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Abstract The fractional or percentage whitecap coverage of the ocean surface (W) is often parameterized in
terms of wind speed. Data sets of W typically show order of magnitude scatter at a given wind speed value due to
sea state variability. Here we compare modeled values of W to measured W values from the North Atlantic
Ocean. The modeled W is forced by the spectrally integrated whitecap dissipation source function in the
European Center for Medium-Range Weather Forecasts spectral wave model, ecWAM. Without tuning, best
agreement is found for mature sea states, with an average modeled to measured W ratio of 0.87. This ratio
approaches unity with the introduction of a dissipation rate threshold value and an explicit wave-age
dependence. The study suggests that accurate estimates of W can be routinely produced by ecWAM and opens
new opportunities to model bubble-mediated fluxes of CO, and sea spray aerosol with ecWAM.

Plain Language Summary Predicting the frequency of occurrence and scale of wave breaking at the
ocean surface is extremely difficult. In the past, many approaches have used wind speed as a predictor of the
ocean surface coverage in whitecap foam (W) generated by sufficiently energetic breaking waves. These
relationships do not capture the inherent sea state-dependent variability in wave breaking at a given wind speed
and better approaches are needed. In this paper, we show how sophisticated wave models can be used to
accurately reproduce measured W values from the North Atlantic over a wind range of wind speeds and sea
states. This result implies that we can move away from using wind speed to predict W values. This has positive
implications for how bubble-mediated fluxes of greenhouse gases and sea spray aerosol particles can be more
accurately parameterized in global climate models.

1. Introduction

When wind-generated surface ocean gravity waves become unstable due to exceeding a kinematic or geometric
limiting criterion, or a combination of both, they break and can entrain air beneath the water surface in sufficient
volumes to form surface whitecaps. The process of breaking dissipates wave energy and drives a flux of turbulent
kinetic energy into the upper ocean (Thomson et al., 2016). The air entrained during the breaking process drives
bubble-mediated air-sea exchange processes such as gas transfer (Deike & Melville, 2018; Keeling, 1993;
Leighton et al., 2018; Woolf, 1993) and sea spray aerosol production (Blanchard, 1963; De Leeuw et al., 2011;
Deike et al., 2022; Monahan et al., 1986) which are fundamental to the evolution of weather and climate. Un-
derstanding and modeling breaking waves is an ongoing area of research to help improve the accuracy of spectral
wave models and the parameterization of bubble-mediated exchange processes.

Bubble-mediated processes have often been quantified using parameterizations of the sea surface whitecap
coverage, W, which are a function of the 10 m neutral wind speed, U,oy (e.g., Bell et al., 2017; Callaghan, 2013;
Monahan et al., 1986; Woolf, 1993). However, at any given wind speed there exists up to an order of magnitude or
more of scatter in values of W highlighting that wind speed alone does not uniquely determine W (Mon-
ahan, 1971). Indeed, parameterizations that incorporate sea state development have shown to be as, or more,
skillful in constraining variability in W (e.g., Brumer et al., 2017; Zhao & Toba, 2001). Therefore, parameteri-
zations or models of W that can better capture the natural variability in W have the potential to improve how
bubble-mediated processes are in turn parameterized.
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Breaking waves dissipate wave energy and a link between W and the dissipation rate of turbulent kinetic energy
(TKE) per unit sea surface area driven by wave breaking is expected (e.g., Kraan et al., 1996; Ross et al., 1974;
Scanlon et al., 2016). Therefore, it is reasonable to assume that a measure of the TKE dissipation rate can provide
a suitable variable in place of wind speed alone with which to parameterize W (e.g., Anguelova & Hwang, 2016;
Hwang & Sletten, 2008). The aim of this paper is therefore to use the energy dissipation rate-based whitecap
coverage model presented in Callaghan (2018) to estimate W and to compare these estimates to the field mea-
surements of W made during the Marine Aerosol Production (MAP) field campaign in the North Atlantic Ocean
that were presented in Callaghan et al. (2008). The Callaghan (2018) W model (hereafter referred to as C18) is
forced by the spectrally integrated whitecap dissipation source term (¢oc) in the European Center for Medium-
Range Forecasts (ECMWF) spectral wave model (ecWAM). The ¢,,. values have been interpolated in time and
space to match the time and locations of the W measurements. The approach taken here is similar to that of
Scanlon et al. (2016) who compared in situ measurements of whitecap coverage to whitecap coverage estimates
derived from the model described in Kraan et al. (1996). The current study uses the C18 W model which is based
on the experimentally validated model of Callaghan et al. (2016) while the Kraan et al. (1996) model was derived
based on the assumption that the wave field energy dissipation rate scales as the product of the wave variance and
peak frequency.

