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ON THE CLOUDS OF BUBBLES FORMED BY
BREAKING WIND-WAVES IN DEEP WATER, AND
THEIR ROLE IN AIR-SEA GAS TRANSFER

By S. A. THORPE
Institute of Oceanographic Sciences, Wormley, Godalming, Surrey GUS 5UB, U.K.
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Clouds of small bubbles generated by wind waves breaking and producing whitecaps
in deep water have been observed below the surface by using an inverted echo sounder.
The bubbles are diffused down to several metres below the surface by turbulence against
their natural tendency to rise. Measurements have been made at two sites, one in
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156 S.A. THORPE

fresh water at Loch Ness and the other in the sea near Oban, northwest Scotland.
Sonagraph records show bubble clouds of two distinct types, ‘ columnar clouds’ which
appear in unstable or convective conditions when the air temperature is less than the
surface water temperature, and ‘billow clouds’ which appear in stable conditions when
the air temperature exceeds that of the water. Clouds penetrate deeper as the wind
speed increases, and deeper in convective conditions than in stable conditions at the
same wind speed. The response to a change in wind speed occurs in a period of only a
few minutes.

Measurements of the acoustic scattering cross section per unit volume, M,, of the
bubbles have been made at several depths. The distributions of M, at constant depth
are close to logarithmic normal. The time-averaged value of M,, M,, decreases ex-
ponentially with depth over scales. of 40-85cm (winds up to 12ms-1), the scale
increasing as the wind increases. Values of M, at the same depth and at the same wind
speed are greater in the sea than in the fresh-water loch, even at smaller fetches.

Estimates have been made of the least mean vertical speed at which bubbles must
be advected for them to reach the observed depths. Several centimetres per second are
needed, the speeds increasing with wind. Results depend on the conditions at the
surfaces of the bubbles, that is whether they are covered by a surface active-film. The
presence of oxygen (or gases other than nitrogen) in the gas composing the bubbles
appears not to be important in determining their general behaviour. The presence of
turbulence in the water also appears unlikely to affect the gas diffusion rates from
individual bubbles at wind speeds up to 16 ms=1, except perhaps very close to the
surface. The vertical variation of M, and the trend with increasing wind speed is
moderately well predicted by a ‘cell model’ taken to represent turbulent motions in
the water. Analytical and numerical models in which the tendency of bubbles to rise is
balanced by turbulent diffusion, and the effects of solubility of the gas within the
bubbles are accounted for, are in reasonable agreement with the observations. An eddy
diffusion coefficient is taken (in neutral conditions) to be equal to that in the atmo-
spheric boundary layer over a rigid surface, linearly proportional to depth and friction
velocity. The effects of stable or unstable conditions, and those of varying the saturation
level in the water, are briefly examined. _

Estimates are also made, by using the observed values of M, supported by the
analytical results, of the gas flux from the bubbles. Most of the flux occurs in the upper
2m of the water column. This flux is compared with existing measurement of the net
gas flux across the air-water interface. It is concluded that in Loch Ness the component
of the flux via the bubbles is small at wind speeds up to 12ms-1, but that at sea the
contribution is significant at wind speeds of 12ms! (at least when the water is close
to being saturated) and that at higher wind speeds the bubble contribution may
dominate in the processes of air—water gas transfer.

1. INTRODUCGTION

When, in windy conditions, surface gravity waves in deep water break as ‘whitehorses’ or
‘whitecaps’, many small bubbles are produced and carried below the water surface. These
bubbles have been observed by using a fixed, upward-pointing, sonar located some 30 m below
the water surface, both in fresh water in Loch Ness and in the sea near Oban in Scotland. Bubbles
are not distinguished individually by the sonar but en masse, as clouds are seen in the atmosphere.
The shape of the bubble clouds and the depth to which they extend are results of the turbulent
motions in the water. Being below the surface these bubbles may be distinguished from the
floating bubbles or foam, and their dynamics and persistence are influenced by different processes.

