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Abstract: Sea spray can contribute significantly to the exchanges of heat and momentum across the
air-sea interface. However, while critical, sea spray physics are typically not included in operational
atmospheric and oceanic models due to large uncertainties in their parameterizations. In large part,
this is because of the scarcity of in-situ sea spray observations which prevent rigorous validation of
existing sea spray models. Moreover, while sea spray is critically produced through the fundamental
interactions between wind and waves, traditionally, sea spray models are parameterized in terms of
wind properties only. In this study, we present novel in-situ observations of sea spray derived from
a laser altimeter through the adoption of the Beer-Lambert law. Observations of sea spray cover
a broad range of wind and wave properties and are used to develop a wind-wave-dependent sea
spray volume flux model. Improved performance of the model is observed when wave properties
are included, in contrast to a parameterization based on wind properties alone. The novel in-situ sea
spray observations and the predictive model derived here are consistent with the classic spray model
in both trend and magnitude. Our model and novel observations provide opportunities to improve
the prediction of air-sea fluxes in operational weather forecasting models.

Keywords: laser altimeter; sea spray measurements; sea spray model; wave steepness; air-sea flux

1. Introduction

Sea spray comprises small water droplets ejected from the sea surface and is of great
significance to weather and climate processes [1]. When sea spray droplets are separated
from the wave crest and released into the air, the droplets accelerate towards the local wind
speed [2-5]. In doing so, sea spray extracts momentum from the atmosphere and thus
reduces the wind speed near the ocean surface [6]. When the heaviest droplets re-enter the
ocean, part of the momentum they gained is transferred directly to the ocean surface [7]
and as a result, sea spray can contribute to momentum exchange between the upper ocean
and the atmosphere and alter the stability of the air-sea boundary layer [8-11].

In addition to the effects of sea spray on the air-sea momentum transfer, spray can
also impact the air—sea heat flux due to the temperature differences between the droplets
and the atmosphere [12]. It was reported that spray induced heat flux contributes to more
than 10% of the total air-sea heat flux for near surface wind speeds larger than 12 m s~ 1,
while its contribution would become larger than the air—sea heat flux produced directly
at the ocean surface once the wind speed exceeds about 30 m s~! [13]. Evidently, as sea
spray can contribute significantly to the momentum, heat, and water vapor flux exchange
between the atmosphere and ocean [4,12,14,15], accurate prediction of how much spray is
produced at the air-sea boundary is of critical importance.
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Sea spray is typically produced through two different processes: bubble bursting and
wind shearing [1]. When waves break, air is entrained into the upper ocean in the form
of bubble clouds which rise to the sea surface and burst [16,17]. When the bubble caps
burst, small droplets are ejected into the air from the surface film followed by droplets
emitted from the central jet that forms after the collapse of the bubble cavity [18-21]. Larger
droplets can, however, be produced when winds are sufficiently strong to tear droplets
from the wave crests directly [11,22-24]. These droplets are referred to as spume droplets
and are generated at a wind speed larger than about 7-11 m s~ ! [1].

Many studies have been devoted to understanding and quantifying the different
sea spray production processes and have led to a variety of sea spray production mod-
els [1,22,24-27]. These spray models typically determine the amount of water injected into
the atmosphere per unit area of ocean surface and per unit time [1]. Monahan, Davidson
and Spiel [27] initially proposed a spray model based on measurements in the laboratory
using the whitecap coverage method. Andreas [6] followed this approach but included
more observations to derive an improved spray model. More recently, Troitskaya, Kan-
daurov, Ermakova, Kozlov, Sergeev and Zilitinkevich [26] used a high-speed digital video
camera to observe sea spray generation process and introduced a “bag-based” spray model.
However, despite recent advances in our understanding of sea spray production at a small
scale, significant uncertainty remains in the accuracy of these spray models when applied
in-situ. For instance, Andreas [28] reviewed more than 10 different spray models and stated
that under any given wind condition these models range over six orders of magnitudes.
More recently, Veron [1] concluded that while the difference between sea spray prediction
models for spray drops smaller than spume (i.e., droplets with a radius smaller than 20 um)
has narrowed, the differences between model predictions for spume droplets remains
several orders of magnitude. It is this large uncertainty in sea spray production under
full wind speed conditions that restricts the reliable implementation of sea spray spume
physics in our weather forecasting models.

