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Abstract. A new sea spray source function (SSSF), termedl Introduction
Oceanflux Sea Spray Aerosol or OSSA, was derived based

on in-situ sea spray aerosol measurements along with mete-

orological/physical parameters. Submicron sea spray aeros&ea spray aerosol (SSA) is an important component of the

fluxes derived from particle number concentration measure—aemSOI population in the marine environment, and given that

ments at the Mace Head coastal station, on the west coast ng % of t_he_I_Earth’s surface is covered by oceans, it con-
Ireland, were used together with open-ocean eddy correlatioH’IbUteS S|gn|f|can_tl_y o the global aerosol budget (\ﬁgnatl et
flux measurements from the Eastern Atlantic Sea Spray, Ga@l" 2010). In addition, sea spray aerosol plays an important

Flux, and Whitecap (SEASAW) project cruise. In the over- role in climate, with both direct (Bates et al., 2006; Mulc-

lapping size range, the data for Mace Head and SEASAWANY €t al., 2008; Vaishya et al., 2011; Rap et al., 2013) and
were found to be in a good agreement, which allowed deriv-ndirect radiative effects (O'Dowd et al., 1999; Andreae and

ing the new SSSF from the combined dataset spanning th osenfeld, 2008). Sea spray aerosol particles are formed at

dry diameter range from 15nm to 6 um. The OSSA sourcelne sea surface mainly through breaking waves via bubble

function has been parameterized in terms of five IognormalburSting (Blanchard, 1963) and, at elevated wind speeds, by

modes and the Reynolds number instead of the more Com(;iirect tearing of wave crests (Monahan et al., 1986). When

monly used wind speed, thereby encapsulating important in& Wave breaks, air is entrained into the water and dispersed

fluences of wave height, wind history, friction velocity, and :cnto a Clgubd of bUbblej (Th(t))rpﬁ,f_llQQZ),o\lN_hicg rise t;’_:\he sur-
viscosity. This formulation accounts for the different flux re- ac<fa an _u(;st to [:jro uce Otl lim an Jgt r(;)ps. € ngar-
lationships associated with rising and waning wind speed?ur ace wind speed, commonly measured and expressed at a

since these are included in the Reynolds number. Furtherieférence height of 10 /1o, is thought to be the dominant

more, the Reynolds number incorporates the kinematic Vis_factor affecting sea spray aerosol production. However, dif-

cosity of water, thus the SSSF inherently includes Olepen_ferent formulations of the size-dependent sea spray aerosol

dences on sea surface temperature and salinity. The tempe?purce functions (SSSF) in terms of orlio vary widely

ature dependence of the resulting SSSF is similar to that o or thg samdJyo (de I._eeuw etal, 2(.)11) and rising or wan-
other in-situ derived source functions and results in lower!"d Winds produce different production fluxes (Callaghan et

production fluxes for cold waters and enhanced fluxes fromal" 2008; Goddijn-Murphy et al., 2011; Norris et al., 2012,

warm waters as compared with SSSF formulations that doOvadnevai'[e et al., 2012). Considerable effort has been de-
not include temperature effects voted to linking SSA production to more fundamentally rel-
' evant physical parameters, such as wind stress on the sur-

face, or whitecap fraction, with the expectation that such
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approaches might lead to better constraining the productionion of the real environment, where the shape of the droplet
flux than a formulation in terms of wind speed alone. How- size distribution could and most certainly does depend on the
ever, at a giverU/1g, wind stress on the surface can vary by forcing parameter. Therefore, in this study, we incorporate
a factor of two (Drennan et al., 2005) and whitecap frac-the effect of the environmental forcing on both the magnitude
tion by a factor of 10 or more (Lewis and Schwartz, 2004; and the shape of the SSSF. In other words, a direct relation-
Anguelova and Webster, 2006); this variation is likely due ship is assumed between the sea spray aerosol flux and the
to variability in the wave field, surface properties, and the forcing parameter. Several processes would affect the bub-
like. Factors that are expected to affect the SSA productiorble bursting and thus resulting aerosol or droplet size dis-
flux are those affecting sea state, such as fetch (the distandebutions; therefore, a size dependent flux parameterization
an air mass has travelled over the water) and atmospheriis assumed to include several modes, which, at the surface,
stability (often parameterized as the air-sea temperature difshould follow a normal distribution. On the other hand, after
ference), which also affects vertical transport; seawater teminitial formation the droplets are dispersed in the atmosphere
perature and salinity; and the presence, amount, and natur@ultiple dilutions into volume), which transforms the dis-

of surface-active substances. The production of sea spraifibution into a lognormal distribution (Limpert et al., 2001).
aerosol was recently reviewed by de Leeuw et al. (2011)Since the current large-scale aerosol models cannot resolve
who critically examined recent laboratory and field experi- this micro-scale aerosol dynamics, we directly assign a log-
mental results on sea spray aerosol production, on the enricmormal distribution to the source flux modes, which should
ment in organic matter, and on the measurement and paranthus be considered effective fluxes. Each mode is then linked
eterization of whitecap fraction, and placed it in the contextto the forcing parameter, because the magnitudes of separate
of previous understanding which was comprehensively re-modes could depend on it in a different way.

viewed by Lewis and Schwartz (2004). The study indicated

that there is still considerable uncertainty in the production2.2 Forcing factors

of sea spray aerosol and suggested that existing submicron ) )

number flux parameterizations appear to over-predict bound?Vind waves are generated by transferring wind energy to

ary layer number concentrations compared to what is actuallf’® Water surface through friction. Continuous wind stress
measured. increases the wave height until the wave breaks which in

In this study we derive a new sea spray aerosol sourcdurn results in energy dissipation. Wave age and sea state

function, termed Oceanflux Sea Spray Aerosol or 0SSAWill usually depend upon wind history, e.g. periods of de-

which covers the dry particle size range from 15 nm to 6 um¢réasing wind speed would correspond to more developed
in diameter and uses a direct fit of the size-dependent flu>€as With a relatively large wave age and periods of increas-
observations to a wave breaking parameter (Reynolds numnd Wind speed should be broadly analogous to less devel-
ber). This approach combines the effects of wind history and®Ped seas with a relatively small wave age (Callaghan et al.,

wave state along with the sea surface temperature and salif008)- Based on consideration of the energy flux from wind
ity in one parameter. to waves, Wu (1979) proposed that wave breaking, and there-

fore whitecap fraction, should be proportionaktpor U3
whereu, is the friction velocity. At about the same time,
Monahan and Muircheartaigh (1980) proposed titgf'™
power law derived from a large amount of whitecap obser-
21 SSA flux formulation vation datasets. However, the wave state depends not only
on the actual wind speed but also on wind history (fetch, in-

