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Abstract. Simultaneous measurements of near-surfacel Introduction

aerosol (0.12 R <9.25pum) and bubble spectra

(13< R < 620 um) were made during five buoy deployments . ) )

in the open ocean of the North Atlantic and used to estimate>€a Spray aerosol is an important component of the climate
aerosol fluxes per unit area of whitecap. The measurementdystem and the largest single source of aerosol mass in-
were made during two cruises as part of the Sea Spray, Gad§cted into the atmosphere after wind-blown dust (Hoppel
Flux, and Whitecaps (SEASAW) project, a UK contribution €t al.,, 2002). Under clear skies over the remote ocean, sea
to the international Surface Ocean Lower Atmosphere Stud)ﬁa“ aerosol is the dominant scatterer of incoming solar ra-
(SOLAS) program. The mean bubble number concentrationgliation (Haywood et al., 1999); it plays a significant role in
for each deployment are in broad agreement with othelcontrolling the microphysics and chemistry of marine stra-
open ocean spectra and are consistently one to two ordef@cumulus (O’'Dowd et al., 1999) and provides a substantial
of magnitude lower than surf zone studies. ProductionSink for atmospheric trace gases, both natural and anthro-
fluxes per unit area of whitecap are estimated from thePogenic (O'Dowd et al., 2000). To quantify the effects of sea
mean aerosol concentration for each buoy deploymentSPray aerosol on the environment, a detailed knowledge of
They are found to increase with wind speed, and span thdhe numbers and sizes of aerosol particles produced at the
range of values found by previous laboratory and surf-zone?cean surface is required.

studies for particles with radius at 80% relative humidity, ~1here are two production mechanisms for sea spray par-
Rso<1um, but to drop off more rapidly with increasing ticles: mechanical tearing of water droplets (spume) from
particle size for larger particles. Estimates of the mean sedvave crests at high wind speeds, and the bursting of bub-
spray flux were made by scaling the whitecap productionb|es at the water surface. Bubbles form predominantly from
fluxes with in situ estimates of whitecap fraction. The seaPreaking wind waves in the open ocean (Kolovayev, 1976);
spray fluxes are also compared with simultaneous individuafhese entrain air into the near-surface water column produc-

eddy covariance flux estimates, and with a sea spray sourcd®d a plume of bubbles (Blanchard and Woodcock, 1957);
function derived from them. as the bubbles rise they form regions of foam at the surface-

whitecaps. Other potential production mechanisms for bub-
bles include production by the respiration of phytoplank-
ton (Medwin, 1970; Johnson and Wangersky, 1987), release
from the sea bed (e.g. Leighton and Robb, 2008), gases com-
ing out of solution as gas-saturated water warms (Norris et
al., 2011), and where sea ice is present the release of bubbles
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134 S. J. Norris et al.: Near-surface measurements of sea spray aerosol production