One of the foremost reasons for the large variability between sea spray prediction
models is the scarcity of sea spray observations in the field [29-35]. This rarity is because
conducting field measurements of sea spray close to the sea surface is challenging due to
the harsh marine environment. Even when observations are successfully obtained, such
observations are often restricted by the temporal and spatial resolution of the instrumen-
tation [1]. For example, Smith, et al. [36] applied optical counters to quantify sea spray
properties inshore waters, but their facilities can only identify water drops with a radius
smaller than 25 pm and under calm weather conditions [36]. Rare field spray observations
covering a much wider range of droplet radii were obtained by a suite of sensors installed
on wing pylons of an airplane [37]. However, due to safety reasons, these measurements
were conducted at 30 m above the mean sea level, thereby restricting observations of
spume droplets that typically reside much closer to the ocean surface. As such, given the
near-absence of sea spray observations in the field under strong wind conditions, current
sea spray models are predominantly derived and validated based on observations obtained
in the laboratory [11,26,38,39].

Even though laboratory observations have significantly advanced our physical un-
derstanding of the sea spray generation processes, the experimental conditions in the
laboratory and field are quite different. Firstly, the wind fetch is typically finite in the
laboratory, whereas it is infinite in open water. That is, much more wind energy is imparted
to the water surface leading to significantly larger physical scales in the field. We note
that this has been substantiated by Nilsson, et al. [40] who indicated that the production
of sea spray is critically related to the wind fetch. Moreover, waves in the laboratory are
generally unidirectional waves with a narrow spectrum and have a direction of propagation
equal to that of the wind, they are, in contrast, random and directional in the field. The
two-dimensionality of the wave field can be critical as the amount of spray produced at a
wind-following wave crest is surely different from a wave crest propagating in the opposite
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direction of the wind. This thus stresses the need to incorporate wave properties into the
sea spray parameterizations.

Including wave properties into the sea spray models was perhaps initiated by Zhao
and Toba [41] who introduced the wind-wave Reynolds number Re,, as an indicator
for the onset of white capping and thus spray generation. Zhao, et al. [42] proposed to
parameterize Rey, into a sea spray model by characterizing the impacts of waves on the
whitecap coverage. Norris, et al. [43], based on the observed eddy covariance sea-spray
aerosol flux, forced linear fits of sea-spray aerosol flux to the Re,, and derived a wind-wave
sea-spray aerosol source model for small-radius sea spray drops. Ovadnevaite, et al. [44]
used a direct fit of the size-dependent sea-spray aerosol flux observations to a wind-wave
Reynolds number to provide a sea-spray aerosol flux model capturing different wave states.
More recently, Laussac, et al. [45] developed a fetch dependent sea-spray aerosol source
model by introducing wave age, whereas Lenain and Melville [37] identified the relevance
of both wave age and wave steepness. Nevertheless, despite these developments, it remains
challenging to incorporate wave effects into sea spray parameterizations, largely due to the
limited size of in-situ datasets of concurrent sea spray, wind and wave observations. Thus,
to improve our sea spray predictive models, not only do we need in-situ observations of
sea spray, but such observations also need to be obtained concurrently with the properties
of the wave field.

The objectives of this study are to (i) measure and determine sea spray generation
in-situ and (ii) develop a wave-dependent predictive model across a broad range of wind
and wave conditions. To achieve this, we build upon the innovative methodologies of
Toffoli, et al. [46] and Ma, et al. [47], and present a large set of in-situ sea spray observations
derived from measured laser intensity attenuation using laser altimeters. These observa-
tions, measured concurrently with wind and wave field properties, are used to develop a
wind-wave-dependent spray volume flux model covering a wide range of wind and wave
conditions. Section 2 discusses the methodology used to estimate the sea spray volume
flux from laser intensity observations and provides a review of the in-situ experiments.
Section 3 presents our observations of the sea spray volume flux and the developed pa-
rameterization. A discussion of the instrumentation and the spray induced heat flux is
considered in Section 4, followed in Section 5 by the conclusions of this study.

2. Methodology
2.1. Sea Spray Volume Flux from Laser Attenuation

When a laser beam propagates through the air, its intensity decreases owing to laser
radiation absorption and/or scattering along its path. Attenuation is proportional to the
properties of the medium through which it travels. It is this principle that was used by
Toffoli, Babanin, Donelan, Haus and Jeong [46] to determine the volume flux of sea spray
in the air layer above the surface waves. That is, because each individual droplet scatters
and/or absorbs laser radiation, increasing the volume of sea spray produced at the air—
sea interface increases laser attenuation. Therefore, the observed laser intensity (i.e., the
attenuation thereof) could be used to estimate the volume of sea spray above the ocean
surface [37,46-48].

