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Abstract

Simultaneous measurements of near-surface aerosol and bubble spectra were made
during five buoy deployments in the open ocean of the North Atlantic and used to es-
timate aerosol fluxes per unit area of whitecap. The measurements were made during
two cruises as part of the SEASAW project, a UK contribution to the international SO-5

LAS program. The mean bubble number concentrations for each deployment are in
broad agreement with other open ocean spectra and are consistently one to two or-
ders of magnitude lower than previous laboratory and surf zone studies. This suggests
that the aerosol fluxes estimated above open ocean whitecaps will differ to those from
over the surf zone and laboratory whitecaps due to the differences in the size and10

number of bursting bubbles. Production fluxes per unit area of whitecap are estimated
from the mean aerosol concentration for each buoy deployment. They are found to in-
crease with wind speed, and span the range of values found by previous laboratory and
surf-zone studies for particles with radius at 80 % humidity, R80 < 1 µm, but to drop off
more rapidly with increasing size for larger particles. A possible cause of this difference15

in behavior is the significant difference in bubble spectra. Estimates of the mean sea
spray flux were made by scaling the whitecap production fluxes with in-situ estimates of
whitecap fraction. The sea spray fluxes are also compared with simultaneous individual
eddy covariance flux estimates made during the cruise, and with a sea spray source
function derived from them.20

1 Introduction

Sea spray aerosol is an important component of the climate system and the largest sin-
gle source of aerosol mass injected into the atmosphere after wind-blown dust (Hoppel
et al., 2002). Under clear skies over the remote ocean sea salt aerosol is the domi-
nant scatterer of incoming solar radiation (Haywood et al., 1999), it plays a significant25

role in controlling the microphysics and chemistry of marine stratocumulus (O’Dowd et
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al., 1999), and provides a substantial sink for atmospheric trace gases, both natural
and anthropogenic (O’Dowd et al., 2000). To quantify the effects of sea spray aerosol
on the environment, a detailed knowledge of the numbers and sizes of aerosol particles
produced at the ocean surface is required.

There are two production mechanisms for sea spray particles: mechanical tearing5

of water droplets (spume) from wave crests at high wind speeds, and the bursting of
bubbles at the water surface. Bubbles form predominantly from breaking wind waves in
the open ocean (Kolovayev, 1976); these entrain air into the near-surface water column
producing a plume of bubbles (Blanchard and Woodcock, 1957), and as the bubble
rise they form regions of foam at the surface – whitecaps. Other potential production10

mechanisms for bubbles include production by the respiration of phytoplankton (Med-
win, 1970; Johnson and Wangersky, 1987), release from the sea bed (e.g. Leighton
and Robb, 2008), gases coming out of solution as gas-saturated water warms (Norris
et al., 2011), and where sea ice is present the release of bubbles trapped in melting ice
or expelled during the freezing process (Wettlaufer, 1998).15

Bursting bubbles produce droplets by two distinct mechanisms; disintegration of the
bubble film produces a large number (100 s to 1000 s) of droplets smaller than about
R = 2 µm, while the collapse of the sides of the bubble cavity result in the ejection of
a jet of water from the centre of the collapsing bubble which breaks into a handful of
droplets of between about 1 and 50 µm radius. The precise size and number of droplets20

produced by a single bubble depends on the bubble size (Blanchard, 1983), water prop-
erties (Mårtensson et al., 2003) and the presence of surface active material (Morelli et
al., 1974; Blanchard, 1990). The smallest bubbles produce only jet droplets, while the
largest produce only film droplets; the limits between them are not well defined, how-
ever, and depend on the properties of both water and surface microlayer. Day (1964)25

found a bubble radius of ∼ 50 µm to be the minimum size producing film droplets while
Spiel (1997) found the limit to be 600 µm. The largest jet droplet produced by a bubble
is roughly 1/10 the radius of the parent bubble (Blanchard, 1963; Spiel, 1994) with an
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upper limit on bubble radius for the production of jet droplets of approximately 3 mm
(Spiel, 1997; Georgescu et al., 2002).

Turbulent air motion mixes the ejected droplets upwards, opposed by their gravita-
tional fall speed, resulting in a change in particle spectra with altitude (Monahan, 1968;
Wu et al., 1984; de Leeuw, 1989; Parameswaran, 2001). During transport, transfor-5

mation due to coagulation, evaporation and chemical processes may occur, resulting
in high variability in the aerosol’s physical and chemical properties. Newly generated
droplets shrink via evaporation until they reach a state of equilibrium with the ambi-
ent relative humidity. For ease of comparison aerosol spectra are usually adjusted to
a reference humidity – commonly 80 %, with the radius denoted R80. The size of a10

particle influences its life cycle in the atmosphere. Particles in the nucleation mode
(R80 < 0.1 µm) grow by condensation and coagulation, eventually becoming accumu-
lation mode particles (0.1 > R80 < 5 µm) which have the longest residence times. For
particles with R80 > 10 µm an increasing fraction fall back to the surface before reaching
equilibrium (Andreas et al., 2010), imposing an upper size limit on the resulting aerosol15

spectra. Turbulent mixing means that any measured aerosol spectrum will represent a
mixture of newly generated with pre-existing aerosol.

