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ABSTRACT

This paper describes the results of an experimental and theoretical investigation into
the mechanisms by which spume droplets are generated by high winds. The
experiments were performed in a high-speed wind-wave flume at friction velocities
between 0.8 m/s and 1.5 m/s (corresponding to a 10-m wind speed of 18-33 m/s under
field conditions). High-speed video of the air—water interface revealed that the main
types of spray-generating phenomena near the interface are “bag breakup” (similar to
fragmentation of droplets and jets in gaseous flows at moderate Weber numbers),
breakage of liquid ligaments near the crests of breaking surface waves, and bursting
of large submerged bubbles. Statistical analysis of these phenomena showed that at
wind friction velocities exceeding 1.1 m/s (corresponding to a wind speed of
approximately 22.5 m/s) the main mechanism responsible for the generation of spume
droplets is bag-breakup fragmentation of small-scale disturbances that arise at the air—
water interface under the strong wind. Based on the general principles of statistical
physics, it was found that the number of bags arising at the water surface per unit area
per unit time was dependent on the friction velocity of the wind. The statistics
obtained for the bag breakup events and other data available on spray production
through this type of fragmentation were employed to construct a spray generation
function (SGF) for the bag breakup mechanism. The resultant bag breakup SGF is in
reasonable agreement with empirical SFGs obtained under laboratory and field

conditions.
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1. Introduction

Sea spray is a typical element of the marine atmospheric boundary layer and is of
great importance to marine meteorology, atmospheric chemistry, and climate studies. It is
considered a crucial factor in the development of hurricanes and severe extratropical storms,
which are responsible for the enhancement of energy flux from the ocean to the atmosphere
(cf., e.g., Andreas and Emanuel, 2001; Andreas, 2011; Bao et al., 2011; Bianco et al., 2011;
Soloviev et al., 2014; Takagaki et al., 2012; Takagaki et al., 2016). According to the concept
of re-entrant spray put forward by Andreas and Emanuel (2001), the contribution of spray to
the energy flux is dominated by spume droplets: spray mechanically torn off the crests of
breaking waves, which rapidly sediments under the effects of gravity before a significant
fraction of its volume has had time to evaporate. The spray-mediated momentum flux is also
dominated by the spume droplets, which are the main contributors to the volume flux of sea
spray (Fairall et al., 1994; Andreas 1998). However, it remains challenging to arrive at
estimates for the efficiency of the spray-mediated fluxes because the number and parameters
of spume droplets ejected from the water surface into the atmosphere at high winds are
uncertain due to both difficulties in taking measurements under storm conditions and
uncertainties in the mechanisms of spray generation. As a result, empirical spray generation
functions (SGF), which describe the size spectra of spray ejected per unit area per unit time,
can differ for the spume droplets by up to six orders of magnitude in different observations
(cf., e.g., a compilation of experimental data by Veron (2015) and Andreas (2002)).

Koga (1981) reported the first observations of the process by which spume droplets
are generated. This work showed the development of small liquid ligaments, mainly on the
crests of breaking waves, that stretch and break, producing one or two droplets. An SGF
based on this mechanism was developed by Mueller and Veron (2009). The second

mechanism of sea spray production is via the bursting of bubbles formed at the crests of
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breaking waves, as studied by Blanchard (1963), Spiel (1994a, 1994b, 1995, 1997, 1998), and
Lhuissier and Villermaux (2012). Recently, Veron et al. (2012) reported on an alternative
mechanism: fragmentation of water surface disturbances in the “bag breakup” regime. On the
basis of high-speed video, Troitskaya et al. (2017) classified the spray-generating phenomena,
estimated their efficiency and proved that bag-breakup fragmentation is the dominant
mechanism of spume droplet production at high winds. In this paper, part | of this study, we
construct the SGF for this dominant mechanism and compare it with the available data.

The structure of the paper is as follows. The technical details of the experimental
setup and methods of data acquisition and processing are given in Section 2. The
classification of phenomena responsible for the generation of spume droplets is described and
illustrated in Section 3. Section 3 expands on material briefly presented in Troitskaya et al.
(2017) and the Supplement to this paper. The results of statistical analysis of the spray-
generating phenomena at different wind speeds are presented in Section 4, with a detailed
description of statistics relating to the most efficient bag breakup mechanism. Section 4 also
presents possible parameterizations of bag breakup statistics and discusses approaches to
applying the data obtained in laboratory experiments to field conditions. The data obtained
are employed for constructing an SGF for the bag breakup mechanism in Section 5. In
Section 6, the resultant bag breakup SGF is compared with available SGFs that were
designed for application under laboratory and field conditions. In Appendix A the
dependence of the specific number of “bags” on wind friction velocity u= is derived from the
general principals of statistical physics. Here, it is necessary to quote extensively from the
Supplement to Troitskaya et al. (2017) for completeness. Appendices B and C supply the

mathematical details of the derivation of the SGF.
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2. Experimental setup and methods of measurement
2.1. The experimental setup and parameters of the experiment

Experiments were performed at the wind-wave flume of the Large Thermally
Stratified Tank of the Institute of Applied Physics of the Russian Academy of Sciences (IAP
RAS). The airflow channel has a cross-section 0.4 m x 0.4 m over the water surface and the
length of 10 m. The centerline velocity range is 3-25 m/s. The tank is filled with fresh water,
with a temperature ranging from 15 to 20°C. The measured value of the surface tension was
6=(7.0 £ 0.15) 102 N/m. The facility and the parameters of the air flow and surface waves
are described in detail in Troitskaya et al. (2012).

To characterize the air flow above the water surface, we use the parameters of the
atmospheric turbulent boundary layer: the wind friction velocity, u=, roughness height, zo, and

10-m wind speed, defined as follows:

where k=0.4 (the von Karman constant) and H10=10 m.
In the wind-wave flume, u~ is in the range 0.2-2 m/s and Ui is 7-36 m/s. The

dependence of zo on u= in the tank follows the Charnock formula:

Ly=a—, 1)

with the Charnock constant a=0.0057 + 0.0005 (cf. Fig. 1a).

The wind wave field parameters in the flume were measured by three wire gauges
positioned in the corners of an equilateral triangle with 2.5 cm sides; the data sampling rate
was 100 Hz. The frequency spectra have sharp peaks depending on u= and the fetch. The
dependency of the peak frequency @, on u= in the working section at a fetch of 6.5 m is

plotted in Fig. 1b. The experimental points are best fitted by the power function:
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o, =Q U7, (2)
where Qu=12.4 m%2s32 with the 95% confidence interval between 12.2 m2s%2 and

12.6 m?s®2 and y=0.5 + 0.04.

2.2. Optical scheme and experimental techniques for investigating spray-generating
phenomena using the shadow method

Using the shadow method for visualization, video of the air—water interface was
captured by a NAC Memrecam HX-3 high-speed digital video camera from two angles: a top
view of the channel at 6.5 m fetch and a side view at 7.5 m fetch. For the side view, the
camera was placed in a waterproof box attached to the side wall of the channel at 7.5 m fetch
(the horizontal shadow method, Fig. 2a). The optical axis of the camera lens was located 5
cm above the water surface and was directed horizontally. The distance from the camera to
the shooting area was 65 cm. A 300-W LED spotlight was mounted at the side of channel
section 8 at a distance of 50 cm from the wall and a height of less than 5 cm from the surface
of the water. A diffuser screen was placed on the side wall of the channel opposite the camera.
The 85-mm focal length lens provided an image size of 75 x 66 mm (1024 x 904 px, 73 um
pixel size), the recording rate was 10,000 fps, and the exposure time was 50 ps. Detailed side
view records of spray-generating phenomena were obtained for wind speeds from 18 m/s to
33 mfs.

To obtain statistics on the spray-generating phenomena, top-view video was filmed
using underwater lighting (the vertical shadow method, Fig. 2b). The video was captured
through the transparent top wall at 6.5-m fetch. The camera was mounted vertically at a
distance of 207 cm from the water surface. The 85-mm focal length lens provided an image

size of 147 x 377mm (576 x 1472 px, 256 um pixel size), the recording rate was 4,500 fps.
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3. Classification of phenomena responsible for generation of spume droplets

The combination of the two shooting angles revealed the phenomena responsible for
the generation of spume droplets. A brief description and classification of these are given in
Troitskaya et al. (2017). This section presents an extended description and new illustrations.