trapped in melting ice or expelled during the freezing processn turn often parameterized as a function of the mean local
(Wettlaufer, 1998). wind speed. It has usually been assumed that the production
Bursting bubbles produce droplets by two distinct mech-flux is independent of the nature and extent of the white-
anisms: disintegration of the bubble film produces a largecap, including its production mechanism. One of the most
number (100s to 1000s) of droplets smaller than abouttommonly used such formulations is that of Monahan and
R =2 pm, while the collapse of the sides of the bubble cav-O’Muircheartaigh (1986), which is based on the production
ity results in the ejection of a jet of water from the cen- flux of particles per unit area of whitecap obtained in a lab-
tre of the collapsing bubble, which breaks into a handful of oratory study (Spiel, 1983) and an empirical relationship for
droplets of radii between about 1 and 50 um. The preciseghe whitecap fraction as a function of wind speed (Monahan
size and number of droplets produced by a single bubbleand O’Muircheartaigh, 1980):
depends on the bubble size (Blanchard, 1983), water prop- 4,341
erties (Martensson et al., 2003) and the presence of :sur—W=3'84>< 107010 (1)
face active material (Morelli et al., 1974; Blanchard, 1990). whereUg is the wind speed at 10 m above the sea surface,
The smallest bubbles produce only jet droplets, while theand W is in %. There are many different whitecap fraction
largest produce only film droplets; the limits between themparameterizations derived from photographs and videos of
are not well defined, however, and depend on the propertiethe sea surface from towers, aircraft, and ships. Anguelova
of both water and surface microlayer. Day (1964) found aand Webster (2006) provide an extensive summary of many
bubble radius of approximately 50 um to be the minimum studies, and find that they span a range of approximately
size producing film droplets, while Spiel (1997) found the 2—3 orders of magnitude at all wind speeds. It is generally
limit to be 600 um. The largest jet droplet produced by arecognized that whitecap fraction is zero for wind speeds less
bubble is roughly 1/10 the radius of the parent bubble (Blan-than about 3ms! (Blanchard, 1963; Monahan, 1971).
chard, 1963; Spiel, 1994). The upper limit on bubble radius The production flux of aerosol from a unit area of white-
for the production of jet droplets is variously cited to be as cap has been estimated from laboratory studies (Monahan et
low as 450 um (Blanchard, 1963) and as high as 2.94 mnal., 1982; Cipriano et al., 1983, 1987; Woolf et al., 1988;
(Georgescu et al., 2002); this latter value is double the of-Martensson et al., 2003; Tyree et al., 2007; Keene et al.,
ten quoted value of 1.5 mm from Spiel’s (1997) experimental2007; Facchini et al., 2008; Fuentes et al., 2010), though
study. only the study of Mirtensson et al. (2003) is readily com-
Turbulent air motion mixes the ejected droplets upwards,parable with this study, and measurements over natural surf
opposed by their gravitational fall speed, resulting in azone whitecaps (Woodcock et al., 1963; Blanchard, 1969; de
change in particle spectra with altitude (Monahan, 1968; WuLeeuw et al., 2000; Clarke et al., 2006). The advantage of
et al., 1984; de Leeuw, 1989; Parameswaran, 2001). Durindgaboratory measurements is the ability to control the environ-
transport, transformation due to coagulation, evaporation andnental conditions; however, it is difficult to create conditions
chemical processes may occur, resulting in high variability intruly representative of the open ocean, particularly those of
the aerosol’s physical and chemical properties. Newly generwell-developed sea states, mixed seas or high winds. A more
ated sea spray droplets shrink via evaporation until they reachepresentative approach would be to make in situ estimates
a state of equilibrium with the ambient relative humidity, in of the direct aerosol production from whitecaps at sea. How-
contrast to fresh water droplets which evaporate entirely. Foever, making measurements in the open ocean close enough
ease of comparison aerosol spectra are usually adjusted to the surface to isolate the aerosol generated by individual
a reference humidity — commonly 80 %, with the radius de-whitecaps from the background aerosol is difficult. Histori-
notedRgp. The size of a particle influences its life cycle in the cally, optical particle counters have been heavy and physi-
atmosphere. Particles in the nucleation maoBlgy(« 0.1 um)  cally bulky instruments, which are difficult to locate near the
grow by condensation and coagulation, eventually becomingcean surface. Therefore, the majority of the field measure-
accumulation mode particles (0<lRgo < 5 um), which have  ments of sea spray particle number concentrations have been
the longest residence times. For particles wiigp > 10um made 5-25m above the surface and then interpolated to a
an increasing fraction fall back to the surface before reachreference level for comparison (usually the surface or 10m
ing equilibrium (Andreas et al., 2010), imposing an upper above mean surface level) (Andreas, 2002). New technology
size limit on the resulting aerosol spectra. Turbulent mixingis how making small, lightweight, and relatively cheap sen-
means that any measured aerosol spectrum will representsors increasingly available (e.g. Hill et al., 2008) enabling
mixture of newly generated with pre-existing aerosol. measurement approaches that were not previously viable.
Many parameterizations for the sea spray generation func- De Leeuw et al. (2000) and Clarke et al. (2006) used mea-
tion have been proposed, based on a variety of observationaurements over surf zone whitecaps to estimate the produc-
techniques (see Lewis and Schwartz, 2004 for an overview)tion of sea spray aerosol. Measuring over the surf zone al-
One approach has been to estimate the interfacial produdews the instruments to be located on solid ground; how-
tion flux per unit area of whitecap and to scale this by theever, a major concern is the extent to which the surf zone
fractional area coverage of whitecaps on the sea surféce, whitecaps are representative of whitecaps in the open ocean.
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The size spectra are very different for bubbles larger than g

the open ocean (Brooks et al., 2009a). The wave breakingfs
process in the surf zone results from interaction with the sea
bed, whereas in the open ocean wave breaking is forced by
wind stress and wave—wave interactions. It has not been veri-
fied that the aerosol spectra produced are the same in the sui
zone, and the open ocean (Lewis and Schwartz, 2004).

Here we present near-surface measurements of aeroscigs
spectra over open ocean whitecaps in the North Atlantic, de-
rive sea spray production fluxes per unit area whitecap, andgs
finally make estimates of the mean surface source fluxes.