Many parameterizations for the sea spray generation function have been proposed,
based on a variety of observational techniques (See Lewis and Schwartz, 2004 for an
overview). One approach has been to estimate the interfacial production flux from a20

unit area of whitecap and to scale this by the fractional area coverage of whitecaps
on the sea surface, W , in turn often parameterized as a function of the mean local
wind speed. It has usually been assumed that the production flux is independent of the
nature and extent of the whitecap, including its production mechanism. One of the most
commonly used such formulations is that of Monahan and O’Muircheartaigh (1986)25

which is based on the production flux of particles per unit area of whitecap obtained in
a laboratory study (Spiel, 1983) and an empirical relationship for the whitecap fraction
as a function of wind speed (Monahan and O’Muircheartaigh, 1980)

W = 3.84×10−4U3.41
10 (1)
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where U10 is the wind speed at 10 m above the sea surface, and W is in %. There
are many different whitecap fraction parameterizations derived from photographs and
videos of the sea surface from towers, aircraft, and ships. Anguelova and Webster (2006)
provide an extensive summary of many studies, and find that they span a range of ap-
proximately 2–3 orders of magnitude at all wind speeds. It is generally recognized that5

whitecap fraction is zero for wind speeds less than about 3 m s−1 (Blanchard, 1963;
Monahan, 1971).

The production flux of aerosol from a unit area of whitecap has been estimated from
both laboratory studies (Monahan et al., 1982; Cipriano et al., 1983, 1987; Woolf et
al., 1988; Mårtensson et al., 2003; Sellegri et al., 2006; Tyree et al., 2007; Keene et10

al., 2007; Facchini et al., 2008; and Fuentes et al., 2010) and measurements over nat-
ural whitecaps (Woodcock et al., 1963; Blanchard, 1969; de Leeuw et al., 2000; Clarke
et al., 2006). The advantage of laboratory measurements is the ability to control the
environmental conditions; however, it is difficult to create conditions truly representa-
tive of the open ocean, particularly those of well developed sea states, mixed seas or15

high winds. A more representative approach would be to make in situ estimates of the
direct aerosol production from whitecaps at sea. However, making measurements in
the open ocean close enough to the surface to isolate the aerosol generated by indi-
vidual whitecaps from the background aerosol is difficult. Historically, optical particle
counters have been heavy and physically bulky instruments, which are difficult to lo-20

cate near the ocean surface. Therefore, the majority of the field measurements of sea
spray particle number concentrations have been made between 5–25 m above the sur-
face and then interpolated to a reference level for comparison (usually the surface or
10 m above mean surface level) (Andreas, 2002). New technology is now making small,
lightweight, and relatively cheap sensors increasingly available (e.g. Hill et al., 2008)25

enabling measurements approaches that were not previously viable.
De Leeuw et al. (2000) and Clarke et al. (2006) used measurements over surf zone

whitecaps to estimate the production of sea spray aerosol. Measuring over the surf
zone allows the instruments to be located on solid ground; however, a major concern is
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the extent to which the surf zone whitecaps are representative of whitecaps in the open
ocean. The size spectra are very different for bubbles larger than about 50 µm radius,
and surf zone bubble number concentrations can be two orders of magnitude larger
than those in the open ocean (Brooks et al., 2009a). The wave breaking process in the
surf zone results from interaction with the sea bed whereas in the open ocean wave5

breaking is forced by wind stress and wave-wave interactions. It has not been verified
that the aerosol spectra produced are the same in the surf zone, and the open ocean
(Lewis and Schwartz, 2004).

Here we present near-surface measurements of aerosol spectra over open ocean
whitecaps in the North Atlantic, derive sea spray production fluxes per unit area white-10

cap, and finally make estimates of the mean surface source fluxes.

2 Measurements

In order to estimate the production of sea spray aerosol from individual wave breaking
events a Compact Lightweight Aerosol Spectrometer Probe (CLASP)(Hill et al., 2008)
was mounted on a small buoy with an inlet approximately 1 m above the surface (Fig. 1).15

The buoy was deployed from the RRS Discovery during the two cruises of the Sea
Spray, Gas Flux, and Whitecaps (SEASAW) project, part of the UK contribution to the
international Surface Ocean Lower Atmosphere Study (SOLAS) (Brooks et al., 2009a,
b). The cruises were undertaken in the North Atlantic off the west coast of Scotland
and Ireland during the periods 7 November to 2 December 2006 (D313) and 21 March20

to 12 April 2007 (D317). The buoy is surface following but held in a fixed location, ∼ 8 m
from the ship, by a weighted cable suspended from a crane. The wire passes through
the buoy’s tubular central column, allowing the buoy to ride freely up and down the
cable as waves pass it. The weight is held at a depth of roughly 25 m below the ocean
surface, beneath the immediate effect of wave motions so as to help restrict sideways25

movement of the buoy. Power and serial communications to CLASP were provided by
a single cable running from the ship.
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CLASP provides a 16-channel size spectrum at ambient relative humidity covering
the size range 0.12 < Ramb < 9.25 µm at a sample rate of 10 Hz (Hill et al., 2008). The
inlet is 0.25 m in length, with one 60 degree bend; particle losses to the walls of the inlet
are negligible for particles with radii below 1 µm, 10 % at 3 µm and 20 % at 5 µm. These
losses are determined specifically for this inlet and conditions experienced here using5

the model of Pui et al. (1987) and corrections applied to the spectra. The humidity at
1 m was estimated based on a log profile, using the measured humidity at 21 m and an
effective relative humidity at the sea surface of 98 % (Lewis and Schwartz, 2004). Size
spectra are subsequently adjusted to 80 % relative humidity via Gerber’s (1985) growth
model for sea-salt.10

