds to a balance between production and
deposition in the absence of other factors such as advection
and the growth of the internal boundary layer. While such
conditions are unlikely over the surf zone, the available
experimental data did not allow for a more precise determi-
nation of the shape of the profile function.

[44] From their measurements at 7 and 15 m height at the
base of Scripps pier (50-100 m downwind of the production
zone), de Leeuw et al. [1997] calculated diameter and wind
speed dependent gradient functions &. A fit to their Figure 5
yields:

(14 " logD)

¢= 0075 033 0)

(U <9m/s,0.2 < D < 40um)
(11)

where D is the diameter of the aerosol particle and U is the
wind speed. Equation (11) results in larger gradients for larger
particles and/or decreasing winds, which is in accordance
with experimental data and theoretical considerations. We
have made profile measurements at FRF (using the two arms
of the SIS), but as will be discussed later, the location of the
SIS was such that the plumes may not have fully reached the
upper arm. This complicates the evaluation of the gradient
functions, and therefore equation (11) has been used for all
calculations (at Scripps and at FRF) for the sake of consis-
tency and for inter-comparison of results.

[45] The final parameter that is needed to evaluate
equation (8) is zyax, the top of the vertical integration domain.
In physical terms, z,,,, should be set to at least the maximum
height that the surf-aerosol plumes attain, which, as discussed
in the introduction, is subject of debate in the literature.
However, because equations (10)—(11) fully determine the
vertical concentration profile, the numerical requirement for
Zmax 18 to set it sufficiently large as for the concentration to
drop off to negligible contributions to the integral. In practice,
a value of 50 m was adequate.

[46] Figure 4 assesses the sensitivity of the flux calculations
to the parameterizations discussed above. The Figure displays
average volume fluxes dFv/dD in [pm~'.m 2.s'] at diameter of
formation as observed during onshore flow conditions at
Scripps, but the study could as well have been made with
artificial data. The data labeled with solid squares denote
the fluxes calculated using the framework defined by
equations (5)—(11). Then, the data labeled (x) shows the effect
of not correcting for the effective surf length (equation (9)), and
the data labeled with open squares shows the effect of esti-
mating the probe heights (z,.rin equation (10)) wrong by —1 m.
The data labeled with pluses shows the effect of a steeper
gradient function, by taking a constant of —0.1 instead of —0.075
in equation (11). In our opinion, the variations in L, z,,rand ¢
are realistic, i.e., it is reasonable to estimate a probe height
wrong by 1 m, and the change in ¢ corresponds to the experi-
mental uncertainty in the underlying measurements. Figure 4
shows that the fluxes of larger particles are more sensible to
changes in L, z,,and especially ¢. This is unfortunate, since
these larger particles represent a significant contribution to the
total volume flux and at the same time their concentration
gradients are difficult to assess, at least from the data available
to the authors.
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3.6. Surf-Aerosol Mass Fluxes

[47] The mass flux F,, in [ug.m 2.s '] of surf-generated
aerosols is found by integrating the (volume) fluxes at radius
of formation over diameter:

D max

FM.wet = /

D min

dFy (D)
dD

) Pdrop dD
surf

D max

B dF (D) T 3
- d—D) —D Pdrop dD

(12)
surf 6
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D max dF (D) D 3
F o Vv dry dD
M dry / 4D >Wf< D pss

Dmin
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~ 34.9 /
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dFy (D)

—_— dD 13
dD )surf ( )

Where F . is the surf-aerosol mass flux and £y 4, is the
sea-salt mass flux, ps., denotes the density of the aerosols
(Parop = 1024.7 kg.m™3 for a salinity of 34%o), pss denotes
the density of sea-salt (pss = 2165 kg.m°), D is the
diameter of the fresh sea spray particle at formation, and
Dy, the diameter of the dry sea-salt particle. The ratio of
D and Dy, is constant at 3.96, whereas the ratio of Fy,,.;
and F 4, is constant at 29.4.

[48] The integration should run over the full size spectrum of
the surf-aerosols. In practice, the inability of the aerosol probes
to measure particles smaller than 0.1-0.2 gm and the reduced
reliability of the PMS-probes at larger diameters limited the
spectrum from approximately 0.5 to 20 pum at diameter of for-
mation (roughly 0.25-10 pm aerosol diameter at ambient
humidity). Figure 4 suggests that this limited domain will result
in an underestimate of the total mass flux F, by not taking into
account the fluxes at smaller and in particular the larger dia-
meters. A numerical test showed that the value of F,, decreased
by 10% when changing the lower limit of the integration
domain from 1.0 to 0.5 pm, and by a factor of 2 when changing
the upper limit of the integration domain from 20 to 15 um.
From these numbers, the shape of the aerosol flux spectrum
dF(D)/dD (shown in Figure 7; see below), and an extrapolation
thereof we estimate, as an order-of-magnitude number, that our
calculations may be short of the total mass flux by a factor of 5.

4. Results and Discussion

4.1.

[49] As mentioned in the introduction, the contributions of
surf-generated aerosols have been assessed from difference
concentrations upwind and downwind of the surf zone. The
surf-aerosol concentrations are thus superimposed on a
background concentration, advected over the surf zone from
sea (onshore flow) or land (offshore flow). Before turning our
attention to the surf-aerosols, the properties of these back-
ground aerosol concentrations are assessed to characterize the
larger-scale environment of the experiments.

[s0] For Scripps, the results of the transmissometer and Sun
photometer measurements have already been discussed by de
Jong et al. [2007] and Kusmierczyk-Michulec et al. [2008].

Background Aerosols: Scripps
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Based on air mass backward trajectory analysis, the latter
authors demonstrate that the background aerosols at Scripps
generally consisted of a mixture from marine and land-based
sources. Exceptions occurred during the last days of the
experiment (27-28 Nov 2006), when onshore flow brought
pure marine air masses to Scripps, and on 7 Nov 2006, when
Santa Ana winds caused an (stronger) offshore flow with
warm desert air and very low humidity. Kusmierczyk-
Michulec et al. [2008] confirmed this analysis with a study
of the Angstrom coefficient, a measure for the spectral vari-
ation of the aerosol extinction [Angstrém, 1929]. As shown
by Kusmierczyk-Michulec and van Eijk [2007], the value of
the Angstrém coefficient can be used as a tracer for the ratio
of sea spray and land-originated aerosols. Low Angstrom
coefficients, indicative for pure marine air, were almost
exclusively observed on 27-28 Nov.