2 Measurements

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). The buoy was deployed from the
RRSDiscoveryduring the two cruises of the Sea Spray, Gas _ _
Flux, and Whitecaps (SEASAW) project, part of the UK con- Fig. 1.The _te_thered buoy. The CLASP units are the two_narrow grey
tribution to the international Surface Ocean Lower Atmo- boxes; their inlets are visible to the left. The lower unit Was.dam.-
.__aged and not used in subsequent deployments. The bubble imaging
sphere Study (SO_LAS) (Brooks et aI._, 20093, b). The CrUIse%ystem is mounted below the buoy’s floatation ring.
were undertaken in the North Atlantic off the west coast of
Scotland and Ireland during the periods 7 November to 2 De-
cember 2006 (D313) and 21 March to 12 April 2007 (D317).
The buoy is surface following but held in a fixed location, imately 0.4 m below the surface, to make measurements of
about 8 m from the ship, by a weighted cable suspended fronbubble size spectra in the range4 R < 620 um. The sam-
a crane. The wire passes through the buoy’s tubular centrgble volume (20x 2.9x 1.9 mn?) is imaged by a video cam-
column, allowing the buoy to ride freely up and down the ca- era, illuminated on-axis from directly opposite the camera.
ble as waves pass it. The weight is held at a depth of roughl\Bubbles appear as a dark ring with a brighter surrounding
25m below the ocean surface, beneath the immediate effeatng and central bright spot. An automated algorithm iden-
of wave motions so as to help restrict sideways movement ofifies candidate bubbles, while rejecting other particles such
the buoy. Power and serial communications to CLASP wereas algae. Full technical details of system and image process-
provided by a single cable running from the ship. ing algorithms are given by Leifer et al. (2003a, b). The sys-
CLASP provides a 16-channel size spectrum attem has previously been used to examine bubble spectra in
ambient relative humidity covering the size range boththe ocean (de Leeuw and Cohen, 2001; de Leeuw et al.,
0.12< Ramb<9.25um at a sample rate of 10Hz (Hill 2003; Norris et al., 2011) and the laboratorygitensson et
et al.,, 2008). The inlet is 0.25m in length, with one al., 2003 (MNO3 hereafter); Leifer et al., 2003a; Sellegri et
60 degree bend; particle losses to the walls of the inlet aral., 2006; Fuentes et al., 2010; Hultin et al., 2018bd@ri et
negligible for particles with radii below 1 um, 10% at 3um al., 2012). Two minutes of image data were collected at five-
and 20% at 5um. These losses are determined specificallgninute intervals throughout each deployment. A total of 154
for this inlet and conditions experienced here using thetwo-minute samples were obtained over 5 successful deploy-
model of Pui et al. (1987) and corrections applied to thements: 4 during D317 in the open ocean and 1 during D313
spectra. The humidity at 1 m was estimated based on a logn a fetch limited ¢ 5 km) environment behind the Isle of Ar-
profile, using the measured humidity at 21 m and an effectiveran. Each deployment lasted for between one and four hours.
relative humidity at the sea surface of 98% (Lewis and A vertically oriented accelerometer allowed the movement
Schwartz, 2004). Size spectra are subsequently adjusted tf the buoy over the waves to be determined, along with esti-
80 % relative humidity via Gerber's (1985) growth model mates of the individual wave heights. One-second resolution
for sea salt. digital images of the buoy and the surrounding ocean surface
A video-based bubble measuring system (Leifer et al.,were recorded from a webcam on the ship providing a visual
2003a) was mounted on the underside of the buoy, approxeheck on the buoy and the surface conditions in its immediate
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vicinity. Two Nikon CoolPix 8800 digital SLR cameras were T L R
installed on the port side of the bridge, approximately 13m7 2 i }% — . {1 —fé“
above sea level, from which to estimate the whitecap fractior 2 1 ‘g i %M%&ﬁw Pouyos
of breaking waves at the sea surface (Brooks et al., 2009a,b  © * —_— TR ]

Images were taken every 30 s during daylight hours. During ' A —

analysis a portion of each image was selected: this was chc &' P ;I""‘* \w,j"ﬁ

0
sen to exclude the region where the ship’s bow wave might be "~ i
visible, and cropped out the sky and the region of increasec 2

4
2
0
4

0.06
brightness close to the horizon. The automated image pro = . g i3 b, Mo
cessing algorithm of Callaghan and White (2009) was uset « ;4 .4 & o B TR Y s

to determine the whitecap fraction for each image. This de-

termines a suitable threshold intensity value for each image ;

with which whitecaps can be separated from the backgrounc Q2 o, <y . |
water. Although effective, the algorithm can fail under some E 3 3 N 3,‘ o : *
conditions; as a quality control measure each processed i 0 T o n

age was manually checked to verify its suitability. Images ares 1

rejected if they had contamination from sun-glint, sky reflec-« = » .

tion, birds within the image, or uneven illumination resulting = Y S R -

in misidentification of whitecap area by the automated algo- "m0 21w e e G G 04m2

rithm. Multiple images were averaged to obtain a total of 63 Date(2006) Date(2007)

15-min mean whitecap fractions during the periods for whichrig. 2. Time series of mean conditions during the two cruises. Grey

the buoy was deployed. shading indicates the times of the buoy deploymefalisl0 m wind

Mean meteorological conditions were obtained from sen-speedU1g (ms™1) (black) and friction velocityys (ms™1) (red);

sors located on the foremast (see Brooks et al., 2009b fo(b) air temperature at 17 m (red) and near-surface water temper-

details). One-dimensional wave spectra were obtained frongture (black){(c) significant wave heightls (m) (black) and mean

a shipborne wave recorder (SBWR) (Tucker and Pitt, 2001;wave slope (MWS) (red)d) mean half hourly whitecap coverage

Holliday et al., 2006). From this wave data the significant WC (%2;3(9)CLASP 28 min averages of particle number concentra-

wave height,Hs, and mean wave slope (MWS) were cal- 10N (M) (0.12< Rgo <9.25).

culated. Slopes greater than 0.03 indicate undeveloped sea

states; those less than 0.03 indicate well-developed seas

(Bourassa et al.,, 2001). The meteorological and oceanophotographic record shows that these peaks in concentration

graphic conditions during the deployments are summarizeatorrespond with the occurrence of active whitecaps around

in Table 1 and Fig. 2. the buoy. Only one previous study, that of Wu (1993), has
demonstrated the simultaneity of increases in aerosol con-
centration with breaking wave crests. The source footprint of

