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ABSTRACT 25 

 26 

This paper describes the results of an experimental and theoretical investigation into 27 

the mechanisms by which spume droplets are generated by high winds. The 28 

experiments were performed in a high-speed wind-wave flume at friction velocities 29 

between 0.8 m/s and 1.5 m/s (corresponding to a 10-m wind speed of 18–33 m/s under 30 

field conditions). High-speed video of the air–water interface revealed that the main 31 

types of spray-generating phenomena near the interface are “bag breakup” (similar to 32 

fragmentation of droplets and jets in gaseous flows at moderate Weber numbers), 33 

breakage of liquid ligaments near the crests of breaking surface waves, and bursting 34 

of large submerged bubbles. Statistical analysis of these phenomena showed that at 35 

wind friction velocities exceeding 1.1 m/s (corresponding to a wind speed of 36 

approximately 22.5 m/s) the main mechanism responsible for the generation of spume 37 

droplets is bag-breakup fragmentation of small-scale disturbances that arise at the air–38 

water interface under the strong wind. Based on the general principles of statistical 39 

physics, it was found that the number of bags arising at the water surface per unit area 40 

per unit time was dependent on the friction velocity of the wind. The statistics 41 

obtained for the bag breakup events and other data available on spray production 42 

through this type of fragmentation were employed to construct a spray generation 43 

function (SGF) for the bag breakup mechanism. The resultant bag breakup SGF is in 44 

reasonable agreement with empirical SFGs obtained under laboratory and field 45 

conditions. 46 

 47 

 48 

 49 
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1. Introduction 50 

Sea spray is a typical element of the marine atmospheric boundary layer and is of 51 

great importance to marine meteorology, atmospheric chemistry, and climate studies. It is 52 

considered a crucial factor in the development of hurricanes and severe extratropical storms, 53 

which are responsible for the enhancement of energy flux from the ocean to the atmosphere 54 

(cf., e.g., Andreas and Emanuel, 2001; Andreas, 2011; Bao et al., 2011; Bianco et al., 2011; 55 

Soloviev et al., 2014; Takagaki et al., 2012; Takagaki et al., 2016). According to the concept 56 

of re-entrant spray put forward by Andreas and Emanuel (2001), the contribution of spray to 57 

the energy flux is dominated by spume droplets: spray mechanically torn off the crests of 58 

breaking waves, which rapidly sediments under the effects of gravity before a significant 59 

fraction of its volume has had time to evaporate. The spray-mediated momentum flux is also 60 

dominated by the spume droplets, which are the main contributors to the volume flux of sea 61 

spray (Fairall et al., 1994; Andreas 1998). However, it remains challenging to arrive at 62 

estimates for the efficiency of the spray-mediated fluxes because the number and parameters 63 

of spume droplets ejected from the water surface into the atmosphere at high winds are 64 

uncertain due to both difficulties in taking measurements under storm conditions and 65 

uncertainties in the mechanisms of spray generation. As a result, empirical spray generation 66 

functions (SGF), which describe the size spectra of spray ejected per unit area per unit time, 67 

can differ for the spume droplets by up to six orders of magnitude in different observations 68 

(cf., e.g., a compilation of experimental data by Veron (2015) and Andreas (2002)). 69 

Koga (1981) reported the first observations of the process by which spume droplets 70 

are generated. This work showed the development of small liquid ligaments, mainly on the 71 

crests of breaking waves, that stretch and break, producing one or two droplets. An SGF 72 

based on this mechanism was developed by Mueller and Veron (2009). The second 73 

mechanism of sea spray production is via the bursting of bubbles formed at the crests of 74 
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breaking waves, as studied by Blanchard (1963), Spiel (1994a, 1994b, 1995, 1997, 1998), and 75 

Lhuissier and Villermaux (2012). Recently, Veron et al. (2012) reported on an alternative 76 

mechanism: fragmentation of water surface disturbances in the “bag breakup” regime. On the 77 

basis of high-speed video, Troitskaya et al. (2017) classified the spray-generating phenomena, 78 

estimated their efficiency and proved that bag-breakup fragmentation is the dominant 79 

mechanism of spume droplet production at high winds. In this paper, part I of this study, we 80 

construct the SGF for this dominant mechanism and compare it with the available data.  81 

The structure of the paper is as follows. The technical details of the experimental 82 

setup and methods of data acquisition and processing are given in Section 2. The 83 

classification of phenomena responsible for the generation of spume droplets is described and 84 

illustrated in Section 3. Section 3 expands on material briefly presented in Troitskaya et al. 85 

(2017) and the Supplement to this paper. The results of statistical analysis of the spray-86 

generating phenomena at different wind speeds are presented in Section 4, with a detailed 87 

description of statistics relating to the most efficient bag breakup mechanism. Section 4 also 88 

presents possible parameterizations of bag breakup statistics and discusses approaches to 89 

applying the data obtained in laboratory experiments to field conditions. The data obtained 90 

are employed for constructing an SGF for the bag breakup mechanism in Section 5. In 91 

Section 6, the resultant bag breakup SGF is compared with available SGFs that were 92 

designed for application under laboratory and field conditions. In Appendix A the 93 

dependence of the specific number of “bags” on wind friction velocity u* is derived from the 94 

general principals of statistical physics. Here, it is necessary to quote extensively from the 95 

Supplement to Troitskaya et al. (2017) for completeness. Appendices B and C supply the 96 

mathematical details of the derivation of the SGF. 97 

 98 
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2. Experimental setup and methods of measurement 99 

2.1. The experimental setup and parameters of the experiment 100 

Experiments were performed at the wind-wave flume of the Large Thermally 101 

Stratified Tank of the Institute of Applied Physics of the Russian Academy of Sciences (IAP 102 

RAS). The airflow channel has a cross-section 0.4 m × 0.4 m over the water surface and the 103 

length of 10 m. The centerline velocity range is 3–25 m/s. The tank is filled with fresh water, 104 

with a temperature ranging from 15 to 20oC. The measured value of the surface tension was 105 

=(7.0  0.15) 10-2 N/m. The facility and the parameters of the air flow and surface waves 106 

are described in detail in Troitskaya et al. (2012).  107 

To characterize the air flow above the water surface, we use the parameters of the 108 

atmospheric turbulent boundary layer: the wind friction velocity, u*, roughness height, z0, and 109 

10-m wind speed, defined as follows: 110 

10*
10

0

ln
Hu

U
z

           111 

where =0.4 (the von Karman constant) and H10=10 m.  112 

In the wind-wave flume, u* is in the range 0.2–2 m/s and U10 is 7–36 m/s. The 113 

dependence of z0 on u* in the tank follows the Charnock formula:  114 

2

*
0

u
z

g
 ,          (1) 115 

with the Charnock constant =0.0057  0.0005 (cf. Fig. 1a). 116 

The wind wave field parameters in the flume were measured by three wire gauges 117 

positioned in the corners of an equilateral triangle with 2.5 cm sides; the data sampling rate 118 

was 100 Hz. The frequency spectra have sharp peaks depending on u* and the fetch. The 119 

dependency of the peak frequency p on u* in the working section at a fetch of 6.5 m is 120 

plotted in Fig. 1b. The experimental points are best fitted by the power function: 121 
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0 *p u u   ,          (2) 122 

where u0=12.4 m1/2s-3/2 with the 95% confidence interval between 12.2 m1/2s-3/2 and 123 

12.6 m1/2s-3/2, and =0.5  0.04.  124 

2.2. Optical scheme and experimental techniques for investigating spray-generating 125 

phenomena using the shadow method 126 

Using the shadow method for visualization, video of the air–water interface was 127 

captured by a NAC Memrecam HX-3 high-speed digital video camera from two angles: a top 128 

view of the channel at 6.5 m fetch and a side view at 7.5 m fetch. For the side view, the 129 

camera was placed in a waterproof box attached to the side wall of the channel at 7.5 m fetch 130 

(the horizontal shadow method, Fig. 2a). The optical axis of the camera lens was located 5 131 

cm above the water surface and was directed horizontally. The distance from the camera to 132 

the shooting area was 65 cm. A 300-W LED spotlight was mounted at the side of channel 133 

section 8 at a distance of 50 cm from the wall and a height of less than 5 cm from the surface 134 

of the water. A diffuser screen was placed on the side wall of the channel opposite the camera. 135 

The 85–mm focal length lens provided an image size of 75 × 66 mm (1024 × 904 px, 73 m 136 

pixel size), the recording rate was 10,000 fps, and the exposure time was 50 s. Detailed side 137 

view records of spray-generating phenomena were obtained for wind speeds from 18 m/s to 138 

