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Objectives
The overall objective is to understand and quantify the spray production and longevity of surface foam
produced by deep-water whitecaps, depth-limited breaking in surf zones, and ship wakes. The specific
objectives are to:

e Quantify the spray distribution and flux from field scale saltwater breaking waves

e Determine the role of turbulence in regulating sea foam longevity at the surface

Motivation and Background

Wave breaking produces one of the largest electromagnetic (EM) signals used for remote sensing of
the ocean environment. The increase in backscatter and/or emissivity by the aerated portion of the
breaking wave (i.e., wave roller) and residual foam are easily detected by microwave, infrared, and
visible remote sensing modes. Spray produced by breaking waves also affects EM propagation in the
atmosphere above the ocean, limiting visibility and distorting signal propagation by contributing to
atmospheric ducting of EM waves in the marine boundary layer (MBL).

The foam patch generated by a whitecap, surf zone wave, or ship wake develops in two phases. The
initial “active phase” [Deane and Stokes, 2002] is defined by the initial entrainment of air, which happens
when the wave collapses and air is injected into the wave face. This is also when the main turbulent
kinetic energy (TKE) is injected into the water column [Gemmrich, 2010]. This TKE and the jet that is
formed during the entraining process forces bubbles down and breaks larger bubbles into smaller bubbles
[Deane and Stokes, 2002]. Below a diameter of approximately 1 mm, bubbles are submerged more
easily in the ambient turbulence, while larger bubbles with higher buoyancy rise to the surface with
velocities on order of 10 cm s [Callaghan, 2013].



The rise of bubbles back to the surface after their entrainment is terms the decaying phase of the
surface foam. This process is influenced by the TKE (both generated by the breaking process, and the
TKE present before breaking began) and bubble surface chemistry [Callaghan et al., 2013]. Surfactants
can lengthen the time decay of the residual foam patch by decreasing the rise velocities of individual
bubbles and by extending the life of bubbles on the water surface [Asher et al., 1997], However, the
effect of wave turbulence and wave energy dissipation on the decay phase of a foam patch has not been
measured directly. Callaghan et al. [2013] and Callaghan [2013] show that foam patch lifetime is a
function of wave slope and wind speed, with lifetime increasing with steepness and wind speed. Because
the TKE of the breaking process increases with both steepness and wind speed, this suggests that higher
wave energies result in longer foam decay times.

Sea spray droplets are produced from bursting bubbles, splashes during breaking, and through spume
production where the wind stress shears off wave crests. During formation, these droplets diameters
range in size from 1 um to 1000 um, with most drops having diameters of less than 2 um [Andreas et
al. 1995; Martensson et al. 2003]. Modeling the optical properties of the marine boundary layer MBL
requires knowledge of the flux of droplets from the ocean to the atmosphere in terms of the number of
particles of given radius per unit of ocean surface area per increment of radius, otherwise known as the
sea spray generation function (SSGF). There are a multitude of SSGFs including ones parameterized
using whitecap coverage [Monahan et al. 1986], wind speed [Andreas et al. 1995], turbulent fluxes
[Greever et al. 2005; Nilsson et al. 2001], and gradient flux methods [Petelski and Piskozub, 2006].
Unfortunately, there is no general consensus on the applicability or accuracy of these spray models
because measurements of foam and spray needed to test them are usually provided by laboratory
experiments or through limited field observations. Field observations are troublesome since the droplet
number size density distributions, n(r) (i.e., the number of particles of given radius per unit volume of
air per increment of radius, r, from which the SSGF is derived) measured under similar conditions, but
by different researchers differ by orders of magnitude [de Leeuw et al. 2011]. Laboratory simulations
using foam generators and small-scale breaking waves do not fully represent the energetics (turbulence)
and volume of air entrained by the larger wave breaking processes in the field. Furthermore, field
measurements are usually performed at significant height above the sea surface (several meters at least)
so that the SSGF is not directly sampled.