3 Results aerosol reaching the CLASP instrument on the tethered buoy
is small, typically about 3 m, estimated using the model of
3.1 Mean aerosol concentrations Horst and Weil (1992). This is comparable to the scale of the

whitecaps; thus the excess aerosol measured within the con-
The mean aerosol concentration spectra for each deploymementration peak should be representative of those generated
are shown in Fig. 3. These are a combination of the backby the whitecap and it should be possible to isolate the spec-
ground aerosol concentration spectra with the freshly gentrum produced by individual whitecaps occurring around the
erated aerosol concentration spectra from breaking wavesuoy from the mean background spectrum.
There is no indication of a systematic wind speed depen- A threshold for fresh whitecap aerosol plumes was deter-
dence; forRgp < 1 um there is little change in concentration mined for each individual deployment by applying a 30-point
between cases, but the spectra diverge substantially at larg€B-s) running median to the number concentration time series
sizes. The persistent concentration of small particles is conand accepting concentrations greater than two standard devi-
sistent with their long residence time, while the variability in ations above the median. An absolute threshold of approxi-
mean concentration, uncorrelated with wind speed, likely re-mately double the mean total concentration (N for each de-
flects the air mass history. A 30-min long time series of 1-sployment) was also applied in order to fully capture plumes
mean aerosol number concentration from the deployment otasting longer than three seconds.
31 March 2007 is shown in Fig. 4. Short periods, typically of ~ Aerosol concentrations greater than the threshold level
the order of a few seconds in duration, have concentrationgorrespond to fresh plumes over whitecaps and are a mix-
greater than that for the majority of the record by a factorture of aerosol resulting directly from the whitecap with
of 3—7. Comparison of the concentration time series with thethat of the background; concentrations below the threshold
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Table 1. Summary of the meteorological and oceanographic conditions including the 10 m wind Bpgefdction velocity, u.; air temper-
ature at 21 m7y; relative humidity at 1 m and 21 m; water temperatfig; salinity, S; mean wave slope (MWS); significant wave height,

Hs; and whitecap fraction. The entries in italics are for buoy deployments where bubble spectra were obtained but no aerosol data are

available. The deployment date is also shown in Julian Day (JD) format.

Date Times Cruise Uio U4 Ta RH RH Tw S MWS  Hg w
(ms™h (msh) (C)2im (%)atlm (%)at2im °C) (%) (M) (%)
20 Nov 2006 11:20-13:15 D313 15.1 0.69 8.9 92 67.2 11.2- 001 0.98 21258
JD 324 rising fast
24 Mar 2007  09:15-13:15 D317 14.3 0.51 7.6 92 66.4 911 355 0031 36 1.9163
JD 83 rising slowly
28 Mar 2007  09:27-11:20 D317 10.7 0.40 6.04 91 63.4 9.32 352 0032 22 211
JD 87 steady
30 Mar 2007  09:00-10:10 D317 14.2 0.50 8.4 95 86.9 9.04 355 0.031 33 1.143
JD 89 steady
31 Mar2007 09:17-11:20 D317 14.1 0.49 8.8 97.5 93.2 924 355 0.035 28 148
JD 90 steady
1Apr2007  09:05-13:30 D317  7.3slowly 0.24 9.3 97.5 93.4 9.39 360 0031 28 0.066
JD 91 falling
4 Apr2007  13:20-16:30 D317 10.7 0.41 11.4 94 77.8 123 355 0.028 1.8 045
JD 94 rising
5Apr2007  09:10-11:41 D317 11.3 0.43 11.9 95 84.5 11.6 355 0.032 24 049
JD 95 steady
10" . spectra (de Leeuw et al., 2003; Phelps and Leighton, 1998;
and measurements from DOGEE summarised by Brooks et
10 == E al., 2009a), two spectra measured in the surf zone (Phelps et
al., 1997; Deane and Stokes, 1999), and the MNO3 labora-
10° E tory spectra at water temperatures ¢fband 15C (mea-

: sured with the same instrument used here). For completion
< 3 we have also included bubble spectra from three additional
m.: o buoy deploymgnts (4,5 Apriland 28. March) where there are
= ] no corresponding aerosol data available, but were obtained
% of ] at wind speeds of 10-11 m% lying between those of the

other deployments. The mean conditions for these cases are
ot 01207 7 ey also given in Table 1. .
1032007 14 ms™) The MNO3 bubble spectra were generated in a small con-
o L 30032007 (14 ms™) tainer in the laboratory and are clearly not representative of
2410372007 (14 ms'! either the surf zone or the open ocean. The bimodal distribu-
ot L 212006 5 me) . tion of the MNO3 spectra in particular is not observed in any
e (me of the natural bubble spectra, and is likely due to the artificial

generation. We include them here because, although the bub-

Fig. 3. The mean aerosol concentration spectra for each of the buop!® spectrum is unrealistic and thus the aerosol production
deployments. The deployments are ordered by increasing winds also unlikely to closely match natural production, the sea
speed, and the same colour scheme, identifying different days, ispray source function derived from MNO3 is used widely in
used throughout all subsequent figures. the aerosol modelling community. It is worth noting that the
more recent studies of bubble spectra in the laboratory have
used weirs (Sellegri et al., 2006) or water jets (Fuentes et al.,
represent the ambient background aerosol spectra. The diR010; Hultin et al., 2010; @bori et al., 2012) and produce a
ference between the two provides an estimate of the meamore realistic open-ocean-like bubble spectra.
fresh aerosol concentration generated by the whitecaps, For the smallest bubble sizes the concentrations span just

dN/dRgp. over three orders of magnitude across the SEASAW deploy-
ments, while forR > 50 um there is much less variability —
3.2 Bubble concentrations about one order of magnitude. The observations shown in

_ Fig. 5 span wind speeds of 5-15 misand thus large differ-
Figure 5 shows the mean bubble spectra from each deployences in the bubble concentrations and spectral distributions
ment. Also shown for comparison are three other open ocean