[s1] Background aerosol concentrations at Scripps were
assessed by the probes at the end (ocean-side) of the pier
during onshore flow (upwind of the surf zone), and by the
shore-based probes during offshore flow (see section 3.3 for
the definition of onshore and offshore flow in this study). No
strong correlation between background aerosol concentra-
tions and wind speed was observed, with the exception of the
timeframe of pure marine onshore flow (27-28 Nov 2000),
when higher winds induced more sea spray production at the
ocean, leading to an increase of the aerosol concentration as a
function of wind speed. The concentration of submicron
aerosols correlated well with humidity (correlation coeffi-
cient cc = 0.65 for 0.5 um particles). This correlation reduced
to 0.35 after humidity-induced growth effects were removed
from the aerosol size distributions by normalization to RH =
80% using an algorithm given by Fitzgerald [1975], indi-
cating that both onshore and offshore flow contained a con-
siderable amount of hygroscopic submicron particles. This is
expected for onshore flow, but not necessarily for offshore
flow out of a semi-desert environment. In view of the diurnal
sea-breeze cycle at Scripps, it is possible that the hygroscopic
particles in the offshore flow are marine aerosols that had
previously been moved inland by the sea-breeze.

4.2. Background Aerosols: FRF

[52] In contrast to Scripps, the FRF site is more exposed
to the ocean and therefore wind speeds were much higher
than at Scripps. Where the average wind speed during the
Scripps experiment was only 0.9 m/s, with no wind speed
higher than 9 m/s, the average wind speed at FRF was 4 m/s
with maxima up to 20 m/s (see Table 2). Furthermore, the
FREF site did not have a diurnal sea breeze and the airflow
was determined by synoptic weather systems, resulting in
longer cycles of onshore or offshore flow.

[53] The backward trajectory analysis showed that the air
masses were pure maritime in origin in the beginning of the
experiment, and became more and more of mixed marine-
continental origin as the trial progressed. This was confirmed
by a general increase of the Angstrom coefficient (as mea-
sured with the handheld Sun photometer) over the course of
the experiment. However, the Angstrdm coefficient varied
considerably during a single day, taking values between 0.25
(pure marine) and 1.25 (strong continental influence). The
cause of this variation is not known, but possible explanations
are experimental errors, elevated aerosol layers passing over
the site, or local (near-surface) airflow patterns.
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Figure 5. Log-concentrations of 5 pum particles as function
of wind direction as measured at the shore-based station at
Scripps.

[s4] The concentrations as measured by probes 78 during
onshore flow and by probes 57 during offshore flow (see
Figure 3) provide information on the background aerosols
advected to the site from elsewhere. The concentrations
measured during onshore flow exhibit features typical of
marine aerosols, i.e., strong correlation (cc = 0.85) with
wind speed and wave energy dissipation. The correlation
with humidity was weak for smaller particles, but reasonable
(cc = 0.5) for larger particles. This correlation reduced to
0.3 after removing the humidity-induced growth effects. As
expected, the aerosol concentrations measured during off-
shore flow did not correlate with wave energy dissipation.
Correlation with wind speed was meager (cc = 0.4) and
there was little evidence for humidity-induced growth, in
accordance with a continental to continental-maritime nature.

4.3. Surf Aerosol Concentrations

[s55] We now turn our attention to the aerosols generated
over the surf zone, starting with the experiment at Scripps.
Since the probes at Scripps remained in the same location
during the whole experiment, the presence of surf-generated
aerosols in the atmosphere can be demonstrated by a plot of
aerosol concentration versus wind direction. Figure 5 shows
the concentrations of particles of 5 um diameter measured by
the probe pair 46 at the shore-based station near Scripps pier.
The plot includes all 7763 data points accumulated over the
whole experiment. Figure 5 reveals that the aerosol concen-
tration increased by 1-2 orders of magnitude when the flow
changed from offshore (nominally 110°N) to onshore (290°N)
and the aerosols generated over the surf zone could reach the
probes. This corroborates well with the results reported by de
Leeuw et al. [1997, 2000] for the same site.

[s6] To further investigate the contribution of surf-generated
aerosols, the differences 6(D) between the aerosol concentra-
tions upwind and downwind of the surf zone were calculated
by equation (4a). The calculations were made on a logarith-
mically spaced grid of 60 diameters ranging between 0.1 and
100 pum. A value of 6(D) was only calculated and entered if the
diameter D was in the validity domains of the two polynomial
fits to the measured distributions (see section 2.1). This process
created size distributions of surf-generated aerosols, over a
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Table 3. Surf-Aerosol Data Sets®
Number of Symbol
Name OaB Data Files (Figure 6)
Onshore flow Scripps 23-46 2900 Solid triangle
Offshore flow Scripps 46-23 3250 Solid square
Onshore flow FRF 46-78 2750 Open triangle
Offshore flow FRF all events 46-57 1450 Open square
46-78
Offshore flow FRF event 1+2 46-57 800 Not shown
Offshore flow FRF event 3 46-78 650 Asterisk

#Column 64 g lists the aerosol probes used to create the difference (surf-
aerosol) concentrations.

diameter range from 0.1-0.2 pm up to 8—15 pum (exact range
varied from file to file). Four separate data sets were generated,
for the 4 combinations of site and flow (e.g., onshore flow at
Scripps). These data sets contained 1500-3000 data records
each, as shown in Table 3. For FRF, the differences 6(D) were
obtained from probes 46—57 and 4678 (see Figure 3 for probe
locations at FRF and Table 1 for probe numbers). Figure 3
shows that other combinations of probes would also yield
difference concentrations providing information about surf
aerosols (e.g., 785 or 78-23 for onshore flow). All these data
sets were generated, but they turned out to be noisier, to result
in smaller data sets, or to be less reliable because (A 4_5(D))
(see section 2.1) was relatively large. Consequently, these data
sets were not retained in the final analysis. As mentioned in
section 2.5, probe 5 broke down near the end of the FRF
experiment, which led to FRF offshore flow data set consisting
of mixed 4657 and 46-78 data. Although the probes should
be interchangeable after the inter-comparison (see section 2.1),
two secondary data sets with differences 6(D) were generated
for FRF offshore flow: one consisting of 46—57 data and one of
46-78 data (see Table 3).