Within the broader aim described above, the study provides the opportunity to (a) evaluate the accuracy of the C18
W model to capture the measured variability in W and (b) to understand if the magnitude of ¢,. in ecWAM is able
to reproduce W estimates of comparable magnitude to the oceanic W measurements. The former is important
because it provides an opportunity to evaluate the C18 W model using data sets that were not used in its derivation
(Callaghan et al., 2012, 2013, 2016; Scanlon & Ward, 2016). The latter is important because it is, in part, the
difference between the wind input and dissipation source terms in spectral wave models that drives variability in
the modeled energy of a sea state as opposed to the absolute magnitude of the source terms. Indeed, the magnitude
of the dissipation term in spectral wave models has been used as a tuning knob and altered to reduce any sys-
tematic wave height bias (e.g., Alday & Ardhuin, 2023). Therefore, predictions of W based on ¢, provide a
useful means to evaluate the magnitude of the spectrally integrated dissipation source term.

oc

The paper proceeds as follows. Section 2 describes the measured W data set, the ECMWF spectral wave model
and the C18 W model. Section 3 presents the comparison of modeled and measured W values and evaluates the
performance of previous models and parameterizations to predict the measured W data. Finally, our conclusions
are presented in Section 4.

2. Methods
2.1. Measured W Data

The W data used here were collected as part of the MAP research cruise that took place in the North Atlantic off
the north-west coast of Ireland in 2006. Full details of the image data set, image processing and meteorological
conditions are given in Callaghan et al. (2008), and only key details are reproduced here. The W data were
generated by applying the Callaghan and White (2009) AWE algorithm to a data set of 43,158 sea surface images
collected on seven different days within an 11-day period. The 10-m wind speed varied within the range 4-23
m s~! and young, mature and swell-dominated sea states were sampled. Values of W are typically determined
by the rate of air entrainment and subsequent bubble plume degassing in a population of whitecaps as well as
surfactant-driven stabilization of surface foam. Ideally, any model estimate of W would include all three pro-
cesses, but we do not try to estimate the surfactant effect here even though we expect the W measurements to have

been influenced to some degree by surfactant-driven foam stabilization.

2.2. The Spectral Wave Model

Model wave data are from a wave hindcast obtained with the ECMWF spectral wave model (ecWAM). It was
forced with hourly ERA-5 neutral 10 m winds, air density, wind gustiness and sea ice coverage (Hersbach
et al., 2020). We use the hindcast data rather than the ERAS5 wave data because the hindcast is based on a more
recent version of ecWAM (Cy47r1; ECMWEF (2020)), with the improved wave physics for wind input and wave
breaking dissipation of Ardhuin et al. (2010), a higher horizontal resolution of 18 km (cubic octahedral reduced
Gaussian grid with spectral truncation Tco 639) and a finer spectral resolution (36 directions and 36 frequencies)
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compared to ERAS. It has however not used altimeter data assimilation and was not directly coupled to the other
components of the ECMWEF Earth System Model. The hindcast data for significant wave height and wave period
are generally in good agreement with observations (Lobeto et al., 2024). Figure S1 in Supporting Information S1
also confirms that the surface wind conditions during MAP are well captured by ERA-5 across a range of wind
speeds and wave ages. The wave age is calculated as the ratio of the phase speed of the waves at the peak of the
wave spectrum, c,,, and Ujoy, gemwr- The value of ¢, is calculated from the linear dispersion relation using the peak

wave period, T),.

Spectral wave models such as ecWAM represent the evolution of the two-dimensional wave spectrum due to
different physical processes that are acting on the wave field, such as the momentum transfer from wind to waves
(wind input), nonlinear wave-wave interaction and the dissipation of wave energy due to wave breaking. These
interactions are represented in terms of source terms. Integrating any of these source terms over the two spectral
dimensions (frequency and direction) yields the energy flux related to that process. Besides standard integrated
wave parameters, ecWAM also outputs the spectrally integrated dissipation source function (¢Oc). However,
because these output parameters are computed over the full frequency range, it is assumed that for frequencies
above those resolved prognostically by the model (see Equation 5.4 in ECMWF (2020)), the spectrum is given by
Phillips' power law (decay as frequency to the fifth power). It is therefore assumed that there is a balance between
wind input, dissipation and the flux due to nonlinear wave-wave interactions (equilibrium range). In practice this
means that all energy and momentum going into the high-frequency range of the spectrum, either by wind input or
non-linear transfer, is dissipated, and is therefore directly transferred to the ocean column. This balance is used to
compute the high frequency contribution of ¢,. (see Section 10.5.2 in ECMWF (2020) for more details).