Sea spray aerosol generation is directly related to wind-creasing or decreasing winds), leading to developing or well-

induced breaking of waves, which entrains air into the ocearfleveloped waves, with different wave steepness. Therefore,
surface layer. The entrained air is detrained as bubbles, which@S€d on physical considerations of wave breaking, Zhao
rise to the surface where they burst and produce film and jef"d Toba (2001) proposed the use of a dimensionless break-

droplets (Blanchard, 1986). The surface manifestation of dN9 Wave parameterRp); however, the typical length scale
bubble plume is referred to as a whitecap and the fractiorf® CONStrUCtRy was ambiguous and therefore was replaced
of the ocean surface covered by whitecaps, i.e. the whiteca¥ s: Which in turn led to a Reynolds numbeR;) ex-
fraction, is often used as the basis for the formulation of a se2€SSion. The latter includes the friction velocity, the height

spray aerosol source function (Lewis and Schwartz, 2004). IPf wind waves, and the viscosity of the air. Zhao and Toba
this so-called whitecap method, the whitecap fraction is pa{(2001) further proposed to replace the viscosity of air with

rameterized in terms of a forcing parameter (e.g. 10 m wingthe viscosity of water which is conceptually more relevant,

speed or Reynolds number), and the size-dependent droplé’{‘d which was later reinforced by Woolf (20(_)5). The result-
production per unit whitecap. Hence, only the magnitude ofi"d expression for the Reynolds numiieey, is presented

the flux is allowed to vary with the forcing parameter (de P&lOW:
Leeuw et al., 2011). This assumption is an oversimplifica-

2 Approach
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on the west coast of Ireland facing the North East Atlantic.
Re b, =uHs/vw (1) station details are described in O'Connor et al. (2008). Al
Here Hs is the significant wave height ang, is the vis-  aerosol instruments are located in the shore laboratory at
cosity of water. The viscosity of sea water depends on tem-about 100 m from the coastline. They are connected to the
perature and salinity (Shargawy et al., 2010), the effects ofaminar flow community air sampling system, which is con-
which are thus implicitly included in a sea spray aerosolstructed from a 100 mm diameter stainless-steel pipe with the
source function formulated in termsB&y,,. Rey,, increases  main inlet at 10 m above ground level. The performance of
with increasing temperature (decreasing viscosity) and vicghis inlet is described in Kleefeld et al. (2002). Details on the
versa. The use of either the breaking wave parameter or theepresentativeness of marine aerosol measured at Mace Head
Reynolds number brings results from several laboratory exfor open-ocean conditions can be found in the recent study by
periments and in-situ observations for whitecap fraction to-O’Dowd et al. (2013).
gether (Zhao and Toba, 2001), unlike the use of parameters Aerosol size distributions and number concentrations were
like (non-dimensional) fetch or wave age. The good correla-measured using a scanning mobility particle sizer (SMPS)
tion between whitecap fraction and breaking wave parametesystem. The system comprised of a differential mobility
was further demonstrated by Goddijn-Murphy et al. (2011). analyser (DMA, TSI model 3071), a condensation particle

counter (TSI model 3010), and an aerosol neutralizer (TSI
2.3 SSSF expression 3077). Before their sizes were measured, the particles were

o dried to a relative humidity below 40 %.

Considering the reasons presented above, the OSSA SSSFypq \wind speed and direction were measured on the 10 m

is expressed as a combinationsofognormally distributed yer by a Vector Instruments wind monitor (model W200P/
modes for different droplet sizes, each of which with distinct A100L).

dependency on the forcing parameter (Eq. 2). The Reynolds  »grqs0] chemical composition was measured using a High
number was selected as the forcing parameter because of the. s, 1ution Time of Flight Aerosol Mass Spectrometer (HR-

advantages presented in Sect. 2.2. ToF-AMS or AMS) (DeCarlo et al., 2006) which was rou-
; In (L) 2 tinely calibrated following the methods described by Jimenez

dF 3 Fi(Ren,) exp| — 1 CMD; (2) etal (2003)and Allan etal. (2003). The HR-ToF-AMS mea-
dlogD —~ V27 Ino; 2 Ing; surements were performed with a time resolution of 5min

and a vaporizer temperature 650°C. The composition
Hered FldlogD is the size dependent SSA production flux, dependent collection efficiency (CE) (Middlebrook et al.,
i —mode numberF;(Rey,) — the flux for mode, D —dry  2012) was applied for the measurement periods discussed in
particle diametery-geometrical standard deviation, CMD — this study. Sea salt concentrations were measured following
count median diameter. the method described in Ovadnevaite et al. (2012).

Ambient observations, described below, were used to de- Data obtained during the occurrence of a plume with el-
rive the specificF; (Reg,) relationships and the appropriate evated sea salt concentrations over the North East Atlantic,
parameters defining the lognormal modes. see Ovadnevaite et al. (2012) for details, were used to derive

the submicron SSSF. The plume was detected as the wind di-

rection backed northerly into the clean sector at Mace Head

(between 199-300°) and the wind speed increased to a peak
fvalue of 26 ms1. Sea salt plumes measured by the HR-ToF-

The source function was derived from the combination o AMS coincided with . . I'h .
three datasets: sub-micron particle size distributions mea: coincided with an increase in aerosol hygroscopicity

sured at Mace Head, coarse mode SSA fluxes derive{Orn a typical sulphate hygroscopic growth factor (GF) of

from open-ocean eddy-covariance measurements during th 6 _to a GF of 2.2, which is characteristic of pure sea salt
SEASAW cruise (Norris et al., 2012) and wave parame_pamcles. As the measurements were undertaken during the

ters obtained from the European Centre for Medium-Rangé’Vimer when biological activity was low, all other chemical

Weather Forecasts (ECMWF) model. Mace Head and SEA—Compounds approached very low background “winter” con-

SAW data did not cover the same time and region, but potrcentrations (<e'6% nog;i? Silt sutl)phate maislg 18_29@"
datasets are representative for the North East Atlantic durin?anIC mass NG, black carbon mass n ni-
rate mass <17 ngT? and ammonium mass below the de-

low biological productivity and cover complementary size OO
ranges P d P y tection limit of 38 ng nT3).