Knowledge of wave-generated bubbles in the sea is meagre and measurements few (Wu 1981).
In 1963 Kanwisher reported that under the violent conditions of a winter storm in the North
Atlantic ‘an echo sounder head floating at a depth of 30 m and looking up showed foam being
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swept down to 20m’ below the sea surface. This was a remarkable observation, not only because
it suggested the use of acoustics to study the dynamics of the motion just below the surface of the
sea, but because Blanchard & Woodcock (1957) had shown that the lifetime of bubbles thought
to be typical of those produced by breaking waves in the sea was only a few minutes, and thus
the downward speed of the bubbles must have been many centimetres per second. Kanwisher
also remarked that we ‘may surmise that the total volume of bubbles produced’ at the sea surface
‘increases as some power of the wind velocity greater than two’, and that we ‘can only conclude
that bubbles from breaking waves may be significant gas exchanging devices at the higher wind
velocities’. The contribution of bubbles to gas transfer across the sea surface is still unknown, or
ignored (see for example the reviews by Brtko & Kabel (1978) and Jones (1980)), and the
literature contains many caveats regarding their importance. We shall produce evidence that
the contribution is significant and show that bubbles provide a physical asymmetry in the
transfer processes to and from the sea surface and may require appropriate parametrization in
the global budget of gases.

Some direct optical observations of bubbles in the sea have been made. Blanchard & Woodcock
(1957) made estimates in the near-shore zone and correctly, as later observations have shown,
concluded that most bubbles are less than 200 um in diameter. Medwin (1970) also made optical
observations, but only in the near-shore zone in low wind speeds and in conditions in which
biological contributions to the apparent bubble population appear to have been significant.

Kolovayev (1976) appears to have been the first to catch, photograph, and count bubbles
below breaking waves in the open sea at appreciable wind speeds, up to 13 ms~!. The most
numerous bubbles in the depth range 1.5-8 m are those with radii of about 70 pm and very few
bubbles exceeded 300 pm in radius. The number of bubbles decreased with depth and increased
with wind speed. . '

Johnson & Cooke (1979) succeeded in photographing bubbles iz sifu in the sea, using a camera
suspended from a surface float and thus overcoming the need in Kolovayev’s technique to allow
the bubbles to rise on to a transparent plate, perhaps dissolving on their way. Bubbles were
sampled at depths between 0.5 and 4.0m in winds of 8-13 ms~1, and the smallest bubbles that
could be detected had radii of 17 pm. The bubble distributions had a peak at radii of about
40-50 pm, smaller than found by Kolovayev. The numbers fell rapidly for radii less than this
peak. They also decreased rapidly as depth increased, and the distributions became narrower,
with the absence of the larger bubbles. The numbers increased with wind speed, with larger
bubbles appearing at depths where they were previously absent. At 1.8 m depth in winds of
11-13ms—1, some 1.56 x 105 bubbles m~2 were observed. Their total volume would, however,
have contributed a density change in the water equivalent to that produced by a temperature
change of only 1.5x10-2K and thus, probably made an insignificant contribution to the
dynamics.

Acoustic means of detecting bubbles were developed in World War II in connection with
submarine detection of the bubble-containing wakes of surface craft, but there are few instances
of the deliberate use of acoustics to observe naturally occurring bubbles. Medwin (1970, 1977)
used an attenuation method at various frequencies to deduce the size distribution of bubbles at
depths of 3-36 m, but only at low wind speeds (less than 6.2ms™?). The number of bubbles
found at 4 mincreased by a factor of about 2 for an increase in wind speed from 3.3 to0 5.56-6.1 ms-1,
The measurements were made from an oceanographic tower, a moored vessel or a floating buoy,
and the presence of these structures may have contributed to the observed bubble populations.

11-2
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Aleksandrov & Vaindruk (1974) appear to have been the first to describe short-term variations
of the near-surface ‘aerated’ layer. They used a bottom-mounted upward-pointing sonar 1km
offshore in a water depth of 20m, and recognized that because the orbital motion of surface
waves cannot carry bubbles down to the depths at which they are observed, or sustain them at
- depth, the observed distributions must be a reflexion of the presence of turbulence. Aleksandrov
& Vaindruk suggested that because the smallest bubbles rise very slowly through the water,
acoustic observations of bubbles might be used to study near-surface turbulence. They measured
both the height of the water surface above the sonar and the depth of the base of the bubble
clouds. The latter responded naturally to the orbital motion of the surface waves and also to
longer-period variations due, it was suggested, to the turbulent motions of the mixing layer. The
variation in the depth of the bubble clouds increased with wind speed.