Experiments were performed at airflows with friction velocities from 0.8 m/s to 1.51
m/s corresponding to 10-m wind speeds between 18 m/s and 33 m/s under field conditions
according to Foreman and Emeis (2010). Analysis of the images enables us to specify three
types of phenomena responsible for the generation of the spume droplets near the wave crest:
breakage of liquid ligaments, bursting of large (approximately 1-cm diameter) submerged

bubbles, and bag breakup.

3.1. Breakage of liquid ligaments

Fig. 3 illustrates the mechanism by which droplets are generated through breakage of
liquid ligaments, as discovered and studied by Koga (1981). Recently, Mueller and Veron
(2009) constructed an SGF based on this mechanism. According to Koga (1981), the Kelvin-
Helmholtz instability at the air—water boundary leads to the development of liquid ligaments,
mainly at the crests of breaking waves, which stretch and then break into droplets. An
example of droplet formation by this mechanism under field conditions is shown in Fig. 3e.
The details of the structure of the breaking wave crest as shown in insets to Fig. 3e are similar
to the structures shown in Fig. 3a—d. Fig. 3b—d confirm that each breakage of a ligament
produces a few droplets with diameters of 1-2 mm, which typically fall to the water close to

the breaking crest.

3.2. Bursting of large submerged bubbles
Entrainment of air at breaking wave crests leads to the formation of a large number of
bubbles, which emerge because of their positive buoyancy and burst into droplets as they

reach the water surface (Fig. 4). A detailed model of this phenomenon was recently



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

developed by Lhuissier and Villermaux (2012). The mechanism of the spray production due
to bursting of smaller bubbles (less than 10 um) has been studied by Blanchard (1963) and
Spiel (1994a, 1994b, 1995, 1997, 1998). Wu (1981) considered bursting bubbles to be the
main source of ocean spray with the radii below 50 p. According to experiments by Lhuissier
and Villermaux (2009, 2012), bursting of a bubble begins with a local reduction of the film
thickness and the formation of a hole. The rim bounding the hole moves along the curved
surface of the bubble during its expansion. Resulting centrifugal acceleration causes the
development of Rayleigh-Taylor instability, accompanied by the formation of ligaments that
fragment into droplets. Fig. 4 shows that, in the presence of strong wind and waves at the
water surface, the bursting of a submerged bubble touching the water surface occurs as in air

and water at rest, as investigated by Lhuissier and Villermaux (2009, 2012).
3.3. Bag breakup.

A sequence of top-view (Fig. 5a) and side-view (Fig. 5b) frames from two different
videos illustrates another effective mechanism for generating spume droplets at high wind. It
starts with an increase in the small-scale elevation of the surface (Fig. 5a, 0 ms, Fig. 5b, 0 ms),
which then transforms into a small liquid “sail”, inflates into a canopy bordered by a thicker
rim (the thick rim) (Fig. 5a, 4.7, 8.2 ms, Fig. 5b, 3.4 ms), and finally ruptures to produce
spray (Fig. 5a, 10.5 ms, Fig. 5b, 5.6 ms). In some cases, the initial elevated area was
transformed into a more complex structure comprising several inflating canopies (Fig. 5¢—d).
The above-described process by which this occurs is well-known in industrial fluid dynamics
as the bag breakup regime of liquid fragmentation in gaseous flows (cf., e.g., Gelfand, 1996).
This regime of spume droplet generation at the crests of wind waves was recently observed in
a laboratory flume by Veron et al. (2012). Below, we will use the term “bag” to refer to the

observed structure.
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The process of rupture of the canopy looks similar to the process of bubble bursting
investigated by Lhuissier and Villermaux (2009, 2012): it also involves a hole bounded by a
rim (the thin rim). A rim moving along the curved film of the canopy during the expansion of
the hole leads to the formation of ligaments and drops through the development of Rayleigh-
Taylor instability. The thick rim remains after the bubble has burst and then experiences
fragmentation into droplets that are large in comparison to those formed at the rupture of the
canopy. We emphasize that the distinguishing feature of a bag from a bubble is the presence
of two rims limiting the film. As a result, the size distribution of droplets can be expected to
show two typical scales.

Fig. 6a—d schematically illustrate the typical stages of fragmentation of the air—water
interface in the bag breakup mode, similar to droplets in gaseous flows. Note that research
has not yet been able to determine the detailed appearance of the initial disturbance that will
be transformed into a bag. In Fig. 6a, it is assumed that the growth of the initial elevation in
the water surface is governed by shear flow instability. This assumption is indirectly
supported by estimates of the sizes of bags given in Section 4.3. With the increase of the
surface elevation, the airflow becomes asymmetrical: the pressure minimum is shifted to the
leeward side of the elevated region of water (Fig. 6b), eventually turning it to a liquid sail
(Fig. 6¢). This process is similar to the transformation of droplets in gaseous flow into a thin
disk moving across the flow. The result is the distortion of the shape of the elevated region of
water, leading to inflation of the canopy (Fig. 6d), which then raptures (Fig. 6e) and bursts,
producing spray.

The statistical analysis below shows that bag breakup appears to be the dominant

mechanism of spume droplet generation at high winds.

4. Statistics of local phenomena responsible for generation of spume droplets
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4.1. Method and analysis of statistics of spray-generating phenomena

Statistical data for the spray-generating phenomena (breaking ligaments, bursting
underwater bubbles, and bag breakup events) was retrieved from the sequence of video
frames using software that allows the selection and counting of objects in images semi-
automatically (see details in Troitskaya et al., 2017). For the bag breakup events, the software
also enables one to obtain the geometrical and kinematic parameters of the objects (cf. Fig. 7),
including the initial size, D1, of the bag, defined as the distance between edge markers in a
frame showing the nucleation of the bag; the bag final size, D> , defined as the distance
between edge markers in a frame showing film puncture; and the bag lifetime from the
moment of its nucleation until the moment of film puncture, z. The velocities of the bag
edges and center, uz, and uz, were calculated as the distance between, respectively, the
midpoints of edge markers or the centers of the canopy on the initial and final frames, divided
by z. Below, we also use the initial and final bag radii, Ri=D1/2 and R2=D>/2.

Fig. 8a shows the dependence on wind friction velocity, u«, of the specific number
(per unit time per unit area) of spray-generating phenomena obtained using semi-automatic
processing. The numbers of processed images are given in Table 1. The number of frames
required for the collection of statistics decreased with increasing wind speed, while the
number of bags increased. One can see that the specific numbers of local events of any type
(ligaments, bursting bubbles, or bags) increase with increasing u=, with bags showing the
greatest growth rate. Note that in the multi-bag regime, each canopy of the complex object
was treated in the statistics as one bag. For u~< 1.1 m/s, the numbers of the spray-generating
phenomena are approximately equal, beyond which the number of bubble bursts is less than
the number of ligaments and bags. For u=>1.1 m/s, the number of bags exceeds the number of

ligaments. Given that breaking of one ligament produces only one or two droplets (see Fig. 3)

10
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but bag fragmentation produces hundreds of droplets (see Fig. 5) we conclude that, for u~>
1.1 m/s, bag breakup becomes the dominant mechanism of spume droplet production.

It should be noted that the activation thresholds for the friction velocity were obtained
at the laboratory facility. Under field conditions at considerably larger wind fetches and
different wind wave regimes, these values may differ. It may be possible to makes estimates
of these different values using the approach of Toba and Koga (1986). They suggested
parameterizing the strongly nonlinear phenomena in the boundary layers near the air-sea
interface using the windsea Reynolds number (this term was suggested later by Toba et al.

(2006)):

u2
Re; = %pv’ (3)

where ay is the peak frequency in the spectrum of surface wind waves, and v is the kinematic
viscosity of the air. lida et al. (1992) and Zhao et al. (2006) showed that the parameter Reg
was effective for scaling the spray droplet production rate under both laboratory and field
conditions, and Toba and Koga (1986), Zhao et al. (2006) and Toba et al. (2006) successfully
used it to scale the wind—-sea breaking rate, whitecap coverage and transfer coefficients for
momentum and CO». Following these studies, we used this parameter for scaling the specific
number of the spray-generating phenomena. The peak frequency, ay, in the flume was
measured directly. At the fetch of the working section, the dependence of peak frequency, @y,
on u, is given by Eq. (2).