33 m/s. 139 

To obtain statistics on the spray-generating phenomena, top-view video was filmed 140 

using underwater lighting (the vertical shadow method, Fig. 2b). The video was captured 141 

through the transparent top wall at 6.5-m fetch. The camera was mounted vertically at a 142 

distance of 207 cm from the water surface.  The 85–mm focal length lens provided an image 143 

size of 147 × 377mm (576 × 1472 px, 256 m pixel size), the recording rate was 4,500 fps. 144 

 145 
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3. Classification of phenomena responsible for generation of spume droplets  146 

The combination of the two shooting angles revealed the phenomena responsible for 147 

the generation of spume droplets. A brief description and classification of these are given in 148 

Troitskaya et al. (2017). This section presents an extended description and new illustrations. 149 

Experiments were performed at airflows with friction velocities from 0.8 m/s to 1.51 150 

m/s corresponding to 10-m wind speeds between 18 m/s and 33 m/s under field conditions 151 

according to Foreman and Emeis (2010). Analysis of the images enables us to specify three 152 

types of phenomena responsible for the generation of the spume droplets near the wave crest: 153 

breakage of liquid ligaments, bursting of large (approximately 1-cm diameter) submerged 154 

bubbles, and bag breakup. 155 

3.1. Breakage of liquid ligaments 156 

Fig. 3 illustrates the mechanism by which droplets are generated through breakage of 157 

liquid ligaments, as discovered and studied by Koga (1981). Recently, Mueller and Veron 158 

(2009) constructed an SGF based on this mechanism. According to Koga (1981), the Kelvin-159 

Helmholtz instability at the air–water boundary leads to the development of liquid ligaments, 160 

mainly at the crests of breaking waves, which stretch and then break into droplets. An 161 

example of droplet formation by this mechanism under field conditions is shown in Fig. 3e. 162 

The details of the structure of the breaking wave crest as shown in insets to Fig. 3e are similar 163 

to the structures shown in Fig. 3a–d. Fig. 3b–d confirm that each breakage of a ligament 164 

produces a few droplets with diameters of 1–2 mm, which typically fall to the water close to 165 

the breaking crest.  166 

3.2. Bursting of large submerged bubbles 167 

Entrainment of air at breaking wave crests leads to the formation of a large number of 168 

bubbles, which emerge because of their positive buoyancy and burst into droplets as they 169 

reach the water surface (Fig. 4). A detailed model of this phenomenon was recently 170 
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developed by Lhuissier and Villermaux (2012). The mechanism of the spray production due 171 

to bursting of smaller bubbles (less than 10 μm) has been studied by Blanchard (1963) and 172 

Spiel (1994a, 1994b, 1995, 1997, 1998). Wu (1981) considered bursting bubbles to be the 173 

main source of ocean spray with the radii below 50 . According to experiments by Lhuissier 174 

and Villermaux (2009, 2012), bursting of a bubble begins with a local reduction of the film 175 

thickness and the formation of a hole. The rim bounding the hole moves along the curved 176 

surface of the bubble during its expansion. Resulting centrifugal acceleration causes the 177 

development of Rayleigh-Taylor instability, accompanied by the formation of ligaments that 178 

fragment into droplets. Fig. 4 shows that, in the presence of strong wind and waves at the 179 

water surface, the bursting of a submerged bubble touching the water surface occurs as in air 180 

and water at rest, as investigated by Lhuissier and Villermaux (2009, 2012). 181 

3.3. Bag breakup. 182 

A sequence of top-view (Fig. 5a) and side-view (Fig. 5b) frames from two different 183 

videos illustrates another effective mechanism for generating spume droplets at high wind. It 184 

starts with an increase in the small-scale elevation of the surface (Fig. 5a, 0 ms, Fig. 5b, 0 ms), 185 

which then transforms into a small liquid “sail”, inflates into a canopy bordered by a thicker 186 

rim (the thick rim) (Fig. 5a, 4.7, 8.2 ms, Fig. 5b, 3.4 ms), and finally ruptures to produce 187 

spray (Fig. 5a, 10.5 ms, Fig. 5b, 5.6 ms). In some cases, the initial elevated area was 188 

transformed into a more complex structure comprising several inflating canopies (Fig. 5c–d). 189 

The above-described process by which this occurs is well-known in industrial fluid dynamics 190 

as the bag breakup regime of liquid fragmentation in gaseous flows (cf., e.g., Gelfand, 1996). 191 

This regime of spume droplet generation at the crests of wind waves was recently observed in 192 

a laboratory flume by Veron et al. (2012). Below, we will use the term “bag” to refer to the 193 

observed structure.  194 
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The process of rupture of the canopy looks similar to the process of bubble bursting 195 

investigated by Lhuissier and Villermaux (2009, 2012): it also involves a hole bounded by a 196 

rim (the thin rim). A rim moving along the curved film of the canopy during the expansion of 197 

the hole leads to the formation of ligaments and drops through the development of Rayleigh-198 

Taylor instability. The thick rim remains after the bubble has burst and then experiences 199 

fragmentation into droplets that are large in comparison to those formed at the rupture of the 200 

canopy. We emphasize that the distinguishing feature of a bag from a bubble is the presence 201 

of two rims limiting the film. As a result, the size distribution of droplets can be expected to 202 

show two typical scales.  203 

Fig. 6a–d schematically illustrate the typical stages of fragmentation of the air–water 204 

interface in the bag breakup mode, similar to droplets in gaseous flows. Note that research 205 

has not yet been able to determine the detailed appearance of the initial disturbance that will 206 

be transformed into a bag. In Fig. 6a, it is assumed that the growth of the initial elevation in 207 

the water surface is governed by shear flow instability. This assumption is indirectly 208 

supported by estimates of the sizes of bags given in Section 4.3. With the increase of the 209 

surface elevation, the airflow becomes asymmetrical: the pressure minimum is shifted to the 210 

leeward side of the elevated region of water  (Fig. 6b), eventually turning it to a liquid sail 211 

(Fig. 6c). This process is similar to the transformation of droplets in gaseous flow into a thin 212 

disk moving across the flow. The result is the distortion of the shape of the elevated region of 213 

water, leading to inflation of the canopy (Fig. 6d), which then raptures (Fig. 6e) and bursts, 214 

producing spray.  215 

The statistical analysis below shows that bag breakup appears to be the dominant 216 

mechanism of spume droplet generation at high winds.  217 

 218 

4. Statistics of local phenomena responsible for generation of spume droplets 219 
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4.1. Method and analysis of statistics of spray-generating phenomena 220 

Statistical data for the spray-generating phenomena (breaking ligaments, bursting 221 

underwater bubbles, and bag breakup events) was retrieved from the sequence of video 222 

frames using software that allows the selection and counting of objects in images semi-223 

automatically (see details in Troitskaya et al., 2017). For the bag breakup events, the software 224 

also enables one to obtain the geometrical and kinematic parameters of the objects (cf. Fig. 7), 225 

including the initial size, D1, of the bag, defined as the distance between edge markers in a 226 

frame showing the nucleation of the bag; the bag final size, D2 , defined as the distance 227 

between edge markers in a frame showing film puncture; and the bag lifetime from the 228 

moment of its nucleation until the moment of film puncture, . The velocities of the bag 229 

edges and center, u1, and u2, were calculated as the distance between, respectively, the 230 

midpoints of edge markers or the centers of the canopy on the initial and final frames, divided 231 

by . Below, we also use the initial and final bag radii, R1=D1/2 and R2=D2/2. 232 

Fig. 8a shows the dependence on wind friction velocity, u*, of the specific number 233 

(per unit time per unit area) of spray-generating phenomena obtained using semi-automatic 234 

processing. The numbers of processed images are given in Table 1. The number of frames 235 

required for the collection of statistics decreased with increasing wind speed, while the 236 

number of bags increased. One can see that the specific numbers of local events of any type 237 

(ligaments, bursting bubbles, or bags) increase with increasing u*, with bags showing the 238 

greatest growth rate. Note that in the multi-bag regime, each canopy of the complex object 239 

was treated in the statistics as one bag. For u* < 1.1 m/s, the numbers of the spray-generating 240 

phenomena are approximately equal, beyond which the number of bubble bursts is less than 241 

the number of ligaments and bags. For u*>1.1 m/s, the number of bags exceeds the number of 242 

ligaments. Given that breaking of one ligament produces only one or two droplets (see Fig. 3) 243 
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but bag fragmentation produces hundreds of droplets (see Fig. 5) we conclude that, for u* > 244 

1.1 m/s, bag breakup becomes the dominant mechanism of spume droplet production.  245 

It should be noted that the activation thresholds for the friction velocity were obtained 246 

at the laboratory facility. Under field conditions at considerably larger wind fetches and 247 

different wind wave regimes, these values may differ. It may be possible to makes estimates 248 

of these different values using the approach of Toba and Koga (1986). They suggested 249 

parameterizing the strongly nonlinear phenomena in the boundary layers near the air–sea 250 

interface using the windsea Reynolds number (this term was suggested later by Toba et al. 251 