Formally, the relation between light intensity and attenuation can be described by the
Beer-Lambert Law:

[(Az) = Ipe MA2 1)
where I(Az) is the attenuated laser intensity as a function of the laser propagation distance,
Az; Iy is the initial or reference laser intensity; and y is the laser attenuation coefficient
and depends on the properties of the medium through which it travels. Based on the
laboratory measurements conducted in Air-Sea Interaction Salt-Water Tank (ASIST) of the
University of Miami, Toffoli, Babanin, Donelan, Haus and Jeong [46] derived a polynomial
relationship to estimate the spray volume flux from the time-averaged attenuated laser
intensity directly:

V(I)=-3x102+5x10771-8x107° )
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where V() is the sea spray volume flux produced per square meter of surface per second
and I is the averaged attenuated laser intensity in W s~2. While Equation (2) provides the
critical means to estimate the sea spray volume production in-situ, direct application in
the field is hindered by its dependence on laser intensity, rather than the material property
u. That is, it is not the laser intensity but the attenuation of laser intensity over the optical
path length that ultimately defines the sea spray volume flux. Thus, Equation (2) needs to
be reformulated in the form V = f(u). It is here where our methodology strongly diverges
from that of Toffoli, Babanin, Donelan, Haus and Jeong [46] and Ma, Babanin and Qiao [47].

To determine V = f(u) from the experiments of Toffoli, Babanin, Donelan, Haus
and Jeong [46], the initial laser intensity Iy needs to be defined first (Equation (1)). As
the laser intensity would be attenuated in the atmosphere even without sea spray, the
base-level intensity Ij is interpreted here as the laser intensity observed in the absence
of wind. In Figure 1a the laser intensity variation with wind speed is shown as obtained
in the laboratory experiments of Toffoli, Babanin, Donelan, Haus and Jeong [46]. We
note that we corrected the wind observations of Toffoli, Babanin, Donelan, Haus and
Jeong [46] following Curcic and Haus [49], and excluded the wind speed data below
20 m s~! and above 60 m s~! here as the confidence interval of these observations are
relatively large (see Figure 5 in Toffoli, Babanin, Donelan, Haus and Jeong [46]). After
extrapolating the laser intensity trend to Uy = 0, we define the base-level laser intensity
of the experiments of Toffoli, Babanin, Donelan, Haus and Jeong [46] as Iy = 1742 W s~2
(see Figure 1a) through the least-squares method (definitions of performance statistics are
provided in Appendix A).
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Figure 1. The recalibration of laboratory observations of Toffoli, Babanin, Donelan, Haus and
Jeong [46]: (a) the attenuated laser intensity I against wind speed Ujy and (b) the sea spray volume
flux V against the laser attenuation coefficient y. The red line defines the best data fit based on the
power law.

Given that the length of the optical path is defined as twice the distance between the
sea surface and the measuring unit (for the laboratory experiments of Toffoli, Babanin,
Donelan, Haus and Jeong [46] this corresponds to Az = 2.58 m), and using Equation (1),
the laser attenuation coefficient y for the experiments of Toffoli, Babanin, Donelan, Haus
and Jeong [46] can be determined (see Figure 1b). By adopting a power function to define
the lowest root mean square logarithmic error RMSLE of the sea spray volume flux V (),
we obtain:

V(p) =280 x 103513 ©)

Thus, in any field scenario, the sea spray volume flux can now be calculated using
Equations (1) and (3) if the base-level laser intensity (Iy), the attenuated laser intensity (I)
and optical path (Az) are known.
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2.2. Experimental Data

Wind, wave and laser intensity observations were obtained from an offshore platform
located on the North-West Shelf of Western Australia, situated at a water depth of 125 m [50].
As this region is prone to tropical cyclones, measurements obtained at this platform have
been used before to study wind—-wave interactions during extreme weather conditions [51].
For more details on the platform and experimental setup, we refer the reader to [50,51]. In
the present study, we focus on the extensive dataset that was collected from January to
October of 2015.

2.2.1. Wind and Wave Observations

Wind speed was measured by two ultrasonic anemometers located at 8.77 m and
14.77 m above mean sea level (MSL), respectively (Figure 2). The anemometers are fixed to
a 12-mm moored wire which is kept in balance by an anchor near the seabed. The anemome-
ters sample the three-dimensional wind speed component at a frequency of 20 Hz.