2.3. The C18 W Model

The whitecap coverage of the sea surface can be written as the sum of the growth phase component W, and the
decay phase component W, following W = W, + Weeeqy- The former represents the contribution from
whitecaps during their growth phase when foam area increases while air is being entrained up until they reach
their maximum area (see Figures 2(a, b) in Callaghan et al. (2017)). The latter represents the contribution from
whitecaps during their decay phase when the area of each whitecap decreases with time. This decay stage is driven
primarily by bubble plume degassing and surfactant-driven stabilization of foam.

The C18 whitecap coverage model predicts that W,,,,,, is linearly proportional to the rate of energy dissipation
per unit sea surface area by whitecaps, Swwp—[W m‘2] , and inversely proportional to the average bubble plume

injection depth of a population of whitecaps, 2;, via:

S,

ngwth = QV;;Z (1)

p

where p is the water density and Q characterizes the space and time averaged dissipation rate of turbulent kinetic
energy inside the bubble plume during active air entrainment with a value of 0.88 W kg~!. The use of a constant
value of Q comes directly from Figure 2 in Callaghan et al. (2016) and is a manifestation of the fluid turbulence
saturation phenomenon described in Deane et al. (2016). Equation 1 can be extended to model W via:

W= Wgrowth(l + 5) (2)

where 6 = Weeeay/Weroum- The term & can be replaced by 6* which is the component of & that is driven by bubble
plume degassing only and does not account for any surfactant-driven foam stabilization effect. Callaghan (2018)
parameterizes §* as a function of 2; forced by the 10-m neutral wind speed. Here, we parameterize 2; in terms of
the significant wave height of the wind waves, H,,,,, in order to remove any explicit dependence on Uy y in the
C18 W model. The relationship used is given by:

2; =0.06(H;,,,, — 0.05) + 0.04 3)
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where H; ,,, is obtained directly from the ecWAM output. A full description of how Equation 3 was obtained is
given in Supporting Information S1.

3. Results and Discussion

Having defined the relationship between 2;; and H, ,,, with Equation 3, it is now possible to use Equation 2, with
&" in place of &, to estimate W with ecWAM. The reason for using §* in place of § is that because while the W
measurements likely have some contribution from surfactant-driven foam stabilization, it is not possible to
determine this contribution in retrospect. Therefore we choose to use the parameterization for 6* as described
above and in Callaghan (2018). The relation for 6 is from Equation 21 in Callaghan (2018) and is given as
5" = 8.65 2;0'69. We also use ¢, in place of S,,.,, because while S,,,, represents the energy dissipation by
whitecaps only, ¢,. represents the dissipation from all wave processes, but it is not possible to know the pro-
portion of ¢, that is driven by whitecaps only (except for depth-induced breaking in very shallow water which is
not considered here).

3.1. Initial Results

The first W model we evaluate is given by Equation 4 below and the results are plotted in Figure 1.

W — ¢Of*
Qpz,

(1469 )

The model W estimates are plotted as a function of wind speed in Figure la and compared to the MAP W
measurements which are color-coded by wave age as defined in Section 2.2. The Uy gcywr 18 used in place of
the measured U throughout because the ultimate goal is to model W with ecWAM which uses Ujon gepwr-
Using measured U in place of U)oy gcywr does not change the overall findings presented below. We note that a
wave age value of approximately 1.2 corresponds to the value for a mature or fully developed Pierson and
Moskowitz spectrum (Holthuijsen, 2007). Following this, and for the purposes of description, we classify sea
state as follows: young developing seas have a wave age less than 1, mature or developed seas have a wave age
between 1 and 1.2 and old swell-dominated seas have a wave age greater than 1.2.