[57] Figure 6 shows the average size-resolved spectra of
surf-generated aerosols for the various data sets. The Figure
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Figure 6. Size distributions of surf-generated aerosols in
0log (D) units (see text and equation 4b): solid triangles:
onshore flow at Scripps, with standard deviations; solid
squares: offshore flow at Scripps; open triangles: onshore
flow at FRF; open squares: offshore flow at FRF; asterisks:
3rd offshore event at FRF.
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Table 4. Regression Results for 5 ym Particles at Scripps®
Data Set Slope cc N sdev A(dN/dD) AU/AWED
Onshore
Log dNdD versus U Direct 0.033 0.153 2852 0.399 -1.5-0.5 0-9
Log dN/dD versus U Difference 0.009 0.048 2624 0.366
dN/dD versus WED Direct 0.019 0.775 2831 0.304 -1.0-2.0 0-70
dN/dD versus WED Difference 0.009 0.140 2812 0.686
Offshore
Log dN/dD versus U Direct —0.207 —0.462 3221 0.435 -2.5-1.0 0-5.5
Log dN/dD versus U Difference —-0.257 -0.515 2734 0.480
dN/dD versus WED Direct 0.021 0.967 3185 0.203 0.0-1.5 10-70
dN/dD versus WED Difference 0.002 0.038 3033 0.489

“The label cc denotes the correlation coefficient, N the number of data points includes in the regression, sdev the standard deviation of the fit, A(dN/dD)
the dynamic range of the concentration (log-units), AU the dynamic range of wind speed, and AWED the dynamic range of wave energy dissipation.

Labels “direct” and “difference” are explained in the text.

presents the factor i (D) (see section 3.2) by which the
background concentration at a specific size has increased
due to the surf contribution. Error bars are included for the
data collected at Scripps during onshore flow. Standard
deviations were comparable for other cases, but these have
not been included for clarity. The scatter in the values of
O10g (D) increased significantly for diameters larger than 10—
15 pm, indicating that these parts of the spectra are less
reliable. This is attributed to reduced probe sampling effi-
ciency and a decreasing accuracy of the inter-comparison
curves (see Figure 1). Because of the lesser reliability, the
spectra were cut off at larger diameters. The data that was
cut-off has not been included in the further analysis.

[58] The average spectra shown in Figure 6 correspond to
different average meteorological conditions. Because of dif-
ferences in average wind speed, wave height and wave energy
dissipation, the source strength for surf-aerosol production
must have been different, which implies that the absolute
values cannot be compared. Instead, Figure 6 addresses the
shape of the surf-aerosol spectrum. The curves with solid and
open triangles and asterisks suggest that the surf zone adds
approximately a factor of 3 to 5 particles at smaller (0.5 pm)
diameters, increasing to a factor of 10 at larger (10 ym) dia-
meters. This agrees reasonably well with the surf-aerosol
spectra published by Gathman and Smith [1997] and de
Leeuw et al. [2000] for Scripps. The relatively strong pro-
duction at 5-10 um coincides reasonably well with the peak
diameter of jet-droplet production found for Oceanic source
functions, and supports the views of de Leeuw et al. [2000],
Clarke et al. [2006] and O’Dowd and de Leeuw [2007] that
the surf aerosol source function resembles the Oceanic source
function.

[59] On the other hand, two curves in Figure 6, with open
and solid squares, suggest a much more pronounced increase
in production for diameters approaching 10 pm, suggesting a
peak beyond 10 pm. However, the uncertainty in our data at
these larger diameters (see section 2.1) does not allow con-
cluding firmly on the presence of this peak; all that can be said
is that the production becomes relatively stronger at larger
diameters. This pronounced production is found for two of
the three data sets collected in offshore flow conditions. This
might indicate that enhanced spume-droplet production
played arole here as air and water move in opposite directions
and droplets are more easily torn off the wave crests. How-
ever, further analysis led us to doubt this explanation. First,
offshore winds at Scripps were very low, which does not

favor spume droplet production, even by opposite motion of
air and water. Second, the FRF offshore flow data measured
by probe pair 46—78 only (curve with asterisks) does not at all
suggest an enhanced production at larger diameters.

4.4. Regression Between Surf Aerosol Concentrations
and Environmental Parameters

[60] As discussed in section 1, surf acrosol production has
previously been parameterized in terms of wind speed (related
to wave breaking and transport) and wave energy dissipation
(WED, related to wave breaking on a sloping beach). There-
fore, the regression analysis presented in this section focuses
on these two parameters. Other environmental parameters
(such as relative humidity and air-sea temperature difference)
were less well correlated with the surf aerosol concentrations,
or other parameters were closely related to one of the primary
parameters (e.g., wave height was related to WED) and
therefore not independent.

[61] The regression analysis was made for various dia-
meters between 0.5 and 10 um. Since there were no fun-
damental differences among the diameters, only the results
for 5 pm particles will be discussed here. The data sets listed
in Table 3 were input to the analysis. Since the complete
FRF offshore flow data set and the one limited to probe data
4657 gave almost identical results, the latter will not be
further discussed here. The regression analysis was per-
formed on the §(D)-factors (see equation (4)) that represent
the aerosol difference measurements (see section 2.1). Since
the difference calculations inherently carry an uncertainty
(even after inter-comparison), we looked for additional data
sets to include in the regression analysis, in order to gain
confidence in the results. Figure 6 suggests that the con-
centration of surf-generated aerosol particles of 5 ym was
approximately 0.7 to 1 order of magnitude higher than the
background concentrations, which implies that the majority
of the particles sampled downwind of the surf zone can be
attributed to surf-generated aerosols. Thus, there is justifi-
cation in correlating these concentrations directly with
meteorological and wave parameters and assuming that this
reveals information about surf-generated aerosols.