3 Description of the data

3.1 Submicron particle observations 3.2 Super-micron particle observations
Submicron aerosol particle size distributions were usedSince Mace Head data covers only the submicron part of the

which were measured at the Mace Head Atmospheric ReSSSF, fluxes of larger sea spray aerosol particles measured
search Station in November 2010. Mace Head is locatedluring the SEASAW campaign (described and analysed in

www.atmos-chem-phys.net/14/1837/2014/ Atmos. Chem. Phys., 14, 18852 2014
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detail in Norris et al., 2012) were used to complement theSSSF derivation.

Mace Head derived SSSF. The SEASAW open-ocean flux 1/2

dataset consists of 111 valid measurements obtained durin§eHw = Cy "UroHs/vw @)
a cruise in the Eastern North Atlantic Ocean, 21 March—ryq replacement of., only holds for neutral conditions.

12 Aprill 2007. Wi”O_' speed C(_)nditions ranged from 3 'FO However, this approach is deployed in WAM, which output
18 ms*, and the ship was actively relocated to areas Wlth(HS’ Cq and Uyo) is used in this study. In addition, it takes

high wind speed conditions. The biological activity, esti- j1 account the calculated wave state: the WAM model is

mated from satellite data and aerpsol V(_)Iat|llty measure-coup|ed to the ECMWF atmosphere model with a correc-
ments, was low. Data were obtained with the Compac

k : . ion for the Charnock parameter based on the wave stress
Lightweight Aerosol Spectrometer Probe (CLASP) (Hill et i, yhe feedback of the wave model to the atmosphere model

al., 2008), measuring aerosol particle concentrations in 1QIFS, 2011). Foreman and Emeis (2010) proposed a new re-
size channels covering arange of 0.17-9.5 um radius at amblétionship between* and Ui, based on a fit to wind and
entrelative humidity. Sea spray aerosol fluxes were measureg,, . gbservations, later modified by Andreas et al. (2012),
using the eddy covariance technique, with sampling records, hich could be an alternative to the formulation that we have
of 28 min. _ _ . used, but then the coupling to wave state and the internal
Flux estimates were corref:ted for the relative humidity consistency in our dataset would be lost. More importantly,
flux, and results were harmonized to represent fluxes for parg,qir ayerage relationships cannot resolve the subtleties of
ticle radii at 80 % relative humidity. In the literature, it is the effect of rising or waning winds or fetch on wave state,
common to use either the dry particle diamet®iud) o \yhich is included in WAM. It is interesting to note that in
the radius at 80 % RHRgo); in fact these two conventions e narameterizations of Foreman and Emeis (2010) and An-
come down to_the same numerical value as fo_r sea salt partigreag et al. (2012), a distinction is made in fit parameters
cles a wet radius at 80 % RH equals the dry diameter. Whet o yeen wind speeds smaller than or larger than 8-8'm's
using these data to derive an SSSF, there are some liMitgg|a1eq o the transition to rough flow, with impact on the
tions which should be mentioned. Firstly, the scatter in theya4 5y,ch distinction between different wind speed regimes
data was considerable (order of magnitude), which is in-p,q"5156 heen made in studies on whitecap parameterization
herent to the meas_ure_ment technique. Secondly, a net ﬂ'i_ECallaghan et al., 2008; Goddijn-Murphy et al., 2011); how-
was meas_u_red, Wh'c_h includes bOth_ th? production ﬂu?< aN%yer without reference to this transition to rough flow. The di-
the deposition. Norris et al. (2012) indicate that the differ- ot ;56 oy, in the parameterization has the advantage that
ence between the production flux and the net flux is impor-e need to separate into different wind speed regimes disap-
tant for super-micron particles larger than ab8g =SUm,  ears provided that the relationship betweenwind speed
however, this difference becomes insignificant for particles, drag is realistic. The fact that we did not see any transi-
smaller than 1 pm. tion in our source function for different wind speed regimes,
as opposed to what is usually seen in wind speed-only source
3.3 Wave data functions, supports the idea that our approach captures the
main features.
Wave data from the ECMWF wave model (WAM) were used Moreover, using the SSSF based on wind speed only, the
in this study to derive the Reynolds number from wave char-mass flux for waning winds significantly exceeds the flux
acteristics. Data were globally available on 6h basis at &y rising winds (Ovadnevaite et al., 2012) and the flux-wind
0.5x 0.5 longitude-latitude resolution. The ECMWF Re- gpeed dependencies for these two different wind conditions is
Analysis (ERA-interim) product was used to get a consistentglearly separated (Fig. 1, right panel, and Ovadnevaite et al.,
dataset over several years. We have used the wind veIocit;QOlz)_ For the new SSSF, parameterized in termRaf,,
mean drag coefficient, and significant height of wind waves.ihe difference between rising and waning winds disappeared.
WAM assimilates wave height data derived from satellite al- This not only reduced the scatte?4 improved from 0.95 to
timetry data (Abdalla et al., 2010). 0.98 and chi square reduced from 16.4 to 5.8) but the re-
lationships for rising or waning winds started to inter-cross
(Fig. 1, left panel), which also indicated that remaining data
point scatter was due to a data measurement or derivation un-
certainty rather than a real physical effect coming from the
wave state.