The present work is a continuation of the observations reported by Thorpe & Stubbs (1979),
Thorpe & Humphries (1980) and Thorpe & Hall (1980, 1982) in which a 248kHz upward-
pointing sonar was used to detect bubbles in Loch Ness. We have largely substantiated the
suggestion by Aleksandrov & Vaindruk that a relation exists between the bubble clouds and the
turbulence. Thorpe & Stubbs showed that the observed average penetration depth of the bubble
clouds, d (m), estimated from sonagraph records, increases with wind speed measured at 10 m,

-1 1
W (ms—1), approximately as d = 0.4(W,,—2.5) (1)

and suggested that the shape of the clouds depends on the direction of the heat flux through the
water surface, columnar clouds appearing when the air was colder than the water, billow-like
clouds when the water was colder than the air. Thorpe & Humphries produced circumstantial
evidence that some of the variation in cloud intensity could be associated with waves breaking
in, or near, the area of the surface covered by the sonar beam. Thorpe & Hall described the
thermal structure of the mixing layer and showed that descending bubble clouds can sometimes
be associated with downward-moving water on surfaces tilted to the horizontal, but parallel to
thermal fronts resulting from the straining of the mean temperature field by turbulent eddies
with axes across the wind direction. The region of downward-moving water extended beyond the
depth to which bubbles were seen to descend. Wind rows also produce a significant increase in
the local concentration of the bubbles near the surface. There is hence a relation between
the bubble clouds and certain identifiable turbulent structures within the near-surface mixing
layer. )

New observations are described in §2. These provide estimates of the scattering cross section
per unit volume of the bubble clouds. The acoustic scattering cross section of an air bubble in

water is given by dna?

a(a,w) = mm (2)

Devin (1959) gives values of the damping coefficient, 8; w is the sonar frequency, and w, is the
bubble’s resonant frequency, Y 1 (.?’_7113) i )
" 2ma\ p .

(in cycles per unit time), where 9’ is the ratio of specific heats, ¢, /c,, and p is the hydrostatic
pressure. For bubbles of radius much less than the resonant radius, ar, where

o= 55‘(—0("”7”)* (4)
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the scattering cross section o ~ 4na®/a§, which rapidly diminishes as a decreases. For bubbles
with radius much larger than the resonant radius, o & 4na?, the surface area of the bubbles.

Figure 1 shows the variation of o with « for the 248 kHz sonar used in our experiments with p
corresponding to 1 m depth. The resonant radius is 14 pm and the width of the resonant peak is
about 7pm.

=7

Ig [0°(a) /m?]

-9

0 100 200 300
a/um

Ficure 1. The variation of the scattering cross section of an air bubble, ¢, at a depth of 1 m with
bubble radius, a, for a sound source of 248 kHz.

TABLE 1. THE SCATTERING CROSS SECTION PER UNIT VOLUME, M, OF BUBBLES AT VARIOUS DEPTHS
AND WIND SPEEDS BASED ON OBSERVATIONS BY JoHNsON & COOKE (1979)

wind speed
(m s™1) depth/m M,/m-1
8-10 1.5 9.09 x 104
11-13 0.7 2.74x 102
11-13 1.8 7.14x 103
11-13 4.0 7.14x 10~

The acoustic scattering cross section per unit volume of a cloud of bubbles with a density N(a)
bubbles per unit volume per unit radius, is given by

