Fuel for hurricanes: bag-breakup fragmentation and sea spray giant droplets
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The Beaufort scale based on the sea’s appearance describes the criterion of the 'Force 8
wind' or gale as the beginning of breaking edges of wave-crests into the spindrift: the sea
spray being torn by a violent wind. This observation suggests that the spindrift visualizes
triggering of a new spray-generation regime with the threshold at the gale force wind. Here
we indeed identify this new regime using high-speed video as the bag-breakup mode of
fragmentation of liquid in gaseous flows known in a different context. This regime is
characterized by inflating and consequent bursting of the short-lived objects, bags,
comprising sail-like water films surrounded by massive liquid rims then fragmented to
giant droplets with sizes exceeding 500 micrometers. From first principles of statistical
physics we develop statistical description of these phenomena and show that at extreme
winds the bag-breakup is the dominant spray-production mechanism. These findings
provide a new basis for understanding and modeling of the air-sea exchange processes at
extreme winds. The giant droplets by boosting the exchange processes explain significant
increase of the air-sea thermal energy flux crucial for fast intensification of hurricanes. The
bag-breakup also explains the hitherto enigmatic reduction of the surface drag coefficient
in hurricanes.

Until recently, the sea spray, being a typical feature of the marine atmospheric boundary
layer, remained the most uncertain factor among those controlling hurricanes and severe storms'~
?. Due to enormous difficulties in field experiments at extreme winds, empirical estimates of the
amount and sizes of droplets injected into the atmosphere from the ocean surface varied up to six
orders of magnitude®”. The very mechanisms of the spray production remained not fully
understood*”. The starting points for the present work have become the Beaufort scale based on
the sea’s appearanceﬁ, where the criterion of the Force 8 wind or gale (17.2 — 20.7 m/s) is
formulated as follows: “edges of (wave-)crests begin to break into spindrift”. This observation
assumes that the spindrift (or spume droplets, i.e. the sea spray torn by a violent wind from wave
crests) is a visual manifestation of a new spray-generation regime which activates at the gale
force wind.

We identify this spray-generating regime in experiments specially designed to investigate
how extremely strong winds tear off spume droplets from wave crests. Employing high-speed
video-filming enabled us to classify the spray-generating events and to quantify the efficiency of
the disclosed mechanisms. Experiments were carried out in high-speed wind-wave flume’ (see
details of the experimental setup in Methods and Supplementary Materials, Section Al). We

characterize the near-water boundary layer by the friction velocity, u,, defined via vertical
turbulent shear stress: F,, =pw.,uf, where p,; is the air density. In our experiments friction

velocity, u,, varied between 0.8 and 1.51 m/s. According to known empirical relationship®, in
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the field conditions these values correspond to the wind speeds at the reference height 10m, Uy,
between 18.4 (Beaufort number 8)° and 35 m/s (Category 1 hurricane)’.

Basing on video-filming done at the rates up to 10000 fps we formulate the following
classification of spray-generating mechanisms.
1) Breaking projection (Fig.1A and video S1)
Small "projections"'® develop mainly at crests of breaking waves and break into a few droplets
with 1-2 millimetre diameters.
2) Underwater bubble-bursting (Fig.1B and video S2)
Underwater bubbles forming at crests of breaking waves burst into droplets when reach the water
surface''. This mechanism is usually considered as a major one responsible for generation of
marine aerosol''. Contrastingly, our video-filming has revealed its surprising inefficiency: only
about 5% of the observed underwater bubbles reach water surface and burst to produce droplets.
3) Bag-breakup (Fig.1C and video S3)
Typical event of this type starts with a small-scale elevation of the water surface, which then
develops into a bag, inflates into a water film bordered by thicker rim, and finally blows up. In
engineering fluid dynamics12 this phenomenon is known as the bag-breakup mode of liquid
fragmentation in gaseous flows. Recently an evidence of the bag-breakup spray generation in
laboratory flume was also reportedB.
Comparative efficiency of the above mechanisms quantified by processing about 2.3
million video-frames (see Supplementary Materials, Section Al for details of the algorithm) is
illustrated in Fig. 1D, where each mechanism is characterized by the specific number of events

arisen per unit time over unit area as dependent on the friction velocity, u, . At u, < 1 m/s the

three mechanisms are almost equally efficient, but at %, > 1 m/s the number of bursting bubbles

lags essentially behind the numbers of projections and bags. Moreover, breaking projections
yield up to 3 droplets per event; so the bag-breakups, yielding about one hundred of droplets per
event, become absolutely dominant. Note, that in our experiments, the threshold of the bag-
breakup regime was u. =0.9 m/s, which corresponds to U, =20 m/s ® that is to the Beaufort

Number 8° (see Fig.1D) which, in turn, is precisely the wind force, when the "spindrift" first
appears.