[62] The results of the regression analysis (for 5 pum parti-
cles) are summarized in two tables: Table 4 presents the results
for Scripps; Table 5 for FRF. The entries in the tables are
labeled “direct” or “difference.” The label “difference” refers
to correlations with the 6(D)-factors, whereas “direct” refers to
correlations with concentrations as measured by a single probe
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Table 5. Regression Results for 5 gm Particles at FRF?*

Data Set Slope cc N Sdev A(dN/dD) AU/AWED
Onshore
Log dN/dD versus U Direct 0.067 0.800 1538 0.297 -2.0-0.5 0-20
Log dN/dD versus U Difference 0.065 0.801 717 0.290
dN/dD versus WED Direct 0.012 0.936 1529 0.176 0.0-2.0 0-200
dN/dD versus WED Difference 0.010 0.929 732 0.157
Offshore
Log dN/dD versus U Direct —0.018 —0.140 1028 0.304 -1.5-0.0 0-11
Log dN/dD versus U Difference -0.018 —-0.272 727 0.141
dN/dD versus WED Direct 0.005 0.234 1023 0.164 0.0-1.0 10-50
dN/dD versus WED Difference 0.005 0.022 727 0.143
Offshore 3
Log dN/dD versus U Direct —-0.079 —0.649 504 0.243 -1.5-0.0 0-11
Log dN/dD versus U Difference —0.086 —0.654 246 0.261
dN/dD versus WED Direct 0.009 0.567 500 0.130 0.0-1.0 10-50
dN/dD versus WED Difference 0.008 0.564 243 0.122

iSee Table 4 for an explanation of labels. The data set “offshore 3” corresponds to the 3rd offshore flow event at FRF, when probe pair 46-78 was

deployed.

(e.g., probe 46 on the lower SIS-boom). The tables present the
result of the regression analysis (slope, correlation coefficient,
standard deviation of the fit and number of data points), as well
as the dynamic range of the variables that were correlated. The
tables show that the correlation between surf aerosol concen-
tration and wave energy dissipation (dN/dD versus WED) is
always positive, both for onshore and offshore flow. This then
suggests a (linear) relation between surf aerosol production and
wave energy dissipation.

[63] In contrast with this, the correlation between surf aerosol
concentration and wind speed differs from onshore to offshore
flow. For onshore flow, a positive slope is found, which could be
indicative of a relation between surf aerosol production and
wind speed as hypothesized by de Leeuw et al. [2000]. How-
ever, these authors only analyzed onshore flow cases and may
not have noted the negative correlation between concentration
and wind speed for offshore flow. This negative correlation is
not consistent with a wind-driven production mechanism, and
we thus conclude that wind speed is not the main driver for
aerosol production. In our opinion, the negative correlation results
from the opposing directions of wind and waves during offshore
flow. In these conditions, stronger winds tend to suppress the
wave heights and therefore WED. This hypothesis is supported
by our data, which showed that the correlation between wind
speed and WED was negative during offshore flow.

[64] In view of the results presented above, and especially
the consistency between the sites and the flow direction, we
conclude that WED is a better parameter than wind speed to
describe surf aerosol production. The regression analysis
presented above focused on a linear relation between dN/dD
and WED. Since Petelski and Chomka [2000] used dimen-
sional analysis to relate the surf aerosol flux to WED to the 3/4
power, we have also correlated dN/dD with WED">. How-
ever, this did not significantly change the quality of the fits,
and we can only conclude that the dependence of surf aerosol
concentration on WED may be described by a function of the
type WED*, where x takes a value of approximately 1.

4.5. Vertical Concentration Gradients
of Surf-Generated Aerosols

[65s] As explained in section 3.5, vertical concentration
gradients of the surf-generated aerosols are required to infer

the surface flux of these aerosols. We did not measure
aerosol gradients during our trial at Scripps pier, but infor-
mation about the vertical profile of aerosols was collected
during the experiment at FRF by the probes mounted in the
lower and upper arms of the SIS (see Figure 3). Typically,
the arms were positioned at 6 and 16.5 m above the sea
surface, almost immediately downwind of the surf zone. For
the 3 onshore events at FRF, we measured concentration
gradients that were a factor of 2—5 larger than those mea-
sured by de Leeuw et al. [1997] at Scripps (parameterized by
equation (11)). Furthermore, the observed gradients became
steeper as wind speed increased, which does not corroborate
with the assumption of more efficient vertical mixing with
increasing winds as suggested by the few experimental
measurements of aerosol vertical profiles available in the
literature [De Leeuw, 1986; Piazzola and Despiau, 1997].
[66] To explain these findings, we turned to the experi-
mental set-up at FRF. Due to the close proximity of the SIS
to the surf zone, it was not a priori certain that surf-gener-
ated particles had time to disperse vertically to reach the
upper probes. However, since probe 23 in the upper arm of
the SIS (at 16.5 m above the surface; see Figure 3) typically
measured 2-3 times more aerosols (for D = 5 um) than
probe 78 upwind of the surf (at 8.5 m above the surface), we
conjecture that a fair amount of surf aerosols reached the
upper probe, because the upwind probe only measures
background aerosols. On the other hand, the aerosol con-
centration measured at the lower arm of the SIS increased
more strongly with wave energy dissipation than that mea-
sured at the upper arm, resulting in stronger gradients at
higher wind speeds. This indicates that there was not enough
time for these surf-generated particles to disperse vertically
to the upper arm of the SIS. Consequently, the concentration
gradients as inferred from the PMS probes on the lower and
upper arms of the SIS are overestimated. Since de Leeuw
et al. [1997] measured the concentration gradients 50—
100 m downwind of the surf zone there was more time for
vertical mixing and their gradients should be more correct.
Because these gradients corroborate well with theoretical
and experimental evidence [Gathman and Smith, 1997; van
Eijk et al., 2001], we retained equation (11) as the gradient
function for both the Scripps and FRF data. The vertical
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Figure 7. Surf aerosol fluxes dF/dD in [pym '.m %.s™'] at
diameter of formation. (top) Onshore flow at FRF; solid tri-
angles: U = 0-5 m/s, with standard deviations; crosses: U =
5-10 m/s; open circles: U = 10-15 m/s; solid squares: U =
15-20 m/s, with standard deviations. (bottom) Onshore flow
at FRF; solid trlangles WED = 0-50 W.m ~; crosses: WED
= 50-100 W.m"2; open circles: WED = 100 150 W.m %,
solid squares: WED = 150-200 W.m 2. Lines denote
approximations by equation (15).

profile measurements at FRF are now subject of a more
extended analysis, which will be reported elsewhere.