(2006)): 252 

 
2

*ReB
p

u
 

 ,          (3) 253 

where p is the peak frequency in the spectrum of surface wind waves, and  is the kinematic 254 

viscosity of the air. Iida et al. (1992) and Zhao et al. (2006) showed that the parameter ReB 255 

was effective for scaling the spray droplet production rate under both laboratory and field 256 

conditions, and Toba and Koga (1986), Zhao et al. (2006) and Toba et al. (2006) successfully 257 

used it to scale the wind–sea breaking rate, whitecap coverage and transfer coefficients for 258 

momentum and CO2. Following these studies, we used this parameter for scaling the specific 259 

number of the spray-generating phenomena. The peak frequency, p, in the flume was 260 

measured directly. At the fetch of the working section, the dependence of peak frequency, p, 261 

on u  is given by Eq. (2). 262 

Fig. 8b plots the specific numbers of bags, bursting bubbles and projections versus the 263 

windsea Reynolds number, ReB. This shows that the threshold for activation of bag breakup, 264 

as well as other spray-generating phenomena, is ReB 4000, and that bag breakup becomes 265 

the dominant spray-production mechanism for ReB >ReBcr8000. Note that, according to 266 

Toba and Koga (1986), ReBcr8000 should be a universal number applicable both under 267 
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laboratory and field conditions, despite only being retrieved from laboratory data. Given that 268 

the gravity wave dispersion relation yields p pc g   where cp is the phase velocity of surface 269 

waves with a frequency p, 
3

*ReB

D

u

g C



 where 2 2

* 10DC u U  is the sea surface drag 270 

coefficient and 10 pU c  is the wave-age parameter. Using the empirical expression of 271 

Foreman and Emeis (2010) for  * 10u U , * 100.051 0.14u U  , for estimating CD yields the 272 

equations for ReB in terms of U10: 273 

 
2

10 100 051 0 14
B

. U . U
Re

g





        (4) 274 

It follows from Eq. (4) that U10 decreases with decreasing  for a fixed ReB, and so 275 

the threshold wind velocity at which spume spray production will start will decrease with the 276 

development of the wave field, which is accompanied by decreasing . This is illustrated in 277 

Fig. 8c, where the wind speed is plotted against the wave-age parameter  for constant ReB 278 

equal to 4000 and 8000, corresponding to the threshold for activation of the bag breakup 279 

mechanism and the condition where bag breakup becomes the dominant mechanism for 280 

production of the spume droplets. It follows from Fig. 8c that for  between 1 and 3, typical 281 

values for open ocean conditions, the bag breakup activation threshold is between 8 m/s and 282 

10 m/s, and at a wind speed between 9.5 m/s and 13 m/s, the mechanism becomes dominant. 283 

It is interesting to note that the first range corresponds to number 5 of the Beaufort scale, 284 

when, according to the state-of-the-sea scale of Petrsen (1927), “many white horses are 285 

formed; chance of some spray.”  286 

 It should be emphasized that only droplets with sizes exceeding 10 m are being 287 

discussed here. For smaller droplets, the main generating mechanism is bubble bursting (see, 288 

e.g., Wu, 1981), and the contribution of bag-breakup fragmentation is uncertain.  289 

4.2. Statistics of bag breakup events 290 
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To describe the statistics on the number of bag breakup events, we use a 291 

phenomenological approach based on the Gibbs (1902) method, initially introduced in 292 

equilibrium statistical mechanics. The central concept of this method is the canonical 293 

ensemble, or the ensemble of states of a large system described in the statistical approach. 294 

According to Rumer and Ryvkin (1980), the concept of the Gibbs canonical ensemble allows 295 

its universal application to any large system and not just thermodynamic systems consisting 296 

of atoms and molecules. Based on this approach, it is possible to derive an expression for the 297 

specific number of bag breakup events (see details in the appendix to Troitskaya et al. (2017) 298 

and Appendix A) as follows: 299 

2
2 0

0 * 2

*

exp
U

N Q u
u

 
  

 
,        (5) 300 

The constants in Eq. (5), U0=2 m/s with a 95%-confidence interval between 1.87 m/s and 301 

2.13 m/s, Q0=9.27102 m-4s with a 95%-confidence interval between 5.91102 m-4s and 302 

1.45103 m-4s, are determined as the best fit to the experimental data shown in Fig. 9a.  303 

Note, that the state of the air–sea system is characterized by one more parameter, the 304 

wind fetch. Although the form of the expression for <N> obtained from the general principals 305 

of statistical physics remains valid, some changes in the constants are expected with a change 306 

in fetch. This should be taken into account when constructing models for field conditions. We 307 

here consider a possible parameterization of the specific number of bags with the windsea 308 

Reynolds number ReB (Eq. (3)) introduced by Toba and Koga (1986) and reformulate Eq. (5) 309 

accordingly, introducing the dimensionless parameter 
2

0

p

U
V

 
  . Given that, according to 310 

Toba and Koga (1986), the dimensionless V and Q0, determined by the state of the air–sea 311 

interface under the action of wind are functions of ReB, Eq. (5) yields:  312 

 
 

 BB
0 B

B B

V ReRe
N = Q Re exp -

V Re Re

 
 
 

.      313 
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Suppose that  0 BQ Re  and  BV Re  are the power functions of ReB, then: 314 

0

1

1
0 B

B

M
N M Re exp

Re





 
  

 
.        (6) 315 

To determine constants in Eq. (6) we used the results of Zhao et al. (2006), who showed that 316 

the production rate of the spume droplets is proportional to 1 5.

BRe . Given that bag breakup is 317 

the dominant mechanism for spume droplet production at ReB>8000 and assuming that one 318 

bag produces on average a certain number of droplets, we can expect that the dependencies of 319 

the spume droplet production rate and the specific number of bags on ReB have the same 320 

asymptotics 1 5.

BRe  at large enough ReB, when the bag breakup spray production mechanism 321 

dominates. The best fit to the experimental data in Fig. 9b then gives: 322 

3 2 1
0 3 2

/

B /

B

M
N M Re exp

Re

 
  

 
,        (7) 323 

The best fit to the data in Fig. 9b gives the following constants in Eq.(7): M0=2.5810-4m-2s-1 324 

with a 95%-confidence interval between 2.2210-4m-2s-1 and 3.0010-4m-2s-1, M1=6.93105 325 

with a 95%-confidence interval between 6.22105 and 7.64105, and the relative error in the 326 

specific number of bags defined by the 95% confidence interval is approximately 15%. 327 

 We also considered another option to translate our laboratory data for field conditions 328 

is a simple rescaling of the specific number of bags using the 3 2/

BRe -dependence of the spray 329 

production rate. Eq. (3) for ReB yields, for a certain u*: 330 

3/ 2

p lab

field lab
p field

N N








 
   

 

. 331 

The dispersion relation for the surface gravity waves: gk   yields p field pg c   . This 332 

gives 333 

10 *p field Dg U g C u      .        (8) 334 
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Using Eq. (2) for p-lab and Eq. (8) for p-field yields the specific number of bags under field 335 

conditions: 336 

1.5
22 0.5

0* *
0 2 2

0 *

12.4
exp

field

D

Uu u
N Q

U ug C

   
        

.      (9) 337 

We compared the values of <N> calculated according to Eqs. (7) and (9), including for 338 

hurricane conditions. In accordance with the direct measurements of a wave field in hurricane 339 

conditions made by Wright et al. (2001), the wave age parameter, , was taken to be between 340 

2.5 and 3.5. Fig. 9c compares the dependencies of the specific number of bags on wind speed 341 

U10, as calculated using Eqs. (7) and (9). For CD, in both cases we used an approximation of 342 

non-monotonous dependence on U10 after Holthuijsen et al. (2012), where the latest drop 343 

sonde measurements of the drag coefficient were summarized: 344 
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        345 

A comparison of the curves in Fig. 9c shows that values for <N> when using Eqs. (7) and (9) 346 

differ significantly at lower winds, but are very similar at high winds.  347 

It should be emphasized that Eqs. (7) and (9) were obtained on the basis of a limited 348 

dataset obtained in a laboratory experiment in a straight channel with a very short wind fetch 349 

and, in this regard, should be considered preliminary. The data are not yet sufficient to clearly 350 

favor one of the two approaches, and in part II of this study, we will compare the estimates of 351 

the exchange coefficients obtained by using each of them. Further refinement of these 352 

expressions can be expected as data is accumulated in experiments at large wind fetches, 353 

including those with artificial fetch enhancement, as suggested by Takagaki et al. ( 2017). 354 