Figure 1a shows that there is good overlap between modeled and measured W at wind speeds above about 10
m s~!, which typically correspond to wave age values closer to 1 characteristic of developing and mature sea
states, as seen in Figure 1b. At lower wind speeds, the model W estimates lie consistently above the measurements
which were evidently made in swell-dominated seas with wave ages largely greater than 1.2.

The measured and modeled W data are plotted as a function of wave age in Figure 1b. As mentioned above, there
is good overlap between the two W data sets for sea states with a wave age close to 1. But the modeled W values lie
consistently above the measurements for swell-dominated seas. Interestingly, the largest W values for both the
measured and modeled W data sets occur in sea states with a wave age close to 1, representing mature sea states
which were generally associated with the strongest wind speeds. Moreover, it can be seen from the W mea-
surements, that at a given wave age, W increases with increasing wind speed, which is entirely physically
reasonable.

Figures 1c and 1d provide a direct comparison between modeled and measured W. Best agreement occurs for
mature seas where it is expected that the rate of energy input to the wave field is balanced by the energy dissi-
pation rate. Indeed, Figures 1c and 1d show that the modeled W values in mature seas lie close to the 1:1 line in
comparison to the W measurements and that their ratio exhibits a well-defined peak in the distribution at 1 albeit
with an average value of Wrcywr/W = 0.87. The comparison suggests that most of the energy dissipated by the
wave field is via whitecaps, with contributions from other physical processes being less important. These other
physical processes may include shear-driven turbulence (McWilliams et al., 2012), energy dissipation by parasitic
capillary waves (Komen et al., 1996), microbreaking (Sutherland & Melville, 2015) and swell dissipation
(Ardhuin et al., 2010), as discussed in Thomson et al. (2016) and Callaghan (2020). Given that no model tuning to
minimize error between the modeled and measured W datapoints has been undertaken, this result suggests that the
magnitudes of (a) the C18 W model relating the rate of energy dissipation to W and (b) the magnitude of ¢, in
ecWAM, are realistic.
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Figure 1. Panel (a) plots the measured (large circles color-coded by wave age) and modeled (black dots) W values as a
function of Ujoy,geywr calculated with Equation 4. Panel (b) plots measured (large circles color-coded by Uy, gepwr) and
modeled (black dots) W values as a function of wave age. Panel (c) provides a direct comparison between the measured and
modeled W values. The color corresponds to wave age values calculated using the phase speed of the peak of the spectrum, c,,,
and U oy, gemwr» classified as: Developed Seas (1 < ¢,/ Ujgy < 1.2—blue triangles), Young Seas (c,/ U;oy < 1.0—green
squares), Swell-dominated Seas (c,/ U oy > 1.2- red circles). The inset number is the % number of modeled W values that lie
within a factor of 2 of the W measurements. The dashed line is a 1:1 line. The solid lines lie a factor of 2 above and below the 1:1
line. Panel (d) shows the probability density distributions of the W ratio, separated by the sea state classification (Developed
Seas—blue line; Young Seas—green line; Swell-dominated Seas—red line; full data set—black line). The left-hand and right-
hand numbers in the legend correspond to the geometric mean and standard deviation of the W ratios for the sea state
classifications.

The group of data with the next best level of agreement between measured and modeled W is the young
developing sea state group. Here, there is very good agreement in terms of trend between the modeled and
measured W datapoints, with the former on average 48% higher than the latter. This overestimation in modeled W
may be indicative of the fact that in developing seas, when waves are growing, not all energy input to the wave
field is dissipated. Consequently, W modeled with ¢,. tends to overestimate the measured W values for this sea
state classification using Equation 4. While other possibilities relating to inaccuracies in how the wind energy
input to the wave field is modulated by a growing sea is represented in the spectral model is possible, it is outside
of the scope of this paper to examine this in further detail.
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The worst agreement between modeled and measured W occurs in swell-dominated seas and W model estimates
are almost 2.5 times larger than the W measurements, on average. The disagreement is most severe at the lowest
wind speeds. This suggests that at lower wind speeds, in swell-dominated seas, physical processes that dissipate
wave energy but do not manifest as whitecaps play an increasingly important role in the overall balance between
wind input and dissipation and whitecapping becomes a secondary process, as noted above. Of these background
dissipation processes, only swell dissipation is calculated explicitly in ecWAM.

3.2. Refining the C18 W Model

Having (a) evaluated the C18 W model using ¢,,., (b) compared the W model estimates to the W measurements
and (c) discussed possible sources of disagreement between the two data sets, we now try to refine the W model by
introducing physically motivated adjustments to achieve better agreement between the two data sets.