4.6. Surf-Aerosol Fluxes

[67] The set of equations (5)—(11) allows calculating
fluxes of surf-generated aerosols (see sections 3.4 and 3.5).
As already mentioned, de Leeuw et al. [2000] used this same
set of equations to analyze their data obtained at Scripps
during onshore ﬂow and to report a surf source function dF/

dD in [um .m 2s '] in terms of wind speed and diameter:
dF ,
d—D—k~exp(xU)-U (14)

withk=1.1 107 x=0.23 and y=—1.65. It is assumed here that
the factor of 10 is missing in the equation given by de Leeuw
et al. [2000], although Lewis and Schwartz [2004] argue that
the missing factor should be 10° rather than 107, The validity
range of this equation was given as 0 < U <9 m/s and 0.5 <
D <20 pm. When analyzing our own data for onshore flow at
Scripps, we found k = 4 107, x = 0.20, and y = —2.35 for
approximately the same ranges of U and D, which is relatively
close in view of the uncertainties in the flux calculations.
[68] Equation (14) suggests an exponential increase of
surf aerosol flux as function of wind speed. Contrary to the
relatively low wind speeds at Scripps encountered by de
Leeuw et al. [2000] and during our own trial at Scripps,
the wind speeds at FRF during onshore flow conditions
were considerably larger (see Table 2). This allowed us to
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study the wind speed dependence of dF/dD (as obtained by
equation (8)) for higher winds, as shown in Figure 7 (top).
The panel shows four spectra, each averaged over a 5 m/s
wind speed interval. For clarity, standard deviations are only
included for the smallest and largest winds; for the two other
wind intervals similar uncertainties were found. The panel
clearly shows that the increase of dF/dD with wind speed is
less than exponential, and leads to the suggestion not to use
equation (14) outside its validity regime 0 < U < 9 m/s.

[60] However, the results of the present experiments at
Scripps and FRF indicate that wave energy dissipation (WED)
rather than wind speed is the driving environmental parameter
for the generation of surf aerosols (see Tables 4 and 5).
Therefore, the remainder of our analysis focused on WED.
Figure 7 (bottom) shows the spectra of dF/dD at radius of
formation averaged over four 50 W.m ™ intervals of WED.
Standard deviations are not shown, but are comparable to
those shown in Figure 7 (top). The spectra were obtained for
onshore flow conditions at FRF, which offered the largest
dynamic range in WED. At Scripps, and during offshore flow
at FRF, the maximum values of WED were approximately
50—75 W.m °. Tables 4 and 5 show that the dependence of
WED on concentration was fairly similar for all sites and flow
conditions, which justifies focusing on FRF/onshore here.
The Figure suggests then that dF/dD approaches a maximum
for large values of WED. This is to be expected when the
whitecap coverage over the surfzone reaches 100% (provided
the length of the surf zone is constant). In that case, a further
increase in WED does not produce more white water and thus
there is no more increase in aerosol production. The data in
Figure 7 (bottom) can be fitted to an equation for dF/dD as
function of WED:

D (15)

(dF) D¢ - 10" [a (1 — WED") |
where a= 10.0,6=-0.35and c=—1.5 and dF/dD is in [pum "'
2s7". The validity domain of equat10n (15)is 0.5 <D<
10 pm and 10 < WED < 200 W.m . Figure 7 (bottom)
includes 4 lines, calculated by equation (1 5) for WED-values
of 25, 75, 125 and 175 W.m 2, which allows estimating the
quality of the fit to the data.
[70] Figure 8 puts equation (15) in perspective. The panel
shows the surf-aerosol fluxes for the 30-50 W.m > WED-
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Figure 8. Surf aerosol fluxes dF/dD in [pm™' m s '] at
diameter of formation for WED = 30-50 W.m ~; crosses:

FRF offshore flow; open circles: FRF onshore ﬂow solid
triangles: Scripps offshore flow; solid squares: Scripps
onshore flow. Standard deviations included for Scripps data.
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interval for the four cases FRF-onshore, FRF-offshore,
Scripps-onshore and Scripps-offshore. Standard deviations
are included for the Scripps data only, but the error bars
shown are also representative for the FRF-data. First, it is noted
that the standard deviations are larger than in Figure 7; this is
due to the smaller WED-interval, and hence, the smaller
number of data points included in the average. The four curves
demonstrate that there is an uncertainty in the absolute values
of flux (governed by constant a in equation (15)) of about an
order of magnitude, although one might decide to reject the
quantitative results for Scripps obtained during offshore flow
conditions because of non-ideal positioning of the aerosol
probes (see section 2.4). On the other hand, the slopes of the
four dF/dD versus D curves for Scripps and for FRF (governed
by constant ¢ in equation (15)) agree reasonably well within
the experimental error. Additional plots (not shown here)
demonstrated that the WED-dependence (constant b in
equation (15)) is also rather similar for the four cases, albeit that
the dynamlc range of WED is limited to approxrmately 70 W.
m 2 for all cases but FRF onshore. It is our opinion that a
further discussion of the differences between the four curves in
Figure 8 is not meaningful in view of the uncertainty in the flux
calculations.