4.3. Statistical distributions of the geometrical parameters of bags 355 

Semi-automatic processing of the video allowed us to study the statistical distribution 356 
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of bag size (radii at nucleation, R1, and film rupture, R2), velocity (of edges, u1, and centers, 357 

u2), and typical lifetime between nucleation and film puncture, , for different air flow 358 

velocities. Fig. 10a–c show that the probability density of these quantities normalized to the 359 

median values can be well-approximated by the gamma distribution: 360 

  1

( )

n
n nx

n

n
P x x e

n

 


          (10) 361 

/x X X  in Eq. (10) represents one of the physical variables R1, R2, u1, u2 and , 362 

normalized by its mean value: <R1>, <R2>, <u1>, <u2>, <> and (n) is Euler's Gamma 363 

function. Eq. (10) generalizes the gamma distribution used in Troitskaya et al. (2017) to the 364 

case of fractional parameters. For R1 and R2, n=7.53, for u1 and u2, n=13.30, and for , 365 

n=3.70. It is interesting to note that the bag parameters are described by the gamma 366 

distribution similarly to completely different objects, for example, droplets produced by 367 

fragmentation of ligaments or liquid film (cf. Marmottant and Villermaux, 2004; Lhuissier 368 

and Villermaux, 2012). 369 

The dependence of the average values on the friction velocity, u*, of the air flow is 370 

shown in Fig. 11a–c. There is a clear decrease in the size and lifetime of the bags and 371 

increase in the velocity of the edges and center with increasing wind speed. The 372 

corresponding empirical dependencies can be approximated as follows: 373 

  1

1 * *5.9 R u u ,          (11) 374 

  1

2 * * 9.6 R u u ,          (12) 375 

 1 * * 1.96 1.21 u u u  ,         (13) 376 

 2 * * 1.1 4.2  u u u  ,         (14) 377 

  2

* *7.7 u u  ,           (15) 378 

where u  is measured in m/s, R1 and R2 in mm and  in ms. 379 
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These dependences of the bag parameters on wind friction velocity can be explained if 380 

it is assumed that the water surface perturbations from which they develop arise as a result of 381 

the shear instability of the water and air layers near the interface. The thickness of these 382 

layers in air and water, a and w, can be estimated as the scales of the buffer layers of 383 

turbulent boundary layers,   *20 30 /a u and   *20 30 / /w w au   , respectively (here a 384 

and w are the kinematic viscosity coefficients of air and water, and a and w are their 385 

densities). Note that these quantities are of the same order. The velocity difference in shear 386 

layers in air is   *~ 10 12 u  and in the water is ~   *10 12 /a wu   (see, e.g., Hinze, 1959). 387 

The spatial scale of the most unstable disturbances is scaled by the thickness of the shear 388 

layer, and then it is *~ /a u , in agreement with the dependence of the average bag size on 389 

wind friction velocity in Eqs. (11) and (12). Accordingly, the lifetimes of bags of these sizes 390 

in a flow with velocity scaled by u* are proportional to 2

*/a u , in agreement with Eq. (15).  391 

Fig. 11d shows the plane (R1, R2), where points correspond to individual bags. These 392 

values are proportional, with a correlation coefficient of 0.97. This indicates that the 393 

evolution of the bag form is self-similar, i.e., it approximately preserves its form across a 394 

range of sizes. 395 

Finally, we can construct the frequency distribution of bag sizes. We present it here as 396 

the function of the radius of the bag at the moment of rupture R= R2, which will be used 397 

below for constructing an SGF. Combining Eqs. (7) or (9) for the average specific number of 398 

bags, N , their size distribution Eq. (10) and the dependence Eq. (12) of the average size 399 

 2 *R u  on wind friction velocity gives: 400 

 
   
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,     (16) 401 
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with n=7.53. 402 

 403 

5. Construction of a function for spray generation due to the bag breakup mechanism 404 

It is now possible to construct the bag breakup SGF, i.e., the number of spray droplets 405 

with radii in the range [r; r+r] generated per unit time per unit area due to the bag breakup 406 

mechanism. There are two ways of producing droplets through bag breakup: (i) rupture of the 407 

canopy of the inflated bag (Fig. 5a, 10.5 ms and Fig. 5b, 5.6 ms); and (ii) fragmentation of the 408 

rim that survives briefly after the rupture of the bag (Fig. 5b, 11.7 ms). Here we first 409 

construct the size spectra of droplets produced by each of these two mechanisms. 410 

5.1 The statistical distribution of the canopy droplets 411 

When considering the statistics of the droplets produced by rupture of the bag canopy, 412 

we used the results of a detailed study by Lhuissier and Villermaux (2012) concerning a 413 

similar mechanism for the generation of spray through the bursting of a submerged bubble 414 

touching the surface. Visually, the fragmentation dynamics of the two cases look similar, 415 

since they are governed by the same mechanism governed by surface tension. Lhuissier and 416 

Villermaux (2012) obtained a size spectrum for droplets (the average number of droplets 417 

versus the droplet radius, r) generated through rupture of the bubble cap (the film above the 418 

bubble connected to the bulk of the water via a surrounding meniscus) with curvature radius, 419 

R, as follows: 420 

 
 

   
1 ,

film
drops

m

N R
r

F r R P
r R r R

 
   

 
,       (17) 421 

where Pm (x) is the gamma distribution in Eq. (10) with m = 11. 422 

Based on thorough optical measurements, Lhuissier and Villermaux (2012) obtained the 423 

dependence of the average diameter, <d>, and total number of droplets from the burst of a 424 
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bubble,  film
drops

N R , on R. The power best fit to the experimental data taken from Fig. 20a of 425 

Lhuissier and Villermaux (2012) yields the following empirical equation for <d> on R: 426 

0.8
3/8 5/8

0.19
R h

d L
L

 
  

 
,         (18) 427 

Here, h is the thickness of the cup of the bubble at the moment of rupture. According to 428 

Lhuissier and Villermaux (2012): 429 

2
R

h L
L

 
  

 
,           (19) 430 

where L=2 104 mm. 431 

The best fit to the experimental data on  film
drops

N R , taken from Lhuissier and Villermaux’s 432 

(2012) Fig. 20b gives:  433 

1.18
7 /82

32.24 10 w
film
drops

gR R
N

h






   

         

.       (20) 434 

Given that Eqs. (18) and (19) yield the following empirical dependence of the average radius 435 

of droplets <r>=<d>/2 on the bubble radius: 436 

  ; 0.094; 4 / 3
R

r R aL a
L




 
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 

.       (21) 437 

and given that Eqs. (19) and (20) yield for the total number of droplets from the burst of a 438 

bubble 439 

1.18
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
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,     (22) 440 

for a bag, R is interpreted as its curvature radius at the moment of rupture.  441 

Finally, the total number of droplets with radii in the range [r, r+r] produced by 442 

rupture of the bag canopies per unit area per unit time is the convolution of the size spectra of 443 

bags (Eq. (16)) with the size spectra of droplets generated due to the rupture of the canopy of 444 



 20 

the inflated bag (Eq. (17)). Below we will use the term “canopy droplets” to distinguish them 445 

from the “canopy droplets” originating from bursting bubbles. The derivation of the equation 446 

for the generation function for the canopy droplets, 
 cdF r

dr
, is presented in Appendix B.  447 

5.2 The statistical distribution of rim droplets. 448 

To describe the size spectrum of droplets resulting from fragmentation of the rim, we 449 

consider it as a liquid ligament of a certain thickness prescribed by the radius of the bag, R. 450 

According to Marmottant and Villermaux (2004), the statistical distribution of droplets 451 

produced by fragmentation of such objects follows the gamma distribution (Eq. (10)), with 452 

x=r/r1, n=4. Here r1=0.4r0, where r0 is defined as the radius of a sphere with a volume equal 453 

to the volume of the initial filament (the rim in our case), V: 3

04 / 3V r .  454 

Before constructing an SGF for the rim droplets, we need to determine the 455 

relationship of the rim volume, V, with the measured bag radius, R. For this purpose, we use 456 

its similarity with the well-known bag breakup regime of secondary fragmentation of droplets 457 

in gaseous flows. For this case, Chou and Faeth (1998) showed that the rim volume is equal 458 

to 0.56 of the initial volume of a droplet. In the case of bag-breakup fragmentation of the air–459 

water interface, the initial volume of the object that is going to be fragmented is not defined, 460 

and we use the following argument. We model the initial shape of a bag as a semi-circular 461 

disc with a radius R1 and thickness h1. The initial volume of the object is 2

1 1 1 / 2V R h . At 462 

the moment of rupture, the shape of a bag with radius R2 is approximated to a liquid ring 463 