Fig. 8b plots the specific numbers of bags, bursting bubbles and projections versus the
windsea Reynolds number, Res. This shows that the threshold for activation of bag breakup,
as well as other spray-generating phenomena, is Reg ~4000, and that bag breakup becomes
the dominant spray-production mechanism for Res >Reg.=8000. Note that, according to

Toba and Koga (1986), Rescr~8000 should be a universal number applicable both under

11
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laboratory and field conditions, despite only being retrieved from laboratory data. Given that

the gravity wave dispersion relation yields w,c, = g where c, is the phase velocity of surface

3
waves with a frequency ap, Re, = %\/Q\/C_ where C, =u? /U2 is the sea surface drag
D

coefficient and Q@ =U,,/c, is the wave-age parameter. Using the empirical expression of

Foreman and Emeis (2010) for u.(U,,),u. =0.051U,, —0.14, for estimating Cp yields the
equations for Reg in terms of Uso:

2
Re, = (0.051U,, —0.14)° U, ” @

It follows from Eq. (4) that Uio decreases with decreasing Q for a fixed Reg, and so
the threshold wind velocity at which spume spray production will start will decrease with the
development of the wave field, which is accompanied by decreasing Q. This is illustrated in
Fig. 8c, where the wind speed is plotted against the wave-age parameter Q for constant Res
equal to 4000 and 8000, corresponding to the threshold for activation of the bag breakup
mechanism and the condition where bag breakup becomes the dominant mechanism for
production of the spume droplets. It follows from Fig. 8c that for Q between 1 and 3, typical
values for open ocean conditions, the bag breakup activation threshold is between 8 m/s and
10 m/s, and at a wind speed between 9.5 m/s and 13 m/s, the mechanism becomes dominant.
It is interesting to note that the first range corresponds to number 5 of the Beaufort scale,
when, according to the state-of-the-sea scale of Petrsen (1927), “many white horses are
formed; chance of some spray.”

It should be emphasized that only droplets with sizes exceeding 10 um are being
discussed here. For smaller droplets, the main generating mechanism is bubble bursting (see,

e.g., Wu, 1981), and the contribution of bag-breakup fragmentation is uncertain.

4.2. Statistics of bag breakup events

12
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To describe the statistics on the number of bag breakup events, we use a
phenomenological approach based on the Gibbs (1902) method, initially introduced in
equilibrium statistical mechanics. The central concept of this method is the canonical
ensemble, or the ensemble of states of a large system described in the statistical approach.
According to Rumer and Ryvkin (1980), the concept of the Gibbs canonical ensemble allows
its universal application to any large system and not just thermodynamic systems consisting
of atoms and molecules. Based on this approach, it is possible to derive an expression for the
specific number of bag breakup events (see details in the appendix to Troitskaya et al. (2017)

and Appendix A) as follows:

2

(N)=Quu? exp(—tdg ] 5)

o3

The constants in Eq. (5), Uo=2 m/s with a 95%-confidence interval between 1.87 m/s and
2.13 m/s, Qo=9.27-10> m™s with a 95%-confidence interval between 5.91.10> m*s and
1.45-10%® m™s, are determined as the best fit to the experimental data shown in Fig. 9a.

Note, that the state of the air—sea system is characterized by one more parameter, the
wind fetch. Although the form of the expression for <N> obtained from the general principals
of statistical physics remains valid, some changes in the constants are expected with a change
in fetch. This should be taken into account when constructing models for field conditions. We
here consider a possible parameterization of the specific number of bags with the windsea

Reynolds number Reg (Eg. (3)) introduced by Toba and Koga (1986) and reformulate Eq. (5)

2
accordingly, introducing the dimensionless parameter V :U% e Given that, according to
p

Toba and Koga (1986), the dimensionless V and Qo, determined by the state of the air—sea

interface under the action of wind are functions of Reg, Eq. (5) yields:

()=, (e ) e )|

V(Rey) Re,

13
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Suppose that Q,(Re; ) and V (Reg) are the power functions of Res, then:

<N>=M0Reg‘°exp[— Ml). (6)

Reg!
To determine constants in Eq. (6) we used the results of Zhao et al. (2006), who showed that
the production rate of the spume droplets is proportional to Re;®. Given that bag breakup is

the dominant mechanism for spume droplet production at Reg>8000 and assuming that one
bag produces on average a certain number of droplets, we can expect that the dependencies of

the spume droplet production rate and the specific number of bags on Res have the same
asymptotics Re;”® at large enough Res, when the bag breakup spray production mechanism

dominates. The best fit to the experimental data in Fig. 9b then gives:

M
<N>:M0Re§’zeXp[—W§,2j’ (7)

B
The best fit to the data in Fig. 9b gives the following constants in Eq.(7): Mo=2.58-10*m?s™!
with a 95%-confidence interval between 2.22:10*m?s? and 3.00-10”*ms*, M1=6.93-10°
with a 95%-confidence interval between 6.22-10° and 7.64-10°, and the relative error in the

specific number of bags defined by the 95% confidence interval is approximately 15%.

We also considered another option to translate our laboratory data for field conditions
is a simple rescaling of the specific number of bags using the Re}'?-dependence of the spray

production rate. Eq. (3) for Reg yields, for a certain us,

(N} = (N} {j—]

p— field
The dispersion relation for the surface gravity waves: w=./gk vyields @, g =9/C, . This
gives

WDy fieg = 9Q/U,, = gQ\/CD /u* . (8)

14
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Using Eq. (2) for ap-1ab and Eq. (8) for ax-sied yields the specific number of bags under field

conditions:

15
u? [ 12.4u®® uz

N) =Q,—| ——| exp| ——=|. 9

< >f|e|d QO UOZ(gQ ,CDJ p[ UEJ ( )

We compared the values of <N> calculated according to Egs. (7) and (9), including for

hurricane conditions. In accordance with the direct measurements of a wave field in hurricane
conditions made by Wright et al. (2001), the wave age parameter, Q2, was taken to be between
2.5 and 3.5. Fig. 9c compares the dependencies of the specific number of bags on wind speed
Uao, as calculated using Egs. (7) and (9). For Cp, in both cases we used an approximation of
non-monotonous dependence on U after Holthuijsen et al. (2012), where the latest drop
sonde measurements of the drag coefficient were summarized:

| (0.057-0.48/U,, )" for U,, < 40mis
(2.37/U,,—0.012)" for U,, > 40m/s

A comparison of the curves in Fig. 9¢c shows that values for <N> when using Eqgs. (7) and (9)
differ significantly at lower winds, but are very similar at high winds.

It should be emphasized that Eqgs. (7) and (9) were obtained on the basis of a limited
dataset obtained in a laboratory experiment in a straight channel with a very short wind fetch
and, in this regard, should be considered preliminary. The data are not yet sufficient to clearly
favor one of the two approaches, and in part Il of this study, we will compare the estimates of
the exchange coefficients obtained by using each of them. Further refinement of these
expressions can be expected as data is accumulated in experiments at large wind fetches,

including those with artificial fetch enhancement, as suggested by Takagaki et al. ( 2017).

4.3. Statistical distributions of the geometrical parameters of bags

Semi-automatic processing of the video allowed us to study the statistical distribution
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of bag size (radii at nucleation, R, and film rupture, R2), velocity (of edges, ui, and centers,
uz), and typical lifetime between nucleation and film puncture, r, for different air flow
velocities. Fig. 10a—c show that the probability density of these quantities normalized to the

median values can be well-approximated by the gamma distribution:

P.(x)= % X" e ™ (10)

x=X/(X) in Eq. (10) represents one of the physical variables Ri, Rz, u1, uz and 7

normalized by its mean value: <R:>, <R;>, <u:>, <up>, <7> and I'(n) is Euler's Gamma
function. Eq. (10) generalizes the gamma distribution used in Troitskaya et al. (2017) to the
case of fractional parameters. For R1 and Rz, n=7.53, for u: and uz, n=13.30, and for 7,
n=3.70. It is interesting to note that the bag parameters are described by the gamma
distribution similarly to completely different objects, for example, droplets produced by
fragmentation of ligaments or liquid film (cf. Marmottant and Villermaux, 2004; Lhuissier
and Villermaux, 2012).