Laser Array

Anemometer+ 14.77 m AMSL

28 m
Anemometer + 8.77 m AMSL

Figure 2. Configuration of the observation platform and instruments. The rectangular laser array
is attached to the flare bridge 28 m above MSL. Two anemometers are fixed at 8.77 m and 14.77 m
above the MSL, respectively.

To determine the wind properties, we assume that the mean horizontal wind speed (av-
eraged over 30-min intervals) in the marine atmospheric boundary layer is well described

by a logarithmic profile:

U (z) = iln(zzo) @
where Uy is the horizontal wind speed at a distance z above MSL; U is the friction velocity;
x = 0.4 is the von Karman constant; and z is the surface roughness length. With the
wind speed measured at two locations above the sea surface, U, and z can be obtained
iteratively to estimate the wind speed at z = 10 m reference height (U;). Time series of
Ujp from January to October 2015 are shown in Figure 3a. We note that from the 8th till
the 14th of March Tropical Cyclone Olwyn passed the observation site at a distance of
approximately 150-300 km [51].

The sea surface elevation was measured using four Optech Sentinel 3100 lasers posi-
tioned 28 m above MSL in a rectangular formation (1.3 m x 1.7 m) (Figure 2). This system
uses a laser diode to emit short bursts of laser radiation. The emitted laser beam reflects
from the ocean surface to return to the laser unit. The laser unit records the intensity of the
returned beam and its propagation time. From the time of propagation optical path, and
thus the position of the sea surface, can be defined.



J. Mar. Sci. Eng. 2021, 9, 1168

6 of 16

E
mv;

wh

My
Jihi, 'ﬁ‘ﬂ
ﬁiﬁlﬁg i ﬂ“- Ta

o pFE
"‘u?a_

oo O

=

=T S R S
g“”l“

Jan 2015

Feb 2015 Mar 2015  Apr2015 May 2015 Jun 2015 Jul2015 Aug2015 Sep 2015 Oct 2015

“,:E

Figure 3. Timeseries of wind and wave properties over 30 min periods: (a) The mean wind speed at 10 m reference height,

Uy (b) The significant wave height of wind waves, H;. (c) The mean wave frequency, fm. (d) The attenuated laser intensity

of the second laser intensity mode, I. Periods where data are unavailable are highlighted in grey.

Observations of sea surface elevation were used to determine the wave energy spec-
trum F(f) over a period of 30 min. The spectrum was used to determine the statistical

properties of the wave field, including the mean wave frequency fm = L /f Fi}];);j[f and

the significant wave height, H; = 44/ f fmax F(f)df, where f; = 0.8 x % is the splitting

wave frequency, which is used to separate the swell from wind waves [52], g is the ac-
celeration of gravity, and fqx is the upper-frequency limit of the spectrum. We choose
to remove swell contributions from the statistical representation of the wave properties,
as wind waves are expected to dominate sea spray production as swell waves are less
likely to break due to their smaller steepness. Timeseries of the significant wave height of
wind waves and the mean wave frequency from January to October in 2015 are shown in
Figure 3b,c, respectively.

2.2.2. Laser Intensity

The attenuated laser intensity (I) was measured simultaneously with the sea surface
elevation and examples of its distribution for three different wind speeds are shown in
Figure 4. The probability density distribution of the attenuated laser intensity typically
consists of three modes. The first mode of the measured laser intensity ranges from 0 to
200 W s~2 and is typically much lower than its mean due to the partial dropout of the
returning laser radiation, that is, fewer than 50% of laser shots return to the laser unit.
The third mode of the laser intensity covers a high-intensity range from about 1000 to
2000 W s~2 and is caused by a laser saturation error. In this mode, the reflection of the laser
beam from the sea surface is too strong (i.e., the laser works best on a diffusive surface),
thereby contaminating the observed intensity of the reflected laser beam. We note that,
hereafter, only laser intensity observations from the second mode are considered.
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Figure 4. (a) An example of the probability density distribution of the attenuated laser intensity I for a 5 m s~ wind speed

event. (b,c) Same as (a) but fora 10 m s~! and 15 m s~ wind speed event, respectively.