(torus) with a thickness h2, which holds the liquid film. The torus volume is 2 2

2 2 / 2V R h . 464 

Based on observations by Chou and Faeth (1998), we assume that the thickness of the rim 465 

does not change in the course of its evolution, i.e., h1=h2=H. We also suppose that the ratio 466 

of the rim volume, V, to the initial liquid volume, V1, remains as found by Chou and Faeth 467 
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(1998) for the bag breakup regime of the secondary fragmentation of droplets, i.e. V=0.56V1. 468 

We then have 2 2 2

1 20.56 / 2 / 2R H R H   and  2

1 20.56 /H R R .  469 

Given the strong correlation between R1 and R2 seen in Fig. 11d (the coefficient of 470 

determination is above 0.95), we assume a linear relationship between R1 and R2. The linear 471 

best fit line shown in Fig. 11d gives R21.66R1. Finally,  2

2 20.56 / 1.66 0.065H R R  , and 472 

the rim volume is 2 2 3

2 2/ 2 0.021V R H R  . The radius of an equivalent sphere is 473 

3
0 23 / 4 0.17r V R   and the scale in the gamma distribution for the “rim” droplets 474 

according to Marmottant and Villermaux (2004), r1=0.4r0= R2 where =0.068.  475 

The average number of rim droplets from one bag, rim
drops

N , can be found as the ratio of 476 

the rim volume, V, to the average volume of a drop, <V>, resulting from its fragmentation. 477 

Given that the size statistics of the rim droplets is described by the gamma distribution with 478 

the parameter 4, we have: 479 

4
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For r1=0.4r0, we have / 8.3rim
drops

N V V  . 481 

Finally, the size spectrum of droplets (average number of droplets over the whole 482 

range of radii, r) generated through fragmentation of the rims is as follows: 483 
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,        (23) 484 

where Pk (x) is the gamma distribution (Eq. (10)) with k=4, =0.068, 8.3rim
drops

N  . Here and 485 

below we use the notation R instead of R2. 486 

The total number of rim droplets with radii in the range [r,r+r] produced by bags per 487 

unit area per unit time is the convolution of the size spectra of bags (Eq. (16)) with the size 488 
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spectra of droplets generated due to the fragmentation of the rim (Eq. (23)). The expression 489 

for the generation function for the rim droplets is derived in Appendix C. 490 

The complete bag breakup SGF is the sum of the contributions of the canopy and rim 491 

droplets given in Appendices B and C (Eqs. (B6) and (C5), respectively)  492 
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 493 

    (24) 494 

In Eq. (24), N is defined by Eqs. (5) and (7). Expressions for  and  are derived in 495 

Appendices B and C, respectively:   
4 / 3 1/ 3

2 *0.001 R u L  ,  2 *0.0021 R u , where 496 

 2 *R u  is expressed by Eq. (12) and L=20 m (cf. Lhuissier and Villermaux, 2012). The 497 

uncertainty of the SGF given by Eq. (24) as well as the specific number of bags, N , is about 498 

15% with a 95% confidence interval. 499 

 500 

6. Properties of the spray generation function for bag breakup and comparison with 501 

laboratory and field data 502 

The SGF defined by Eq. (24) is shown in Fig. 12a. It has two clear peaks, corresponding to 503 

canopy droplets with average radii of approximately 100 µm and giant rim droplets with 504 

average radii of approximately 1 mm; this is shown directly in Fig. 12b, which plots 505 

 *,rimdF r u

dr
 and 

 *,filmdF r u

dr
 separately. The rim-droplet peak at r =500–1000 µm is the 506 

distinctive feature of the bag breakup spray generation mechanism. Giant droplets torn off the 507 

wave crests have also been observed in laboratory experiments reproducing hurricane 508 

conditions (Veron et al., 2012; Ortiz-Suslow et al., 2016; Iida et al., 1992, Fairall et al., 2009). 509 

Note that although the number of giant rim droplets is small, we can expect that they will 510 



 23 

significantly support the spray volume flux. This is confirmed by a strongly enhanced peak in 511 

the SGF as a volume flux at sizes of about 1000 m, corresponding to the rim droplets (cf. 512 

Fig. 12c). It should also be noted that the maxima in size spectra of the droplets change with 513 

wind speed, similarly to Mueller and Veron (2009), because the average size of the bag, 514 

<R2> (u*), which in turn scales both canopy and rim droplets (, Eq. (B7) and , Eq.(C6)), 515 

depends on u*.  516 

We compare in Fig. 13 the bag breakup SGF (Eq. (24)) with available experimental 517 

SGFs derived from laboratory data by Iida et al. (1992), Fairall et al., 2009, Veron et al. 518 

(2012) and Ortiz-Suslow et al. (2016). We used the wind friction velocity as the control 519 

parameter since this allows direct comparison with earlier data. The data points of Fairall et al. 520 

(2009), Veron et al. (2012) and Ortiz-Suslow et al. (2016), reproduced in Fig. 13, confirm 521 

that they observed the presence of the giant droplets with sizes of hundreds of micrometers in 522 

the air flow, in agreement with the bag breakup SGF. The earlier SGF suggested by Iida et al. 523 

(1992) shows a very slow decrease for droplet radii exceeding 200 m, which could also 524 

indicate the presence of the giant droplets. The absolute values of SGFs are within the 525 

experimental uncertainty of the data of Ortiz-Suslow et al. (2016), estimated by the authors as 526 

one order of magnitude (see Fig. 10a in Ortiz-Suslow et al., 2016). Note that the difference 527 

between the data of Veron et al. (2012) and Ortiz-Suslow et al. (2016) for similar values of u* 528 

is about one order of magnitude, which can be explained by the difference in the conditions 529 

of the experiments and the transformation used to infer the SGF from measurements of 530 

droplet concentration at different levels (see Ortiz-Suslow et al., 2016). Fig. 13 shows that the 531 

main difference of the bag breakup SGF from the data of Veron et al. (2012) and Ortiz-532 

Suslow et al. (2016) is an overestimation of numbers of droplets with radii above 250–533 

300 μm and an underestimation of the number of droplets with radii below 200–250 μm. This 534 

may be due to several factors. First of all, strictly speaking, in Fig. 13 we are comparing 535 
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different features. Veron et al. (2012) and Ortiz-Suslow et al. (2016) did not directly measure 536 

the number of droplets ejected from the water surface as assumed by the bag breakup SGF, 537 

but, rather, they estimated the number of drops injected from a certain level in terms of a 538 

certain model, namely 2.5 HS in Ortiz-Suslow et al. (2016) and HS in Veron et al. (2012), 539 

where HS is the significant wave height. At these levels, the concentration of the largest 540 

droplets may be significantly lower versus ejection from the surface. This hypothesis is 541 

indirectly confirmed by the lower SGF in Ortiz-Suslow et al. (2016) compared to Veron et al. 542 

(2012). Underestimation of the number of droplets with radii less than 200–250 μm by the 543 

bag breakup SGF can be explained by a contribution from alternative mechanisms of spray 544 

production (e.g., bursting of large underwater bubbles described in Section 3.2), which can be 545 

more effective in producing smaller droplets. Notice, that the values of SGFs, retrieved from 546 

the data of Fairall et al. (2009) significantly exceed those in Ortiz-Suslow et al. (2016) and 547 

Veron et al. (2012). Similarly, the bag breakup SGF predicts lower values in comparison with 548 

the data of Fairall et al. (2009). Possibly these differences originate from the peculiarities of 549 

the mixed regime of surface waves in the experiments by Fairall et al. (2009) combined 550 

paddle-generated waves with wind waves. Alternatively, in the present experiments and in 551 

the experiments by Ortiz-Suslow et al. (2016) and Veron et al. (2012), pure wind wave 552 

regime was used.  553 

 We have also verified the bag breakup SGF against data obtained in the field. Among 554 

numerous SGFs for spume droplets (see references in Veron (2015) and Andreas (2002)) we 555 

selected those suggested by Andreas (1998), Fairall et al. (1994) and Zhao et al. (2006), 556 

which are close in magnitude and fit the criteria of reliability suggested by Andreas (2002). 557 

The bag breakup SGF was calculated using Eq. (24) with the specific number of bag breakup 558 

events defined by Eqs. (7) and  (9). Figs. 14a–b show quite good correspondence between our 559 

“theoretical+lab-experiment SGF” and the “empirical SGFs” of Andreas (1998), Fairall et al. 560 
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(1994), and Zhao et al. (2006) in the radius interval 30 < r < 300m. It is by no means 561 

surprising that giant rim droplets with r > 300mm are missed in SGFs by Andreas (1998), 562 