[71] Upon closer inspection, Figure 7 reveals that the
slopes of the dF/dD versus D plot are not constant. The
factor y of equation (14) seems to decrease with increasing
U, whereas the factor ¢ of equation (15) seems to decrease
with increasing WED. When inspecting dF/dD versus D
plots for offshore flow (not shown here), we found also a
decrease of the slope with increasing U, but an increase of
the slope with increasing WED. This different behavior of
the slope as function of WED led us to believe that the
variations in slope are governed by the variations in U. In
our opinion, the changes in slope are an artifact resulting
from the application of the gradient function, equation (11).
As demonstrated in section 3.5, the fluxes of larger particles
are strongly dependent on the choice of the gradient func-
tion. A slight imperfection in modeling the wind speed
dependence in equation (11) may thus well be the cause for
the variation of the slope of the dF/dD versus D plot with
wind speed. On the other hand, one might also attribute the
changes in slope to the formation of spume droplets: the
higher the wind, the more (larger) droplets will be directly
torn off the wave crests, in addition to the bubble-mediated
production from breaking waves. However, this explanation
is not confirmed by plots of the aerosol concentrations
versus diameter (not shown here): if anything, the absolute
values of the slopes of the dN/dD versus D plots tend to
increase with wind speed.

4.7. Surf Aerosol Mass Fluxes

[72] Surf aerosol mass fluxes were calculated using
equations (12) and (13) and an integration domain of 0.5—
20 pm at diameter of formation (see section 3.6). Only those
individual size distributions spanning the full integration
domain were retained, and for these size distributions all
difference concentrations 6(D) defined by equation (4) had to
be positive. For the WED-interval 30-50 W.m 2, and by
including data from all 4 data sets (Scripps, FRF/onshore,
offshore), thls procedure yielded an average value of 50 +
25 pgm 2s ' for the dry mass flux Fary- This value
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dropped by approximately a factor of 5, when limiting the
integration domain to 0.5-10 pm, which demonstrates that
the contribution of the larger particles to the value of £ 4, is
significant (see section 3.5). When applying the steeper
gradient function in equation (10), by taking a constant of
—0.1 instead of —0.075 in equation (11) (see section 3.5), the
value of Fy; g4, (for the 0.5-20 pym integration domain)
increased by 50%, which shows once more that small
uncertainties in the concentrations and gradients of larger
aerosol particles propagate strongly into the final flux cal-
culations. The considerations above, and the understanding
that the limited integration domain results in an underestimate
of the mass flux, lead to the conclusion that the absolute value
of Fy; 4, should be considered indicative at best.

[73] Nevertheless, it is instructive to compare F, to
values reported in literature. The present value of Fi; 4, =
50 pg.m 25! corresyonds to a wet mass flux of approx-
imately 1500 pg.m (see section 3.6). Using instru-
mentation and models srmllar to ours, de Leeuw et al [2000]
reported wet mass fluxes between 297858 ,ug m 2s ! for
Moss Landing and between 562—1034 pug.m 2.s ' for Scr1pps
pier, both times measured during onshore ﬂow conditions.
de Leeuw et al. [2000] integrated over a slightly smaller
domain, i.e., 1.6-20 pm diameter at formation, as opposed
to our domain of 0.5-20 um. Our numerical tests (see
above) suggest that this could have resulted in mass fluxes
approximately 10% lower than ours. Furthermore, the values
of de Leeuw et al. [2000] have not been averaged over a
WED-interval of 30-50 W.m 2, which makes a comparison
more difficult. In view of this, we conclude that the mass
fluxes as measured by de Leeuw et al. [2000] are of the same
order of magnitude as the present results.

[74] Chomka and Petelski [1997] reported dry mass fluxes
M. Chomka personal communication, 2010) between 3 and
384 pug.m 2.s ! for a site in Poland at the Baltic coast. Since
these authors used impactors collecting efficiently particles of
all sizes, one would expect that their technique provides a
better estimate of the mass flux than our method that is based
on an incomplete integration of the size distribution. On the
other hand, the particles collected on the impactor micros-
copy glasses had to be counted by researchers using micro-
scopes, which poses a severe risk for systematic errors.
Furthermore, Chomka and Petelski [1997] made their mea-
surements in waters that were highly oxygen super-saturated
(132% O, saturation [Marks, 2008]). Stramska et al. [1990]
have demonstrated that under those conditions the genera-
tion of jet and film droplets increases by a factor of 4 and 2.4,
respectively. While the O, saturation values during our
Scripps and FRF experiments have not been recorded, it is well
possible that conditions were less extreme and hence, that jet
and film droplet production was not as much enhanced. Taking
all this into account, a quantitative comparison with Chomka
and Petelski [1997] is difficult, although we note that our
value Fiz g, = 50 pg.m 2.s !is of the same order of magnitude
as those found by Chomka and Petelski [1997].

[75] Petelski and Chomka [2000] reported a linear relation
between the dry mass ﬂux Fy dry. and WED"” with slopes of
90.5 and 99.4 ug.m 2.s ! for various trials. For onshore flow
conditions at FRF (the data set with the 1argest dynamlc range
of WED), we find a slope of 105 + 2 pug.m 25" with a cor-
relation of 0.91 for the Fyz 4y, versus WED" 5. relatlon which
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Figure 9. Transport experiment on 5 November. (left) Aerosol distributions dN/dD in [um 'cm 3] near
the surf zone; open squares: picnic table, probes 78; crosses: SIS, probes 46; pluses: Wahoo, probes 23.
(right) Aerosol distributions measured at the Wahoo for 0.2 (pluses), 3 (crosses) and 12 km (open squares)

from the pier.

is remarkably close to the values reported by Petelski and
Chomka £2000]. However, the correlation between F, ver-
sus WED""> was less strong (or even absent) in our other data
sets and the regression analysis (section 4.4) has shown that
our data only allows concluding that the power factor for
WED should be of the order of 1. Hence, we are hesitant to
state that we have confirmed the 3/4 power law proposed by
Petelski and Chomka [2000].

4.8. Horizontal Transport of Surf Aerosols Out to Sea

[76] During the FRF trial two transport experiments were
performed to assess the advection of surf-generated aerosols
out to sea (see section 2.6). Each experiment lasted about 4 h,
during which time the conditions remained relatively con-
stant. This was more true on 5 November (AWED <3 W.m 2,
AU<2m/s, ARH<10%, AASTD < 1°) than on 6 November
(AWED<5W.m 2, AU<4m/s, ARH< 15%, AASTD < 2°).
However, on both days the reference concentrations at the
picnic table and the lower boom of the SIS (measured by
probes 78 and 46, respectively; see Figure 3) remained con-
stant to within 0.3 log unit (or a factor 2 in absolute con-
centrations) during the 4 h timeframe. This implies that the
surf source strength (as measured by the difference between
the SIS and the picnic table) also remained constant to within
a factor of 2.