M, = f * Noda. (5)
0

For a 248 kHz signal, M, has been estimated from the four bubble size distributions reported
by Johnson & Cooke (1979). For these distributions the greatest contribution to A/, comes from
bubbles of size 50-60 um. and the narrow resonant peak does not contribute a large part. The
values of M, are given in table 1. The data are scanty, but it may be noted that in winds of
11-13 ms~1, M, decays approximately exponentially with depth with an exponentiation scale of
about 0.8m, and there is a tenfold increase in M, at 1.5 m interpolated for 11-13 ms~! winds
from the lower to the higher wind range.
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In the observations described in §2 it was possible to measure A, and to record its variation
with depth and with time. The dynamics of small bubbles, and gas diffusion from bubbles, are
reviewed in §3. The results are used to devise theoretical models for the behaviour and distri-
bution of bubbles below the surface of the water (§4). The observations are compared with
calculations of M, derived from the models and are found to be reasonably consistent with one
based on eddy diffusion coefficients for flows in a turbulent boundary layer near a rigid surface.
An important aspect of the study of bubbles is the information that they may give about diffusion
from, or near, the water surface, and in §5 we discuss how the observations may be used to
estimate the net gas flux from the bubbles into the water.

A88trus

Ficure 2. Loch Ness. Measurements were made at position A.
The dotted contours are at 90 and 180 m.

2, OBSERVATIONS
2.1, The acoustic system

Observations have been made by using the same acoustic system, although mounted differently,
both in Loch Ness and in the sea near Oban. The sonar operates at 248 kHz with a pulse length
of 0.08 ms and repetition rate of about 2.5 Hz. The beam is directed upwards towards the water
surface.

The site at Loch Ness (57°17.2’N, 4°27.7' W; see figure 2) was some 250 m offshore where
the water depth is 166 m. The loch is fresh water. The sonar transducer was supported by floats
and connected to shore by a cable running through a sheave on the bottom of the loch. The
transducer could be lowered or raised in the water column by hauling in, or paying out, the
cable on shore. The operating depth for the measurements reported here was 30-35 m, sufficiently
deep that the mooring was not disturbed by surface waves, and the bubble ‘ targets’ were beyond
the Fresnel zone, extending to about 21 m from the transducer. The width of the sonar beam was
about 5° (determined by towing a target, a weighted trawl float, across the beam). The surface
directly receiving and reflecting sound from the beam, the surface ‘footprint’ of the sonar, is
about 2.6-3.1m in diameter. The estimated beam angle was consistent with the distortion of
surface waves as they appeared on the sonagraph. The sonar correctly senses the position of a
wave trough but, because of the finite beam width, receives reflected sound from the flanks of
the wave rather than the crest itself, when the crest is over the sonar. The wave profile is thus
flattened to a degree dependent on the beam angle and the wavelength. ‘

Data were collected on days on which the wind was predominantly southwesterly or north-
easterly, blowing along the axis of the loch, when the maximum fetches were approximately
20 and 14 km respectively. Because of the narrowness of the loch and the resulting limitation in
the angular spread of the spectrum, especially of long waves, the effective fetches must be less.
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Wind speed was measured by an anemometer on a tripod in the loch, and air and surface water
temperature were taken regularly.

At the site near Oban (56°27.6'N, 5°27.1’ W; figure 3) the transducer was mounted on a
quadpod resting on the sea bed, and was levelled by divers. The mean transducer depth was
34 m (similar to that in Loch Ness) and the mean tidal range about 3.5 m. A cable ran from the
equipment to the recording instruments, including an anemometer, on shore. The average
fetches are given in table 2. Average temperature and salinity profiles obtained near the echo
sounder in calm weather near low tide on 30 January 1981 (figure 4) show a layer of water of
lower salinity near the surface. This derives from the fresh water in the large catchment area
around Loch Etive which discharges into the sea through the Falls of Lora to the east of the sonar.

”'ULL

ISLE

Ficure 3. The site near Oban. Measurements were made at position A.