The model refinement uses two additional parameters, namely ¢,;, and £. The former, ¢,;, is simply a threshold
dissipation value which marks the minimum dissipation rate at which whitecaps are expected to first appear,
similar to what has been used before in studies relating W to both energy dissipation rate and wind speed (e.g.,
Monahan & O’Muircheartaigh, 1986; Hwang & Sletten, 2008; Scanlon et al., 2016). The latter, &, is a simple
scaling factor based on wave age implemented as follows. For developing and mature seas (i.e., ¢,/ Uygy < 1.2),

&= (¢/ Ul()’N)z, while for swell-dominated seas (c,/ Ujgn >1.2), & = (1.2 X U]OVN/CP)Z. In other words, the
model W values are scaled by wave age for mature and developing seas and scaled by inverse wave age for swell-
dominated seas. The resulting model is given by

§¢nc - ¢th)

_( .
W= 07 (1+5%) ®)

In applying Equation 5, the value of ¢,, was determined via a least squares minimization technique which gave a
value of ¢, = 2.7 X 107> W m~2 This threshold value is smaller than that reported in Hwang and Slet-
ten (2008) and corresponds to a wind speed value of 2.52 m s~! using Equation 23 of Callaghan (2018).

The result of using Equation 5 to estimate W is shown in Figure 2. Equation 5 provides the best agreement
between modeled and measured W values for the data set as a function of wind speed and wave age as seen in
Figures 2a and 2b, respectively. Indeed, almost 93% of modeled W datapoints lie within a factor of 2 of the W
measurements (see Figure 2c). Moreover, the ratio of modeled to measured W for the three sea state classifications
all have a distinctive peak at unity with average values lying within a few percent of 1 (see Figure 2d). It is
important to note that the only component of Equation 5 that has been tuned with the MAP W data is ¢,,.

The wave age-dependent scaling factor, &, essentially modifies the value of ¢, as follows. For developing seas, &

oc
is always lower than 1, meaning that the fraction of ¢, that is due to dissipation by whitecaps is smaller than what
would be expected in mature seas. For swell-dominated seas, the value of £ is also always lower than 1, again
indicating that the fraction of ¢, that is due to dissipation by whitecaps is smaller than what would be expected in
mature seas. Both of these adjustments are easy to justify from a physical argument. Indeed, this result mirrors the
findings of Stramska and Petelski (2003), Lafon et al. (2007), Sugihara et al. (2007), and Schwendeman and
Thomson (2015). The relevant findings of these studies show that, in general, measured values of W were

relatively greater in developed seas than when compared to undeveloped or swell-dominated seas.

For mature seas, £ takes on a value between 1 and 1.44 and thereby results in an effective increase in the value of
¢, for those sea states. For reference, the ensemble averaged value of £ for the current data set for mature sea
states is £ = 1.19. Unlike for the developing and swell-dominated sea states this relative increase in ¢, is
somewhat harder to physically justify and may reflect a disconnect between the unforced nature of the 2-
dimensional breaking wave experiments that informed the C18 W model and wind-forced 3-dimensional
breaking waves found in the ocean. For instance, Callaghan et al. (2024) note that bubble plume injection
depths are expected to be shallower in wind-forced breaking waves compared to un-forced breaking waves.
Additionally, or alternatively, the effective amplification of ¢,. in mature seas may reflect the fact that the
measured W values in mature seas, which typically occurred at higher wind speeds in this study, could have

included the effects of surfactant-driven foam stabilization leading to larger W values than otherwise expected.
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Figure 2. Panel (a) plots the measured (large circles color-coded by wave age) and modeled (black dots) W values as a
function of Ujoy,geywr calculated with Equation 5. Panel (b) plots measured (large circles color-coded by Uy, gepwr) and
modeled (black dots) W values as a function of wave age. Panel (c) provides a direct comparison between the measured and
modeled W values. The inset number is the % number of modeled W values that lie within a factor of 2 of the W measurements.
The dashed line is a 1:1 line. The solid lines lie a factor of 2 above and below the 1:1 line. Panel (d) shows the probability density
distributions of the W ratio, separated by the sea state classification (Developed Seas—blue line; Young Seas—green line;
Swell-dominated Seas—red line; Full data set—black line). The left-hand and right-hand numbers in the legend correspond to
the geometric mean and standard deviation of the W ratios for the data sets.