Www.ocean-sci.net/9/133/2013/ Ocean Sci., 9, 1335 2013
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would be expected. However, although the wind speed is
consistent across 24, 30, and 31 March (14.1-14.3%s
there remain significant differences in the bubble spectra; this
may result from the variation in wave state between these de-
ployments (Table 1). Significant wave height decreases from
3.6 m on 24 March to 2.8 on 31 March; the concentration
for the majority of the bubble spectrum increases with in-
creasingHs, while that of the smallest bubbles decreases

with increasingHs, the crossover occurring between radii of
25-50 um. The bubble spectra from 20 November (158 s

ool | have a number of peaks, and the bubble concentration drops
aoa . off more steeply with increasing bubble size than the other
600t 1 spectra. The ocean conditions were very different on this de-

1400
1200 B

N (cmd)

A e e e loyment compar he three high win loyments in
i VRS TR o ployment compared to the three hig d deployments

March 2007 due to the limited fetch of the deployment site,
approximately 5 km from the coast. The wave heights were
very low with a significant wave height of only 0.98 m com-
Fig. 4. A 30min section of the aerosol number concentration pared to~ 3 m for the 14 m s deployments.

(cm~3) (0.12< Rgp < 9.25) time series (top) and a closer view of ~ The SEASAW bubble spectra broadly agree with the three
1min of data (bottom) from the deployment on 31 March. Grey giper open ocean spectra. All have similar shapes, span a

points are the selected whitecap plumes; black points show the amgjyijar range of concentrations and show a similar increase

bient background concentration. The red line depicts the thresholdin concentration of the smallest bubbles with increasing wind

speed. The surf zone spectra have concentrations 2—3 orders
of magnitude higher than the open ocean spectra across the
whole measured size range, the difference increasing slightly
with increasing size. The MNO3 laboratory spectra have con-
centrations similar to the open ocean spectrarfer 50 um,

but increase at larger sizes, and match the surf zone spectra
for 100< R < 350 um.

The variability of individual 2-min estimates of the bubble
spectra about the deployment mean is illustrated in Fig. 6 for
T the cases with one of the highest (31 March, 14 %) snd

3 lowest (1 April, 7 m s1) wind speeds under open ocean con-
ditions. For bubbles smaller than 300 um, the difference be-
tween deployments is much greater than the variability about
the deployment mean spectra; for larger bubbles the variabil-
ity increases significantly — this is due primarily to the oc-
currence of individual spectral estimates with no bubbles in
w some of the larger size bins.

Note that the bubble spectra measured here are time av-
Fig. 5. Mean bubble spectra for each buoy deployment (colourederages over the whole deployment and are not restricted to
lines, pale blue Iine_s are cases where no corr_esponding aerosol megye freshly generated bubble plumes within breaking waves.
surements are ava_ulable). A n_umber of previous measurements arphq other open ocean spectra shown here are similarly time
shown for comparison (grey lines). The open ocean spectra (opegverages; the surf zone spectrum of Phelps et al. (1997) is

symbols) of de Leeuw et al. (2003) (dL03,= 5.8 ms™1), Phelps . )
and Leighton (1998) (PL98, depth 0.5 b~ 12— 14 ms-1), and also a time average, but that of Dean and Stokes (1999) is

measurements by Leighton and Coles, summarized in Brooks e'ieStriCted to the active portion of breaking waves. Within

al. (2009a) and Pascal et al. (2011) (DOGEE, averaged over a depth€ near-surface layer (depthl m), populations of smaller
of 0-3m, U =13ms 1), and the surf zone spectra (filled sym- bubbles have been found to be persistent, varying little over

bols) of Phelps et al. (1997) (PRL97), and Deane and Stokes (1999)me (Farmer and Vagil, 1989). Leifer et al. (2006) showed

(DS99) along with the laboratory bubbles spectra éfrfdnsson et that the smallest bubblesk (< 200 um) remain in the sur-

al. (2003) at 5C (solid grey line) and 15C (dashed grey line) are  face waters after the main body of the plume has sur-

shown for comparison. The Deane and Stokes (1999) measuremenfgced. Bubble terminal rise velocities were calculated fol-

are restricted to actively breaking regions of surf. lowing Leifer et al. (2000); they range from 0.0005Ts
atR=15um to 0.14 ms! at R =570 um (the largest mean
radius measured). The bubble rise velocities suggest that

1 1 1
10:02:30 10:02:40 10:02:50

Time (UTC)

0 1 1
10:02:00 10:02:10 10:02:20 10:03:00

—0—PLIB
° —4— DOGEE
—o—dLo3
® PRL97
v Dseg
=== N3 15°C
—MN03 ST ||
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0470442007
0570442007
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L

2 :3‘ 10 1 L L 1 1 1 1 1
10 , 10 0 2 4 3 g m 12 14 16 18 20
Bubble Radius (um)
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Fig. 6. The mean bubble size spectra (solid lines) for 1 April _. . . . 5
(7ms-L winds, blue) and 31 March (14 m4 winds, green) and Fig. 7. The SEASAW whlteca_p estimates durlng er_:lch buoy deploy
ment (symbols), and the whitecap parameterizations from the full

all individual measurements from those deployments (pale blue an%EASAW cruise data set, Callaghan et al. (2008a) and Monahan