4 Derivation

4.1 The expression of the Reynolds number

. N . . 4.2 Submicron SSA flux calculations
The Rey,, expression used in this paper (Eq. 3) is obtained

by replacingu, in Eq. (1) withu, = Cj/zUlo. To avoid an  Submicron SSA fluxes were derived from the particle num-
influence from a swell component, only the wind wave partber concentration measurements using the following as-
of the wave height, as provided by ECMWF, was used in thesumptions. Submicron aerosol particles were expected to

Atmos. Chem. Phys., 14, 1837:852 2014 www.atmos-chem-phys.net/14/1837/2014/
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Fig. 1. Production Flux dependence on the Reynolds numbgy,, (left panel) and wind speed (right panel). For the data points presented
here, the wind speed was initially increasing then levelling off and eventually decreasing, therefore, intercrossing lines for the relationship
on the left panel — Flux vs. Reynolds number — indicate that there is no separation between the two regimes (increasing and decreasing winc
speed), however, Flux vs. Wind speed (right panel) indicates distinctly different relationships for the different regimes, especially at higher
winds.

be uniformly mixed in the marine boundary layer (Lewis wave heights and drag coefficients, was used to calculate
and Schwartz, 2004), thus an effective SSA production flux,Rey,,. Since ECMWF data were provided with a resolution
F.rr, was estimated from the SSA number concentratdh ( of only 6 hours, too coarse for application to the relatively
divided by a filling time ¢) and multiplied by the marine short event studied here, they were interpolated to a resolu-

boundary layer heightHugL ): tion of 10 min. Modelled, interpolated and measured data are
presented in Fig. 2c, d.
Foff = N x HwsL (4) Although the background mass concentration (as mea-

sured at~4 ms ! wind speed) was insignificant (Ovad-

The atmospheric boundary layer height was derived fromnevaite et al., 2012), the background number size distribu-
round-based LIDAR measurements. using the Tem ora}ion was subtracted from the number distributions measured
g 9 Poraz: higher wind speeds.

Height Tracking (THT) algorithm (Haeffelin et al,, 2012; Using deposition velocities provided in (Hoppel et al.,

M|Iro_y et al., 2012). The marine boundafy layer typically 2002), the dry deposition was found to be negligible for the
consists of two layers, with a surface mixed layer (SML) ; . :

. ) submicron particles, except for the very small nano-metric

and a decoupled residual or convective layer (DRCL) above . . . )

which is the free troposphere (Milroy et al., 2012). SML val size particles or for the super-micron ones; however, the er-

posp y ' ror introduced due to deposition at these sizes would still be

ues were used in the flux calculations and were observed t§/)vithin the uncertainties provided for the OSSA source func-

vary between 720 and 1290 m above ground level over th% . . .
. . . . ion. During the period of Mace Head observations used here,
plume duration period. SML height derived over Mace Head . S
. o there were practically no clouds or precipitation and there-
was comparable to the relatively steady mixing layer depth - .
! : . fore the contribution of wet-deposition and coalescence re-
over the ocean observed along the air mass back trajec:torler%ﬁ oval brocesses to the total flux were negliaible
Nonetheless, remaining differences between the SML and P gligiote.
the marine boundary layer height contributed to the SSSF
uncertainties. 4.3 OSSA-SSSF
The filling time t was assumed to be approximately 1.5—
2 days, as discussed in Ovadnevaite et al. (2012) who uset@ihe size dependent SSA production flud(dlogD) was
a similar method to derive the submicron sea spray aerosabbtained by combining a submicron aerosol flux, derived
mass flux. from dN/dlogDdata (measured by SMPS) and calculating
The local wind speed at Mace Head was representative® from N using Eq. (3), with the measured super-micron
of open ocean conditions further upwind, obtained from thed F / dlogD data and averaged over 1 mtswind speed bins.
National Oceanic and Atmospheric Administration (NOAA) An average Reynolds number was also calculated for each
Air Resources Laboratory, as illustrated in Fig. 2a. More-of these bins. Combined F /dlogD data points are pre-
over, Fig. 2c—d indicate the good agreement between windented in Fig. 3 for different wind speeds. In the overlap-
speeds measured at Mace Head and the wind speeds mopiing size range (at~-300 nm) the two datasets show very
elled by ECMWF for the area upwind to Mace Head (Fig. 2b) good agreement, except for the measurements at the lowest

which, together with ECMWF model data for significant and the highest wind speeds, although these were still within

www.atmos-chem-phys.net/14/1837/2014/ Atmos. Chem. Phys., 14, 18852 2014
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Fig. 2. (a) Wind speed field (in knots) for 12:00 UTC 11 November 2010 obtained from the NOAA Air Resources Laboratory. The local
wind speed of 24.1 nst (46.8 knots) measured at Mace Head (red cross) was in the range of upwind wind speed presented by NOAA
(45-50 knots), the black line represents the 3 h air mass back trajectories with the end time of 12:00 UTC 11 November 2010 and at three
heights: 100, 500, 1000 m above the ground le¢a);map of Mace Head location (a yellow star); the red rectangle indicates the area
over which the ECMWF parameters were averadell;Time series of wind speed measured at Mace Head (MH) and wind speed and
wave parameters modelled by ECMWH; — significant height of wind wave€q — drag coefficient due to wind waves used Rey,,
calculations; markers represent original 6 h ECMWF resolution, lines represent the interpolated data to obtain the higher time resolution
used for the parameterizatiofd) Wind speed measured at Mace Head vs. ECMWF modelled wind speed over the area upwind to Mace
Head (red area ifb)). Red circles represent the original ECMWF resolution and averaged Mace Head measurement, black crosses — 10 min
measurement averages vs. interpolated ECMWF data.

the uncertainty limits described above. For every wind speed

bin, five lognormal size distributions were fitted to the re-

zvglrrfoﬂgllglsonglu?:ngﬂ:ﬂg rt]|o(rfl?n ?g}nrglsfﬁ;u';zegn%gs each mode, a geometric standard deviatiqr),(count-medi_an di-
. . - ameter (CMD), and the total number fluxf) as a function of

I’]l..ll;:]belR;qw with different coefficients for each mode (Eq. 2 Reynolds numberRey,) are given.

with n =5).

All parameters used in Eq. (2) are listed in Table 1, includ-
ing the SSA production flux relationship witRey,, through
the Fi(Reg,).