At both sites data were recorded on a sonagraph and in digital form on magnetic tape. Each
digital record corresponded to the average amplitude of sound returned from reflectors within a
selected depth range, or ‘bin’, over a period of 10s. Seven such bins, each approximately 45 cm
high, were sampled every 10s. One bin was placed deep, normally well below the bubble clouds,
and served to establish the noise level of the system or to detect extraneous noise due to passing
vessels. The six remaining bins were arranged at intervals, with the uppermost close to, but
below, the wave troughs. The effect of finite bin-height, and that of the surface waves in moving
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water and bubbles through the bins, are considered in Appendix 1, and are shown to be generally
small, in the sense that they do not significantly change the observed vertical average distribution
of scattering cross section from that which would be observed if the bins were at constant depths
below the surface. The positions of the bins relative to the surface were set manually at Loch
Ness. Such a process was not practicable at Oban, however, because of the tides. The sonar was
itself used to locate the average position of the surface over successive periods of about 10 min
and the bins were then positioned automatically. The maximum adjustment in the bins’ levels
at peak tidal flow amounted to about 10cm after each averaging period.

TABLE 2. MEAN WIND FETCH AT THE OBAN SITE

(Over a 4° sector the southwest fetch is virtually unrestricted in a direction down the Firth of Lorne, except for the
island of Colonsay at 55 km, until the coast of Donegal at 165 km. The sector of short fetch in this direction is
Very narrow.)

maximum minimum mean

wind fetch fetch fetch
direction km km km
SE 1.1 0.8 0.9
S 1.4 0.9 1.1
E 3.3 1.2 2.2
N 4.3 1.7 2.6
NE 4.4 3.3 3.9
NwW 5.7 4.0 4.7
w 13.6 6.1 9.8
SW 165 1.4
salinity /(%) temp./°C Or
g 7 . 18 2 26
0 24 3? ~ 74 8 8 3’*« . 2 2
10t
£
=
8,
[ %
o
20
30

Ficure 4, Mean and standard deviations of six profiles of salinity, temperature, and o'y near position A (figure 3)
on 30 January 1981. The data were obtained in calm weather during a four-hour period near low water.

Calibration was achieved in Loch Ness by recording the output of the system when a carefully
machined spherical brass sphere of diameter 12.33 cm, supported by a submerged float, was
located within one of the bins. Some details are described in Appendix 2. In practice the variation
of target position within the sonar beam and other poorly known factors, such as the exact shape
of the beam, make even this in situ calibration imprecise, and the estimates of M, may be in error
by a factor of two. The measurements are, nevertheless, of value in comparative experiments
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(in fresh and salt water and at different wind speeds) and, as will be shown (§2.3) they are
consistent with those of Johnson & Cooke.

In evaluating the sonagraph ‘pictures’ of bubble clouds, it is important to recognize two
factors:

(i) The beam width is finite and details of a cloud narrower than about 2.6 m will not be
resolved. Quantitative observations of the breaking of waves at sea dare few. Small-scale breaking
occurs in an irregular and disordered way, mostly near the crests of the largest waves. Casual
observation in moderate and strong winds (more than 7ms~1) suggests that the most vigorous
wave breaking is within groups of waves in which the highest continue to ‘spill’ and produce
‘white water’, and hence bubbles, for about one wave period (see also Thorpe & Humphries
1980). The horizontal scale of bubble clouds so produced is thus comparable with the length of
the surface waves. This is over 6 m for the waves of 25, or more, typically seen in Loch Ness and
at Oban in such winds, and the dominant clouds will usually exceed the width of the sonar beam,
at least near their source at the water surface.

(ii) The sonar is in a fixed position and records the variation with time. It cannot resolve a
difference between the growth of a cloud in a position fixed above the sonar and an apparent
increase in cloud depth due to advection through the beam. The rate of descent of a cloud cannot
be determined by the sonar alone.

In selecting those parts of the data set for presentation we have excluded periods in which the
wind direction was changing rapidly, those in which the observed standard deviation of the wind
speed varied by more than one fifth of the mean wind speed, or those in which biological
scatterers were present in the bins (this never occurred in Loch Ness, but caused the rejection of
about one third of the data at Oban). Such scatterers appeared as individual targets or as patches
of individual targets, often showing a tendency to migrate upwards through the water column
from near the sea bed at dusk, and were easily recognized on the sonagraph records.