A video-based bubble measuring system (Leifer et al., 2003a) was mounted on
the underside of the buoy, approximately 0.4 m below the surface to make measure-
ments of bubble size spectra in the range 13–620 µm (radius). The sample volume
(20×2.9×1.9 mm) is imaged by a video camera, illuminated on-axis from directly op-
posite the camera. Bubbles appear as a dark ring with a brighter surrounding ring and15

central bright spot. An automated algorithm identifies candidate bubbles, while reject-
ing other particles such as algae. Full technical details of system and image processing
algorithms are given by Leifer et al. (2003a). The system has previously been used to
examine bubble spectra in both the ocean (de Leeuw and Cohen, 2001; de Leeuw et
al., 2003, Norris et al., 2011) and the laboratory (Mårtensson et al., 2003 (MN03 here-20

after); Leifer et al., 2003b; Sellegri et al., 2006; Fuentes et al., 2010; Hultin et al., 2010;
Zabori et al., 2012). Two minutes of image data were collected at five minute intervals
throughout each deployment. A total of 154 two-minute samples were obtained over
5 successful deployments: 4 during D317 in the open ocean and 1 during D313 in a
fetch limited (∼ 5 km) environment behind the Isle of Arran. Each deployment lasted for25

between one and four hours.
A vertically oriented accelerometer allowed the movement of the buoy over the waves

to be determined, along with estimates of the individual wave heights. One-second res-
olution digital images of the buoy and the surrounding ocean surface were recorded
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from a webcam on the ship providing a visual check on the buoy and the surface con-
ditions in its immediate vicinity. Two Nikon Coolpix 8800 digital SLR cameras were
installed on the port side of the bridge, approximately 13 m above sea level, from which
to estimate the whitecap fraction of breaking waves at the sea surface (Brooks et
al., 2009a, b). Images were taken every 30 s during daylight hours. During analysis5

a portion of each image was selected which excluded the region where interference by
the ship on the wave field was visible, cropped out the sky, and minimised the effects
of increased brightness close to the horizon. The automated image processing algo-
rithm of Callaghan and White (2009) was used to determine the whitecap fraction for
each image. This determines a suitable threshold intensity value for each image with10

which whitecaps can be separated from the background water. Although effective, the
algorithm can fail under some conditions; as a quality control measure each processed
image was manually checked to verify its suitability. Images are rejected if they had
contamination from sun-glint, sky reflection, birds within the image, or uneven illumina-
tion resulting in misidentification of whitecap area by the automated algorithm. Multiple15

images were averaged to obtain a total of 63 15-min mean whitecap fractions during
the periods for which the buoy was deployed.

Mean meteorological conditions were obtained from meteorology sensors, located
on the foremast (see Brooks et al., 2009b for details). 1-dimensional wave spectra
and statistics were obtained from a ship borne wave recorder (SBWR) (Tucker and20

Pitt, 2001; Holliday et al., 2006). The meteorological and oceanographic conditions
during the deployments are summarized in Table 1 and Fig. 2.

3 Results

3.1 Mean aerosol concentrations

The source footprint of aerosol reaching the CLASP instrument on the tethered buoy25

is small, ∼ 3 m estimated using the model of Horst and Weil (1992); thus it should be
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possible to isolate the spectrum produced by individual whitecaps occurring around the
buoy from the mean background spectrum. Figure 3 shows a portion of the time series
of total aerosol number concentration from the deployment on 31 March 2007 during
cruise D317. Short periods, typically of the order of a few seconds in duration, have
particle total number concentrations greater than that for the majority of the record by a5

factor of 3–7. Comparison of the concentration time series with the photographic record
of the buoy shows that these peaks in concentration correspond with the occurrence of
whitecaps around the buoy.

A threshold for fresh whitecap aerosol plumes was determined for each individual
deployment by applying a 30 point (3-s) running median to the total number concen-10

tration time series and accepting concentrations greater than two standard deviations
above the median. An absolute threshold of approximately double the mean total con-
centration, N, for each deployment was also applied in order to fully capture plumes
lasting longer than three seconds. The mean whitecap aerosol plume concentration,
dN/dR80 was an average of 30 % higher than the background concentration.15

Aerosol concentrations greater than the threshold level correspond to sampling fresh
plumes over whitecaps and are a mixture of aerosol resulting directly from the white-
cap with that of the background, while concentrations below the threshold represent the
ambient background aerosol spectra. The difference between the two provides an es-
timate of the mean fresh aerosol concentration generated by the whitecaps, dN/dR80.20

The variation in the individual whitecap aerosol concentration between the different
buoy deployments ranges from less than a factor of two at R80 =∼ 0.25 µm up to an
order of magnitude for particles with R80 > 2 µm.

3.2 Bubble concentrations

Figure 4 shows the mean bubble spectra from each deployment. Also shown for com-25

parison are those from the MN03 laboratory study at water temperatures of 5◦ C and
15◦ C (measured with the same instrument used here), three open ocean spectra (de
Leeuw et al., 2003; Phelps and Leighton, 1998; and measurements from DOGEE
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summarised by Brooks et al., 2009a) and two spectra measured in the surf zone
(Phelps et al., 1997; Deane and Stokes, 1999). For completion we have also included
bubble spectra from three additional buoy deployments (4, 5 April and 28 March) where
there were no aerosol data available, but were obtained at wind speeds of 10–11 m s−1,
lying between those of the other deployments. The mean conditions for these cases are5

also shown in Table 1. For the smallest bubble sizes the concentrations span just over
three orders of magnitude across the SEASAW deployments while for R > 50 µm there
is much less variability – about one order of magnitude. The observations shown in
Fig. 4 are for different wind speeds (5–15 m s−1) and thus large differences in the bub-
ble concentrations and spectral distributions would be expected. However, although10