3. Results
3.1. Sea Spray Volume Flux

Before Equation (3) can be applied to estimate the sea spray volume flux from the
laser intensity observations, the base-level intensity Iy needs to be determined for the field
experimental setup. Figure 5 shows the probability density function of the laser intensity
observations over the complete period from January to October 2015. The base-level
laser intensity was determined by extrapolating the probability density distribution of the
attenuated laser intensity to 0, yielding Iy = 1400 W s 2

] ,
0.002 ]
0.0015 :
R
0.001 ]
0.0005 - 7
1,=1400 W 52
10° 10°

T[Wm

Figure 5. The probability density distribution of the attenuated laser intensity with initial laser
intensity, Iy = 1400 W 572, from January to October in 2015.

As the removal of the first and third mode from the laser intensity record can un-
wantedly impact the accuracy of the data, a quality control procedure is applied to the
laser attenuation observations before they are used to estimate sea spray volume flux. We
first discard any observations where more than 50% of the record is removed. While the
removal of half the timeseries is large, we confirm that there is no correlation between the
removed data and the phase of the measured surface elevation and thus no bias is expected
in the measured laser intensity after the removal. To reduce the impact of data removal
on the accuracy of the observations, we fit a Gaussian distribution to the distribution
of the laser attenuation timeseries and dismiss any data where the RMSE > 0.13 (given
100 interval bins). This value was chosen as a trade-off between the volume of discarded
data and the scatter of the probability density distribution of y. Similar to an example of the
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distribution of sea surface elevation (Figure 6a—c), Figure 6d,e provides an example of the
distributions of y where RMSE < 0.19. With I being 1400 W s~2 and Az being twice the
distance between laser source and the instantaneous sea surface, the mean laser attenuation
coefficient can then be determined through Equation (1). Figure 7 illustrates the variation
of attenuation coefficient with wind speed prior to and following the quality control.

0.04 U, =528ms” (@) 0.04| U,,=10.18ms”"’ () 0.04 U, =1500ms" ()
0.03 - RMSE=0.07 0.03 RMSE =007 - 0.03 - = _"" . RMSE =0.00 g
= 0.02 0.02 ' 0.02 - X
0.01 0.01 0.01
0 : 0 = : 0
25 26 27 28 29 25 26 27 28 29 25 26 27 28 29
Z [m] Z [m] Z [m]
0.031 U,,=528ms™ () 0.03 U,=10.18ms™ () 0.03- U, =1500ms™ M
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/ ‘ | Ty 0 2 ‘ | | | | :
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pm '] plm '] pm ']

Figure 6. Examples of the probability density distribution of the laser range, Z, (a—c), and the laser intensity attenuation
coefficient, it (d—f) under various wind conditions. Red solid lines are Gaussian regression fitting to experimental samples
fora5ms~!, 10 ms~! and 15 m s~! wind speed event, respectively. The root mean square error RMSE was utilized to

evaluate the performance of the fitting.

e with systemic error

0.03 | - p without systemic error .
0.025 T
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£

= 0.02¢ :

0.015 1

0 2 10 s 20
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10

Figure 7. The attenuation coefficient varies with Ujy. Grey dots are the laser intensity attenua-
tion coefficient with systemic error. Black dots are the laser intensity attenuation coefficient after

quality control.
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Given that y is now known, the sea spray volume flux can be estimated using
Equation (3) (Figure 8). Our observations of the sea spray volume flux increase steadily
with wind speed and are well within the ranges of existing sea spray volume flux pa-
rameterizations. Notably, our observations are consistent with the model proposed by
Andpreas [6] in both trend and magnitude. Although extrapolation of our observations
to higher wind speeds comes with great uncertainties, the rate of increase with wind
speed would correspond well to the models of Fairall, Kepert and Holland [4], Zhao, Toba,
Sugioka and Komori [42] and Troitskaya, Kandaurov, Ermakova, Kozlov, Sergeev and
Zilitinkevich [26].