2.2. Loch Ness: bubbles in fresh water

Figures 5a—¢ show examples of measurements made in Loch Ness. The upper panel of each
figure shows the sonagraph display, with the mean level of the surface marked by arrows. The
time increases to the lgft and is shown at the bottom. The second panel shows the contours of
lg M,, where M, is the scattering cross section per unit volume (m~1). The fairly uniform mean
spacing suggests that M, decreases almost exponentially with depth. The actual values of M,
are given in the third panel. These curves apply to the scattering from six ‘bins’ at equal depth
intervals between the horizontal lines in the sonagraph display, the area of which is contoured.

The sonagraph displays show that the bubble clouds penetrate to greater depths, and last
longer, as the wind speed increases. Two different cloud types can be recognized at similar wind
speeds. Figures 54,  and d show clouds with a vertical structure (columnar clouds) which appear
predominantly during periods when the air temperature is less than the water temperature. The
clouds presumably reflect the presence of vertical convection and low shear. Figures 5¢ and e,
in contrast, show tilted roll-like structures (billow clouds) similar to the pattern seen in Kelvin—
Helmholtz instability. These occur when the air temperature exceeds that of the water, and the
heat flux tends to stabilize the water column. The patterns are a response to eddies developing in
the stably stratified shear flow and are similar to those that appear on the crests of cumulus clouds
as they penetrate into stable air in their final stages of growth. Unlike the cumulus clouds,
however, the bubbles were not observed to penetrate to the boundary of the mixing layer (see
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FiGure 5. Sonagraph records, contours of lg M, (contour interval 0.25) values of lg M, and wind speeds from

Loch Ness. Values of air—water temperature differences are (a) —0.25 K, (b) —0.25 K, (¢) 1.6 K, (d) —3.5 K,
(e) 4.6 K. There is a difference in the appearance of cloud types in stable and unstable conditions.
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Thorpe & Hall 1980; for temperature-depth profiles see Thorpe 1977). Clouds penetrated
typically to only one half the mixing layer depth. '

Figures 64 and 4 show the response to a squall and to an increase in wind speed. There is in
each a delay of only about 2 min before the appearance or deepening of the clouds, reflecting the
rapid response of the wave field and the increase in whitecaps. The bubbles persist for a much
longer period after the passing of the squall.

Figure 7a is an example of bubble response to a temperature front. A strong line of foam
parallel to shore and moving offshore at 4.43 cms~! towards the southeast crossed over the
position of the echo sounder 6.5 min after the start of the record. This is marked by bubbles that
descend (6.5-10 min after the start) much deeper than those before or afterwards. A temperature
traverse across the loch (figure 75) crossed the foam line 23 min after the beginning of the record
in figure 7a and showed that the foam line was indeed associated with convergence of stratified
water nearshore and relatively well mixed water offshore. Details of the techniques used for
these measurements are given by Thorpe & Hall (1982).

Average values of M,, M,, selected according to wind speed are plotted against depth in
figure 8. Values of M, decrease rapidly with depth, decaying approximately exponentially over
a distance of about 47 cm at winds of 3-7ms~! or 61 cm at winds of 9-12ms~! (see figure 28).
Distributions of M, have large positive skewness and excess, both generally increasing with
depth; those of Ig M, are close to Gaussian. There is a general increase in M, at constant depth
with wind speed (figure 9).
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FiGurE 6. Sonagraph, M,, and wind-speed records from Loch Ness for (a) a brief squall and () an increase in
wind speed. The gap early in the sonagraph record is due to a recorder malfunction.
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Figure 7. (a) Sonagraph, M,, and wind records from Loch Ness during the passing of the temperature front shown

in (b). (b) Eight records from thermistors at between 0.4 and 3.1 m depth in a section northwest—southeast
across Loch Ness.
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Ficure 8. Logarithm of the average value of M, from Loch Ness against depth at various wind speeds (m s-1):
O, 3.69; v, 4.40; +, 5.57; O, 6.64; +, 7.16 m, 8.48; @, 9.45; v, 10.42; <, 11.13.