the wind speed is consistent across 24, 30, 31 March (14.1–14.3 m s−1) there remain
significant differences in the bubble spectra; this may result from the variation in wave
state and whitecap fraction between these deployments (Table 1). The bubble spectra
from the 20 November (15 m s−1) has a number of peaks and the bubble concentration
drop off more steeply with increasing bubble size than the other spectra. The ocean15

conditions were very different on this deployment compared to the three high wind de-
ployments in March 2007 due to the limited fetch of the deployment site, ∼ 5 km. The
wave heights were very low with a significant wave height of only 0.98 m compared
to ∼ 3 m for the 14 m s−1 deployments. All the other buoy deployments have fetches
greater than 500 km for which the wind history is a more important factor than fetch on20

wave state.
The SEASAW bubble spectra broadly agree with the three other open ocean spec-

tra. All have similar shapes, span a similar range of concentrations and show a simi-
lar increase in concentration of the smallest bubbles with increasing wind speed. The
surf zone spectra have concentrations 2–3 orders of magnitude higher than the open25

ocean spectra across the whole measured size range; the difference increasing slightly
with increasing size. The MN03 laboratory spectra have concentrations similar to the
open ocean spectra for R < 50 µm, but increase at larger sizes, and match the surf
zone spectra for 100 < R < 350 µm. The bimodal distribution of the MN03 spectra is not
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observed in any of the natural bubble spectra, and is likely due to the artificial method of
generation. The variability of individual 2-min estimates of the bubble spectra about the
deployment mean is illustrated in Fig. 5 for the cases with one of the highest (31 March,
14 m s−1) and lowest (1 April, 7 m s−1) wind speeds under open ocean conditions. For
bubbles smaller than 300 µm the difference between deployments is much greater than5

the variability about the deployment mean spectra; for larger bubbles the variability
increases significantly – this is due primarily to the occurrence of individual spectral
estimates with no bubbles in some of the larger size bins. Note that the bubble spectra
measured here are time averages over the whole deployment and are not restricted
to freshly generated plumes in breaking waves. However, within the near surface layer10

(depth< 1 m), bubble populations have been found to be persistent, varying little over
time (Farmer and Vagle, 1989). Leifer et al. (2006) showed that the smallest bubbles
(< 200 µm) remain in the surface waters after the main body of the plume has surfaced.
Bubble terminal rise velocities were calculated following Leifer et al. (2000); they range
from 0.0005 m s−1 at R =15 µm to 0.14 m s−1 at R =570 µm (the largest mean radius15

measured). The bubble rise velocities suggest that bubbles smaller than a few hundred
µm can be considered well mixed, with only the largest likely to be significantly depleted
between wave breaking events.

3.3 Whitecap coverage

It is well understood that the whitecap fraction on the ocean surface increases with20

wind speed (Monahan and O’Muircheartaigh, 1980). Figure 6 shows the Monahan
and O’Muircheartaigh (1980) parameterisation (Eq. 1) along with that of Callaghan
et al. (2008) and one derived from the measurements obtained during the SEASAW
cruises (following the method of Monahan and Lu, 1990):

W = 1.03×10−3(U10 −2.62)3 (2)25

The SEASAW whitecap parameterization is very similar to that of Callaghan et al.
(2008) in the wind speed range 8 to 17 m s−1 but drops off faster at lower wind speeds.
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Both are systematically lower than Monahan and O’Muircheartaigh (1980) as are most
of the whitecap fractions observed over the last 10 yr (de Leeuw et al., 2011). The
15-min average whitecap estimates for periods matching the bubble spectra estimates
during each of deployment are also shown. The overall mean whitecap fractions for
each buoy deployment period are given in Table 1. At low wind speeds, 3 to 5 m s−1,5

the whitecap parameterizations become problematic and all three of Monahan and
O’Muireartaigh (1980), Callaghan et al. (2008) and the SEASAW parameterisations
predict low whitecap fractions at this wind speed though they differ by more than an
order of magnitude (Fig. 6).

3.4 Aerosol fluxes10

The sea spray source flux, F , is defined here as the product of the particle production
flux per unit area of whitecap, Fp, and the % whitecap coverage W :

dF
dR80

= W ×
(

dFp

dR80

)
(3)

First we estimate Fp, the particle production flux per unit area whitecap from the
aerosol concentrations. The aerosol concentrations measured on the buoy reflect the15

net effect of the particle production during the residence time of the air advected past
the whitecaps around the buoy. The production flux, Fp, can be estimated as the prod-
uct of the aerosol number concentration, dN/dR, with the height of the aerosol plume
divided by the residence time of the plume over the whitecap. Precise measurements
are not available and so we rely here on characteristic scales. A characteristic plume20

height can be estimated as the product of a turbulent velocity scale – the friction veloc-
ity u∗ – and transit time over the whitecap. The particle production flux is thus estimated
simply as aerosol number concentration multiplied by u∗.

dFp

dR80
=
(

dN
dR80

)
u∗ (4)
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The production fluxes for each deployment are shown in Fig. 7, along with production
fluxes from MN03, Clarke et al. (2006), and de Leeuw et al. (2000). Conditions for both
this and the 3 previous studies are summarised in Table 2. For particles smaller than
about 1 µm the SEASAW production fluxes show an increasing trend with wind speed;
the majority of them (except 1 April) are a factor of 6–7 higher than those of MN03 and5

Clarke et al. (2006), but drop off more rapidly with increasing size. For larger particles
the production flux is lower than those of the previous studies, and there is no distinct
trend with wind speed.