Fairall et al. (1994), and Zhao et al. (2006), where SGFs were derived through extrapolation 563 

of data obtained at winds below 20 m/s (cf. Andreas, 1992), when the bag breakup 564 

mechanism was not activated. 565 

 566 

7. Summary 567 

This paper focuses on the mechanisms of production of spume droplets, i.e., sea spray 568 

torn off wave crests by wind. The study is based on laboratory experiments in a high-speed 569 

wind-wave flume, where measurements were performed for airflow with a friction velocity in 570 

the range 0.8–1.5 m/s. According to data by Powell et al. (2003) and Richter et al. (2016), 571 

this corresponds to the typical range of turbulent shear stresses observed in the turbulent 572 

boundary layer under severe tropical storm and hurricane conditions. High-speed video 573 

capture enabled us to investigate how droplets are torn from the crests of surface waves. 574 

Since the typical timescale of this process is a few milliseconds, frame rates from 4,500 fps to 575 

10,000 fps were used. Capturing video from two directions (side and top view) enabled us to 576 

study the process of spume droplet generation in detail. The video revealed that the 577 

generation of spume droplets near the wave crest is caused by several local phenomena. It is 578 

possible to classify the observed phenomena into three types. One is the development of 579 

liquid ligaments, mainly on the crests of breaking waves, which stretch and then break into 580 

droplets, as previously observed by Koga (1981). A second is the production of spume 581 

droplets through the bursting of submerged bubbles, as was investigated in detail by Lhuissier 582 

and Villermaux (2012). The third effective mechanism of spume droplet generation was bag 583 

breakup, first observed by Veron et al. (2012). During a bag breakup event, an increase in the 584 



 26 

small-scale elevation of the water surface results in the formation of a kind of small sail, 585 

which is then inflated into a canopy bordered by a thicker rim and finally ruptures to produce 586 

spray.  587 

Statistical analysis of the videos showed that bag breakup is the dominant mechanism 588 

of spume droplet generation at high winds, when u* exceeds approximately 1.0 m/s. This 589 

mechanism was therefore studied in more detail. The dependency of the specific number of 590 

bag breakup events, N (per unit area per unit time), on wind friction velocity, u*, in the 591 

turbulent boundary layer was derived from the processing of top-view high-speed video 592 

frames. These statistics were interpreted using a phenomenological approach based on the 593 

methods of statistical physics, specifically the Gibbs canonical ensemble, and the function for 594 

N in terms of u* was then derived. Expressing N in terms of the windsea Reynolds number, 595 

2

*ReB
p

u
 

 , yields the dependence on wind fetch required for extrapolation to field 596 

conditions. The statistical distributions of the sizes, speeds, and lifetimes of the observed bags 597 

at different airflow velocities were also investigated, and it was found that all the probability 598 

density functions could be well-approximated by the gamma distribution with different 599 

parameters.  600 

The statistics obtained for the bag breakup events were used to construct an SGF for 601 

the bag breakup mechanism of spray production. First, we took into account that the droplets 602 

from a bag are generated via two mechanisms: rupture of the canopy of the inflated bag (the 603 

canopy droplets) and fragmentation of the rim that remains after fragmentation of the canopy 604 

(rim droplets). To obtain the size distribution of the canopy droplets, we used the results of a 605 

detailed study by Lhuissier and Villermaux (2012) on spray generation through the bursting 606 

of submerged bubbles, which is very similar to rupture of the canopy of the bag, since both 607 

these phenomena are governed by surface tension. To derive the size distribution of the rim 608 
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droplets, we used the similarity of the bags observed near the crests of breaking surface 609 

waves and the development of liquid droplets in gaseous flows in the bag breakup regime. 610 

We used the geometrical parameters of bags that have been thoroughly investigated by Chou 611 

and Faeth (1998) and the statistics of droplets produced by fragmentation of liquid ligaments 612 

suggested in Marmottant and Villermaux (2004). The resultant bag breakup SGF was the sum 613 

of the generation of both functions for the canopy and rim droplets. The maxima of these 614 

functions slightly decrease with wind friction velocity and are significantly different: for 615 

u*=1–2 m/s, the maximum of the canopy part of the SGF as the volume flux corresponds to a 616 

drop radius of approximately 100 m, while rim fragmentation producing giant droplets has a 617 

maximum corresponding to approximately 1000 m.  618 

The bag breakup SGF derived from our laboratory data was compared with spume 619 

droplet SGFs designed for application under both field and laboratory conditions. We 620 

compared with the SGFs of Iida et al. (1992), Veron et al. (2012), and Ortiz-Suslov et al. 621 

(2016), which were derived from specially designed laboratory experiments. This comparison 622 

showed a reasonable agreement of the bag breakup SGF with the data of Veron et al. (2012) 623 

and Ortiz-Suslov et al. (2016), although the bag breakup SDF predicts a larger average 624 

droplet size. We propose that this may be explained by a lower number of the largest droplets 625 

at the measuring points used in the experiments of Veron et al. (2012) and Ortiz-Suslov et al. 626 

(2016). The SGF suggested by Iida et al. (1992) shows a very slow decrease for droplet radii 627 

exceeding 200 m, which may also indicate the presence of giant droplets.  628 

We also compared the bag breakup SGF with SFGs developed for field conditions. We 629 

employed the bag breakup SGF rescaled to field conditions using a parameterization of the 630 

number of bag breakup phenomena by the windsea Reynolds number, as suggested by Toba 631 

and Koga (1986). In our estimates, we assumed that the inverse wave age parameter under 632 

field conditions, 10 pU c  , was equal to 2.5–3.5 in accordance with the field data of 633 
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Wright et al. (2001) and used a surface drag coefficient taken from Holthuijsen et al. (2012). 634 

The bag breakup SGF was in reasonable agreement in magnitude with SFGs by Andreas 635 

(1992, 1998) and Fairall et al. (1994). We suggested two versions of the model of the fetch 636 

dependence of the specific numbers of the bag-breakup events and related SGF, Eq. (7) and 637 

Eq.(9). Now the data are not sufficient to give advantage to one of these expressions, 638 

however Eq.(7) looks promising, because it predicts realistic essential spray production at 639 

wind speeds 10-15 m/s.  640 

The agreement of the bag breakup SGF with both lab and field data confirms our 641 

basic hypothesis regarding the dominant role of bag breakup in hurricanes. This result has 642 

numerous prospective applications and forms a new basis for modeling the sea-spray and air–643 

sea fluxes. For example, the effect of bag breakup on water-surface resistance can explain the 644 

non-monotonous dependence of the surface drag coefficient on wind speed in hurricane 645 

winds. Besides, the boosting of exchange processes by giant droplets could be responsible for 646 

the significant increase in the air–sea enthalpy flux at high winds that is needed to explain the 647 

fast development of intensive hurricanes. These questions are the subject of part II of this 648 

study. 649 
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Appendix A. Statistics of bag breakup events: the Gibbs canonical ensemble approach 661 

This is a summary of the material in the Supplement to Troitskaya et al. (2017). 662 

Originally, the concept of the Gibbs canonical ensemble was developed for a 663 

thermodynamic system in weak thermal contact with a heat bath, i.e., an environment that 664 

remains at an unchanged temperature due to the negligible feedback of the thermodynamic 665 

system to the heat bath. The statistics of the system are determined using the Gibbs or 666 

canonical distribution, and the probability that the energy of the system is in the range [E, E 667 

+ dE] is  668 

 exp /dW A E dE  .      669 

The factor A=1/ , according to the normalization condition.  670 

However, the Gibbs method can be applied universally (see Rumer and Ryvkin, 1980) 671 

and here it is applied to describing the statistics of bags. We consider the canonical ensemble, 672 

which consists of all energy states of the air–ocean interface including those where it can 673 

potentially be transformed into bags and then atomized into spray. The analog of the heat 674 

bath is the marine atmospheric boundary layer (MABL), which prescribes the state of the 675 

interface. Note that the comparatively weak feedback of the state of the air–sea interface to 676 

the state of the MABL (an analog of the weakness of the thermal contact of the 677 

thermodynamic system to the heat bath) is provided by the small (4–5%, according to 678 

Golitsyn (2001)) fraction of wind energy spent to generate surface waves and accompanying 679 

phenomena in comparison with turbulent dissipation in the MABL. 680 

The heat bath parameter,  , can be derived from the Boussinesq (1877) analogy 681 

between the velocity fluctuations in a turbulent flow and the thermal motions of molecules in 682 

a gas. For molecular motion, according to Gibbs (1902),  is proportional to the temperature 683 

of the heat bath, i.e., to the average kinetic energy of the molecules. In the problem being 684 
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considered here, the analog to the temperature of the gas is the kinetic energy density of 685 

turbulent fluctuations in the MABL, where the latter is scaled by the wind friction velocity, 686 

i.e., 2

*~ u . 687 

When the energy of the system under consideration, E, exceeds the threshold, E0, of 688 

activation of the bag breakup regime, the number of bags arising per unit time per unit area of 689 

the water surface is a function of the energy state of the air-ocean interface N(E), and the 690 

average specific number of bags N is equal to the integral of N(E)dW over all states with 691 

energy exceeding the activation threshold, Е0. In the vicinity of the threshold, 692 