E%Iesgreen). Open ocean and surf zone spectra in grey are as Iarl]nd O’Muircheartaigh (1980).

bubbles smaller than a few hundred um can be considere®’Muircheartaigh (1980), Callaghan et al. (2008a) and the
well mixed, with larger bubbles being significantly depleted SEASAW parameterisations predict low whitecap fractions
between wave breaking events. The concentration of bubbleglthough they differ by more than an order of magnitude. In
within actively breaking waves will be higher than the mean practice there are cases where no whitecaps are observed at
concentrations measured here, increasingly so with increaghese low wind speeds.

ing bubble size. The measured spectra are thus not directly

representative of those within breaking waves. 3.4 Aerosol fluxes

3.3 Whitecap coverage The sea spray source fluk, is defined here as the product

_ _ _ of the particle production flux per unit area of whitec#jp,
It is well understood that the whitecap fraction on the and the whitecap coverage:

ocean surface increases with wind speed (Monahan and

O’Muircheartaigh, 1980). Figure 7 shows the Monahan and df dFyp
O’Muircheartaigh (1980) parameterisation (Eq. 1) anngW80 =Wx (%)-
with that of Callaghan et al. (2008a) and one derived from

the measurements obtained during the SEASAW cruises folgjrst we estimatefy, the particle production flux per unit

lowing the method of Monahan and Lu (1990): area whitecap, from the aerosol concentrations. The aerosol
W =1.03x 103 (U19— 2.62)3. @) concent_rations mea_sured on the buoy_ reflect the net effect_of
the particle production during the residence time of the air
The SEASAW whitecap parameterization is very simi- advected past the whitecaps around the buoy. The produc-
lar to that of Callaghan et al. (2008a) in the wind speedtion flux, Fp, can be estimated as the product of the aerosol
range 8 to 17ms!t but drops off faster at lower wind number concentration NVdR, with the height of the aerosol
speeds. Both are systematically lower than Monahan anglume divided by the residence time of the plume over the
O’Muircheartaigh (1980) as are most of the whitecap frac-whitecap, an approach used by Monahan et al. (1982, 1986).
tion estimates observed over the last 10 yr (de Leeuw et al.Precise measurements of aerosol plume size and residence
2011). The 15-min average whitecap fractions for periodstime over individual whitecaps are not available, and so we
matching the bubble spectra estimates during each deployrely here on characteristic scales. A characteristic plume
ment are also shown in Fig. 7. The overall mean whitecapheight can be defined as the product of a turbulent veloc-
fractions for each buoy deployment period are given in Ta-ity scale — the friction velocity,, — and transit time over the
ble 1. At low wind speeds, 3-5m$, the whitecap param- whitecap. The particle production flux is thus estimated sim-
eterizations become problematic; all three of Monahan andly as the product of excess aerosol number concentration in

©)
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Table 2. Summary of the main studies discussed in this paper.  °
Martensson et al. (2003), Clarke et al. (2006) and de Leeuw et

al. (2000) all use the Monahan and O’Muircheartaigh (1980) white- - x

cap function. . = E
Study Method WateT °C  Ujgms?! 10 3
Martensson et al. (2003) Tank 5to 25 - -

Clarke et al. (2006) Surfzone ~25 7.3+1.1 St
de Leeuw et al. (2000)  Surf zone 131018 0to9 o
This study Openocean 9t011.2 7to15 B || ZTCeead 8
5 10 | Martensson et al , [2003] 5°C 4
;}“ —Meartensson etal, [2002] 10°C N ]

— Martensson et al., [2003] 15°C
Martensson et al , [2003) 25°C

de Leeuw et al, [2000]{(0-8ms™)
= =mubdonahan etal , [1956]

— (0110412007 (7 m 5™}

the plume andk,:

de dN 10t L 31/03/2007 (14 ms™) .
— = — ) Ux. (4) 300032007 (14 m s KN
dRgo dRgo — 40372007 (14 m ™) A
Th : . g 3G E d ]

e production fluxes for each deployment are shown in g o Ao o
Fig. 8, along with production fluxes from MNO3, Clarke et R (1)

al. (2006), and de Leeuw et al. (2000). Conditions for both _, . . .
this and the 3 previous studies are summarised in Table 2§|g. 8.The mean produchc_m flux per un_lt area of whltef:ap for ea}ch
. eployment. The production flux functions from previous studies

For partlcles smaller thar_1 about.l—Z um, the_ SEASAW Pro-ytilizing similar methods are also shown for comparison. The pink
duction fluxes show an increasing trend with wind speed.shaded area shows the range of the production fluxes estimated by
At U1o=7ms! the production flux is only slightly higher de Leeuw et al. (2000) for a range of wind speeds between 0 and
than that of Clarke et al. (2006), increasing to a factor of 6—=79ms1. The error estimate for the estimated production flux is the
higher at winds of 14-15 nt$, but the spectra have a similar same for all the SEASAW deployments: 38.5 %.
slope to those of both Clarke et al. (2006) and de Leeuw et
al. (2000). They decrease more rapidly with increasing par-
ticle size forRgp > 1 um, and for particles witlRgg > 2 um directly over an active whitecap. We might, however, expect
the production flux falls below those of the previous stud- an increase in the number of small bubbles reaching the sur-
ies. For these largest particles there is no distinct trend withface and bursting over time within the residual foam left af-
wind speed. Sea spray source functions based on whitecayer a breaking wave, but these would not be identified by our
fraction usually assume that the production flux is a con-measurement of the production flux over an active whitecap.
stant, unaffected by wind speed or the consequent wave state. Similar reasoning offers a possible explanation for the dif-
Here we find both a distinct increase in the total productionferences between the production flux spectra here and those
flux with increasing wind speed, and a change in the shapérom surf zone studies where the wave breaking process, bub-
of the production flux spectra, which steepens with increas-ble populations, and bubble plume dynamics are all different
ing wind speed. Variability in the production flux with wind from the open ocean case. De Leeuw et al. (2000) estimated
speed makes physical sense, because the volume of air ethie flux from the difference in aerosol concentration on ei-
trained and depth to which itis injected into the water columnther side of the surf zone under onshore winds, and assumed
will both increase as the size of breaking waves increases. that production took place throughout the full width of the