Technical Approach



Using a combination of imaging, laser techniques, and in situ observations we measured wave
breaking and spray generation of breaking waves in the Ohmsett wave tank, a 200-m long saltwater wave
flume located at Naval Weapons Station Earle in Monmouth, NJ. The instruments were mounted on a
vertical frame to a movable bridge that spanned the tank, thus the position of the instruments could be
moved relative to the location of the breaking wave (Figure 1). Waves were generated using a focused
wave packet technique [Rapp and Melville, 1990] with Observations were made of repeated waves under
a variety of breaking wave conditions.

The sea spray was measured within 1 m of the breaking wave surface using a phase-Doppler
anemometer (PDA) for droplets between 0.1um and 100 um. This size range comprises both the range
where the number-size distribution reaches its maximum and represents most of the spray droplet mass
flux [Andreas et al. 1995]. A PDA, in similarity with laser-Doppler velocimeters, measures the velocity
of a moving particle. However, a PDA also measures particle size [Asher and Farley, 1995]. Phase-
Doppler anemometry uses the principle that when the same scattering event is viewed at two different
locations each location records the same Doppler burst frequency. However, there is a phase difference,
¢, between the two Doppler burst signals due to the difference in optical path to the detectors. Assuming
the scattering geometry remains constant, ¢ is a function of r, droplet radius, [Bauckhage et al., 1988]
and the phase difference can be exploited to allow measurement of r. Nagwi and Ziema [1992] and
[Gobel et al., 1998] have shown how PDA can be used to measure particles with r as small as 0.1 pm.
A PDA produces a time series of the sizes of individual particles that can be used to calculate n(r) using
the method described by Qiu and Sommerfeld [1992] and Asher and Farley [1995].

To observe large drop (> 100 um) and bubbles a pair of monochrome visible cameras were mounted
in submersible housings above and below the waterline, respectively. Telecentric macro lenses were
installed on the cameras to limit perspective distortion within the field of view of the cameras, and a
back light was installed in line with the drop camera. The drop camera, which had a 5.24 cm field of
view and pixel resolution of 21 um, was moved during the experiment to capture drops at elevations of
25 cm and 35 cm above the breaking wave crest. Drops sizes were computed from the imagery using a
custom analysis routine, where the irregular background was removed, drop edges were identified, and
their equivalent diameters (D) were calculated (Figure 2). Drops occurring on the edge of the image (i.e.
not fully imaged) or not in focus were removed from consideration, and drops smaller than four pixels
in diameter were not considered in the analysis. In the analysts presented in the next section drops

histograms were computed using a log scale bins size.



Surface foam was measured with infrared imagers and visible-spectrum camera systems as
previously employed to study waves in the laboratory [Branch et al., 2013] and the field [Jessup et al.,
1997]. We will use the visible-spectrum camera to find the total whitecap area. Simultaneous in situ
measurements of the TKE were made by sampling below the surface using a profiling acoustic Doppler
velocimeter (ADV) and a single volume ADV. Near surface wave TKE dissipation rates will be
calculated using the methods in Thomson [2012].

Other measurements included void fraction, and wave height. VVoid fraction was measured at three
depths with custom impedance void fraction probes. The probes were calibrated prior to the experiment
in a laboratory bubble chamber. During the experiment, the deepest void fraction probe failed and was
not considered in the analysis. The time series of surface elevation was measured with ultrasonic

distance meters approximately 5m down-wave of the spray and wave breaking measurements.

Analysis and Results

Analysis has focused on the drops observed in the camera imaging systems. Drops observed from
the PDA are not presented or analyzed due to the low number of drops measured.

Preliminary analysis focused on combining observations from drop imaging data, plan view imagery
of whitecap coverage, and in situ observations of wave energy dissipation rates and void fraction of the
wave breaking bubble cloud. Figure 3 shows an example of a 20-second time series from a breaking
wave event. This multi panel figure shows the drop camera, plan view of the wave breaking, drop size
occurrence, void fraction, and wave TKE dissipation rate. The general pattern shows an expected
sequence of events where the surface foamy coverage appears simultaneous to the registering of a bubbly
plume past the shallow (10 cm depth) void probe. Approximately one second later a higher void fraction
reading is evident at the deepest probe indicating a lag due to vertical and horizontal advection of the
plume to this depth. The figure shows white cap coverage, intense energy dissipation, and near surface
bubble plume presence lead the formation of a deep plume (40 cm) and ejected drops. Drops are still
observed even 2 s after the initial event, and the elevated void fraction lasts for 4-5 s after the initial
breaking.