[77] Figure 9 (left) shows the aerosol distributions as
measured at the three stations at the start of the experiment
on 5 November: picnic table (squares), lower boom of the
SIS (crosses), and the Wahoo at 160 m distance from the
pier (pluses). As expected, the offshore flow and the aerosol
production in the surf zone result in a higher aerosol con-
centration downwind of the surf (SIS and Wahoo) than
upwind of the surf (picnic table). This measurement also
constitutes a baseline for the transport experiment: the SIS
and the Wahoo should more or less measure the same
aerosol concentration as both stations are located directly
downwind of the surf zone. Our four baseline comparisons
(start and end of experiment on 5 and 6 November) show
that the differences between SIS and Wahoo never exceed
0.3 log unit —Figure 9 (left) shows the worst case. The
differences between SIS and Wahoo may be due to the 3 m

difference in height of the probes above the sea surface, to
the spray water caused by the bow of the Wahoo that was
turned into the wind, and to sampling of a different part of
the surf zone.

[78] The aerosol distribution measured at the SIS con-
stitutes a (continental) background and the surf contribution.
When the air mass advects out over the sea, the concen-
tration of these aerosols will decrease due to deposition.
This decrease is countered by a build-up of locally gener-
ated marine sea-spray aerosols, but only to a certain extent,
because the onshore flow measurements (see Figure 5) show
that the surf zone has a stronger production than the Open
Ocean. Figure 9 (right) shows the aerosol distribution as
measured at the Wahoo at several distances downwind of
the surf zone, up to 12 km, the maximum distance on 5
November. It is evident that there is no significant change in
aerosol concentration over this distance. If anything, the
decrease in concentration remained within the experimental
error, of equivalently, the surf aerosol concentration has not
decreased by more than a factor of two over 12 km. The
experiments have been analyzed in more detail, by factoring
in the time delay between measuring an air mass at the SIS
and at the Wahoo downwind, and by specifically addressing
surf-aerosol concentrations, but this did not change the
conclusions reported above.

[79] The minimal decrease in concentration over 12 km is
consistent with measurements by Reid et al. [2001], who
have provided evidence for the formation of an internal
boundary layer (IBL) under offshore flow conditions at
FRF. Because the IBL confines the aerosol to a relatively
shallow layer, a substantial concentration of marine aerosols
(generated over water, not in the surf zone) could be built
up. This build-up could have (partly) compensated the
decrease of the concentration of surf-generated aerosols.

[so] For a better understanding of the net effect of depo-
sition versus local sea-spray concentration build-up, we
turned to numerical modeling. The MACMod numerical
aerosol model [Tedeschi and Piazzola, 2010, 2011] was
applied to assess the horizontal transport of the surf aerosols.
This model is a two-dimensional unsteady model resolving
the budget equation over a Cartesian grid (regular in the
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Figure 10. MACMod simulation of the relative aerosol
concentration as function of distance downwind from the
surf, for particles of 5 yum diameter at a height of 3 m.

horizontal direction and stretched in the vertical direction),
using the finite volume method, Patankar and Spalding
[1972]. An upwind scheme is used for the advection term
and an implicit scheme is used for time integration. Tur-
bulence closure is by the classical first-order eddy diffusion
coefficient K, taking into account the atmospheric stability,
the surface roughness, the particle inertia and the air rare-
faction regime. Aerosol emission and removal at the sea
surface is taken into account as an additional term for the
vertical flux in the first layer. The model accepts two source
functions at the bottom (horizontal) layer, i.e., a surf source
function for the cell(s) corresponding to the surf zone, and
an aerosol source function for oceanic conditions in the
remainder of the domain.

[s1] Figure 10 shows the results of the MACMod trans-
port model, for particles of 5 um diameter and for the
meteorological conditions on 5 November (wind speed of
5 m/s). The panel presents the relative aerosol concentration
as function of downwind distance, and demonstrates that the
model predicts a decrease of the concentration of 5 pum
particles by a factor of 2.5 at 12 km downwind. This
decrease is only slightly more than the factor of 2 that
represents the experimental error of our transport experi-
ment (see above). In other words, the MACMod simulations
may confirm the absence of a clear concentration decrease in
our measurements. In hindsight, this suggests that the
Wahoo should have sailed to appreciably larger downwind
distances. However, this would have taken considerable
time during which the offshore flow conditions would not
have remained (relatively) stationary, thus resulting in a
slowly decaying wavefield (and hence WED and surf aero-
sol production) over time.

[82] The results of the MACMod transport model are
sensitive to the explicit models governing the various
physical processes in play, which implies that caution is
required when using the model for quantitative purposes.
Nevertheless, the model results corroborate quite well with
other modeling efforts reported in literature. Using the CAT
model [Vignati et al., 1998, 2001], de Leeuw et al. [2000]
report a concentration decrease by a factor of 2-3 over
15 km for 10 pm particles in a 2 m/s wind. Using the same
model, Vignati et al. [2001] report a concentration decrease
by a factor of 2-10, depending on particle diameter, over
15 km and for an 8 m/s wind speed. In conclusion, the
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experimental and numerical efforts suggest that the effect
of the surf zone pertains over several tens of kilometers out
to sea.

5. Summary and Conclusions

[83] This paper reports on two experiments to establish
the source strength of aerosols generated in the surf zone
and their subsequent transport properties. The concentra-
tions of the surf-generated particles over the diameter range
0.5-10 microns were inferred from difference measurements
upwind and downwind of the surf zone. While this mea-
surement principle seems straightforward, it turned out to be
rather complicated. The complexity arises from the need to
ensure an unobstructed airflow to the inlets of the probes, to
allow proper sampling, and from the need for a careful inter-
calibration of the aerosol probes. Even so, we estimate that
the difference concentrations reported here have an inherent
uncertainty of several tenths of log-units, which amounts to
concentration factors of up to 2-3.