The dependence of the average values on the friction velocity, u=, of the air flow is
shown in Fig. 11a—c. There is a clear decrease in the size and lifetime of the bags and
increase in the velocity of the edges and center with increasing wind speed. The

corresponding empirical dependencies can be approximated as follows:

(R)(u.)=5.9u.%, (11)
(R,)(u.)= 9.6u’, (12)
(u)(u.)= 1.96+1.21u,, (13)
(u,)(u)= 1.1+42u. , (14)
(r)(u)=7.7 u?, (15)

where u, is measured in m/s, (R1) and (R2) in mm and (z) in ms.

16



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

These dependences of the bag parameters on wind friction velocity can be explained if
it is assumed that the water surface perturbations from which they develop arise as a result of
the shear instability of the water and air layers near the interface. The thickness of these

layers in air and water, 6 and dy, can be estimated as the scales of the buffer layers of
turbulent boundary layers, (20+30)v, /u.and (20+30)v,/u.\/p,/ p, , respectively (here va

and wy are the kinematic viscosity coefficients of air and water, and pa and pw are their

densities). Note that these quantities are of the same order. The velocity difference in shear
layers in air is ~(10+12)u. and in the water is ~(10+12)U*M(see, e.g., Hinze, 1959).
The spatial scale of the most unstable disturbances is scaled by the thickness of the shear
layer, and then it is ~ v, /u., in agreement with the dependence of the average bag size on
wind friction velocity in Egs. (11) and (12). Accordingly, the lifetimes of bags of these sizes

in a flow with velocity scaled by u~ are proportional to v, /u?, in agreement with Eg. (15).

Fig. 11d shows the plane (R1, R2), where points correspond to individual bags. These
values are proportional, with a correlation coefficient of 0.97. This indicates that the
evolution of the bag form is self-similar, i.e., it approximately preserves its form across a
range of sizes.

Finally, we can construct the frequency distribution of bag sizes. We present it here as
the function of the radius of the bag at the moment of rupture R= R2, which will be used
below for constructing an SGF. Combining Egs. (7) or (9) for the average specific number of

bags, (N), their size distribution Eqg. (10) and the dependence Eq. (12) of the average size

(R,)(u.) on wind friction velocity gives:

Fbag (R, U*) — <N> n" (<R2 R U*)] _ e_n(<R2>(U*)j , (16)
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with n=7.53.

5. Construction of a function for spray generation due to the bag breakup mechanism

It is now possible to construct the bag breakup SGF, i.e., the number of spray droplets
with radii in the range [r; r+A4r] generated per unit time per unit area due to the bag breakup
mechanism. There are two ways of producing droplets through bag breakup: (i) rupture of the
canopy of the inflated bag (Fig. 5a, 10.5 ms and Fig. 5b, 5.6 ms); and (ii) fragmentation of the
rim that survives briefly after the rupture of the bag (Fig. 5b, 11.7 ms). Here we first

construct the size spectra of droplets produced by each of these two mechanisms.

5.1 The statistical distribution of the canopy droplets

When considering the statistics of the droplets produced by rupture of the bag canopy,
we used the results of a detailed study by Lhuissier and Villermaux (2012) concerning a
similar mechanism for the generation of spray through the bursting of a submerged bubble
touching the surface. Visually, the fragmentation dynamics of the two cases look similar,
since they are governed by the same mechanism governed by surface tension. Lhuissier and
Villermaux (2012) obtained a size spectrum for droplets (the average number of droplets
versus the droplet radius, r) generated through rupture of the bubble cap (the film above the
bubble connected to the bulk of the water via a surrounding meniscus) with curvature radius,

R, as follows:

( )Néﬂm(R)[rJ 17)

F(r,R)=—"—P, : 17
(NR) "{N(R)

where Pn (X) is the gamma distribution in Eq. (10) with m = 11.

Based on thorough optical measurements, Lhuissier and Villermaux (2012) obtained the

dependence of the average diameter, <d>, and total number of droplets from the burst of a
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bubble, N4, (R), on R. The power best fit to the experimental data taken from Fig. 20a of

drops

Lhuissier and Villermaux (2012) yields the following empirical equation for <d> on R:

3/81,5/8 \0-8
RTh j , (18)

<d>:0.19L(

Here, h is the thickness of the cup of the bubble at the moment of rupture. According to

Lhuissier and Villermaux (2012):

R 2

where L=2 10* mm.

The best fit to the experimental data on N, (R), taken from Lhuissier and Villermaux’s
drops

(2012) Fig. 20D gives:

R2 R 7/8 1.18
N, =224.107 | 289" [ R . (20)
drop o h
rops

Given that Egs. (18) and (19) yield the following empirical dependence of the average radius

of droplets <r>=<d>/2 on the bubble radius:

<r>(R):aL(§T;a:0.094;az4/3. (21)

and given that Egs. (19) and (20) yield for the total number of droplets from the burst of a

bubble

N

film
drops

R Y |_2 1.18
:b(rj ;b=2.24-1o-3[ﬂj B ~413, (22)

(o2
for a bag, R is interpreted as its curvature radius at the moment of rupture.
Finally, the total number of droplets with radii in the range [r, r+A4r] produced by

rupture of the bag canopies per unit area per unit time is the convolution of the size spectra of

bags (Eq. (16)) with the size spectra of droplets generated due to the rupture of the canopy of
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the inflated bag (Eq. (17)). Below we will use the term “canopy droplets” to distinguish them

from the “canopy droplets” originating from bursting bubbles. The derivation of the equation

dF, (r)

for the generation function for the canopy droplets, ———=, is presented in Appendix B.

5.2 The statistical distribution of rim droplets.

To describe the size spectrum of droplets resulting from fragmentation of the rim, we
consider it as a liquid ligament of a certain thickness prescribed by the radius of the bag, R.
According to Marmottant and Villermaux (2004), the statistical distribution of droplets
produced by fragmentation of such objects follows the gamma distribution (Eq. (10)), with

x=r/r1, n=4. Here r1=0.4ro, where rq is defined as the radius of a sphere with a volume equal
to the volume of the initial filament (the rim in our case), V: V =471’ /3.

Before constructing an SGF for the rim droplets, we need to determine the
relationship of the rim volume, V, with the measured bag radius, R. For this purpose, we use
its similarity with the well-known bag breakup regime of secondary fragmentation of droplets
in gaseous flows. For this case, Chou and Faeth (1998) showed that the rim volume is equal
to 0.56 of the initial volume of a droplet. In the case of bag-breakup fragmentation of the air—
water interface, the initial volume of the object that is going to be fragmented is not defined,

and we use the following argument. We model the initial shape of a bag as a semi-circular
disc with a radius Ry and thickness hy. The initial volume of the object is V, = zR’h /2. At
the moment of rupture, the shape of a bag with radius R> is approximated to a liquid ring
(torus) with a thickness h,, which holds the liquid film. The torus volume is V = z°R,h> /2.

Based on observations by Chou and Faeth (1998), we assume that the thickness of the rim
does not change in the course of its evolution, i.e., h1=h,=H. We also suppose that the ratio

of the rim volume, V, to the initial liquid volume, V1, remains as found by Chou and Faeth
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(1998) for the bag breakup regime of the secondary fragmentation of droplets, i.e. V=0.56V1.

We then have 0.567R’H /2=7°R,H?/2 and H =0.56R’/(7R,).

Given the strong correlation between R: and Rz seen in Fig. 11d (the coefficient of

determination is above 0.95), we assume a linear relationship between R: and Rz. The linear

best fit line shown in Fig. 11d gives R»~1.66R. Finally, H = 0.56R, /(1.66 ) = 0.065R, , and

the rim volume is V =z*R,H?/2=0.021R; . The radius of an equivalent sphere is

r,=33V/4z =0.17R, and the scale in the gamma distribution for the “rim” droplets

according to Marmottant and Villermaux (2004), r1=0.4ro=y R2 where y=0.068.