The noisy signal of the observations is expected due to the non-linearity of wave breaking, and this
property make interpretation of single realizations difficult. For example, the number of drops imaged
during a single breaking event number less than 100. Therefore, the data were aggregated into ensemble
averages. Temporal alignment of the data time series was achieved by correlation matching a wave

height signal in the wave elevation and the white cap cover time series. Using both data sources was



necessary due to small offsets in the time series from each. A combination data plot in Figure 4 shows
the ensemble data trends. Peaks in the TKE, &, the rate of TKE dissipation, and the void fraction at 10
cm (neglecting the period when the instrument emerges in the wave trough) are in phase with the passage
of the whitecap, while the void fraction at 40 cm depth lags approximately 1 s behind. This is presumably
due to the time needed for the downward advection of the bubble plume generated from breaking.

Like the void fraction, the major peak in the detected drops occurs approximately 1 s after the
whitecap passing, though the temporal distribution is broad (Figure 4e). The temporal drop distribution
is shown in an expanded plot in Figure 5, and the whitecap fraction time series is plotted for reference
with Figure 4. Just prior to the passage of the main breaker, only a few drops are seen, and the average
drop size is close to 1 mm (Figure 5b). During the next phase, when the white cap passes through the
measurement region between 0.5 and 2 s, the bolus of drops is imaged and the mean drop size increases
from 200 to 300 um during the time period. This is followed by a one second gap where only a few
drops are imaged and then by another group of drops from 3.3 to 4.5 s, though the total number of drops
at this time is an order of magnitude smaller than the first drop peak. The drop diameters in the latter
group tend to be between 300 um to 1 mm, and there is no clear trend with time. Figure 4c shows the
difference in the mean drop size with time for the observations at 25 and 35 cm from the wave crest. In
general, larger drops are observed at the higher location, though there is significant scatter, especially
during times of sparse drop observations.

Using calibration imagery, we calculated the drop density for all the drops observed during the
experiment that occurred during breaking. Figure 6a show the resulting drop density (per cubic meter)
distribution. We find a characteristic two-part power law distribution where drops smaller than 1 mm
have an approximately log-log space slope of -2 and for drops larger than 1 mm the log-log slope is -
3.5, which matched well the recent data observed by Erinin et al. [2019]. Log-log slopes for measured
drop distributions in literature span from -2.8 to -8 [Wu et al., 1984] and many slopes in between [e.g.
Veron et al, 2012; Watanabe and Ingram, 2016]. Separated into observations from our two measurement
heights we find slightly different distributions of drops. Primary, we find a lower overall drop count
density at the higher elevation (35 cm) compared with the lower (25 cm). The shape of each distribution
is similar, though the hinge point moves from D = 1 mm to D ~ 1.7, indicating a general coarsening of
the drops. The drops distributions larger and smaller than this point still maintains a similar shape,
though there is some indication of a slightly flatter distribution (-1.8) of finer drops at the higher (35 cm)

observations.



Discussion and Conclusions

We note that the drops observed using our camera imaging technique are in the size class mostly
considered “spume” drops, however the tearing of drops by wind [Wu, 1990; Veron et al., 2012], the
mechanism that produces spume, is not present in our mechanically generated breaking waves. Instead
we suspect that these drops are mainly produced by the breaking wave jet impact and turbulent splashing
ubiquitous in a breaking wave. However, like spume drops, and different than jet or film drops, the
expectation is that splash drops will not travel very far vertically since their initial velocity to do so
would necessarily need to be large and their terminal fall velocity is also large, which results in a short-
lived ballistic flight of durations less than a second. Spume drops are likely only travelling horizontally
with the wind. As a result, measurements of splash drops have not been captured in the field due to the
necessary close proximity to their generation in a breaking wave, thus out field-scale observations here
are among the few splash drop measurements. Further evidence that we are likely measuring splash
drops is the similarity of drop size distributions with the laboratory observations of wave-impact splash
drops measured by Watanabe and Ingram [2016]. In their work, the find a wide range of drop size
distribution in wave impacts with log-log slopes for drops larger than 0.7mm of -2 to -2.5, that while
shallower than our observations, appears closer to what we observe than the -8 slope from Wu et al.
[1984].