Some factors that may contribute to the differences from earlier studies include water
temperature, salinity, and bubble population. MN03 showed that water temperature can10

have a significant effect on the aerosol spectra produced; increased water temperature
resulted in an increase in the number concentration of aerosols with R80 > 0.1 µm and
a decrease for R80 < 0.1 µm, thus a steeper gradient with size at lower water temper-
atures. The MN03 production flux for a range of water temperatures from 5 to 25 ◦C is
shown in Fig. 7. The gradient of the SEASAW fluxes for particles larger than 1 µm is15

steeper than the other functions but for 3 µm particles the SEASAW fluxes are similar
to the MN03 flux at 5 ◦C. The water temperatures during SEASAW varied in a narrow
range from 9 ◦C to 11.2 ◦C (Table 1). The de Leeuw et al. (2000) study (January 1996
and April 1997, Scripps pier, La Jolla, California) had a water temperature between
13 and 18 ◦C (NOAA NODC) while climatologically the water temperature at the loca-20

tion and time for that of Clarke et al. (2006) (Hawaii) is ∼ 25 ◦C (NOAA NODC). The
warmer waters of the de Leeuw and Clarke campaigns may contribute to the shallower
gradient of these two functions compared to the SEASAW fluxes but it is hard to state
which out of the many different variables (e.g. water temperature, wind speed, breaking
mechanism) is the dominant factor.25

The number and size of the bubbles has a strong influence on the aerosol spectrum
produced. Both the de Leeuw and Clarke aerosol functions are derived from white-
caps produced in the surf zone where the bubble population is very different to that
in the open ocean; while the MN03 function is derived from a laboratory/tank bubble
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spectrum that differs from both natural open-ocean and surf zone spectra (Fig. 4). The
much higher concentrations of bubbles in these studies compared to the open ocean
measurements made here provides a plausible explanation for the higher production
fluxes of larger aerosol particles found in the surf zone studies compared to SEASAW
and MN03. Jet droplets, between about 1 and 10 µm radius, are produced by the small-5

est (< 200 µm diameter) bubbles (Blanchard, 1983), where both SEASAW and MN03
have bubble concentrations 1–2 orders of magnitude lower than in the surface zone.
It is worth noting that the bubble spectra measured below the ocean surface is not
necessarily identical to that from which aerosols are generated at the surface. Small
bubbles can merge changing the spectral shape. This makes it difficult to relate the10

measured bubble spectra directly to the aerosol fluxes.
Sea spray source fluxes were estimated by scaling the production fluxes with the

measured whitecap fractions for each deployment (Eq. 3) (Fig. 8); they were also esti-
mated via both the Monahan and O’Muircheartaigh (1980) and the SEASAW whitecap
parameterisations. Also shown in Fig. 8 are a number of other sea spray source func-15

tions based on whitecap fraction, and one (Norris et al., 2012), that is derived from
direct eddy covariance measurements of the aerosol flux made during the same SEA-
SAW cruise (D317) as most of the buoy measurements presented here. All the previous
source functions, apart from Norris et al. (2012), use the Monahan and O’Muircheartaigh
(1980) whitecap parameterisation in their calculations of the fluxes; differences be-20

tween them thus result from differences in their specification of the production flux per
unit area whitecap. For aerosol in the range 0.1 < R80 < 1 µm, all the source functions,
and source flux estimated here for 7 m s−1 group within about 1 order of magnitude –
this is typical of the spread in the best current estimates (de Leeuw et al., 2011) how-
ever for the higher wind speed deployments the spread increases up to nearly 2 orders25

of magnitude at winds of 15 m s−1. The sub-micron in situ flux estimates increase more
with wind speed than most of the other source functions, matching them at 7 m s−1

on 1st April, sitting a factor of 2–3 above on 30 and 31 March (14 m s−1) and higher
than any on 24 March (14 m s−1) and 20 November (15 m s−1). At larger particles sizes
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the source fluxes diverge substantially; the SEASAW estimates being both lowest and
decreasing most rapidly with increasing size. There is some indication for dependence
of sub-micron in situ flux estimates with wind history. The wind history for each deploy-
ment is stated in Table 1. When the wind speed is decreasing slowly (1 April) the in-situ
source flux is matches the other source functions, when it is steady (30 and 31 March)5

they are on the upper edge of the other source functions and when the wind speed is
increasing (24 March) and increasing rapidly (20 November) the in-situ source flux is
larger than the other source functions by up to an order of magnitude.

Individual eddy covariance (EC) source flux estimates made on the foremast of the
ship during the periods of the buoy deployments are also shown in Fig. 8. There is no10

EC data available for the 20 November. These EC flux estimates are a subset of those
used to formulate the Norris et al. (2012) source function. For particles R80 < 1 µm,
both the Norris et al. (2012) function and the individual fluxes from the EC method
are up to 1 order of magnitude below the calculated buoy deployment fluxes except
for the 1st April. For particles of R80 > 1 µm the EC fluxes and the Norris et al. (2012)15

function are just larger than the buoy flux estimate for the 1 April; they are within the
variability of the buoy estimates for the 30 and 31 March deployments; but for the 24
March deployment, all the individual EC measurements are lower than any of the other
source fluxes. For the lowest wind speed deployment on the 1 April the individual EC
fluxes scatter across the full range of the various source functions. Note that the EC20

estimates, Norris et al. (2012) and both de Leeuw et al. (2000) and Clarke et al. (2006)
are effective fluxes at the measurement height, while all others on figure 8 are interfacial
fluxes; however for R80 < 10 µm interfacial and effective source fluxes differ little and
are often assumed to be directly comparable (de Leeuw et al., 2011).