The dependence af; on Rey,, is shown in Fig. 4b to-
gether with the measurement data. Rey;, dependence is
distinctly different for each mode, which confirmed the as-
sumption, raised in the “Approach” section, that the forc-
ing parameter affects the production of particles of different

Table 1.Lognormal parameters for the SSSF parameterization. For

~.

oj CMDi Fi(ReHW)

137 0.018  104.Key,-1x 10°)05%6
15 0.041  0.044Key,-1x 10°)108
1.42 0.09 149.ReHW-1 x 105)0.545
153 023  2.9@Rey,-1x 10°)°7°
185 0.83  0.5Rey,-2x 10°)087

a s WN P
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10" = Super-micron aerosol measurement and eddy covariance
E - I\i':CAeS:e‘:; method uncertainties were presented in the study by Norris
r 1 etal. (2012), Sects.2.2 and 2.3.
10" 3 &
7 10" = &< zfz 5 Results
2" ek
S . a ~:~_ ”‘Z,{I Measured and parameterized fluxes for two different values
219735 wems' I‘: %jg}‘r of Rey,, are presented in Fig. 5, which showg / dlogD vs.
5 ] — ?ﬁ‘f% D together with the calculated uncertainties. Figure 5 shows
104 — ?05 5 T} 19§ that the parameterized fluxes represent the observations well
] =125 h g within the uncertainty range, which suggests that the main
. 1= i‘s‘g driving processes were captured correctly.
E 18

| T T T 1 T
2 3 4567

I
0.1 1

. 5.1 SSSF intercomparison

The OSSA-SSSF has been evaluated by comparing the re-
sulting sea spray aerosol mass with independent HR-ToF-
Fig. 3. dF/dlogD at different wind speeds: solid lines represent AMS measurements at Mace Head, which were not used
Mace Head data and dashed lines represent SEASAW measurén the derivation of the OSSA-SSSF. However, the data can
ments, error bars represent measurement and method uncertaintigfly be used to validate the submicron part of the spectrum.
described in the Sect. 3.3. In order to achieve this, the OSSA number flux was simu-
lated for a particle size range directly comparable to the HR-
ToF-AMS measurement size rangBgy = 0.03-0.58 um or

Dgpy [um]

sizes differently. The study by Monahan et al. (1986) indi- . )
cated various wind speeds for the onset of the production b)yacuum atirodynamlc diameter, as measured in th? HR-ToF-
different mechanisms. Therefore, separate intercepts for su AMS, D"?‘_O'OS_l umy), conve_:rted toa corr_espondlng mass
micron and super-micron aerosol particle®y, at 1x 10° lux and m'_cegrated over the size range. This was do_ne for a
and 2x 10° respectively in Table 1) were anticipated. The range of yvmd speeds and thg results are shown in Fig. 6’.t0'
Rey,, threshold for submicron particles is consistent with re- gether with HR-ToF-AMS derived mass fluxes (Ovadnevaite

: et al., 2012) and the respective uncertainties. The produc-
sults from the study by Callaghan et al. (2008), which sug- ! . S
gested a wind Spegd %/hreshoglld for the ogset o)f wave bregl{—'on flux derived using the OSSA-SSSF is within the uncer-

ing at~3.7msL, corresponding t&ey, ~1 x 10P at given ainty ranges of the HR-ToF-AMS mass fluxes although it

. .. _qgverestimates the mass concentration from 0% (at 5'ms
height f t t T t . .
\(Aﬁvil zl?? Sg-?d_ ;Ce:? surface temperature (SST) condi IOn\%lnd speed) to 80 % (at 20 nT$ wind speed). However, the
s —41. y - .

agreement between the OSSA-SSSF and the HR-ToF-AMS
derived SSA mass fluxes is significantly better than that be-
tween HR-TOF-AMS and other SSSFs presented in Ovad-
The SSSF uncertainty was evaluated by applying erromevaite et al. (2012). The largest discrepancy between the
propagation rules (Taylor, 1997). The submicron aerosolSSA mass fluxes obtained with the OSSA-SSSF and mea-
flux was calculated from the number concentratiov),(  sured with the HR-ToF-AMS is due to the large uncertainty

the boundary layer heightHygL) and the filing time  insuper-micron aerosol distributions (see SEASAW descrip-
(v) (see Eq. 3), therefore, the resulting uncertainty wastion in Sect. 2) since SSA particles in this size range have the

equal to \/ANz"'AHZMBL + Az2. The SMPS measure- highest contribution to the SSA mass. As shown in Fig. 4,

. ) articles in mode 5 contribute significantly to the submicron
ment uncertaintyaA N NlO_ZO%’AD. ~5% (Wiedensohler zerosol number concentration (gsgain Fig).l 4a) and there-
et al., 2012),A HygL~15-20% (Milroy et al., 2012) and

. fore al he resulting mass flux her with the inheren
At ~50% (Ovadnevaite et al., 2012), therefore, the result-0 € also to the resuting mass flux together with the inherent

ing submicron SSSF uncertainty is in the range of 55-60 %.un;egzgittligi. the variation in the HR-TOF-AMS aerody-
Since the derived Reynolds number was used in- '

tead of directla m rements. the uncertainty due t namic lens cut-off could have had an effect on the mass
stead ol directzp measurements, the uncertainty du€ 10 ., .o nirations measured by the HR-ToF-AMS. The typical
Rey, calculations (see Eq. 2) was evaluated accordingly:

e } HR-ToF-AMS aerodynamic lens cut-off of 1 pm (50 % trans-
VACS?+ AUL? + AHg?; the uncertainty inAHs is ~2-  mission efficiency for theDy, of 1 um or mobility diame-

5%, AU10 ~10%, ACq ~15% (Janssen et al., 2007; Ab- ey p . of 0.58 um) was applied to the number flux derived
dalla et al., 2011), which resulted in an overdy;, uncer-  from this study in order to compare different methods. How-
tainty of ~20 %. ever, the best agreement between the masses derived from

4.4 Error propagation
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Fig. 4. (a) Parameterization of the size-dependent sea spray aerosol fRegat3.1x 108 (U9 ~18 ms1): markers represent the mea-
sured data points, the solid black line represents the parameterization and thin lines represent individual lognorméb)n8fiedjux
versus Rg,, for the different size modes. Markers represent the measured data points, lines are the fitted power laws used in the parameteri-

zation (mode amplitudes;, Table 1).
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Fig. 5. Size dependent SSSF at two differi, , red at 5.2« 10° Fig. 6. Comparison between the SSA mass flux calculated using the
N 1 N 1 ig. 6. i ux u usi
(~10ms™) and black at 2.2 10° (~ 15ms ™). Markers repre-  cou oo oo toxt) (Red lines) with the HR-ToF-AMS derived
sent the real data measured at certain wind speed; lines represent . : :
: . mass flux (Ovadnevaite et al., 2012) (Black lines) as function of
calculations from the OSSA source function. Shaded areas repre- . . .
o wind speed. Pink and grey areas represent the associated measure-
sent the SSSF uncertainties. -
ment uncertainties.

the OSSA-SSSF and measured by the HR-ToF-AMS wago the conditions for which this source function was derived
achieved when an upper cut-off of 0.9 um is selected. (Cq=215x 1073, Hs=1.23,uy = 1.34x 107).