The average number of rim droplets from one bag, N can be found as the ratio of

rim !
drops

the rim volume, V, to the average volume of a drop, <V>, resulting from its fragmentation.
Given that the size statistics of the rim droplets is described by the gamma distribution with

the parameter 4, we have:

0 4
(V)= hill r13_|' o d yagangy D47 re.
3 17 3 8 3
For r1=0.4ro, we have N, =V /(V)=83.

drops
Finally, the size spectrum of droplets (average number of droplets over the whole
range of radii, r) generated through fragmentation of the rims is as follows:
N

F ,R — criirngpsp L , 23
(R =g 1] @)

where P (x) is the gamma distribution (Eq. (10)) with k=4, y=0.068, N . =8.3. Here and

rim
drops

below we use the notation R instead of Ro.
The total number of rim droplets with radii in the range [r,r+4r] produced by bags per

unit area per unit time is the convolution of the size spectra of bags (Eqg. (16)) with the size
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spectra of droplets generated due to the fragmentation of the rim (Eq. (23)). The expression
for the generation function for the rim droplets is derived in Appendix C.
The complete bag breakup SGF is the sum of the contributions of the canopy and rim

droplets given in Appendices B and C (Egs. (B6) and (C5), respectively)

-4
dF (ru.) _ )| 3310°( pugl” “8( L)“" Rt +1'5 0 N, ( T j“ oo
dr L o 6 © ® '

(24)

In Eq. (24), (N)is defined by Egs. (5) and (7). Expressions for 6 and © are derived in
Appendices B and C, respectively: 19:0.001(<R2>(u*))4/3 LY, ©=0.0021(R,)(u.), where

<R2>(u*) is expressed by Eq. (12) and L=20 m (cf. Lhuissier and Villermaux, 2012). The

uncertainty of the SGF given by Eq. (24) as well as the specific number of bags, (N ), is about

15% with a 95% confidence interval.

6. Properties of the spray generation function for bag breakup and comparison with
laboratory and field data

The SGF defined by Eq. (24) is shown in Fig. 12a. It has two clear peaks, corresponding to
canopy droplets with average radii of approximately 100 um and giant rim droplets with

average radii of approximately 1 mm; this is shown directly in Fig. 12b, which plots

dF, (r.u.) and dF g (1,U.)
dr dr

separately. The rim-droplet peak at r =500-1000 um is the

distinctive feature of the bag breakup spray generation mechanism. Giant droplets torn off the
wave crests have also been observed in laboratory experiments reproducing hurricane
conditions (Veron et al., 2012; Ortiz-Suslow et al., 2016; lida et al., 1992, Fairall et al., 2009).

Note that although the number of giant rim droplets is small, we can expect that they will
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significantly support the spray volume flux. This is confirmed by a strongly enhanced peak in
the SGF as a volume flux at sizes of about 1000 um, corresponding to the rim droplets (cf.
Fig. 12c). It should also be noted that the maxima in size spectra of the droplets change with
wind speed, similarly to Mueller and Veron (2009), because the average size of the bag,
<R2>> (u=), which in turn scales both canopy and rim droplets (6, Eq. (B7) and &, Eq.(C6)),
depends on u-.

We compare in Fig. 13 the bag breakup SGF (Eq. (24)) with available experimental
SGFs derived from laboratory data by lida et al. (1992), Fairall et al., 2009, Veron et al.
(2012) and Ortiz-Suslow et al. (2016). We used the wind friction velocity as the control
parameter since this allows direct comparison with earlier data. The data points of Fairall et al.
(2009), Veron et al. (2012) and Ortiz-Suslow et al. (2016), reproduced in Fig. 13, confirm
that they observed the presence of the giant droplets with sizes of hundreds of micrometers in
the air flow, in agreement with the bag breakup SGF. The earlier SGF suggested by lida et al.
(1992) shows a very slow decrease for droplet radii exceeding 200 um, which could also
indicate the presence of the giant droplets. The absolute values of SGFs are within the
experimental uncertainty of the data of Ortiz-Suslow et al. (2016), estimated by the authors as
one order of magnitude (see Fig. 10a in Ortiz-Suslow et al., 2016). Note that the difference
between the data of Veron et al. (2012) and Ortiz-Suslow et al. (2016) for similar values of ux
is about one order of magnitude, which can be explained by the difference in the conditions
of the experiments and the transformation used to infer the SGF from measurements of
droplet concentration at different levels (see Ortiz-Suslow et al., 2016). Fig. 13 shows that the
main difference of the bag breakup SGF from the data of Veron et al. (2012) and Ortiz-
Suslow et al. (2016) is an overestimation of numbers of droplets with radii above 250—
300 um and an underestimation of the number of droplets with radii below 200-250 um. This

may be due to several factors. First of all, strictly speaking, in Fig. 13 we are comparing
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different features. Veron et al. (2012) and Ortiz-Suslow et al. (2016) did not directly measure
the number of droplets ejected from the water surface as assumed by the bag breakup SGF,
but, rather, they estimated the number of drops injected from a certain level in terms of a
certain model, namely 2.5 Hs in Ortiz-Suslow et al. (2016) and Hs in Veron et al. (2012),
where Hs is the significant wave height. At these levels, the concentration of the largest
droplets may be significantly lower versus ejection from the surface. This hypothesis is
indirectly confirmed by the lower SGF in Ortiz-Suslow et al. (2016) compared to Veron et al.
(2012). Underestimation of the number of droplets with radii less than 200-250 um by the
bag breakup SGF can be explained by a contribution from alternative mechanisms of spray
production (e.g., bursting of large underwater bubbles described in Section 3.2), which can be
more effective in producing smaller droplets. Notice, that the values of SGFs, retrieved from
the data of Fairall et al. (2009) significantly exceed those in Ortiz-Suslow et al. (2016) and
Veron et al. (2012). Similarly, the bag breakup SGF predicts lower values in comparison with
the data of Fairall et al. (2009). Possibly these differences originate from the peculiarities of
the mixed regime of surface waves in the experiments by Fairall et al. (2009) combined
paddle-generated waves with wind waves. Alternatively, in the present experiments and in
the experiments by Ortiz-Suslow et al. (2016) and Veron et al. (2012), pure wind wave
regime was used.

We have also verified the bag breakup SGF against data obtained in the field. Among
numerous SGFs for spume droplets (see references in Veron (2015) and Andreas (2002)) we
selected those suggested by Andreas (1998), Fairall et al. (1994) and Zhao et al. (2006),
which are close in magnitude and fit the criteria of reliability suggested by Andreas (2002).
The bag breakup SGF was calculated using Eq. (24) with the specific number of bag breakup
events defined by Egs. (7) and (9). Figs. 14a—b show quite good correspondence between our

“theoretical+lab-experiment SGF” and the “empirical SGFs” of Andreas (1998), Fairall et al.
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(1994), and Zhao et al. (2006) in the radius interval 30p < r < 300um. It is by no means
surprising that giant rim droplets with r > 300mm are missed in SGFs by Andreas (1998),
Fairall et al. (1994), and Zhao et al. (2006), where SGFs were derived through extrapolation
of data obtained at winds below 20 m/s (cf. Andreas, 1992), when the bag breakup

mechanism was not activated.

7. Summary

This paper focuses on the mechanisms of production of spume droplets, i.e., sea spray
torn off wave crests by wind. The study is based on laboratory experiments in a high-speed
wind-wave flume, where measurements were performed for airflow with a friction velocity in
the range 0.8-1.5 m/s. According to data by Powell et al. (2003) and Richter et al. (2016),
this corresponds to the typical range of turbulent shear stresses observed in the turbulent
boundary layer under severe tropical storm and hurricane conditions. High-speed video
capture enabled us to investigate how droplets are torn from the crests of surface waves.
Since the typical timescale of this process is a few milliseconds, frame rates from 4,500 fps to
10,000 fps were used. Capturing video from two directions (side and top view) enabled us to
study the process of spume droplet generation in detail. The video revealed that the
generation of spume droplets near the wave crest is caused by several local phenomena. It is
possible to classify the observed phenomena into three types. One is the development of
liquid ligaments, mainly on the crests of breaking waves, which stretch and then break into
droplets, as previously observed by Koga (1981). A second is the production of spume
droplets through the bursting of submerged bubbles, as was investigated in detail by Lhuissier
and Villermaux (2012). The third effective mechanism of spume droplet generation was bag

breakup, first observed by Veron et al. (2012). During a bag breakup event, an increase in the
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small-scale elevation of the water surface results in the formation of a kind of small sail,
which is then inflated into a canopy bordered by a thicker rim and finally ruptures to produce
spray.