4 Conclusions25

Sea spray source fluxes have been estimated from joint in situ measurements of the
aerosol produced by individual whitecaps and the fractional coverage of whitecaps
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in the open ocean of the North Atlantic. Near-surface measurements of aerosol size
spectra were made at 1 m above the sea surface, from a small tethered buoy, and mean
production fluxes estimated for a unit area of whitecap. The mean sea spray source flux
was then estimated by scaling the whitecap production flux with the observed whitecap
fraction. Sea spray source fluxes were also estimated using two parameterizations5

of whitecap fraction: Monahan and O’Muircheartaigh, 1980) – the most widely used
parameterization – and one that was derived from measurements made during the
SEASAW cruises.

Bubble size spectra were measured approximately 0.4 m below the surface from the
same buoy as the aerosol. The bubble spectra are comparable to previous measure-10

ments in the open ocean, but are 2–3 orders of magnitude lower than measurements
in the surf zone. They are also about 2 orders of magnitude lower than the labora-
tory measurements of Mårtensson et al. (2003) for bubbles larger than about 100 µm.
Bubble concentrations increase with wind speed. The limited range of wind speeds en-
countered during the buoy deployments precludes developing a full sea spray source15

function; however the results are instructive.
The aerosol production flux per unit area of whitecap derived from mean particle

spectra was found to vary with wind speed: for particles with R80 below approximately
1–2 µm the production flux increased with wind speed, while for larger particles there
was no clear dependence, but concentration decreased more rapidly with size than do20

the production flux spectra of the earlier studies. This behaviour is consistent with the
observed overall increase in bubble concentrations with wind speed, and implies that a
simple single aerosol production flux cannot be defined and scaled by whitecap fraction
to determine the mean sea spray source flux. We note however, that the previous
source functions adopting this approach do generally define a single production flux,25

often from relatively limited ranges of forcing conditions and unrepresentative of open
ocean conditions. Clarke et al. (2006) used measurements at only a single wind speed.
de Leeuw et al. (2000) do defined a wind-speed dependent function valid for winds up
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to 9 m s−1, but since the measurements are from the surf zone, the physics of the wave
breaking is rather different from that in the open ocean.

The differences between the observed production flux spectra on each day may be
a direct result of the differences in bubble spectra, and to a more limited extent water
properties, for each deployment. In situ whitecap fraction estimates corresponding to5

each bubble measurement period were very scattered, but in general agreed with a
parameterization derived from the full set of whitecap imagery obtained during SEA-
SAW, and with that of Callaghan et al. (2008); all of these are significantly lower than
the widely used parameterization of Monahan and O’Muircheartaigh (1980).

The mean source flux estimates reflect the production flux results: for R80 < 1 µm10

the flux spectra span the values from previous studies (Monahan, 1986; de Leeuw et
al., 2000; Mårtensson et al., 2003; Clarke et al., 2006), but decrease more rapidly with
increasing size for larger particles. The mean source flux estimates and the EC flux
derived source function of Norris et al. (2012) all decrease more rapidly with increasing
particle size than the surf zone functions. This is consistent with the much higher bubble15

concentrations observed in surf zone spectra compared with the open ocean spectra.
This confirms the suggestion (Lewis and Schwartz, 2004) that the surf zone is not
representative of open ocean bubble populations and aerosol production, since the
bubble production is modified through the wave interaction with the shelving beach.
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Mårtensson, E. M., Nilsson, E. D., de Leeuw, G., Cohen, L. H., and Hansson, H. C.: Laboratory
simulations and parameterization of the primary marine aerosol production, J. Geophys.
Res., 108, 4297, doi:10.1029/2002JD002263, 2003.

Medwin, H.: In situ acoustic measurements of bubble populations in coastal waters, J. Geophys.
Res., 75, 599–611, 1970.5

Monahan, E. C.: Sea Spray as a function of low elevation wind speed, J. Geophys. Res., 73,
1127–1137, 1968.

Monahan, E. C.: Oceanic whitecaps, J. Phys. Oceanogr., 1, 139–144, 1971.
Monahan, E. C. and Lu, M.: Acoustically relevant bubble assemblages and their dependence

on meteorological parameters, IEEE J. Oceanic Engineering, 15, 340–349, 1990.10

Monahan, E. C. and O’Muircheartaigh, I.: Optimal Power-Law Description of Oceanic Whitecap
Coverage Dependence on Wind Speed, J. Phys. Oceanogr., 10, 2094–2099, 1980.

Monahan, E. C. and O’Muircheartaigh, I.: Review Article: Whitecaps and the Passive Remote
Sensing of the Ocean Surface, Int. J. Remote Sens., 7, 627–642, 1986.

Monahan, E. C., Spiel, D. E., and Davidson, K. L.: Whitecap aerosol productivity deduced from15

simulation tank measurements, J. Geophys. Res., 87, 8898–8904, 1982.
Monahan, E. C., Spiel, D. E., and Davidson, K. L.: A model of marine aerosol generation via

whitecaps and wave disruption, in: Oceanic Whitecaps, edited by: Monahan, E. C., and Mac
Niocaill, G., D. Reidel Publishing Company, 167–174, 1986.

Morelli, J., Buat-Menard, P., and Chesselet, R.: Production experimentale d’aerosols a la sur-20

face de la mer, J. Recherches Atmos., 8, 961–986, 1974.
Norris, S. J., Brooks, I. M., de Leeuw, G., Sirevaag, A., Leck, C., Brooks, B. J., Birch, C. E., and

Tjernström, M.: Measurements of bubble size spectra within leads in the Arctic summer pack
ice, Ocean Sci., 7, 129–139, doi:10.5194/os-7-129-2011, 2011.