Frcure 9. Logarithm of the average value of M, at 1 m depth against wind speed in Loch Ness (®) and at Oban (0).
Values for southwesterly and westerly fetches ( x ) and northeasterly and northwesterly fetches (+) at Oban
are also shown, The symbol & marks the measurement by Johnson & Cooke (1979) in winds of 11~13 m s-1,

P The average depth, measured over one hour, at which M, decreases to the average noise level,
3.5 x 10-5m™, is shown against wind speed in figure 104 with different symbols representing

— various air-water temperature differences, AG. The data were interpolated exponentially when
< p p y

>~ > thisdepthlay outside the observed depth range. A general increase in depth with wind speed
O : is apparent (the mean trend can be seen in figure 8), as observed by Thorpe & Stubbs (1979)
=4 - (see equation (1)), although they based their analysis on the cloud depths determined from
E 8 sonagraph records. Generally the average depth is increased by negative Af. The points are
~&  fitted approximately by d = 0.31(1=0.1A0) (W,,— 2.5) (6)

for |Af| < 6K, where d is the average depth (in m) and W}, is the wind speed (in ms-1). The
maximum depths at which M, reaches the noise level over one-hour periods are shown in
figure 106. The number, and scatter, of points give some indication of the time needed before a
cloud will be observed to extend to a given depth.
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Ficure 10. (a) The average depths, measured over an hour, at which M, reached the average noise level in
Loch Ness in different wind speeds for various values of AO/K: A, < —3; +, ~3to —1;@®, —1to1; x, 1 to
3; 0, 3 to 5; O, > 5. Standard deviations in wind and depth are shown at two wind speeds.
(6) The maximum depths, each point measured over an hour, at which M, reached the average noise
level in Loch Ness at different wind speeds.

2.3. Oban: bubbles in salt water

Figures 11-13 show records illustrating the variety of cloud forms observed at Oban between
August 1980 and January 1981,

Figures 11 a—c show bubbles produced during periods when the wind was from the southwest,
the direction of largest fetch. The clouds at large winds (more than 10 ms~!) penetrate deeper
than those in Loch Ness, and gaps are sometimes visible between clouds through which the
water surface can be seen. The undulations in the surface and in the bottom of the clouds
(especially in figure 11¢) are due to swell which was absent in Loch Ness. The horizontal lines
(the upper pair mark the range of the six bins and the lower, where shown, the position of the
noise bin) change level with the tide, which is falling in all three figures, as explained in §2.1.
In contrast, figures 124 and b for south and southeast fetches are not dissimilar from those from
Loch Ness, and the cloud shapes show the effects of air-water temperature difference. Figures
13a—¢ show bubble clouds in increasingly strong northeasterly and northwesterly winds. The
10s averaging interval in M, is too long for us to be able to distinguish details of the cloud
structure in figure 13a.

The variation of M, with depth at various wind speeds is shown in figure 14 and may be
compared with figure 8 from Loch Ness. Similar trends are apparent, but the values of 44, are
generally much higher in the salt than in the fresh water. This is emphasized in figure 9 where
values at 1 m depth can be directly compared. The slopes of the curves in figure 14 increase with
wind speed, corresponding to an exponential decay with depth over about 42 cm in winds of
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Ficure 11. Sonagraph, M,, and wind records from Oban in southwesterly winds:
(@) A0 = —0.4K; (b) AO = —1.2K; (¢) A0 = —1.8K.

3-8ms~! and 75cm for winds of 9-12ms! (see figure 28). Johnson & Cooke’s (1979) obser-
vations (see table 1) are included in figures 9 and 14 and appear to be reasonably consistent with
the present observations, in both their magnitude and trend with depth.
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Figures 154 and b compare the mean and maximum depths of bubble clouds, determined as
in figure 10, for various fetches. The mean noise level was 6.0 x 10-5m~1. There is an increase in
cloud depth with wind speed (the mean trend is seen in figure 14) and clouds occasionally extend
to about twice the mean cloud depth. At low wind speeds (less than 7ms~1) there appears to be
little variation of depth with fetch, but above 9 ms=! bubbles penetrate, on average, deeper at
the larger fetch and there is some indication that the mean depth may increase more rapidly with
wind speed as the wind increases. More data are needed to confirm this trend. The effect of
air-water temperature difference is in accordance with the results from Loch Ness.