T Fi
107 ¢
1070 ¢
r\]’_| |-
I L
T | =
w
[an]
E107F
SN =
—3 |- i
10 7 F == Andreas 1992 ]
L = lida et al. 1992: 3=12 | ]
i Fairall et al. 1994 |
| = Zhao et al. 2006: f=1.2] |
Zhao et al. 2006: 3=0.2
r === Troitskaya et al. 2018 |
m— Ma ct al. 2020
1()_9 C This Study =
C | | | | |
5 10 15 20 25 30
-1
U i [ms ']

Figure 8. Comparison of the estimated sea spray volume flux from field observations in this study
(black dots) with parametrizations of: Andreas [6], the blue line; Iida, et al. [53] with wave age of
1.2, the orange line; Fairall, Kepert and Holland [4] with, the yellow line; Zhao, Toba, Sugioka and
Komori [42] with wave age of 1.2 and 0.2, the purple line and green line, respectively; Troitskaya,
Kandaurov, Ermakova, Kozlov, Sergeev and Zilitinkevich [26], the light blue line; Ma, Babanin and
Qiao [47], the red solid line.
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3.2. Sea Spray Volume Flux Parameterization

Using the field observations of the sea spray volume flux, a sea spray volume flux
model can be constructed. As sea spray droplets are generated at the ocean surface through
the processes of wave breaking and wind shear, the sea spray volume flux is expected to be
determined by the properties of the surface roughness length, local wind, and wave field.

V = f(wind, wave). ®)

For dimensional consistency, non-dimensional parameters were adopted to construct
the model. As the wind stress fundamentally defines the resistance of the ocean surface
to the wind, and thus the capacity of wind to tear of droplets from the wave crests, the
friction velocity is used to normalize the wind speed, i.e., u= %—1:’ To include the effects

of breaking waves, the mean wave steepness, s = HSTk’” is used here as a proxy of wave
breaking severity, where k;, is the mean wavenumber. In line with U, the sea spray volume

flux, which ultimately has the dimensions of m s~!, is also scaled by the shear velocity

V= %7:), as U, includes both effects of wind and waves. We note that this scaling
via Uy is commonly adopted by others as well. For instance, Emanuel [54] provided a
scaling parameter functioned by U, on the basis of a scale analysis of spray, and later
adopted by Fairall, Banner, Peirson, Asher and Morison [29]. Additionally, both Lenain
and Melville [37] and Zhao, Toba, Sugioka and Komori [42] scaled the production of sea
spray using parameters defined by U.. A simple power-law model is used to parameterize
the sea spray volume flux:
V = alllse. (6)
The best-fit relation, based on the lowest RMSLE, is shown in Figure 9, and is given by
a=262x10"8,b =092, and ¢ = 0.50 with RMSLE = 0.08 and r* = 0.90. Therefore, the
wind-wave-dependent sea spray flux model is:

V =2.620%%25050 » 1078, 7)
—4.5 ¢
_5 & f
%
2 -55f , ]
E/ . g ¥
S = R 1
m ., ';.:' farl
8 ..E ms
_65 B oo i T
i RMSLE =0.08
70 AN ¥ =0.90 :

-7 65 -6 -55 -5 —45
10g10(2.6209925050 5 108)

Figure 9. Logarithm-scale plot of dimensionless sea spray volume flux of the measurement versus
wind-wave-dependent model (Equation (7)). The solid red line is 1:1 line.

Taking into consideration that Equation (7) is an empirical fit rather than a complete
physical construct, we hypothesize that the volume flux varies linearly with the non-
dimensional wind speed and as the square of the mean wave steepness. In that case,
Equation (7) reduces to the form:
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v 1.99¢/s x 1078 8)

Uig
where 2 = 1.99 x 1078, b = 1.00, and with RMSLE = 0.09 and r* = 0.89. In addition,
to further identify the role of wave properties in the production of sea spray, we elim-
inate the /s term from Equation (8) and then refit V by U alone based on the lowest
RMSLE to determine the relation between spray production and wind alone. We note,
however, that this still implicitly includes wave effects through U.. This then results in
a=115x%x10"8%, b = 0.87, with RMSLE = 0.10 and 7> = 0.87. The increase in RMSLE
and decrease in 12 with respect to Equation (7) thus suggesting that the inclusion of wave
properties through the mean wave steepness improves the spray volume flux parame-
terization. This is highly consistent with recent studies indicating that it is necessary to
incorporate wave properties into sea spray models, rather than using wind properties
alone to parameterize the sea spray production [37,41-45].

4. Discussion

In this study, we presented rare in-situ observations of the ocean sea spray flux under
a wide range of wind and wave conditions using laser altimeters. We did so by adopting
the principles of the Beer-Lambert Law, stating that as the laser beam propagates through
the atmosphere laden with sea spray, the droplets largely scatter and/or absorb part of the
laser radiation to attenuate and dominant the variation of intensity of the laser beam. While
this conceptual idea of estimating spray volume flux using the laser intensity attenuation
rate was used to estimate the sea spray flux in the innovative laboratory and field studies
of Toffoli, Babanin, Donelan, Haus and Jeong [46] and Ma, Babanin and Qiao [47], the
fundamental principle of the Beer-Lambert Law was not considered. We therefore extended
the methodologies used by Toffoli, Babanin, Donelan, Haus and Jeong [46] and Ma, Babanin
and Qiao [47] to obtain estimates of the ocean sea spray flux in situ and developed a sea
spray flux parameterization covering, for the very first time, a wide range of wind and
wave conditions.