[s4] Our measurements clearly show that the surf zone
adds 0.7-1 order of magnitude to the background aerosol
concentration, arriving at the upwind side of the surf zone
(see Figure 5). This confirms the ideas first brought forward
by Exton et al. [1985] (followed by Monahan [1995]), and
corroborates with earlier measurements by Gathman and
Smith [1997], de Leeuw et al. [1997, 2000], Hooper and
Martin [1999], and Zielinski [2003]. In accordance with
Gathman and Smith [1997] and de Leeuw et al. [2000], we
find that the spectrum of the surf-generated aerosols between
0.2 and 10 microns generally resembles the aerosol produc-
tion functions for the open maritime environment. Our data
did not permit reaching firm conclusions on differences in
spectra between onshore and offshore flow (wind and waves
in same or opposite directions), or between the Scripps and
FRF sites (smooth sloped beach versus irregular beach).

[s5s] Regression analysis of the (surf) aerosol concentra-
tion, wind speed and wave energy dissipation shows that
the latter parameter is better suited to describe the produc-
tion of surf aerosols, as expected from a hydro-dynamical
point of view of waves breaking on a sloped beach (see
Tables 4 and 5). Other authors [de Leeuw et al., 1997; Neele
et al., 1998] have hesitated to parametrize production in
terms of wave energy dissipation, and finally settled for
wind speed [de Leeuw et al., 2000]. It is possible that this
confusion has been caused by the strong correlation between
wave energy dissipation and wind speed, the restriction of
only considering onshore flow, and the limited dynamic
range of environmental parameters encountered during their
trials. Our data shows that the aerosol concentration is
always positively correlated with wave energy dissipation,
but that in offshore flow conditions anti-correlation may
exist with wind speed. Furthermore, appreciable dynamic
ranges of the most important variables (wave energy dissi-
pation, wind speed) are required to clearly establish the
relations with aerosol concentration. In this respect, our
measurements at FRF proved instrumental.

[s6] By application of a box transport model and the con-
tinuity equation (see equations (8)—(11)), the difference
aerosol concentrations have been converted into aerosol
fluxes. It turns out that the uncertainty in the values of the
difference concentrations propagates strongly into the flux
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values. In addition, the conversion requires a function
describing the vertical concentration gradients of the surf-
generated aerosols. Not only is this function difficult to
establish experimentally, the flux values are also very sensi-
tive to the exact gradient function used, especially for larger
diameters (see Figure 4). Consequently, we estimate that
there is an appreciable uncertainty in the absolute values of
the aerosol fluxes. Nevertheless, the flux of surf-generated
aerosols can be expressed in terms of wave energy dissipation
(WED), resulting in a source function dF/dD in [pm ' .m 2.
s '] for surf-generated aerosols, at radius of formation:

dF

(@) =D° - 10" [a (1 — WED") | (16)

where a =10.0, 56 =-0.35 and ¢ =—1.5. The validity domain of
equation (16)is 0.5 <D <10 yumand 10 < WED <200 W.m 2.
We consider equation (16) an approximate source function,
which does not attempt to explain differences between onshore
and offshore flow, nor between the two experimental sites,
Scripps and FRF. While we caution the reader regarding the
uncertainty in the coefficient a of equation (16), we feel more
confident about the WED-dependence and the power factor c.
[87] Since the evaluation of WED requires knowledge of
the incoming wavefield and the bathymetry profile of the surf
zone [cf. Francius et al., 2007], those using equation (16)
may wish to retrieve an approximate value for WED from
the average wave height, H,,,,. Based on regression analysis
between WED in [W.m 2] and H,,,,, in [m] at FRF and Scripps,
we suggest the approximate relation, for 0.1 < H,,,; < Sm:

WED = —3 + 35-H,,. (17)

[s8] Foronshore flow conditions at Scripps, de Leeuw et al.
[2000] presented a source function for surf-generated aero-
sols based on wind speed (see equation (14) of the present
paper). Our own measurements confirm their results, but only
for onshore flow and only for the low to medium wind speeds
(U <9 m/s). Although the source function given by de Leeuw
et al. [2000] may be easier to use than our source function
based on WED, we consider our WED-based source function
to be more general.

[s9] When the aerosol flux values are integrated over the
size distribution, the total mass flux F, is obtained. For the
WED-interval between 30 and 50 W.m 2, the average dry
mass flux over all data (Scripps, FRF/onshore, offshore) was
Fypary = 50 £ 25 pg.m s ', The large standard deviation
shows that all uncertainties in difference concentration and
flux calculations propagate strongly into the values of F,. In
view of this large uncertainty, our findings for F, corrob-
orate well with values reported previously by de Leeuw
et al. [2000]. In addition, limitations in our data collection
instruments prevent us from completing the integral over the
full size distribution of surf-generated aerosols, resulting in
an underestimation of F, by as much of a factor of 5.,
Taking this into account, our values are of the same order as
those reported by Chomka and Petelski [1997] using an
impactor technique. The latter authors used dimensional
analysis to infer a 3/4 power dependence between Fj, and
wave energy dissipation (WED). Our data obtained at FRF
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during onshore flow conditions (which have the largest
dynamic range of WED), support this relation, but the uncer-
tainty is such that the 3/4 power dependence cannot be ascer-
tained beyond doubt: our results are consistent with a power
law and an exponent of the order of 1.

[90] During (relatively) stable offshore flow conditions at
FRF, we attempted two transport experiments to assess the
typical distance to which the surf-generated aerosols are
advected out to sea. At maximum range (12—16 km), there
was still no noticeable decrease of the aerosol concentration
(i.e., not more than a factor of 2) as compared to the ref-
erence concentration measured directly downwind of the
surf zone (see Figure 9). This suggests that the surf-gener-
ated particles are transported over appreciable distances, in
accordance with observations [Kunz et al., 2002; Zielinski,
2003], previous modeling efforts [de Leeuw et al., 2000;
Vignati et al., 1998] and our own modeling efforts with the
MACMod model [Tedeschi and Piazzola, 2011].

[o1] In conclusion, our experiments have provided new
elements for the understanding of the generation and behavior
of sea-spray aerosols over the surf zone. Although much
effort was made to identify the error sources in the mea-
surements and subsequent analyses, uncertainties remain,
especially in quantitative results. Therefore, further research
on this topic is encouraged.
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