0 0( ) ( )( )N E N E E E  and integrating for N(E)dW yields
0

0( )
E

N N E e 


 . Since 2

*~ u , 693 

 
2

2 0
* 0 * 2

*

exp
U

N u Q u
u

 
  

 
,         694 

where Q0 and U0 are empirical constants to be derived by fitting of the data. 695 

 696 

Appendix B. Derivation of the SGF for the canopy droplets 697 

The total number of droplets with radii in the range [r, r+r] produced by rupture of 698 

the canopy of a bag per unit area per unit time is the convolution of the size spectra of bags 699 

(Eq. (16)) with the size spectra of droplets generated due to the rupture of the canopy of the 700 

inflated bag (Eq. (17)): 701 

   
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1 1
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n mnR mrn m
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N udF r u
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n R m r dR
e N R e

n R u m r R r R

 
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 

   
    

    


   (B1) 702 
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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 703 

limits of integration are chosen equal to 0 and  because the Gamma distribution is a well-704 

localized function that decreases exponentially at infinity.  705 

Substituting expressions for r(R) and  film
drops

N R  from Eqs. (21) and (22) to Eq. (B1) 706 

and replacing the variables in the integrand,  2 *R R u x , gives:  707 

 
 
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1
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1
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  (B2) 708 

where 
  2 *

1

na R u

mL







 . 709 

Approximate integration of Eq. (B2) using the method of steepest descent (cf., e.g. Nayfeh, 710 

1981) is applicable if n >>1, where  
 1/ 1

/r


 


 . In this case, the factor in Eq. (B2), 711 

    1 1

0

expm n n mG x n x x dx      


          ,      (B3) 712 

is transformed to the following simple expression:  713 
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with 715 
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     (B5) 716 

Selection of the parameters G0, g1 and g2 in Eq. (B4) by best fitting of the exact expression 717 

Eq. (B3) for G(), namely G0=0.46, g1=15.12, g2=0.44, provides an accurate approximation 718 

of the factor G() that is applicable to all relevant values of .  719 
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Using Eq. (B4) to express function G() defined by Eq. (B3) and substituting it into 720 

Eq. (B2) gives:  721 
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 722 

where 
  2 *

1
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





 . 723 

Simple algebra yields the following symmetrical form of the exponent:  724 
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where 726 
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Substituting numbers for n=7.53, m=11, 728 

0.094, 4 / 3a  
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2

32.24 10 , 4 / 3wgL
b
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  
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 , G0=0.46, g1=15.12, and g2=0.44 729 

finally gives: 730 
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Appendix C. Derivation of the expression for the SGF for rim droplets 735 

The total number of rim droplets with radii in the range [r,r+r] produced by bags per 736 

unit area per unit time is the convolution of the size spectra of bags (Eq. (16)) with the size 737 

spectra of droplets generated due to the fragmentation of the rim (Eq. (23)): 738 
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Replacing the variables in the integrand,  2 *R R u x , yields: 740 
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 (C1) 743 

Introducing the new variable, r   , where  2 *R u  , and using the method of 744 

steepest descent, similarly to Appendix B, we can transform the factor 745 
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with  748 
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Similarly to in Appendix B, we can find 1, 2, and 0, which enables an accurate fit for () 750 

by use of function (C2): 1=11.07, 2 = 0.35, and 0=1.02. 751 

Substituting Eq. (C2) into Eq. (C1) gives:  752 
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Simple algebra yields the symmetrical form of the exponent in Eq. (C4):  754 
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where  2 * 2 1R u   . 756 

Substituting numbers for n=7.53, k=4, =0.068, 1=11.07, 2 = 0.35, and 0=1.02 finally 757 

yields: 758 
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Tables 877 

Table 1. Parameters of the experiments. 878 

Frequency 

of the fan 

(Hz) 

Friction velocity 

(m/s) 

Number 

of 

records 

Total 

number of 

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 1.51 2 66248 

 Total: 67 2234512 

 879 

880 
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Figure caption list 881 

Fig. 1. Wind and wave parameters in the flume. (a) The roughness height due to the friction 882 

velocity in the flume, with the best fit from Eq. (1). (b) The dependency of the peak 883 

frequency in the wind wave spectra on wind friction velocity, with the best fit from Eq. (2). 884 

Fig. 2. Schematic diagram of experimental setup. 885 

Fig. 3. Generation of droplets through the development and breakage of liquid ligaments. (a) 886 

Stretching of the ligament, t=0 ms. (b) Formation of the droplet, t=3.9 ms. (c) Separation of 887 

the first droplet and formation of the second, t=9.3 ms. (d) Formation of the third and fourth 888 

droplets, t=17.3 ms, wind speed U1025 m/s, image dimensions 67.48×101.13 mm. (e) Spray 889 

generation at the crest of the breaking waves (photo taken by Troitskaya at the Gorky 890 

reservoir, Volga river, Oct. 1, 2011). Wind speed U109 m/s. Insets 1 and 2 show the 891 

magnified details of the wave crest. 892 

Fig. 4. The burst of a large bubble in strong wind conditions, U10=25 m/s. The top panel: (a) 893 

The floating bubble, t=0 ms. (b) Formation of a hole in the liquid film, t=3.2 ms. (c) 894 

Expansion of the hole, t=5.1 ms. (d) Droplet formation, t=8.4 ms. The bottom panel is the 895 

side view of the bubble burst. 896 

Fig. 5. The formation and rupture of a bag. A single bag: (a) side view, (b) top view. A 897 

“multi-bag”: (c) side view, (d) top view. U10=25 m/s.  898 

Fig. 6. Schematic diagram of the formation and fragmentation of a bag. (a) Formation of the 899 

initial disturbance, (b) increase of the initial disturbance, (c) sail-shaped disturbance, (d) 900 

formation of the bag, (e) rupture of the bag. The thin dotted lines are the streamlines in the 901 

reference frame following the elevation in the water surface. 902 

Fig. 7. Semi-automatic registering of the evolution of a bag: (a) initial frame showing bag 903 

nucleation, (b) intermediate frame with annotated markers, edge positions are interpolated, 904 

(c) final frame showing the moment of canopy puncture. 1- bag nucleation, 2 - canopy 905 
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puncture, 3 - manually defined markers. The friction velocity of the airflow is 1.04 m/s, and 906 

the average wind direction is from top to bottom. 907 

Fig. 8. Dependence of the specific numbers (per unit time per unit area) of the spray-908 

generating phenomena (a) on the wind friction velocity and (b) on the windsea Reynolds 909 

number. Open circles – bursting of floating bubbles, squares - liquid filaments, closed circles 910 

– bag breakup events (Fig. 8a is adopted from Troitskaya et al. (2017)). (c) 10-m wind speed 911 

versus wave-age parameter 10 pU c   at a fixed windsea Reynolds numbers, ReB, equal to 912 

4000, corresponding to the first appearance of bag breakup (solid curve) and 8000 (dashed 913 

curve).  914 

Fig. 9. Approximation of the experimental dependence of specific number of bags on friction 915 

velocity (a) using Eq. (5) and (b) on the windsea Reynolds number using Eq.(7). Open 916 

symbols are data obtained by processing individual 33,000-frame videos records, and closed 917 

symbols are the averaged data; the error bars are defined by the standard deviation. (c) 918 

Estimated specific number of bags using field conditions versus U10 for the wave-age 919 

parameter =2.5 (black curves) and =3.5 (grey curves); solid curves - Eq. (7), dashed 920 

curves - Eq. (9). 921 

Fig. 10. (a) The frequency distribution of bag size at the moment of nucleation (R1/R1 and at 922 

the moment of rupture (R2/R2. (b) The frequency distribution of the velocity of the motion 923 

of bag edges (u1/u1 and centers (u2/u2. (c) The frequency distribution of bag lifetime (/. 924 

Curves are the Gamma distribution for (a) n = 7.53, (b) n = 13.30, and (c) n = 3.70. 925 

Fig. 11. Dependencies of averaged values on the friction velocity of the air flow: (a) the 926 

initial (closed circles) and final size (open diamonds) of bags, (b) the velocity of the edges 927 

(closed circles) and centers (open diamonds) of bags, and (c) the lifetime of bags. Lines are 928 

the power best fit from Eqs. (11-15). (d) Proportionality in the sizes of bags. 929 
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Fig. 12. (a) The bag breakup SGF. (b) The SGFs for the canopy (dash-dot curve) and rim 930 