To determine specific number, N, of the bag-breakup events versus the wind force or
friction velocity, we employ phenomenological statistical-physics approach using the Gibbs
method"* for description of statistics of the energy states of a "quasi-thermodynamic system"
comprising wave crests that can be potentially transformed into "bags" and then atomized into
spray when its energy exceeds a certain threshold required for activation of the bag-breakup

regime. Derivation of the function N, (w.) is given in Supplementary Materials, Section A2. Its

good fit to experimental data is illustrated in Fig.1D.

Processing video-frame consequences allowed us to determine the distribution of bags in
radii, R, and life-times, T. Mean values of these parameters, roughly estimated as (R) ~ 102 m
and (7) ~ 107-10" s, generally decrease with increasing wind speed (Eq. S5, S7 in
Supplementary Materials, Section A2). This has strong effect on the surface stress and the drag
coefficient.

Knowing statistics of bags, we derive the bag-breakup ‘“sea spray generation function”
(SSGF) defined as the volume of droplets of radius r produced from the unit area of water
surface in unit time due to the dominant bag-breakup mechanism. As seen in Fig.1C, bags
generate spray in two ways:

e rupturing the film of inflated bag (Fig. 1C, 6.8 ms), which yields film-droplets with
average radius ~100 um,
e fragmenting the rim, which preserves for a while after the bag’s blow up (Fig. 1C, 11.6
ms), thus yielding rim-droplets with average radius ~1000 um.
Herewith, the sizes of droplets are prescribed by the sizes of bags.
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The resulted SSGF (Fig. 2A,B) has two peaks corresponding to the film- and rim-
droplets, respectively (see derivation in Supplementary Materials, Section A3). The rim-droplet
peak at r = 500-1000 um is the distinctive feature of the bag-breakup spray generation
mechanism. Such giant droplets torn off the wave crests are obtained in topical laboratory
experiments reproducing the hurricanes conditions'*"”.

We have also verified our bag-breakup sea spray generation function (SSGF) against data
obtained in field'®"® (Fig.2B). To convert the laboratory SSGF to the field conditions, we use
well-documented'® empirical dependence of SSGF on fetch (the distance which the wave field
has passed under the action of wind). For the typical of hurricanes rotating and displacing wind
fields, fetch is a poorly determined parameter. In our analyses we characterize fetch by the wave-
age parameter, £2 = U,¢/c,, where ¢, is the phase speed of the dominant surface waves. Direct
measurements in the hurricane conditions'’ yielded Q = 2-3. Fig.2B shows quite good
correspondence between our “theoretical+lab-experiment SSGF” and “empirical SSGFs”"" in
the radii interval 30 < r < 300um. It is by no means surprising that the giant rim droplets with r
> 300mm are missed in'®"®, where SSGFs were derived through extrapolation of data obtained at
winds below 20 m/s*°, when the bag-breakup mechanism was not activated.

The bags and giant droplets, the "hallmark" of the bag-breakup mechanism, turn out to
make significant contribution to both heat energy supply from the ocean and mechanical
dissipation in the atmospheric boundary layer, i.e. factors responsible for development and
maintenance of hurricanes®'.

In particular, the effect of bags and giant droplets can explain the effective smoothing of
the water surface equivalent to surface drag reduction at hurricane winds disclosed in
meteorological””* and oceanographic® observations. Indeed, the contribution of the bag-
breakup to the momentum flux consists of the two parts:

e the droplet-stress, Fjy, equal to the amount of momentum acquired by droplets in the
course of their production (basically attributed to large droplets; see Fig.3A),
o the bag-stress, Fan, provided by bags — “micro sails” with typical sizes about 1 cm, which
make obstacles to the near-water airflow.
Derivation of Fyy, and Fyy; are given in Supplementary Materials, Section A4. Both bag-stress
and droplets-stress are leveling off at high winds (see Fig.3B) due to the following counteracting
impacts of the increasing wind speed: increasing number of bags and more spray, and weakening
their individual contributions to the momentum flux due to decreasing sizes and life-times of
bags. The revealed saturation of the momentum flux just prescribes the seemingly paradoxical

peaking of the surface drag coefficientC, = F,, /U (Fig.3C). For completeness, we take into

account in this Figure the effect of suspended droplets on the static stability in the near-surface
air flow, which creates the stable stratification and thus slightly reduces turbulence in the marine
atmospheric boundary layer3 (see details in Supplementary Materials, Section AS).