Statistical analysis of the videos showed that bag breakup is the dominant mechanism
of spume droplet generation at high winds, when u~ exceeds approximately 1.0 m/s. This
mechanism was therefore studied in more detail. The dependency of the specific number of
bag breakup events, (N) (per unit area per unit time), on wind friction velocity, u=, in the
turbulent boundary layer was derived from the processing of top-view high-speed video
frames. These statistics were interpreted using a phenomenological approach based on the
methods of statistical physics, specifically the Gibbs canonical ensemble, and the function for

(N)in terms of u~ was then derived. Expressing (N in terms of the windsea Reynolds humber,
2
Re, =%V, yields the dependence on wind fetch required for extrapolation to field
P

conditions. The statistical distributions of the sizes, speeds, and lifetimes of the observed bags
at different airflow velocities were also investigated, and it was found that all the probability
density functions could be well-approximated by the gamma distribution with different
parameters.

The statistics obtained for the bag breakup events were used to construct an SGF for
the bag breakup mechanism of spray production. First, we took into account that the droplets
from a bag are generated via two mechanisms: rupture of the canopy of the inflated bag (the
canopy droplets) and fragmentation of the rim that remains after fragmentation of the canopy
(rim droplets). To obtain the size distribution of the canopy droplets, we used the results of a
detailed study by Lhuissier and Villermaux (2012) on spray generation through the bursting
of submerged bubbles, which is very similar to rupture of the canopy of the bag, since both

these phenomena are governed by surface tension. To derive the size distribution of the rim
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droplets, we used the similarity of the bags observed near the crests of breaking surface
waves and the development of liquid droplets in gaseous flows in the bag breakup regime.
We used the geometrical parameters of bags that have been thoroughly investigated by Chou
and Faeth (1998) and the statistics of droplets produced by fragmentation of liquid ligaments
suggested in Marmottant and Villermaux (2004). The resultant bag breakup SGF was the sum
of the generation of both functions for the canopy and rim droplets. The maxima of these
functions slightly decrease with wind friction velocity and are significantly different: for
u==1-2 m/s, the maximum of the canopy part of the SGF as the volume flux corresponds to a
drop radius of approximately 100 um, while rim fragmentation producing giant droplets has a
maximum corresponding to approximately 1000 pum.

The bag breakup SGF derived from our laboratory data was compared with spume
droplet SGFs designed for application under both field and laboratory conditions. We
compared with the SGFs of lida et al. (1992), Veron et al. (2012), and Ortiz-Suslov et al.
(2016), which were derived from specially designed laboratory experiments. This comparison
showed a reasonable agreement of the bag breakup SGF with the data of Veron et al. (2012)
and Ortiz-Suslov et al. (2016), although the bag breakup SDF predicts a larger average
droplet size. We propose that this may be explained by a lower number of the largest droplets
at the measuring points used in the experiments of Veron et al. (2012) and Ortiz-Suslov et al.
(2016). The SGF suggested by lida et al. (1992) shows a very slow decrease for droplet radii
exceeding 200 um, which may also indicate the presence of giant droplets.

We also compared the bag breakup SGF with SFGs developed for field conditions. We
employed the bag breakup SGF rescaled to field conditions using a parameterization of the
number of bag breakup phenomena by the windsea Reynolds number, as suggested by Toba
and Koga (1986). In our estimates, we assumed that the inverse wave age parameter under

field conditions, Q=U,,/c,, was equal to 2.5-3.5 in accordance with the field data of

p !
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Wright et al. (2001) and used a surface drag coefficient taken from Holthuijsenet al. (2012).
The bag breakup SGF was in reasonable agreement in magnitude with SFGs by Andreas
(1992, 1998) and Fairall et al. (1994). We suggested two versions of the model of the fetch
dependence of the specific numbers of the bag-breakup events and related SGF, Eq. (7) and
Eq.(9). Now the data are not sufficient to give advantage to one of these expressions,
however Eq.(7) looks promising, because it predicts realistic essential spray production at
wind speeds 10-15 m/s.

The agreement of the bag breakup SGF with both lab and field data confirms our
basic hypothesis regarding the dominant role of bag breakup in hurricanes. This result has
numerous prospective applications and forms a new basis for modeling the sea-spray and air—
sea fluxes. For example, the effect of bag breakup on water-surface resistance can explain the
non-monotonous dependence of the surface drag coefficient on wind speed in hurricane
winds. Besides, the boosting of exchange processes by giant droplets could be responsible for
the significant increase in the air—sea enthalpy flux at high winds that is needed to explain the
fast development of intensive hurricanes. These questions are the subject of part Il of this

study.
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Appendix A. Statistics of bag breakup events: the Gibbs canonical ensemble approach
This is a summary of the material in the Supplement to Troitskaya et al. (2017).

Originally, the concept of the Gibbs canonical ensemble was developed for a
thermodynamic system in weak thermal contact with a heat bath, i.e., an environment that
remains at an unchanged temperature due to the negligible feedback of the thermodynamic
system to the heat bath. The statistics of the system are determined using the Gibbs or
canonical distribution, and the probability that the energy of the system is in the range [E, E

+ dE] is
dW = Aexp(—-E/9)dE .

The factor A=1/4, according to the normalization condition.

However, the Gibbs method can be applied universally (see Rumer and Ryvkin, 1980)
and here it is applied to describing the statistics of bags. We consider the canonical ensemble,
which consists of all energy states of the air—ocean interface including those where it can
potentially be transformed into bags and then atomized into spray. The analog of the heat
bath is the marine atmospheric boundary layer (MABL), which prescribes the state of the
interface. Note that the comparatively weak feedback of the state of the air—sea interface to
the state of the MABL (an analog of the weakness of the thermal contact of the
thermodynamic system to the heat bath) is provided by the small (4-5%, according to
Golitsyn (2001)) fraction of wind energy spent to generate surface waves and accompanying
phenomena in comparison with turbulent dissipation in the MABL.

The heat bath parameter, ¢, can be derived from the Boussinesq (1877) analogy
between the velocity fluctuations in a turbulent flow and the thermal motions of molecules in
a gas. For molecular motion, according to Gibbs (1902), 4 is proportional to the temperature

of the heat bath, i.e., to the average kinetic energy of the molecules. In the problem being
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considered here, the analog to the temperature of the gas is the kinetic energy density of
turbulent fluctuations in the MABL, where the latter is scaled by the wind friction velocity,
e, 9~u’.

When the energy of the system under consideration, E, exceeds the threshold, Eo, of
activation of the bag breakup regime, the number of bags arising per unit time per unit area of
the water surface is a function of the energy state of the air-ocean interface N(E), and the
average specific number of bags (N) is equal to the integral of N(E)dW over all states with

energy exceeding the activation threshold, Eo. In the vicinity of the threshold,

&
N(E) = N'(E,)(E — E,) and integrating for N(E)dW yields(N)=N’(E,)Je “ . Since $~uZ,

(N)(w)-Quenp{ - |

%

where Qo and Ug are empirical constants to be derived by fitting of the data.

Appendix B. Derivation of the SGF for the canopy droplets

The total number of droplets with radii in the range [r, r+A4r] produced by rupture of
the canopy of a bag per unit area per unit time is the convolution of the size spectra of bags
(Eg. (16)) with the size spectra of droplets generated due to the rupture of the canopy of the

inflated bag (Eq. (17)):

(B1)
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Here, the dependence (R2)(u+) is given by Eq. (12), (r)(R) by Eq. (21), n=7.53, m=11. The
limits of integration are chosen equal to 0 and « because the Gamma distribution is a well-
localized function that decreases exponentially at infinity.