(dashed curve) droplets and their aggregate (gray solid curve) for u*=1.5 m/s. (c) Bag 931 

breakup SGF as the volume flux. For (a) and (c), u* varies from 1 m/s to 2 m/s with an 932 

increment 0.1 m/s. 933 

Fig. 13. Comparison of the bag breakup SGF (solid and dashed lines) with empirical 934 

estimations of SGFs under laboratory conditions. Symbols: Iida et al. (1992) - open circles; 935 

Ortiz-Suslow et al. (2016) - open squares - u*=1.75 m/s (U10=36 m/s), closed circles - u*=1.97 936 

m/s (U10=40.5 m/s), upward-pointing triangles - u*=2.19 m/s (U10=45 m/s), closed squares - 937 

u*=2.43 m/s (U10=49.5 m/s), downward-pointing triangles - u*=2.66 m/s (U10=54 m/s); Veron 938 

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 939 

et al. (2009) - thin lines with symbols: open diamonds u*= 1.35 m/s, closed diamonds u*= 940 

1.44 m/s, closed triangles u*= 1.64 m/s. For the bag breakup SGF, u varies between 1.6 m/s 941 

and 2.4 m/s with an increment of 0.2 m/s. Solid lines correspond to u*=2 m/s (lower) and 942 

u*=2.4 m/s (upper). 943 

Fig. 14. Comparison of the bag breakup SGF with empirical SGFs under field conditions by 944 

Andreas (1998) (diamonds), Fairall et al. (1994) (triangles), Zhao et al. (2006) (circles) at 945 

U10=30 m/s (a) and U10=35 m/s (b). In the bag breakup SGF, the wave-age parameter =2.5 946 

(black curves) and =3.5 (grey curves); solid curves - Eq. (7), dashed curves - Eq. (9). 947 

948 
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Figures 949 

 950 

Fig. 1. Wind and wave parameters in the flume. (a) The roughness height due to the friction 951 

velocity in the flume, with the best fit from Eq. (1). (b) The dependency of the peak 952 

frequency in the wind wave spectra on wind friction velocity, with the best fit from Eq. (2). 953 

 954 

 955 

 956 
 

 
 

diffuser screen 

 957 

Fig. 2. Schematic diagram of experimental setup. 958 
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 959 

 960 

 961 

Fig. 3. Generation of droplets through the development and breakage of liquid ligaments. 962 

(a) Stretching of the ligament, t=0 ms. (b) Formation of the droplet, t=3.9 ms. (c) Separation 963 

of the first droplet and formation of the second, t=9.3 ms. (d) Formation of the third and 964 

fourth droplets, t=17.3 ms, wind speed U1025 m/s, image dimensions 67.48×101.13 mm. (e) 965 

Spray generation at the crest of the breaking waves (photo taken by Troitskaya at the Gorky 966 

reservoir, Volga river, Oct. 1, 2011). Wind speed U109 m/s. Insets 1 and 2 show the 967 

magnified details of the wave crest. 968 

 969 

 970 

 971 

 972 
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 973 

 974 

Fig. 4. The burst of a large bubble in strong wind conditions, U10=25 m/s. The top panel: (a) 975 

The floating bubble, t=0 ms. (b) Formation of a hole in the liquid film, t=3.2 ms. (c) 976 

Expansion of the hole, t=5.1 ms. (d) Droplet formation, t=8.4 ms. The bottom panel is the 977 

side view of the bubble burst. 978 

 979 

 980 

 981 

 982 

 983 

 984 

 985 

 986 

 987 

 988 
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 989 

 990 

 991 

 992 

Fig. 5. The formation and rupture of a bag. A single bag: (a) side view, (b) top view. A 993 

“multi-bag”: (c) side view, (d) top view. U10=25 m/s.  994 
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 995 

Fig. 6. Schematic diagram of the formation and fragmentation of a bag. (a) Formation of the 996 

initial disturbance, (b) increase of the initial disturbance, (c) sail-shaped disturbance, (d) 997 

formation of the bag, (e) rupture of the bag. The thin dotted lines are the streamlines in the 998 

reference frame following the elevation of the water surface. 999 

 1000 

 1001 

 1002 

Fig. 7. Semi-automatic registering of the evolution of a bag: (a) initial frame showing bag 1003 

nucleation, (b) intermediate frame with annotated markers, edge positions are interpolated, 1004 

(c) final frame showing the moment of canopy puncture. 1- bag nucleation, 2 - canopy 1005 

puncture, 3 - manually defined markers. The friction velocity of the airflow is 1.04 m/s, and 1006 

the average wind direction is from top to bottom. 1007 
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 1008 
Fig. 8. Dependence of the specific numbers (per unit time per unit area) of the spray-1009 

generating phenomena (a) on the wind friction velocity and (b) on the windsea Reynolds 1010 

number. Open circles – bursting of floating bubbles, squares - liquid filaments, closed circles 1011 

– bag breakup events (Fig. 8a is adopted from Troitskaya et al. (2017)). (c) 10-m wind speed 1012 

versus wave-age parameter 10 pU c   at a fixed windsea Reynolds numbers, ReB, equal to 1013 

4000, corresponding to the first appearance of bag breakup (solid curve) and 8000 (dashed 1014 

curve). 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 
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 1022 

Fig. 9. Approximation of the experimental dependence of specific number of bags on friction 1023 

velocity (a) using Eq. (5) and (b) on the windsea Reynolds number using Eq.(7). Open 1024 

symbols are data obtained by processing individual 33,000-frame records, and closed 1025 

symbols are the averaged data; the error bars are defined by the standard deviation. (c) 1026 

Estimated specific number of bags using field conditions versus U10 for the wave-age 1027 

parameter =2.5 (black curves) and =3.5 (grey curves); solid curves - Eq. (7), dashed 1028 

curves - Eq. (9). 1029 

 1030 

 1031 

Fig. 10. (a) The frequency distribution of bag size at the moment of nucleation (R1/R1 and at 1032 

the moment of rupture (R2/R2. (b) The frequency distribution of the velocity of the motion 1033 

of bag edges (u1/u1 and centers (u2/u2. (c) The frequency distribution of bag lifetime (/. 1034 

Curves are the Gamma distribution for (a) n = 7.53, (b) n = 13.30, and (c) n = 3.70. 1035 
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 1036 

Fig. 11. Dependencies of averaged values on the friction velocity of the air flow: (a) the 1037 

initial (closed circles) and final size (open diamonds) of bags, (b) the velocity of the edges 1038 

(closed circles) and centers (open diamonds) of bags, and (c) the lifetime of bags. Lines are 1039 

the power best fit from Eqs. (11-15). (d) Proportionality in the sizes of bags. 1040 
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 1041 

Fig. 12. (a) The bag breakup SGF. (b) The SGFs for the canopy (dash-dot curve) and rim 1042 

(dashed curve) droplets and their aggregate (gray solid curve) for u*=1.5 m/s. (c) Bag 1043 

breakup SGF as the volume flux. For (a) and (c), u* varies from 1 m/s to 2 m/s with an 1044 

increment 0.1 m/s. 1045 

    1046 

     1047 

Fig. 13. Comparison of the bag breakup SGF (solid and dashed lines) with empirical 1048 

estimations of SGFs under laboratory conditions. Symbols: Iida et al. (1992) - open circles; 1049 

Ortiz-Suslow et al. (2016) - open squares - u*=1.75 m/s (U10=36 m/s), closed circles - u*=1.97 1050 

m/s (U10=40.5 m/s), upward-pointing triangles - u*=2.19 m/s (U10=45 m/s), closed squares - 1051 

u*=2.43 m/s (U10=49.5 m/s), downward-pointing triangles - u*=2.66 m/s (U10=54 m/s); Veron 1052 

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 1053 

et al. (2009) - thin lines with symbols: open diamonds u*= 1.35 m/s, closed diamonds u*= 1054 

1.44 m/s, closed triangles u*= 1.64 m/s. For the bag breakup SGF, u varies between 1.6 m/s 1055 

and 2.4 m/s with an increment of 0.2 m/s. Solid lines correspond to u*=2 m/s (lower) and 1056 

u*=2.4 m/s (upper). 1057 



 54 

 1058 

 1059 

Fig. 14. Comparison of the bag breakup SGF with empirical SGFs under field conditions by 1060 

Andreas (1998) (diamonds), Fairall et al. (1994) (triangles), Zhao et al. (2006) (circles) at 1061 

U10=30 m/s (a) and U10=35 m/s (b). In the bag breakup SGF, the wave-age parameter =2.5 1062 

(black curves) and =3.5 (grey curves); solid curves - Eq.(7), dashed curves - Eq. (9).  1063 