The contribution from spray to the thermal energy supply from ocean to atmosphere
through evaporation (quantified by the vertical flux of moist enthalpy, Hy) is provided by large
enough droplets, which cool down below the ambient air temperature (due to evaporation of only
small fractions) of their volumes and then re-enter to water'. Fig. 3D confirms dominant
contribution to this process of the giant rim-droplets, especially at winds exceeding 35 m/s when
the contribution of spray exceeds the near-surface turbulent heat flux (see Fig.3E). As a result,

the enthalpy exchange coefficient C, = H, / ( p.U, (ki —ks)) (where kjp and k, are the specific

moist enthalpy at the reference height 10 m and at the sea level, respectively) increases with
strengthening wind (Fig.3F) (see details in Supplementary Materials, Section A6). Consequently
the ratio of the exchange coefficients C;/Cp increases and at 35-40 m/s wind exceeds 0.75, which
is just the renown threshold for development of tropical cyclones21 (Fig.4).

Our analyses has revealed that the dominant spray-generation mechanism in extreme winds
roots in specific instability at the air-water interface known in engineering fluid mechanics as the
bag-breakup fragmentation. Coincidence of the activation thresholds enables us to identify the
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bag-breakup with the spindrift — the signature of the force 8 wind of the Beaufort scale based on
the sea’s appearance’. In view of this finding, it seems natural to assume that the criterion of the
Force 11 wind, namely, “the edges of the wave crests are blown into froth™® is nothing but a
manifestation of another yet unknown feature of the air-sea coupling at extreme winds.

Methods

The experiments were carried out in the wind-wave flume of Large Thermally Stratified
Tank of IAP RAS. The airflow channel with the cross-section of 0.4x0.4 m over the water
surface had the length of 10 m. The tank was filled with fresh water, with temperature ranging
during experiments from 15 to 20°C. The measured value of the surface tension was ¢ =
(7.020.15)- 10 N/m. The facility and parameters of air flow and surface waves are described in
details in’.

Measurements were carried out in two working sections spaced 7 and 8 m from the outlet
of the fan. Video filming of the air-water interface was done by the high-speed digital camera
NAC Memrecam HX-3 from two different angles: side view — using the vertical matte screen
and surface LED 300W lights (horizontal shadow method); and top view — using underwater
illumination (vertical shadow method).

The side view filming gave us overall views of spray-generating phenomena. The optical
axis of the camera lens was located 5 cm above the water surface and directed horizontally. The
distance from the camera to the shooting area was 65 cm. A LED spotlight was mounted at the
side of the channel section 8 at the distance 50 cm from the wall and the height less than 5 cm
from the water surface. A matte screen was placed on the side wall of the channel opposite to the
camera. We used the lenses with focal lengths 50 and 85 mm with resolution 55-55-119 pm/px.
The recording rate was 10000 fps. For wind speeds from 22.2 to 39.5 m/s we obtained less than a
second long detailed records of the surface features, while working with the camera records we
only selected parts of the records containing the spray generation. Typical images of events
leading to the spray generation are shown in Fig. 1(A-C) and movies S1-S3.

To obtain statistical data for the events on the surface leading to spray generation, video-
filming was done using the vertical shadow method. Filming was conducted through the
transparent top wall of the channel section. Camera was mounted vertically at the distance 207
cm from the water surface. Video-filming was carried out at rates 4500 and 10000 fps with the
scales 256 and 124 pm/px, respectively, in the wide range of wind speeds: 22.2-39.5 m/s.

Statistical data for the events on the surface leading to the spray generation was retrieved
from video-filming using specially developed software allowed for semi-automatic registering of
the events leading to spray generation: breaking projections, bursting underwater bubbles, and
"bag-breakup". The software provided convenient way to browse through recordings at slow
speed of frame-by-frame, to find the features of interest and to mark them. Markers were
manually added to the image sequences using computer mouse. In total, 69 video-films
containing about 33000 frames each were processed to get the statistics.

Scheme of the experimental setup and details of the data processing algorithm are given
in Supplementary Materials, Section Al. The theoretical derivation of the statistics of bag-
breakup events, equation for the “bag-breakup” spray generation function and estimations of
contributions of droplets to heat and momentum fluxes in the storm atmospheric boundary layer
are presented in Supplementary Materials, Sections A2-A6.
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Figure Legends

Fig. 1. Mechanisms of spray generation: A — breaking projection (top view); B — rupture of large
bubble (side view); C — formation and rupture of bag (side view); D — number of local spray

generating phenomena per unit time per unit area versus the friction velocity u, and the Beaufort

number: blue squares — bursts of floating bubbles, cyan squares — projections, red circles — bag
breakup; red solid curve — our formulation based on the Gibbs or canonical distribution (Eq.S3 in
Supplementary Materials, Section A2).