The break point in the slope of 1 mm is thought to be related to the Hinze scale observed in bubbles,
where the bubbles larger than 1 mm are more prone to fragmentation due to turbulence, whereas the
smaller bubbles are stabilized by surface tension [Hinze, 1955]. The stability of drops and their
susceptibility to fragmentation is also noted in the literature of rain drop size measurements [e.g.
Villermaux and Bossa, 2009; Chou et al., 1997; O'Rourke and Amsden, 1987]. To look at this effect and
to develop an explanation of our observed drop size distributions, we develop a simple ballistic model
splash model based on a simple vertical-only drop trajectory with drag.

Our model assumes initial drop velocities, vo, scale with the velocity inherent in the plunging jet,
which is given by Dazen et al., [2008] as

vy =+/2gH Q)
where g is the gravitational acceleration and H is wave height. We assume that vo is Rayleigh distributed

where (vy) = \/gHm. The probability that a drop has appropriate vo to be observed

P(vo(zobs' vt) > vcrit) (2)



is a function of the observation height, zoss, and the measured drop size-dependent terminal velocity, v
[Foot and DuToit, 1969], where the critical velocity, Vit is

Verie = [v? (ezgzobs/”tz - 1)]% : (3)
For our experiment the wave height was 0.7 m and the resulting drop model shows that the flight
characteristics (time aloft and maximum height) model vary significantly for a range of initial velocities
and drop height, as plotted in Figure 7a,b. The probability of a given drop being observed based on (1)-
(3) is shown in Figure 7d, where H = 0.65m. Over all, the probability of observing a drop decreases
with increasing observation height above the water surface. As for the flight characteristics, there is also
a notable and dramatic drop in the likelihood that a drop will be observed if it is smaller than 1 mm in
diameter for observation heights above 0.5 cm, though this drop-off in probability moves to smaller drop
sizes with decrease in the observation height. We can extend this model to attempt to predict the
distribution of drop sizes we observed in our measurements by taking the product of a drop source
function F(D) with P, and here we choose F(D) = kD3>, where k is a fitting constant. Plots of the
resulting ballistics model for the total aggregate data set (Figure 8a) and the observations segregated by
measurement height (Figure 8b). While the model matches the large drop distribution (D > 1 mm) it
effectively predicts no drops to be observed for D <1 mm. This mismatch coincides well with the break
in the distribution slope at 1 mm, however it’s unrealistic given the ubiquity of these small drops. The
model does also predict a decrease in the number of drops seen at the higher observation height (with k
constant), however the decreases is too small for D > 1 mm.

The lack of our ability to model the distribution of small drops indicates a range of possibilities,
including an incorrect drop source function, incorrect parameter inputs, and missing flight physics. Since
we are focused on prediction of the drop source function from first principals, we will look at the last
two reasons. Our model relies on assumptions of the initial drop velocity and drop terminal velocity (i.e.
drag). Of these two we are most likely to misrepresent the initial drop velocity, which though we scaled
it with the wave jet velocity, we have not represented other drop ejection mechanism, especially though
the pneumatic ejection that is often seen in the collapse of a plunging wave cavity. Much like a projectile
this could easily launch drops of all sizes with a significant velocity. We could have also misrepresented
the velocity distribution which would have to have a much larger fraction of high velocities, which in
turn might be related to missing dynamics and physics. Of the missing physics, we do not consider the
fragmentation, or break up, of drops once in flight. The splash impact measurements of Watanabe and
Ingram [2016] and breaking wave measurements of Erinin et al. [2019] clearly document the breakup



or sheets, films, and ligaments into drops, though larger drops can also breakup in flight given significant
velocity [e.g. Villermaux and Bossa, 2009 and Flock et al., 2012]. To assess the possibility of drop
fragmentation in flight, which could increase the relative portion of smaller drops and decrease the
number larger drops, we calculated the Weber number (We) which is the ration of aerodynamic shear

stresses to surface tension, or

2
We = L2 (4)

g

where pa is the density of air and ois the surface tension. This is plotted in Figure 7c for a range of
initial velocities. For We > 6-9 we expect fragmentation processes to start, however for the initial
velocities we have plotted only the largest drops we measured would be likely to reach this threshold,
indicating fragmentation is unlikely. Of course, we may need to measure the drops closer to formation
(at the surface) to truly assess the fragmentation that has transpired.