Norris, S. J., Brooks, I. M., Hill, M. K., Brooks, B. J., Smith, M. H., and Sproson, D. A. J.: Eddy25

Covariance Measurements of the Sea Spray Aerosol Flux over the Open Ocean, J. Geophys.
Res., 117, D07210, doi:10.1029/2011JD016549, 2012.

O’Dowd, C. D., Lowe, J. A., and Smith, M. H.: Coupling of sea-salt and sulphate interactions and
its impact on cloud droplet concentration predictions, Geophys. Res. Lett., 26, 1311–1314,
1999.30

O’Dowd, C. D., Lowe, J. A., Clegg, N., Smith, M. H., and Clegg, S. L.: Modelling heterogeneous
sulphate production in maritime straiform clouds, J. Geophys. Res., 105, 7143–7160, 2000.

3380

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-print.pdf
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JD002263
http://dx.doi.org/10.5194/os-7-129-2011
http://dx.doi.org/10.1029/2011JD016549


OSD
9, 3359–3392, 2012

Field measurements
of aerosol production

S. J. Norris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Pascal, R. W., Yelland, M. J., Srokosz, M. A., Moat, B. I., Waugh, E. M., Comben, D. H., Clans-
dale, A. G., Hartman, M. C., Coles, D. G. H., Hsueh, P. C., and Leighton, T. G.: A spar buoy
for high frequency wave measurements and detection of wave breaking in the open ocean,
J. Atmos. Oceanic Tech., 28, 590–605, 2011.

Parameswaran, K.: Influence of micrometeorological features on coastal boundary layer aerosol5

characteristics at the tropical station, Trivandrum, Proc. Indian Acad. Sci. (Earth Planet. Sci.),
110, 247–265, 2001.

Phelps, A. D. and Leighton, T. G.: Oceanic bubble population measurements using a buoy-
deployed combination frequency technique, IEEE J. Oceanic Eng., 23, 400–410, 1998.

Phelps, A. D., Ramble, D. G., and Leighton, T. G.: The use of a combination frequency technique10

to measure the surf zone bubble population, J. Acoust. Soc. Amer., 101, 1981–1989, 1997.
Pui, D. Y. H., Romay-Novas, F., and Lui, B. Y. H.: Experimental study of particle deposition in

bends of circular cross section, Aerosol Sci. Technol., 7, 301–315, 1987.
Sellegri, K., O’Dowd, C. D., Yoon, Y. J., Jennings, S. G., and de Leeuw, G.: Surfactants and sub-

micron sea spray generation, J. Geophys. Res., 111, D22215, doi:10.1029/2005JD006658,15

2006.
Spiel, D. E.: A study of aerosols generated in a whitecap simulation tank, BDM Tech, Rep.

006-83, Monterey, 35, 1983.
Spiel, D. E.: The sizes of the jet drops produced by air bubbles bursting on sea and fresh-water

surfaces, Tellus, 46B, 325–338, 1994.20

Spiel, D. E.: A hypothesis concerning the peak in film drop production as a function of bubble
size, J. Geophys. Res., 102, 1153–1161, 1997.

Tucker, M. J. and Pitt, E. G.: Waves in Ocean Engineering, Ocean Eng. Book Ser., Vol. 5,
Elsevier, New York, 521, 2001.

Tyree, C. A., Hellion, V. M., Alexandrova, O. A., and Allen, J. O., Foam droplets generated from25

natural and artificial seawaters, J. Geophys. Res., 112, D12204, doi:10.1029/2006JD007729,
2007.

Wettlaufer, G.: Introduction to crystallization phenomena in natural and artificial sea ice, in: The
Physics of ice covered seas, edited by: Lepparantä, M., Univ. of Helsinki, Helsinki, 105–195,
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Table 1. Summary of the meteorological and oceanographic conditions including the 10 m wind
speed, U10; friction velocity, u∗; air temperature at 21 m, Ta; relative humidity at 1 m and 21 m;
water temperature, Tw; salinity, S; mean wave slope, MWS; significant wave height, Hs; and
whitecap fraction, W . The entries in italics are for buoy deployments where bubble spectra
were obtained but no aerosol data are available.

Date Times Cruise U10 u∗ Ta (◦C) RH (%) RH (%) Tw S MWS Hs W
(m s−1) (m s−1) 21 m at 1 m at 21 m (◦C) (‰) (m) (%)

20/11/06 JD 324 11:20–13:15 D313 15.1 rising fast 0.69 8.9 92 67.2 11.2 – 0.01 0.98 2.1258
24/03/07 JD 83 09:15–13:15 D317 14.3 rising slowly 0.51 7.6 92 66.4 9.11 35.5 0.031 3.6 1.9163
28/03/07 JD 87 09:27–11:20 D317 10.7 steady 0.40 6.0 91 63.4 9.32 35.2 0.032 2.2 2.11
30/03/07 JD 89 09:00–10:10 D317 14.2 steady 0.50 8.4 95 86.9 9.04 35.5 0.031 3.3 1.143
31/03/07 JD 90 09:17–11:20 D317 14.1 steady 0.49 8.8 97.5 93.2 9.24 35.5 0.035 2.8 1.48
01/04/07 JD 91 09:05–13:30 D317 7.3 falling slowly 0.24 9.3 97.5 93.4 9.39 36.0 0.031 2.8 0.066
04/04/07 JD 94 13:20–16:30 D317 10.7 rising 0.41 11.4 94 77.8 12.3 35.5 0.028 1.8 0.45
05/04/07 JD 95 09:10–11:41 D317 11.3 steady 0.43 11.9 95 84.5 11.6 35.5 0.032 2.4 0.49
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Table 2. Summary of the main studies discussed in this paper. Mårtensson et al. (2003), Clarke
et al. (2006) and De Leeuw et al. (2000) all use the Monahan and O’Muircheartaigh (1980)
whitecap function.