Indeed, previous studies have shown an increase in the contribution to W from stabilized foam with increasing
wind speed above about 15 m s~! (Holthuijsen et al., 2012).

As stated above, it has long been held that wave development plays an important role in modulating the degree of
whitecapping (e.g., Anguelova & Hwang, 2016; Brumer et al., 2017; Lafon et al., 2004, 2007; Schwendeman
et al., 2014; Sugihara et al., 2007; Zhao & Toba, 2001), and this study supports this view quantitatively through
the use of wave age is Equation 5. We tested values of £ that were proportional to wave age, rather than the current
quadratic dependence, but this did not work as well. At this stage it is unclear why a quadratic dependence works
better than a linear dependence, and understanding why this is should be the focus of further work.

CALLAGHAN ET AL.

7of 11

85U801 7 SUOLUIOD @A 1110 3(edl|dde 8Ly Aq pausenob afe sejoie YO ‘8sh Jo sa|nJ 10} ARiq1T8UlIUO AB|IM UO (SUORIPUOD-pUe-SWB)LI00 8| IM Afe.d 1 jBul[UO//SdhY) SUORIPUOD pUe W8 1 8L} 88S *[5202/S0/ET] Lo ARiqiaulluo A8|im ‘uopuoabe|j0D luedw Aq 9662TT 191202/620T 0T/I0p/W0d 8| AReiq puljuo'sqndnfe;/sdny wouy pepeojumoq ‘€ ‘520z ‘200816T



A7 |
M\I Geophysical Research Letters 10.1029/2024GL 112996
AND SPACE SCIENCES
p & &
Unon Uion Uron
10 25 10’ 25 10’ 25
a b e
2.25 2.25 2.25
10° 2 10° 2 10° 2
X 175 & I s i 175
2 i =Pl I AN 2 andl
> 10 15 8 10 o 15 = 10 5 15
1.25 § 1.25 @ 1.25
-2 -2 -2 °
10 5 10° =g : 10 S ;
{ ]
0.75 e 0.75 ® 0.75
107 10 10
10 15 20 5 10 15 20 5 10 15 20
Ulo'\',i{(,‘.\ll‘i'lv‘ [m 871] Ulo\"./-?(f;\m'!—' [m 571] UlUN.!—:('wu F [m 571]
4 4 4
d —1): 0.37 , 0.21 e —1): (.92 , 0.14 f D:0.73,0.1
35 Y 0.86 , 0.31| ] 35 ———Y: 0.81 , 0.08] 1 35 —Y: 1.09 , 0.12]
—: 145, 0.41 —_—: 278, 0.52 —: 0.82, 0.21
3 — A 0.87 , 0.42] 1 3 — A 151, 0.45] 1 3t —A: 085, 0.18] |
25 25} 1 25}
9 3 =
a a2 1 a 2
& &~ ~
15¢ al 15
1 1
05 05}
0 ‘ 0 : :
107" 10° 10 10? 107! 10° 10" 10? 107" 10° 10" 10?

Wsi / Warar

Warir /| Warar Whsos /| Warar

Figure 3. Panels (a—c) show the measured (large circles color-coded by wave age) and modeled (black dots) W values as a function of Ujgy, gcpwr for the studies of
Scanlon et al. (2016), Brumer et al. (2017), and Hwang and Sletten (2008), respectively. Panels (d—f) show the probability density distributions of the ratio of modeled to
measured W for the three studies in panels (a—c), respectively. These ratios are separated by the sea state classification (Developed Seas—blue line; Young Seas—green
line; Swell-dominated Seas—red line; Full data set—black line). The left-hand and right-hand numbers in the legend correspond to the geometric mean and standard
deviation of the W ratios for the three studies.

3.3. Comparison to Previous Studies

We now use the ecWAM data products to evaluate previously published W parameterizations and models and
compare their results to the MAP W data set. To do so we use Equation 12 from Scanlon et al. (2016) (S16), the
wind-sea wind-wave Reynolds number parameterization from Brumer et al. (2017) (BR17) and the energy-
dissipation based model from Hwang and Sletten (2008) (HSO08) with their dissipation threshold of
1.3 X 1072 [W m™2]. These parameterizations are given in Section S3 in Supporting Information S1. We note
that for the S16 model, we use the mean frequency of the wind sea as recommended in that study.