Some caution is, however, required in interpreting the laser attenuation rate as a
proxy of the sea spray volume flux. Strictly speaking, it is the sea spray volume, and not
its flux, which attenuates the laser intensity and one can only determine the sea spray
volume flux from the observed laser attenuation rate if the total volume of sea spray
droplets diffused upwards into the atmospheric boundary layer is small compared to the
volume of droplets that re-enter the ocean rapidly. This is, for instance, the case in the
experiments of Toffoli, Babanin, Donelan, Haus and Jeong [46] where the optical path
length Az is relatively small. To validate that we did not erroneously overestimate V by
ignoring those droplets that were airborne for significant periods of time, we consider
the laser attenuation probability density function of a 5m s~! and 15 m s~! wind speed
event (Figure 10a,d). Here, we assume a priori that the amount of suspended sea spray
is negligible. We mimic the presence of background sea spray by reducing the observed
laser intensity uniformly in time which leads to a positively skewed distribution of the
laser attenuation (Figure 10b,c,e,f) as opposed to the Gaussian distributions we observe
(Figure 6). As such, if a considerable volume of suspended sea spray droplets would
indeed be present, the quality control procedure described in Section 3.1 would likely have
removed the event from the dataset. We note that the impact of added background sea
spray on the skewness of the laser attenuation distribution is most apparent for the low
wind speed case. It is perhaps for this reason that the sea spray volume flux prior to quality
control is relatively large (see Figure 7) as under these conditions the sea spray volume
between the laser and the ocean is dominated by the suspended droplets rather than those
droplets instantaneously produced at the sea surface. Lastly, as previously substantiated
by studies at severe winds [6,42], spume droplets account for the majority of the total
volumetric concentration of spray in the air [42]. To be more precise, when the volume
fraction of spume droplets is addressed in contemporary sea spray models [1,6,14,55],
spume dominates more than 95% of the overall volumetric concentration of the spray
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for Ujg = 10 — 15ms~!. This is not only because individual spume droplets have a
larger radius, thus containing significantly more water, but also because the quantity
of spume droplets formed is substantial [26,38]. As such, the impact of suspended sea
spray droplets on our estimation of the sea spray volume flux is expected to be modest.
However, when wind speeds are low, resulting in a near-absence of spume droplets, we
expect that suspended droplets cannot be ignored. Targeted control experiments are
required to elucidate the environmental restrictions on the methodologies utilized in this
investigation, particularly the impacts of suspended droplets at low winds and the physical
sea surface roughness on laser backscatter modulation. Opportunities to derive the droplet
size distribution from laser altimeters should be explored to improve the further potential
of the methods proposed in this study and allow a more detailed comparison against
existing physical and theoretical models.
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Figure 10. (a) An example of the probability density distribution of the laser attenuation coefficient for a 5m s~! wind speed

event. Red solid line is Gaussian regression fitting to experimental samples for a 5 m s~! wind speed event. (b,c) Same as (a)

but with artificially reduced laser intensity of 100, and 200 W s~2, respectively. (d) An example of the probability density

distribution of the laser attenuation coefficient for a 15 m s~! wind speed event. Red solid line is Gaussian regression fitting

to experimental samples for a 15 m s~ 1 wind speed event. (e,f) Same as (d) but with artificially reduced laser intensity of
100, and 200 W s2, respectively.

While sea spray can critically contribute to the heat exchange between the atmosphere
and ocean, its physics are often not considered in contemporary air-sea flux prediction
models, such as the popular COARE 2.6 bulk flux algorithm [13,56,57]. The foremost
reason that sea spray is not considered is the significant uncertainty of current sea spray
volume flux models which is mostly caused by the lack of in-situ observational data
to validate against. To circumvent such limitations, studies tend to interpret sea spray
model performance by validating the coupled air-sea models instead through much more
readily available and measurable properties, such as wind speed and wave height [9,56-59].
Here, however, we developed a sea spray volume flux model based on uniquely in-situ
observations of sea spray. Promisingly, our observations are consistent with the spray
model of Andreas [6] in both magnitude and trend.