Substituting expressions for (r)(R) and N, (R) from Egs. (21) and (22) to Eq. (B1)

drops

and replacing the variables in the integrand, R =(R,)(u.)x, gives:

M — <N >(U*) n m+n—a+4-1

-l 2

N (82)

na((R,)(u.))" .

where 6 = =
mL*

Approximate integration of Eq. (B2) using the method of steepest descent (cf., e.g. Nayfeh,

1981) is applicable if np>>1, where 7 = (r/§)1/(“+l). In this case, the factor in Eq. (B2),

G(n)= nm*”“*”l]c X"/ exp (—nn (x+x ))dx , (B3)
0

is transformed to the following simple expression:

3

m+n—a+pf——
G (1)~ Gy 2 eXp(—gm + %) : (B4)

with

n+p-am-1/2 o _a (n+,8—am)2 _ 1
G. = a+l X — 1 a+l X — a+l B5
0 = n(a+1) g, =n(a+1)a % 2n(a+1) “ (B5)

Selection of the parameters Go, g: and g2 in Eq. (B4) by best fitting of the exact expression
Eq. (B3) for G(7), namely Go=0.46, g1=15.12, g>=0.44, provides an accurate approximation

of the factor G(#) that is applicable to all relevant values of 7.
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Using Eq. (B4) to express function G(r) defined by Eq. (B3) and substituting it into

Eq. (B2) gives:

m+n—-a+f-3/2

W=<N><u*>%(%jm*ﬂ<&>su*>f“@ e
xG, exp[gl( g j(cil) ., ( %@J

na((R,)(u.))" .

m La -1

where & =

Simple algebra yields the following symmetrical form of the exponent:

m+n—-a+£-3/2
n
n'm

=(N)(w) F(n)l“n;m) (%)mla_ti_(wrﬂ (gjaﬂ "

m+n—a+/£-3/2
d, 2 , 1 r
G, | == exp| -2 sinh| —In—
x o(glj IO( 0,9, [a+1 E’J]

where

dF, (r,u.)
dr

a+l

TN

mL*™ g,

Substituting numbers for n=7.53, m=11,

2

1.18
a=0.094, « =4/3b=224-10" (%] B ~413 ,Go=0.46, g1=15.12, and g2=0.44

(e
finally gives:
dF, (r,u.) _ 33.10°° (NY(w.) £,9L° e (1)7'3 e—5.2$inh($ln§} (86)
dr L o 0 ’
4/3
0.001((R,)(u.
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Appendix C. Derivation of the expression for the SGF for rim droplets
The total number of rim droplets with radii in the range [r,r+4r] produced by bags per
unit area per unit time is the convolution of the size spectra of bags (Eg. (16)) with the size

spectra of droplets generated due to the fragmentation of the rim (Eqg. (23)):

anm( ):<N>(u*)NaiI[EpSOO " R n—1e7<R:>?U*) o B k_lef%d_R
ar (Ry)(u.) IF(n)(<Rz>(u*)j F(k)(ij R

Replacing the variables in the integrand, R = <R2>(u*)x , yields:

NY(u.)N. . n-k Ky nr
dFrim (r’ u*) — < >( ) (rjlr%ps nn kk (K] 2 [ : ] | Ixn—k—le_ 7/<Rk2>(“*)(x+§]dx
7{R.)(u.)

dr B 7(R)(u) T(n)r(k)\n

(C1)
Introducing the new variable, &=./r/A, where A=y(R,)(u.), and using the method of

steepest descent, similarly to Appendix B, we can transform the factor

gk ZTX - ﬁgr )dx in (C1) to
0

n+k—E —@awﬁ
D, (6)=Dc 2 °, (C2)
with
n-— k)2 T
= Zﬁl = ( 1 q) = . C3
¢l ¢2 4M 0 \/ﬁ ( )

Similarly to in Appendix B, we can find ¢1, ¢, and @y, which enables an accurate fit for @&(¢)
by use of function (C2): ¢=11.07, ¢ = 0.35, and @&»=1.02.
Substituting Eqg. (C2) into Eq. (C1) gives:

nik 5 1 1

<N>(u*)Nrim n k % 2 a4 2 2
1. P e (5] o2

dr A r'(n)r(k)in A
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Simple algebra yields the symmetrical form of the exponent in Eq. (C4):

n— n+ n+k 1
dFrim(r’u*) <N>(u*) Nairrgps n” kk (k]:( r jZki CI)O (ﬁ)2_4 e—Z @@sinh(%lné)

& e r(mrkin) (e 4

where ©=y(R,)(u.)d/d, .

Substituting numbers for n=7.53, k=4, y=0.068, $»=11.07, ¢ = 0.35, and @»=1.02 finally

yields:
1.5-10*N.. 45 14
dl:rim (r,U*) _ (rjlrn;ps L —3.94smh[§|n6j
dr - <N >(U*) o _(®j e , (C5)
©=0.0021(R,)(u.). (C6)
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Tables

Table 1. Parameters of the experiments.

Frequency | Friction velocity | Number | Total
of the fan | (m/s) of number of
(Hz) records | frames
30 0.753 1 33452
31 0.814 1 33452
32 0.874 2 66248
33 0.931 5 164636
34 0.987 15 490996
35 1.04 11 360452
36 1.09 11 360452
37 1.15 7 229588
38 1.20 5 164316
39 1.24 3 98884
40 1.29 3 98884
42 1.38 1 33452
45 151 2 66248
Total: 67 2234512
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Figure caption list

Fig. 1. Wind and wave parameters in the flume. (a) The roughness height due to the friction
velocity in the flume, with the best fit from Eq. (1). (b) The dependency of the peak
frequency in the wind wave spectra on wind friction velocity, with the best fit from Eq. (2).
Fig. 2. Schematic diagram of experimental setup.

Fig. 3. Generation of droplets through the development and breakage of liquid ligaments. (a)
Stretching of the ligament, t=0 ms. (b) Formation of the droplet, t=3.9 ms. (c) Separation of
the first droplet and formation of the second, t=9.3 ms. (d) Formation of the third and fourth
droplets, t=17.3 ms, wind speed U10~25 m/s, image dimensions 67.48x101.13 mm. (e) Spray
generation at the crest of the breaking waves (photo taken by Troitskaya at the Gorky
reservoir, Volga river, Oct. 1, 2011). Wind speed U10~9 m/s. Insets 1 and 2 show the
magnified details of the wave crest.

Fig. 4. The burst of a large bubble in strong wind conditions, U10=25 m/s. The top panel: (a)
The floating bubble, t=0 ms. (b) Formation of a hole in the liquid film, t=3.2 ms. (c)
Expansion of the hole, t=5.1 ms. (d) Droplet formation, t=8.4 ms. The bottom panel is the
side view of the bubble burst.

Fig. 5. The formation and rupture of a bag. A single bag: (a) side view, (b) top view. A
“multi-bag”: (¢) side view, (d) top view. U10=25 m/s.

Fig. 6. Schematic diagram of the formation and fragmentation of a bag. (a) Formation of the
initial disturbance, (b) increase of the initial disturbance, (c) sail-shaped disturbance, (d)
formation of the bag, (e) rupture of the bag. The thin dotted lines are the streamlines in the
reference frame following the elevation in the water surface.

Fig. 7. Semi-automatic registering of the evolution of a bag: (a) initial frame showing bag
nucleation, (b) intermediate frame with annotated markers, edge positions are interpolated,

(c) final frame showing the moment of canopy puncture. 1- bag nucleation, 2 - canopy
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puncture, 3 - manually defined markers. The friction velocity of the airflow is 1.04 m/s, and
the average wind direction is from top to bottom.

Fig. 8. Dependence of the specific numbers (per unit time per unit area) of the spray-
generating phenomena (a) on the wind friction velocity and (b) on the windsea Reynolds
number. Open circles — bursting of floating bubbles, squares - liquid filaments, closed circles
— bag breakup events (Fig. 8a is adopted from Troitskaya et al. (2017)). (c) 10-m wind speed

versus wave-age parameter Q =U,,/c at a fixed windsea Reynolds numbers, Res, equal to

4000, corresponding to the first appearance of bag breakup (solid curve) and 8000 (dashed
curve).

Fig. 9. Approximation of the experimental dependence of specific number of bags on friction
velocity (a) using Eq. (5) and (b) on the windsea Reynolds number using Eq.(7). Open
symbols are data obtained by processing individual 33,000-frame widees records, and closed
symbols are the averaged data; the error bars are defined by the standard deviation. (c)
Estimated specific number of bags using field conditions versus Ujo for the wave-age
parameter Q=2.5 (black curves) and Q=3.5 (grey curves); solid curves - Eq. (7), dashed
curves - Eg. (9).

Fig. 10. (a) The frequency distribution of bag size at the moment of nucleation (R:/(R1) and at
the moment of rupture (R2/(Rz2). (b) The frequency distribution of the velocity of the motion
of bag edges (u1/(uz) and centers (u2/(uz). (¢) The frequency distribution of bag lifetime (t/(z).
Curves are the Gamma distribution for (a) n = 7.53, (b) n = 13.30, and (c) n = 3.70.