It is difficult to relate the wind-speed dependence of thesurf zone. Their production flux is thus an average over ac-
production flux directly to the bubble spectra because of thetive breakers, residual foam between breaking waves, and
time-averaged nature of the bubble measurements. We noteany foam-free water within the surf zone, and this is likely
however, that an increase in production of smaller particleso be lower than the production flux from actively breaking
is consistent with an increase in the total volume of air en-whitecaps. Clarke et al. (2006) adopted an approach similar
trained by a breaking wave and consequent increase in th® that used here, isolating broad peaks in the aerosol con-
number of large bubbles that rise rapidly to the surface andcentration measured upwind of the surf zone, and associating
burst, since these bubbles generate small film drops. Thé with individual breaking waves and the residual foam be-
larger aerosols resulting from jet drops are generated by bubhind them. They estimated the foam fraction between break-
bles smaller than about 1 mm (Lewis and Schwartz, 2004)ing waves and scaled the production flux accordingly. Their
the vast majority of these bubbles are smaller thdb50um  production flux is thus an average for active whitecaps and
and will tend to remain within the water column. It is not residual foam, and is slightly higher than that of de Leeuw
obvious that an increase in the volume of air entrained by et al. (2000), but again will be lower than that for active
breaking wave will necessarily result in more small bubbleswhitecaps only. These differences in averaging of source ar-
contributing to the short-duration peak in aerosol measurecas can plausibly explain the differences in production flux
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for the smaller aerosol, but not the steeper drop-off with size
and lower flux obtained here for large particles. We specu- "4
late that this may result from differences in wave and bub- :
ble plume dynamics between the open ocean and surf zone
The large particles are generated from jet drops, the majority 2
of which result from bubbles small enough to remain within =
the water column for an extended period of time. In the surf
zone, the shallow water column, high turbulence intensity,
and more frequent repeated wave breaking mean that thes _
bubbles may be forced back to the surface much more rapidlys
than in the open ocean, enhancing the production of jet drops.”
and large aerosol. We note that fBgo > 2 um our produc-
tion flux matches that of Elrtensson et al. (2003) and that
their laboratory bubble spectra match our open ocean spectri
for the relevant size rang&, < 50 um. 10
Sea spray source fluxes were estimated by scaling the
production fluxes with the measured whitecap fractions for
each deployment (Eq. 3; Fig. 9); they were also estimated
by scaling our production fluxes by both the Monahan and
O’Muircheartaigh (1980) and the SEASAW whitecap param-
eterisations. Also shown in Fig. 9 are a number of other sea
spray source functions based on whitecap fraction, and one o e i 10!
(Norris et al., 2012) that is derived from direct eddy covari- Frolinl P Ll
ance measurc_aments of the aerosol flux made during the SaM&y 9. Mean source fluxes using the production flux es-
SEASAW cruise (D317) as most of the buoy measurement§imates (coloured lines) and the measured whitecap fraction
presented here. All the previous whitecap-based source fungsolid lines), and whitecap parameterizations from Monahan
tions use the Monahan and O’Muircheartaigh (1980) white-and O’'Muircheartaigh (1980) (dashed lines) and derived from
cap parameterisation in their calculations of the fluxes; dif-SEASAW data (dot-dashed lines). The line colours correspond to
ferences between them thus result solely from differences irthose used in Figs. 4-7 to identify the deployment date. The dotted

their specification of the production flux per unit area white- lines show the uncertainty around the source flux using the mea-
cap. sured whitecap coverage. All other source functions (black and grey

There is some indication for a dependence of the Sub_lines) use the Monahan and O’Muircheartaigh (1980) (MOM, 1980)

micrometer in situ flux estimates on wind history. The recentWhitec‘Elp parameterisation. The individual 28-min average eddy co-

. . . . variance aerosol flux measurements made during each of the five
trend in the wind for each deployment is stated in Table 1'dep|oyments are plotted as red circles. N.B. the y-axis scale on

When the wind speed is decreasing slowly (1 April), the in.(a) is shifted relative to the other panels. N.B. the de Leeuw et
situ source flux matches the other source functions. When i " (2000) production flux used is defined at 9 sthe maximum

is steady (30 and 31 March), they are on the upper edge ofind speed in their study (see Table 2) but is applied here up to
the other source functions. When the wind speed is increastsms1.

ing (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. Similarly, the bubble concentra-increasing winds. This latter case might more closely resem-
tion on 24 March, with rising winds, is higher than on 30 and ble conditions of rapidly increasing wind in the open ocean,
31 March, with steady winds of the same speed, 14fns when the wind and waves are far from equilibrium.