A comparison of the OSSA sea spray aerosol source func- The OSSA-SSSF is on the lower side as compared to other
tion (OSSA-SSSF) and other commonly used or recentlyparameterizations. As noted by de Leeuw et al. (2011) and
(last decade) developed source functions at 8wind Ovadnevaite et al. (2012), source functions based on Mon-
speed (de Leeuw et al., 2011) is presented in Fig. 7. Thisshan’s whitecap parameterization tend to result in higher
wind speed was selected as the most common one in thatmospheric submicron number/mass concentrations than
real ambient environment (Rinaldi et al., 2013). Since thethose typically measured. A recent European Monitoring and
OSSA-SSSF depends on the Reynolds number instead dEvaluation Programme (EMEP) unified model intercompar-
the wind speed directhRey, was calculated using Eq. (2) ison study (Tsyro et al., 2011) shows that model calcula-
for a wind speed of 8 g and other parameters relevant tions using the Martensson et al. (2003) and Gong (2003)
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10 T 5.2 An estimate of the global production flux

Although validation of the OSSA-SSSF on a global scale
was performed elsewhere (Partanen et al., 2014), it has been
E used for the preliminary calculation of the annual mean pro-
3 duction flux for the year 2006. This was achieved with a

E simple modelling tool, developed at Netherlands Organisa-
tion for Applied Scientific Research: TNO, which calculates
the fluxes based on the prescribed parameterization, and uses
ECMWEF meteorological and wave data as an input (Fig. 8).

2

Production flux, dF/dlogRgg, [m s“]
3
T

A
de Leeuw et al., 2080 \['

F — Vorghanctl, 1965 Y o Gertestal, 2006y \ Mass and number fluxes were calculated for particles with
10 E 2 Reonat ot T Petdoki & piakox, pobe, oy dop 3 dry diameters <1pm. 3h sea surface temperatureland

E - Gong, 2003 - < E - H

E T ensson et al, 2003, 5°C T Tyreeetal, 2007, 16¢fns from ECMWF Integrated Forecasting System (IFS) analysis,

[ ---- Wartensson etal., 2003, 25°C - Tyee et al, 2007, DS ems 1 . . .
10° [ -~ Lewis & Schwartz, 2004, dry dep. metngd 3~ Keeneetal, 2007 E 6 h Cy, significant height of wind waves from WAM ERA-

E Lewis & Schwartz, 2004, stat. wet dep. fnethod Ngm:::g:gg?g E @ .

[ -7 Lewio & Schwartz, 2004, multple methgds 1, 530% Sar ] Interim and sea surface temperature (SST) dependent viscos-
0 e b ity, assuming a constant salinity of 35%., were used to calcu-

Radis at 80% RH, Ry, or ambient, Ramb, or dry diameter, Dary [um] lateRey,, using Eqg. (2). The Reynolds number was then used

Fig. 7. Comparison of the sea spray aerosol source function dein the parameterization (2) with the parameters of Table 1. It
19. 7. | y u uncti - Iy . - . .
rived in this study (OSSA-SSSF) with other SSSF (Monahan ot'S worth noticing that appropriate salinity and thus viscosity

al., 1986; Smith et al., 1993; de Leeuw et al., 2000; Nilsson et aI.,values should b? us_ed (bgt not applle_d in this study) when
2001; Reid et al., 2001; Gong, 2003; Martensson et al., 2003; Lewi§he source funoct|on is applied to brackish waters such as the
and Schwartz, 2004; Geever et al., 2005; Clarke et al., 2006; PeBaltic Sea (Martensson et al.,, 2003; Manders et al., 2010;
telski and Piskozub, 2006; Keene et al., 2007; Tyree et al., 2007Sofiev et al., 2011).

Norris et al., 2008; Norris et al., 2012), evaluated for wind speed AS expected, Fig. 9 shows higher production fluxes for the
Uio0=8ms 1 (or Usp=8ms1 for Geever et al. (2005). Also regions with stronger winds. In addition, sea surface temper-
shown are central values (curves) and associated uncertainty rangegure effects, incorporated Rey,, through the viscosity, en-
(bands) from review of Lewis and Schwartz (2004), which denote hance the production in the warm waters on both sides of the
subjective estimates by those investigators based on the statistic@quator, and reduce it for the colder water regions with re-

wet deposition method (green), the steady state deposition methogpect to an exercise in which the OSSA-SSSF was used with
(blue), and taking into account all available methods (gray); no es-

. X ; : nstant vi ity (Fig. 10).
timate was provided foRgg < 0.1 um. Lower axis denotes radius at COGT;?);I inss(t:gﬁtgln(eo%s f(ljtzxes derived from the meteorolod-
80 % relative humidity,Rgg, except for formulations of Nilsson et 9

al. (2001), Martensson et al. (2003), and Clarke et al. (2006) which'CaI and wave data are presente_d in Fig. 11’_Wh'Ch_ShOWS
are in terms of dry particle diametebgyy, approximately equal to a comparison of these qux_es with those derived with the'
Rgo and those of Geever et al. (2005), Petelski and Piskozub (2006$@me modelling tool but using the Gong (2003) and Jaeglé
(dry deposition method), and Norris et al. (2008), which are in termset al. (2011) source functions. These two source functions
of ambient radiusR,mp, Formulations of Tyree et al. (2007) are are similar with the difference that Jaeglé et al. (2011) in-
for artificial seawater of salinity 33 at the two specified bubble vol- corporate SST effects based on a comparison between model
ume fluxes. Formulations of Nilsson et al. (2001) and Geever etcomputations and MODIS observations of the aerosol optical
al. (2005) of particle number production flux without size resolu- depth (AOD). The comparisons were made for instantaneous