The results of the comparison between these three studies and the MAP W measurements are presented in
Figure 3. The top panels show the estimated W as a function of wind speed plotted with the MAP W measure-
ments. The lower panels show the distribution of the ratio of estimated W to the measured MAP W. It is clear that
these three previous studies are able to capture the magnitude and trend of the MAP W data quite well. At wind
speeds in excess of 10 m s™!, of these three studies the MAP W values are well represented by both BR17 and
HSO08. Indeed, the peak of the distribution of W ratios for developed seas lies at unity for BR17, with an average
value of 0.92, while HS08 performs best for developing seas. For wind speeds below 10 m s~!, the HS08 model
performs best which is helped by the implementation of an energy dissipation threshold.

The rms errors between estimated W and measured W are 0.43, 0.37, and 0.19, for S16, BR17, and HSO8
respectively. For comparison, the equivalent rms error for the data in Figure 2 is 0.17, indicating that the current
model outperforms S16, BR17, and HS08. Of these three studies investigated here, HSO8 performs the best as
quantified by the rms error and the shape of the distributions shown in Figure 3f. In conclusion, while none of the
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three previous parameterizations perform better than the current ecWAM-C18 W model, the Hwang and Slet-
ten (2008) study shows a comparable level of performance.

4. Summary and Conclusions

We have used the whitecap coverage model of C18, in conjunction with the integrated wave breaking dissipation
source term of the ECMWEF spectral wave model, ecWAM, to provide estimates of W that are spatially and
temporally coincident with W measurements made during the MAP campaign in the North Atlantic Ocean. The W

measurements were collected in a range of wind speeds from about 4 m s~' to 23 m s~!

covering young
developing seas, mature developed seas and old swell-dominated seas, thereby providing a valuable range of wind
and wave conditions. For the purposes of this comparison, we have assumed that the MAP W measurements do
not have any contribution from foam patches stabilized by naturally occurring surfactants, but acknowledge that

this is almost certainly an oversimplification.

Without tuning, the combined ecWAM-C18 W model performance is best for developed or mature seas. For these
sea states, the average value of model to measured W values lies near unity at Wecywr/W = 0.87. The impli-
cation is that (a) in mature seas most of the energy dissipated by the wave field is via air-entraining whitecaps and
(b) the magnitude of the C18 W model forced with ¢, is at a realistic level. We found that the values of
Wecmwr/ W were typically larger than unity for young, developing seas and old, swell-dominated seas at low wind
speeds. A possible explanation for this is that other dissipative mechanisms that do not produce whitecaps are
increasingly important in these conditions, as has been postulated in previous studies and described above.

Improved agreement between the modeled and measured W values was achieved by introducing (a) a dissipation
threshold (gb,h) below which whitecaps are not expected and (b) a wave age dependent scaling factor. Doing so
provided average Wgcywr/ W values within a few percent of unity for the entire data set, along with a reduction in
data scatter. Importantly, the only tuning factor we used in this refined model to minimize the root mean square
error between modeled and measured W values was ¢,,.

This study demonstrates that ecWAM can be used to generate realistic estimates of W that agree well with in situ
measurements from open ocean conditions in the North Atlantic Ocean at large fetch. Consequently, this provides
new opportunities for bubble-mediated fluxes of CO, and size-resolved sea spray aerosol particles to be estimated
with ecWAM using existing W-based parameterizations.

As highlighted by one of the reviewers, more comparisons between measured W data sets and modeled W values
would help to establish the broader applicability of the results presented here to other geographical locations and
should be the focus of further work. In addition, future work dedicated to comparing W estimates from this model
and the work of Romero (2019) which uses the Lambda distribution to estimate W would also be beneficial.
Finally we acknowledge that the parameterization used to estimate the bubble plume injection depth during
breaking (Equation 3) has not been validated in the field. To do so would need dedicated studies similar to that of
Derakhti et al. (2024) and Czerski et al. (2022a, 2022b) but where bubble measurements are concentrated in the
upper tens of centimeters or so of the water column which is not at all trivial.

Data Availability Statement

The data presented herein have been uploaded to figshare.com available via Callaghan et al. (2025) at https://doi.
org/10.6084/m9.figshare.25460128.v1. For the purpose of open access, the author has applied a Creative
Commons Attribution (CC BY) licence to any Author Accepted Manuscript version arising.
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