Considering the coincidence between our observations and the model of Andreas [6],
our results indirectly substantiate the critical importance of sea spray on the dynamics of
extreme marine weather events. For example, Zhao, Qiao, Cavaleri, Wang, Bertotti and
Liu [58], through implementing the spray model of Andreas [6] into FIO-AOW system,
suggested that the sea spray enhances heat transfer at sea surface and leads to a substantial
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increase in wind velocity especially in the areas surrounding the TC eye [58]. Moreover,
Garg, Ng and Narasimalu [59] included sea spray induced heat flux into the air-sea
numerical module in the WRF-MIKE3-MIKE 21 SW coupled model and stated that when
considering the spray-mediated heat flux there would be a reduction in the sensible heat
flux, increase in the storm intensity and broadening of the storm core [59]. Thus, our results
tend to imply, albeit indirectly, that sea spray has indeed a positive feedback on storm
intensification and assists in sustaining tropical cyclones [12,13].

Previous studies have stressed the need to incorporate wave properties in sea spray
production parameterizations as sea spray is ultimately generated through the interactions
between wind and waves [43,44,58]. In their spray and/or aerosol models, wave age is
considered as the dominant wave parameter to characterize the sea state (noting that the
wind-wave Reynolds number can be interpreted as the product of the wind stress and wave
age). However, while important, wave age alone cannot fully capture the properties of the
sea state as it provides information on the relative speed of the most energetic wave with
respect to the wind only. In this study, we observe that the wave steepness provides a better
proxy to our dataset in contrast to the wave age. Given that wave steepness is a critical
parameter in the quantification of wave breaking, our observations signify the importance
of wave breaking in the generation of sea spray. In addition, even though our observations
and our model are consistent with the sea spray volume flux model of Andreas [6], it is here
where our model is distinctly different from Andreas [6] which, unlike our model, does not
depend explicitly on the properties of the wave field. In addition, as our observations are
restricted to 22 m s~! only, it remains open how our parameterization performs for higher
wind speeds as the physical processes that drive wind-wave interactions are expected to
change at a wind speed of about 29 m s~! [49,60]. Therefore, more in-situ observations
during extreme marine weather conditions are required to determine the dependence of
sea spray generation on both wind and wave properties, while further numerical studies
are required to determine how our wave steepness depended on model impacts storm
dynamics as opposed to sea spray models relying on wind properties alone.

5. Conclusions

We presented a large and novel dataset of in-situ sea spray observations obtained
under a wide range of wind and wave field conditions. Using the Beer—-Lambert law we
expanded the methodologies adopted by Toffoli, Babanin, Donelan, Haus and Jeong [46]
and Ma, Babanin and Qiao [47] to estimate the sea spray volume flux from laser intensity
observations. Sea spray observations are used to develop a nondimensional wind-wave-

ty \ 02 0.50 -8
dependent sea spray volume flux model V /U, = 2.62 (u—l*o) §°°Y x 107°, or the approx-

imation thereof V /Uy = 1.991/s x 1078, where V, Uy, and are the spray volume flux,
10-m wind speed and wind speed, respectively, and s is the mean wave steepness. We find
that our observations and the derived spray model correspond well to the sea spray model
of Andreas [6]. Based on previous studies that adopted the spray model of Andreas [6], our
observations indirectly substantiate the importance of sea spray in enhancing the air-sea
heat and moisture exchange, and storm intensification. In addition, as our observations of
the sea spray volume flux are limited to wind speeds up to 22 m s~!, more observations of
sea spray are needed to understand the impact of waves on sea spray generation during
extreme marine weather conditions.
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Appendix A. Statistics for Validation

Correlation coefficient p, coefficient of determination 72, root mean square error RMSE,

root mean square log error RMSLE, and skewness SK were used in this study to do
statistical analysis:

_ Y -D) (i -7) (A1)
VEL (i~ 02— 9)?
Zzil(]/i - xi)2
=1 == T (A2)
Y (vi *y)z
RMSE = | " (5 1)? A3
- N y (xl - .]/1) ( )

i=1

—\3
% Zf\il(xi —X)

SK =

3 (A4)
1 N =2 2
(% -%7)
where x; represents the measured data, y; represents data of the fitting model, N is the
number of collocations of measured data, and the overbar is the mean value.
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