Fig. 11. Dependencies of averaged values on the friction velocity of the air flow: (a) the
initial (closed circles) and final size (open diamonds) of bags, (b) the velocity of the edges
(closed circles) and centers (open diamonds) of bags, and (c) the lifetime of bags. Lines are

the power best fit from Egs. (11-15). (d) Proportionality in the sizes of bags.
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Fig. 12. (a) The bag breakup SGF. (b) The SGFs for the canopy (dash-dot curve) and rim
(dashed curve) droplets and their aggregate (gray solid curve) for u==1.5 m/s. (c) Bag
breakup SGF as the volume flux. For (a) and (c), u= varies from 1 m/s to 2 m/s with an
increment 0.1 m/s.

Fig. 13. Comparison of the bag breakup SGF (solid and dashed lines) with empirical
estimations of SGFs under laboratory conditions. Symbols: lida et al. (1992) - open circles;
Ortiz-Suslow et al. (2016) - open squares - u==1.75 m/s (U10=36 m/s), closed circles - u==1.97
m/s (U10=40.5 m/s), upward-pointing triangles - u==2.19 m/s (U1=45 m/s), closed squares -
u==2.43 m/s (U10=49.5 m/s), downward-pointing triangles - u==2.66 m/s (U10=54 m/s); Veron
et al. (2012) - crosses - u«=1.98 m/s (U10=41.2 m/s), X - u== 2.33 m/s (U10=47.1 m/s). Fairall

et al. (2009) - thin lines with symbols: open diamonds u== 1.35 m/s, closed diamonds u=
1.44 m/s, closed triangles u~= 1.64 m/s. For the bag breakup SGF, u, varies between 1.6 m/s

and 2.4 m/s with an increment of 0.2 m/s. Solid lines correspond to u==2 m/s (lower) and
u==2.4 m/s (upper).

Fig. 14. Comparison of the bag breakup SGF with empirical SGFs under field conditions by
Andreas (1998) (diamonds), Fairall et al. (1994) (triangles), Zhao et al. (2006) (circles) at

U10=30 m/s (a) and U10=35 m/s (b). In the bag breakup SGF, the wave-age parameter Q=2.5

(black curves) and Q=3.5 (grey curves); solid curves - Eq. (7), dashed curves - Eq. (9).
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951  Fig. 1. Wind and wave parameters in the flume. (a) The roughness height due to the friction
952  velocity in the flume, with the best fit from Eq. (1). (b) The dependency of the peak

953  frequency in the wind wave spectra on wind friction velocity, with the best fit from Eq. (2).
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958  Fig. 2. Schematic diagram of experimental setup.
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Fig. 3. Generation of droplets through the development and breakage of liquid ligaments.

(a) Stretching of the ligament, t=0 ms. (b) Formation of the droplet, t=3.9 ms. (c) Separation
of the first droplet and formation of the second, t=9.3 ms. (d) Formation of the third and
fourth droplets, t=17.3 ms, wind speed U10=25 m/s, image dimensions 67.48x101.13 mm. (e)
Spray generation at the crest of the breaking waves (photo taken by Troitskaya at the Gorky
reservoir, Volga river, Oct. 1, 2011). Wind speed U10~9 m/s. Insets 1 and 2 show the
magnified details of the wave crest.
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Fig. 4. The burst of a large bubble in strong wind conditions, U10=25 m/s. The top panel: (a)
The floating bubble, t=0 ms. (b) Formation of a hole in the liquid film, t=3.2 ms. (c)
Expansion of the hole, t=5.1 ms. (d) Droplet formation, t=8.4 ms. The bottom panel is the
side view of the bubble burst.
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Fig. 5. The formation and rupture of a bag. A single bag: (a) side view, (b) top view. A

“multi-bag”: (¢) side view, (d) top view. U10=25 m/s.
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Fig. 6. Schematic diagram of the formation and fragmentation of a bag. (a) Formation of the

initial disturbance, (b) increase of the initial disturbance, (c) sail-shaped disturbance, (d)
formation of the bag, (e) rupture of the bag. The thin dotted lines are the streamlines in the
reference frame following the elevation of the water surface.

(a)

Fig. 7. Semi-automatic registering of the evolution of a bag: (a) initial frame showing bag
nucleation, (b) intermediate frame with annotated markers, edge positions are interpolated,
(c) final frame showing the moment of canopy puncture. 1- bag nucleation, 2 - canopy

puncture, 3 - manually defined markers. The friction velocity of the airflow is 1.04 m/s, and

the average wind direction is from top to bottom.
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Fig. 8. Dependence of the specific numbers (per unit time per unit area) of the spray-
generating phenomena (a) on the wind friction velocity and (b) on the windsea Reynolds
number. Open circles — bursting of floating bubbles, squares - liquid filaments, closed circles
— bag breakup events (Fig. 8a is adopted from Troitskaya et al. (2017)). (c¢) 10-m wind speed
versus wave-age parameter Q =U,,/c_ at a fixed windsea Reynolds numbers, Res, equal to

4000, corresponding to the first appearance of bag breakup (solid curve) and 8000 (dashed
curve).
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Fig. 9. Approximation of the experimental dependence of specific number of bags on friction
velocity (a) using Eq. (5) and (b) on the windsea Reynolds number using Eq.(7). Open
symbols are data obtained by processing individual 33,000-frame records, and closed
symbols are the averaged data; the error bars are defined by the standard deviation. (c)
Estimated specific number of bags using field conditions versus Ui for the wave-age
parameter Q=2.5 (black curves) and Q=3.5 (grey curves); solid curves - Eq. (7), dashed
curves - Eq. (9).
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Fig. 10. (a) The frequency distribution of bag size at the moment of nucleation (R«/(R1)and at
the moment of rupture (R2/(R2). (b) The frequency distribution of the velocity of the motion
of bag edges (u1/(u1) and centers (u2/(U2). (c) The frequency distribution of bag lifetime (t/(z).
Curves are the Gamma distribution for (a) n = 7.53, (b) n = 13.30, and (c) n = 3.70.
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Fig. 11. Dependencies of averaged values on the friction velocity of the air flow: (a) the
initial (closed circles) and final size (open diamonds) of bags, (b) the velocity of the edges
(closed circles) and centers (open diamonds) of bags, and (c) the lifetime of bags. Lines are
the power best fit from Egs. (11-15). (d) Proportionality in the sizes of bags.
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Fig. 12. (a) The bag breakup SGF. (b) The SGFs for the canopy (dash-dot curve) and rim
(dashed curve) droplets and their aggregate (gray solid curve) for u==1.5 m/s. (c) Bag
breakup SGF as the volume flux. For (a) and (c), u« varies from 1 m/s to 2 m/s with an
increment 0.1 m/s.
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Fig. 13. Comparison of the bag breakup SGF (solid and dashed lines) with empirical
estimations of SGFs under laboratory conditions. Symbols: lida et al. (1992) - open circles;
Ortiz-Suslow et al. (2016) - open squares - u==1.75 m/s (U10=36 m/s), closed circles - u==1.97
m/s (U10=40.5 m/s), upward-pointing triangles - u==2.19 m/s (U10=45 m/s), closed squares -
u==2.43 m/s (U10=49.5 m/s), downward-pointing triangles - u==2.66 m/s (U10=54 m/s); Veron
et al. (2012) - crosses - u«=1.98 m/s (Uy=41.2 m/s), X - u«= 2.33 m/s (U10=47.1 m/s). Fairall
et al. (2009) - thin lines with symbols: open diamonds u== 1.35 m/s, closed diamonds u-=
1.44 m/s, closed triangles u== 1.64 m/s. For the bag breakup SGF, u, varies between 1.6 m/s

and 2.4 m/s with an increment of 0.2 m/s. Solid lines correspond to u==2 m/s (lower) and
u«=2.4 m/s (upper).
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Fig. 14. Comparison of the bag breakup SGF with empirical SGFs under field conditions by

Andreas (1998) (diamonds), Fairall et al. (1994) (triangles), Zhao et al. (2006) (circles) at

U10=30 m/s (a) and U10=35 m/s (b). In the bag breakup SGF, the wave-age parameter Q=2.5

(black curves) and Q=3.5 (grey curves); solid curves - Eq.(7), dashed curves - Eq. (9).
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