Study Method Water T ◦C U10 m s−1

Mårtensson et al. (2003) Tank 5 to 25 –
Clarke et al. (2006) Surf Zone ∼ 25 7.3±1.1
De Leeuw et al. (2000) Surf Zone 13 to 18 0 to 9
This study Open Ocean 9 to 11.2 7 to 15

3384

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-print.pdf
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 3359–3392, 2012

Field measurements
of aerosol production

S. J. Norris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. The tethered-buoy. The inlets to two CLASP units are visible. The lower unit was dam-
aged and not used in subsequent deployments. The bubble imaging system is mounted below
the buoy’s floatation ring.
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Fig. 2. Time series of mean conditions during the two cruises, the grey shading indicates the
duration of the buoy deployments. (a) 10 m wind speed, U10 m s−1 (black) and friction velocity,
u∗ (m s−1) (red); (b) temperature of the air at ∼ 17 m (red) and near surface water (black); (c)
significant wave height Hs (m)(black) and mean wave slope (MWS) (red) calculated from mean
wave periods and significant wave height: slopes greater than 0.03 indicate undeveloped sea
state, those less than 0.03 indicate a well-developed sea (Bourassa et al., 2001); (d) mean
half hourly whitecap coverage WC (%); (e) CLASP 28 min averages of total particle number
concentration (m−3).
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Fig. 3. A 30 min section of the total aerosol number concentration (cm−3) time series (top) and
a closer view of 1 min of data (bottom) from the deployment on the 31 March. Grey points are
the selected whitecap plumes, black points show the ambient background concentration. The
red line depicts the threshold.
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Fig. 4. Mean bubble spectra for each buoy deployment (coloured lines, pale blue lines are
cases where no corresponding aerosol measurements are available). A number of previous
measurements are shown for comparison (grey lines). The open ocean spectra (open sym-
bols) of de Leeuw et al. (2003) (DL03, U = 5 m s−1), Phelps and Leighton (1998) (PL98, depth
0.5 m, U = 12–14 m s−1), and measurements by Leighton and Coles, summarized in Brooks et
al. (2009) and Pascal et al. (2011) (DOGEE, averaged over a depth of 0–3 m, U = 13 m s−1),
and the surf zone spectra (filled symbols) of Phelps et al. (1997) (P97), and Deane and
Stokes (1999) (DS99) along with the laboratory bubbles spectra of Mårtensson et al. (2003)
at 5 ◦C (solid grey line) and 15 ◦C (dashed grey line) are shown for comparison. The Deane and
Stokes (1999) measurements are restricted to actively breaking regions of surf.
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Fig. 5. The mean bubble size spectra (solid lines) for 1 April (7 m s−1 winds, blue) and 31 March
(14 m s−1 winds, green) and their standard errors (dotted). Open ocean and surf zone spectra
in grey are as in Fig. 4.
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Monahan and O’Muireartaigh (1980).

3390

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-print.pdf
http://www.ocean-sci-discuss.net/9/3359/2012/osd-9-3359-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
9, 3359–3392, 2012

Field measurements
of aerosol production

S. J. Norris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

10
−2

10
−1

10
0

10
1

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

dF
p/d

R
80

 (
m

−
2  s

−
1  µ

m
−

1 )

R
80

 (µm)

 

 

Clarke et al., [2006]

Martensson et al., [2003] 5oC 

Martensson et al., [2003] 10oC

Martensson et al., [2003] 15oC

Martensson et al., [2003] 25oC

de Leeuw et al., [2000] (0 −9 m s−1)

1st April (7 m s−1)

31st March (14 m s−1)

20th March (14 m s−1)

24th March (14 m s−1)

20th Nov (15 m s−1)

Fig. 7. The mean production flux per unit area of whitecap for each deployment. The production
flux functions from previous studies utilizing similar methods are also shown for comparison.
The pink shaded area shows the range of the production fluxes estimated by de Leeuw et al.
(2000) for a range of wind speeds between 0 and 9 m s−1. The error estimate for the estimated
production flux is the same for all the SEASAW deployments; 38.5 %.
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Martensson et al. 2003 10oC (WC = MOM, 1980)

Clarke et al. 2006 (WC = MOM, 1980)

SEASAW (WC = SEASAW)

SEASAW (WC = MOM, 1980)

SEASAW (WC = WC Measurement)

Norris et al. 2012

de Leeuw et al. 2000 (WC = MOM, 1980)

EC flux measurements

a) 1st April − 7 ms−1

b) 31st March − 14 ms−1
c) 30th March − 14 ms−1

d) 24th March − 14 ms−1 e) 20th November − 15 ms−1

Fig. 8. Mean source fluxes using the production flux estimates (coloured lines) and the
measured whitecap fraction (solid lines), and whitecap parameterizations from Monahan and
O’Muircheartaigh (1980) (dashed lines) and derived from SEASAW data (dot-dashed lines).
The line colours correspond to those used in figures 4–7 to identifying the deployment date.
The dotted lines show the uncertainty around the source flux using the measured whitecap cov-
erage. All other source functions (black and grey lines) use the Monahan and O’Muircheartaigh
(1980) (MOM, 1980) whitecap parameterisation. The individual 28-min average eddy covari-
ance aerosol flux measurements made during each of the five deployments are plotted as red
circles. Please note the y-axis scale on (a) is shifted relative to the other panels. Please note
the de Leeuw et al. (2000) production flux used is defined at 9 m s−1, the maximum wind speed
in their study (see Table 2) but is applied here up to 15 m s−1.
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