tion are plotted arbitrarily as if the flux is independenigf,, over global data (2 January 2006, 00:00 UTC) for number fluxes
the size ranges indicated to yield the measured number flux as an irb

tegral over that range. (Figure and caption modified from de Leeuw f.partlcles with a dry diameter of 0'07.Bdry<0'15. Hm
etal. (2011). (Aitken mode) or 0.07 Dgry <1 pm (submicron particles)

and for the mass flux of particles smaller than 1 um. Fluxes

computed using the Gong SSSF are presented on both left
SSSF overestimate atmospheric concentrations of Na bnd right panels in black dots, while the fluxes computed
8% to 46 % in comparison with EMEP observations. The Using the OSSA-SSSF are presented in coloured circles on
higher overestimation was observed for the winter seasonthe left panel and those using the Jaeglé SSSF in coloured
which is consistent with the results presented in Ovadnevait&ircles on the right panel. The differences in the fluxes due
et al. (2012): the stronger flux-wind speed relationship oft0 the SST effect, as compared to the Gong SSSF, are obvi-
Martensson et al. (2003) or Gong (2003) would result in©0us for both the OSSA and the Jaeglé et al. (2011) SSSF.
higher overestimation of sea salt mass concentrations durinffigher fluxes are produced at higher SST (red colours in

the high wind speed periods usually occurring in winter.  the Fig. 11); while at lower temperatures (blue colours) the
fluxes are lower.

In addition to the spread due to SST, the OSSA-SSSF
also accounts for wave state, which reduces the effect of
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Fig. 8. Annual mean values of meteorological/oceanographic fields (ECMWF) that were used for the calculation of the sea spray aerosol
fluxes for 2006.

temperature on the fluxes and brings some of the low temthan those derived using Gong’s SSSF, at all temperatures
perature points closer to the Gong-derived fluxes. We posexcept for the highest ones (Fig. 11c, left panel).

tulate that this is due to on average larger values of the In order to compare the temperature dependences of the
wave height and drag coefficient in the lower temperatureOSSA and Jaeglé et al. (2011) SSSFs and considering that
regions (Fig. 8). As an example, the low flux values cal- the Jaeglé et al. (2011) SSSF does not have a dependency
culated using the Jaeglé SSSF at high wind speeds and an the wind history, averaged constant values(fprand Hs

low SST (Fig. 11a, right panel) are not observed in thewere used in the flux calculations applied for the compari-
fluxes calculated with the OSSA-SSSF (Fig. 11a, left panel).son. Although different in origin (through the viscosity in the
The submicron number flux resulting from our function is OSSA-SSSF and through the adjustment toithsitu mea-
quite evenly distributed around Gong’s function for all wind surements in the Jaeglé SSSF), the variations of the SSSF
speeds (Fig. 11a, left panel). However, the number fluxes fowith SST are similar in the sense that for both SSSFs the
the Aitken mode patrticles, important for cloud formation, are production increases with SST and the values for the lowest
lower than those obtained using Gong, especially at higheand highest temperatures are similar (Fig. 12). However, the
wind speeds (Fig. 11b, left panel). In addition, the OSSA- shapes of the relationships are somewhat different. Where the
SSSF derived submicron mass fluxes are considerably loweDSSA-SSSF increases monotonously with SST, the Jaeglé
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Relative effect of the SST [%]

Fig. 10. The relative SST effect on the number flux of particles
smaller than 1 pm: colour scale represents the relative difference
between the flux calculated using standard OSSA-SSSF and OSSA-
SSSF with constant viscosity (SST =5, salinity 35%o).

b) representing different SST, while Jaeglé’s comes from the

adjustment to AOD measurements; however, AOD measure-
ments are not a good proxy for the direct particle flux since
AOD is determined by both production and subsequent pro-
cesses in the atmosphere, i.e. transport, removal, and trans-
formation due to chemical and physical processes which af-
1 2 fect particle concentrations, size distributions, and optical
Mass flux PM 1 [ngs m ] properties. Also, AOD over ocean may be affected by aerosol
particles of non-marine origin.

8 12 16 20 24 28 32 36 40

6 Discussion

Introducing the Reynolds number into the OSSA-SSSF
brought about improvements as regards the ambiguity in the
effect of wind speed and the sensitivity to other environmen-
tal parameters. First of all, the scatter at a given wind speed
arising from wind history (fetch, rising or waning winds)
was reduced by including the wave state in the forcing pa-
rameter. Secondly, the Reynolds number encapsulated the
0 10 20 30 40 50 60 70 80 90 100 SST effects through the viscosity of sea water which de-
-2 pends on its temperature and salinity, however, effect of SST
Mass fiux M 1523 [ng s m | has not been validated yet. Several studies have shown the
Fig. 9. Annual mean production flux of SSA computed using the impact of SST on the SSSF (Martensson et al., 2003; Sel-

OSSA-SSSF together with ECMWF meteorological and wave in-1€9ri et al., 2006; Jaeglé et al., 2011; Zabori et al., 2012),
formation:(a) Number flux of particles smaller than 1 uth) Mass ~ but the results from the laboratory experiments were some-
flux of particles smaller than 1 pingc) Mass flux of particles be- ~ What contradictory or at least not consistent. Martensson et
tween 1-2.5pum. al. (2003) showed a decrease in particle number concentra-
tion with increasing temperature for particles smaller than
0.35um, but an increase for larger particles, while Sellegri et
et al. (2011) SSSF is much lower in the mid-temperatureal. (2006) indicated a different threshold-a®.07 um; there-
regime, but rapidly increases at higher temperatures. At thigore, particles with a diameter ¢f0.1 um would decrease
stage, it is difficult to say which dependency is more appro-in number concentration for one SSSF, but increase for an-
priate as the OSSA-SSSF SST dependency derives from firgither one. At the same time, the recent study of Zabori et
principles but is not (yet) compared to observational dataal. (2012) showed a decrease in number concentration for all
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Fig. 11. Global instantaneous (2 January 2006, 00:00 UTC) SSA number and mass fluxes; Left panel: computed using the OSSA-SSSF
(colour circles) overlapped with black dots representing fluxes computed using the Gong (2003) SSSF; Right panel: computed using the
Jaeglé et al. (2011) SSSF (colour circles) overlapped with black dots representing fluxes computed using the Gong (2003) SSSF; Colours
represent SST{a) number flux for particles 0.078<1 um; (b) number flux for particles 0.0782<0.15 pum;(c) mass flux for particles