Fig. 2. (A) Comparison of our bag-breakup sea spray generation function (SSGF) as a volume
flux (red lines) with empirical SSGFs'® for laboratory conditions (blue lines); friction velocity

u, varies between 1 and 1.5 m/s with increment 0.1 m/s. (B) Comparison of our SSGF with
empirical SSGFs for field conditions'®"® at U;y=30 m/s (top) and U;4=35 m/s (bottom).

Fig. 3. Size distribution of the contribution from droplets to (A) the of momentum flux, P, and
(D) the enthalpy flux, E; wind speed U varies between 20 and 60 m/s with increment 2 m/s. (B)
Contributions to the surface stress caused by bags, droplets and direct turbulent transfer versus
10-m wind speed, U, for the wave-age parameter, €, from 2 to 3. (C) The surface drag
coefficient, Cp, versus, U, after our stress model for Q between 2.5 and 3.5. Dashed red curve
shows Cp from®. Experimental data: dark blue squares, diamonds, triangles and circleszz,
crosses>, asterisks>, close circles®’, blue dots®’; blue solid curve and dashed curves are the
polynomial best fit and 95% confident interval of data®; solid red curves show our bag stress
model for Q between 2.5 and 3.5. (E) Contributions to the enthalpy flux from droplets and from
direct turbulent transfer versus 10-m wind speed, U, for the wave-age parameter, Q, varying
from 2.5 to 3.5. (F) The enthalpy transfer coefficient, Cy, versus, Ujo from our stress model for Q
varying from 2.5 to 3.5; experimental data: dark blue triangles”, close circles®’. The hurricane
thermodynamics parameters are: air temperature 25°C, water temperature 27.5°C, relative
humidity 96%.

Fig.4. The ratio of the enthalpy and drag coefficients from our model versus 10-m wind speed,
U, for the wave-age parameter, (2, varying from 2.5 to 3.5. Dashed red line denotes the level
0.75 — the threshold for the tropical cyclone development according to”!. Experimental data: dark
blue triangleszg, close circles?’.
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Fig. 1. Mechanisms of spray generation: A — breaking projection (top view); B — rupture of large
bubble (side view); C — formation and rupture of bag (side view); D — number of local spray

generating phenomena per unit time per unit area versus the friction velocity u#, and the Beaufort

number: blue squares — bursts of floating bubbles, cyan squares — projections, red circles — bag
breakup; red solid curve — our formulation based on the Gibbs or canonical distribution (Eq.S3 in
Supplementary Materials, Section A2).
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Fig. 2. (A) Comparison of our bag-breakup sea spray generation function (SSGF) as a volume
flux (red lines) with empirical SSGFs'® for laboratory conditions (blue lines); friction velocity

u, varies between 1 and 1.5 m/s with increment 0.1 m/s. (B) Comparison of our SSGF with
empirical SSGFs for field conditions'®'® at U;,=30 m/s (top) and U;p=35 m/s (bottom).
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Fig. 3. Size distribution of the contribution from droplets to (A) the of momentum flux, P, and
(D) the enthalpy flux, E; wind speed U, varies between 20 and 60 m/s with increment 2 m/s. (B)
Contributions to the surface stress caused by bags, droplets and direct turbulent transfer versus
10-m wind speed, Uy, for the wave-age parameter, Q, from 2 to 3. (C) The surface drag
coefficient, Cp, versus, U after our stress model for { between 2.5 and 3.5. Dashed red curve
shows Cp from®. Experimental data: dark blue squares, diamonds, triangles and circles™,
crosses>, asterisks™, close circles®’, blue dots®’; blue solid curve and dashed curves are the
polynomial best fit and 95% confident interval of data®; solid red curves show our bag stress
model for Q between 2.5 and 3.5. (E) Contributions to the enthalpy flux from droplets and from
direct turbulent transfer versus 10-m wind speed, U, for the wave-age parameter, Q, varying
from 2.5 to 3.5. (F) The enthalpy transfer coefficient, Cy, versus, Ujo from our stress model for
varying from 2.5 to 3.5; experimental data: dark blue triangles”, close circles”’. The hurricane
thermodynamics parameters are: air temperature 25°C, water temperature 27.5°C, relative
humidity 96%.
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0.75 — the threshold for the tropical cyclone development according to*'. Experimental data: dark
blue triangles™, close circles” .
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