Conclusions

We conducted field-scale observations of wave breaking and drop productions measured very near
the surface (< 1 m) are among the first of its kind. Measurements of in situ properties including TKE,
TKE dissipation rates, bubble imagers, and void fraction were contemporaneous with wave height time
series, whitecap fraction, and drop size distribution in an effort to develop a near-surface drop source
function, and to develop a better understanding of drop generation in breaking waves. Our observations
were best suited to examining the timing and distribution of drops larger than 100 um, often called spume
and splash drops, which have significant effects on optical and EM properties in the marine boundary
layer. Our results indicate that the drop distribution for drops from 100 um to 1 cm are represented well
by a two-part power law distribution with a log-log slope of -2 for drops from 100 um to 1 mm and a
slope of -3.5 from 1 mm to 1 cm. These distributions are in a general agreement with the few previously
measured large drop distributions from laboratory experiments. We developed a drop ballistics model
to described the observations with an initial drop velocity from wave velocity scaling and using
previously measured drop terminal velocities. Our model can describe the location of the distribution
slope change, but underestimates the number of drops for D < Imm. We propose that an improved
model will have to include drop fragmentation and have better representation of initial drop velocities.
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Figure 1. (a) In water sensor array including ADVs, void probes and camera. (b) PDA (bottom part
of picture) and in water sensors attached to the instrument bridge in the wave flume. (c) a breaking
wave about to pass though the sensor array.

12



10-Oct-2016 18:20:58, 1243

200

400

600

800

1000

1200

1400

1600

1800

2000
500 1000 1500 2000

Figure 2. An example droplet imaging processing result. The patterned background is the due to the
LED backlight, and the identified drops that are in focus and fully in the image frame are circled in
red.
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Figure 3. a) Drops identified in the droplet camera, and b) plan view of the wave breaking during a
breaking event. c) The void fraction and droplet incidence show the lag in both the bobble cloud at
depth and the resulting drop formation relative to the d) peaks in whitecap coverage wave energy
dissipation, which are fairly simultaneous. Droplets are observed up to 2 seconds after the initial
formation of the wave event.
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Figure 4. Time series of the ensemble composite data. a) Surface elevation time series. b) Whitecap
fraction coverage. c) Void fraction at 10 and 40 cm, depth from the still water, note that the 10 cm
measurement is exposed during the passage of the wave trough and indicates 100% void fraction. d)

TKE and TKE dissipation rate, €. e) average drop size count histogram time series.
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Figure 5. a) Time series of the ensemble averaged white cap fraction. b) Time series histogram of drop
sizes with the mean drop size indicated. ¢) Time series histogram of drop sizes with the mean drop size
indicated for observations from 25 cm (red circles) and 35 cm (blue squares) above the wave crest height.
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Figure 6. a) Drops per m? density histogram (gray circles) for the data measured in the experiment.
Yellow diamonds indicate a scaled probability density plot of drops sizes observed in a laboratory
breaking wave by Erinin et al. [2019], showing similarity to our measurements. The red lines indicate
power law distribution functions that best fit the data (solid lines) and others observed and proposed
(dashed and dotted lines). b) Drop per m? density histograms of data observed here, but separated by

observation height relative to the maximum crest height. Approximate power law fits are indicated
(solid and dashed lines).
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Figure 7. Drop flight characteristics calculated from the vertical ballistics model with drag: (a)
maximum height and (b) time aloft, plotted for three different initial velocities, 2 4, and 6 m/s. (c)
The Weber number is calculated for the same drop sizes and initial velocity as in (a) and (b). The
probability of observation of a given drop size is plotted for different observations heights zops.
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