0.07<D <1 pm.

particles smaller than 2.5 um with increasing temperature. Irble is inversely proportional to the kinematic viscosity of the
contrast, ambient mass measurement studies (Jaeglé et ayrrounding fluid (Hinds, 1982). Thus, bubbles in warmer
2011 and references therein) indicated an increase in partiwaters will rise more quickly to the surface than in colder
cle mass with increasing temperature. This mass-temperatungaters (e.g. bubbles of 0.04 mm reach terminal rise veloci-
dependency is similar to the temperature dependency cagies of 0.28cms! and 0.53cms! at 0 and 20C, respec-
tured in the OSSA-SSSF, where SST effects are includedively, Lewis and Schwartz, 2004), which would increase the
through the kinematic viscosity of seawater. The latter wasnumber of smaller bubbles reaching the surface, and thus in-
easy to implement into the SSSF and derives from first phys€rease the production of SSA particles (Jaeglé et al., 2011).
ical principles, because the terminal velocity of a rising bub- Also Anguelova and Webster (2006) indicated that there is an
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50000 ; : experiments for oceanic conditions. At the same time, coastal
450000 OSSA-SSSF ’ stations possess the risk of the effects of the surf zone on
---- Jaegle-SSSF / direct measurements of SSA fluxes. In this study, the SSA
— 40000 fluxes were derived from concentration measurements which
_'E 35000 are not affected by the coastal effects (Ceburnis et al., 2008).
‘2, In addition, the specific topography of Mace Head minimises
@D 30000 the influence of the surf zone as well (Rinaldi et al., 2009).
% 25000 Moreover, the fact that the two independent and methodolog-
= 20000 ically different datasets used in this study (Mace Head and
° SEASAW) were so similar in the overlapping size range pro-
15000 vided us further confidence in the results.
10000 The present SSSF does not include organic matter which
5000 is a very important part of the sea spray aerosol, in partic-

0 5 10 15 . 20 25 30 ular for the smallest particles (Facchini et al., 2008), which
SST[C] can act as cloud condensation nuclei. Therefore, we suggest
to use the OSSA-SSSF to obtain the total sea spray aerosol

Fig. 12. Comparison of the effect of sea surface temperature (SST)ﬂuxes and to derive the or : : :

. ) . ganic fraction by using the param-
on the particle production for using the OSSA-SSSF and the formu- o . . . .
lation by Jaeglé et al. (2011) far = 1 um particles at 9 nTs- wind eterization developed by Rinaldi et al. (2013) in a way it was

speed. To eliminate the effect of the wave state, which was incorpo-used, before in several other studies (O,DOWd, etal, 20(_)8; Vi-

rated into the OSSA-SSSF, the constant valueSgf 1.3x 10-3 ~ gnati etal., 2010; Gantt et al., 2011). There is also evidence

andHs=1.5 were used in the calculation of the production fluxes. that micro-organisms affect the viscosity of sea water (Seu-
ront et al., 2010) so that biological activity may be taken into

account via the viscosity, like the effect of temperature and
salinity; however, further studies and parameterizations are
effect of temperature on viscosity, resulting in higher white- required on this topic in order to separate the different effects
cap fraction for warmer waters. and relate the viscosity to observables like chlorophyll-a con-
By deriving different fluxRey, relationships for differ-  centrations.
ent particle size regions, this study accounted for the dif-
ferent effects of wind speed and its history on the shape of
the SSSF because each mode had a different dependence 6n Conclusions
the Reynolds number, thus resulting in different size distribu-
tions at different wind speeds or values of the Reynolds num-The OSSA sea spray aerosol source function derived in this
ber. In fact, the bubble bursting produces film and jet dropsstudy covers particle sizes with dry diameters between 15 nm
through different mechanisms: ejection of film droplets as theup to 6 um and encapsulates wave history, salinity, and tem-
bubble cap breaks and jet droplets from the rising jet (Mon-perature effects through using the Reynolds number as forc-
ahan et al., 1986; Spiel, 1994, 1997). These mechanismi&g parameter instead of the wind speed. For the first time,
produce particles of different sizes, moreover, Spiel (1994)this source function shows and accounts for the distinct forc-
indicated that droplet size distributions produced from airing effects on the different particle size ranges, resulting in
bubbles are often bimodal. In addition, film drops are pro- different flux distributions for a particuldRey, . The result-
duced from p|unging waves, Sp||||ng waves and trough breakjng SSSF provides fluxes which are on the lower side of those
ing, which in turn can result in different bubble spectra and,calculated using many other source functions developed in
therefore, different particle distributions, as well as new SSAthe last decade, yet the use of the OSSA-SSSF results in
droplets may be produced from the splash when droplets falParticle number and mass concentrations closer to the ones
back into the ocean (like raindrops do) (Marks, 1990; Lewis measured in real ambient conditions. Better agreement with
and Schwartz, 2004). Different wind speed onsets as stateth€ measurements allows producing more accurate particle
by (Monahan et al., 1986) could also be related to differenthumber concentrations and size distributions, which in turn
wind speed effects on the particle size distribution. In fact,results in a better description of cloud condensation nucleus
this is the first time that different mode dependencies weredistributions. The latter is very important in order to reduce
shown in contrast to earlier studies with a single dependencyhe uncertainty in modelling indirect effects on the earth ra-
for all particles. diative balance arising from primary production of SSA. In
Another important advantage of the OSSA-SSSF is tha@ddition to climate effects, a correct particulate mass assign-
it was derived from in-situ observations, from Mace Head Ment to the natural sources, in this case primary marine sea
and SEASAW; therefore, it lacks many problems which pa-Spray aerosol production, is very important as regards air
rameterizations based on laboratory experiments are facingjuality and source apportionment studies.
in particular, the representativeness of small scale laboratory
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