Our bubble data set is too limited to draw further conclu- Individual eddy covariance (EC) source flux estimates
sions on the effect of wind history. Results from previous made on the foremast during the periods of the buoy deploy-
studies on the effect of wind history and wave state on wave-ments are also shown in Fig. 9. There are no EC data avail-
breaking and whitecaps are mixed. Several studies find thable for 20 November. These EC flux estimates are a subset
for a given wind speed the whitecap fraction increases withof those used to formulate the Norris et al. (2012) source
wave age (the ratio of the phase speed of the peak in the wavieinction. For particles witlRgg < 1 um, both the Norris et al.
spectrum to the wind speed or friction velocity), which im- function and the individual fluxes from the EC method are up
plies a reduction in whitecap fraction for rising winds (Sugi- to 1 order of magnitude below the calculated buoy deploy-
hara et al., 2001; Callaghan et al., 2008a; Goddijn-Murphy etment fluxes except for 1 April. For particles &go> 1 um

al., 2011). Callaghan et al. (2008b), however, found a well-the EC fluxes and the Norris et al. function are just larger
defined decrease in whitecap fraction with increasing wavethan the buoy flux estimate for 1 April; they are within the
age under fetch-limited conditions, implying higher values in variability of the buoy estimates for the 30 and 31 March

4 Monahan 1986 (WC = MOM, 1980)

3) 01/04/2007 -7 ms™ | ... monahan 1986-extranolated (WC = MOM, 1880)
Mertersson et al. 2003 10° 0AC = MOM, 1380)

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

SEASAW O = SEASAW)

SEASAW (WWC = MOM, 1980)

SEASAIN (C =W Measureme )

= Norris et al. 2012
de Lesuw et al. 2000 (AC = MOM, 1980)

©  EC flux measurements
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deployments; but for the 24 March deployment, all the in-tion flux increased with wind speed, while for larger par-
dividual EC measurements are lower than any of the otheticles there was no clear dependence. The production flux
source fluxes. For the lowest wind speed deployment on Idecreased more rapidly with particle size than those of ear-
April, the individual EC fluxes scatter across the full range lier studies. This behaviour is consistent with the observed
of the various source functions. Note that the EC estimatespverall increase in bubble concentrations with wind speed,
Norris et al. (2012) and both de Leeuw et al. (2000) andand implies that a simple single aerosol production flux can-
Clarke et al. (2006) are effective fluxes at the measuremennot be defined and scaled by whitecap fraction to determine
height, while all others in Fig. 9 are interfacial fluxes; how- the mean sea spray source flux. Previous source functions
ever, for Rgp < 10 um interfacial and effective source fluxes adopting this approach have generally defined a single pro-
differ little and are often assumed to be directly comparableduction flux, often from relatively limited ranges of forcing
(de Leeuw et al., 2011). conditions and none representative of open ocean conditions.
Clarke et al. (2006) used surf zone measurements at a single
wind speed. De Leeuw et al. (2000) do define a wind-speed—
4 Conclusions dependent function valid up to 9m% but since the mea-
surements are from the surf zone, the physics of the wave
Sea spray source fluxes have been estimated from joint in sitbreaking is rather different from that in the open ocean.
measurements of the aerosol produced by individual white- The mean source flux estimates reflect the production
caps and the fractional coverage of whitecaps in the opefflux results: for Rgop < 1 um the flux spectra span the val-
ocean of the North Atlantic. Near-surface measurements ofies from previous studies (Monahan et al., 1986; de Leeuw
aerosol size spectra were made at 1 m above the sea suwet al., 2000; Mirtensson et al., 2003; Clarke et al., 2006),
face from a small tethered buoy, and mean production fluxedbut decrease more rapidly with increasing size for larger
estimated per unit area of whitecap. The mean sea spragarticles. The mean source flux estimates and the EC flux-
source flux was then estimated by scaling the whitecap proderived source function of Norris et al. (2012) all decrease
duction flux with the observed whitecap fraction. The lim- more rapidly with increasing particle size than the surf
ited range of wind speeds encountered during the buoy dezone functions. This supports the suggestion (Lewis and
ployments precludes developing a full sea spray source funcSchwartz, 2004) that the surf zone is not representative of
tion; however, the results are instructive. Sea spray sourcepen ocean whitecapping processes, bubble populations, and
fluxes were also estimated by scaling the production fluxaerosol production, since the wave breaking process and bub-
with two parameterizations of whitecap fraction: Monahan ble plume dynamics are very different for the open ocean and
and O’Muircheartaigh (1980) — the most widely used pa- surf zone.
rameterization — and one derived from measurements made
during the SEASAW cruises. The in situ whitecap frac-
tion estimates were very scattered, but in general they, andcxnowledgementsSEASAW was funded by the UK Natural
the parameterization derived from the full set of SEASAW Environment Research Council, grant number NE/C001842/1
whitecap imagery, agree closely with the parameterizatioras part of UK-SOLAS. We would like to thank Captain Roger
of Callaghan et al. (2008b); all of these are significantly Chamberlain and the crew of the RR&covery and Dan Comben,
lower than the widely used parameterization of Monahan and-hris Barnard, Martin Bridger and Leighton Rolley of the National
O’Muircheartaigh (1980). Facilities Sea Systems for their assistance during the cruises.
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bubble population resulting from wave breaking than of the
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