Data for southwesterly and westerly winds were all obtained at air—water temperature
differences between 2K and —2 K. The average depths exceed those observed in Loch Ness,
being fitted approximately by

d = 0.4(W,,—2.5), (7)

though with some scatter. Comparison of figures 105 and 155 (it being remembered, however,
that the noise levels are different) shows that the maximum depth of penetration of bubble
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FicURrE 12. Sonagraph, M, and wind records from Oban in (a) southerly and (b) southeasterly winds:
(a) A@ = —2.4 K (unstable conditions); (b)) A@ = 1.3 K (stable conditions).
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Ficure 13(a) and (b). For description see opposite.
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Ficure 13. Sonagraph, M,, and wind records from Oban in (a), (¢) northeasterly and () northwesterly winds:
(a) A =—2.0K; (b) A0 = —1.8K; (¢) A = — 8.4 K. The low value of wind speed at about 5.7 min is
due to a fault in the anemometer.

cloudsis similar in Loch Ness and Oban for wind speeds less than about 7 ms—1 but that at higher
wind speeds bubbles penetrate deeper at sea than they do in the Loch.

V am ©

< 3. THEORY: DYNAMICS OF INDIVIDUAL BUBBLES

i The interpretation of the observations in terms of turbulent diffusion of clouds of bubbles
> E (which we shall discuss in §4), depends on the dynamics of, and gas flux from, individual bubbles.
2 a 3.1. Bubble rise speeds

E 8 We suppose that the water surrounding a bubble has a downward component of velocity, w.
— oA The bubble, being buoyant, will rise through the water at some speed wy, so that its actual

descent rate is given by
dp/dt = gpl(w—wy), ()

where p = p,+ gpdis the pressure in the water at depth d below the surface where the atmospheric
pressure is p,, g is the acceleration due to gravity and p is the water density.

The rise speed, wp, and also the rate of transfer of gas across the surface of the bubble, depend
on the state of the surface of the bubble. In natural bodies of water small bubbles rapidly absorb
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FiGURE 14. Logarithm of the average value of M, from Oban against depth at various wind speeds:

v, 3.26ms™1; x, 475 ms1; 0, 5.9 ms1; +, 7.52mst; 0, 8.42ms!; @, 9.4l ms1; A, 1042 m s

-] <, 11.51 m s7. The symbols O and d are from measurements by Johnson & Cooke (1979) at 8-10 and
11-13 m s~ respectively; see table 1. The figure includes points, &, corresponding to data collected over five

—J] periods of three hours when the mean wind averaged 14.51 m s~ In each period the wind was southeasterly
< (the shortest fetch), and the wind speeds were determined from the anemometer at the Scottish Marine
> > Biological Association, some 450 m away from the anemometer mounted at the shoreline used for the other
@) = wind observations, and sheltered in southeasterly winds by a ridge to the southeast. The average air tempera-
e E ture for these data is estimated to be 2.5 K below the water temperature.

= O

O surface-active material onto their surface (Detwiler & Blanchard 1978; Detwiler 1979) which
=uw

can then sustain a stress. Once this material covers the surface, the bubble behaves dynamically
like a rigid body. We shall call such bubbles ‘dirty bubbles’ to distinguish them from those
carrying no surface-active material which are called ‘ clean bubbles’. Clean bubbles of radii less
than about 100 pm become dirty in a few tens of seconds, and since this, as we shall see, is often
a small part of their lifetime we may consider them as being always dirty. On larger bubbles the
surface-active material forms a cap which changes the stress over part of their surface. Large
bubbles may behave like ‘clean bubbles’. Rather than attempt to describe fully the transition
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Ficure 15. (a) The average depths, measured over an hour, at which M, reached the average noise level at Oban
in different wind speeds. Standard deviations in wind and depth are shown at two wind speeds.

(6) The maximum depths, each point measured over an hour, at which M, reached the average noise
level at Oban in different wind speeds. The symbols in both figures correspond to: A, southerly and south-
easterly winds (mean fetch 0.9 km); @, northerly winds (mean fetch 2.6 km); O, northeasterly and north-
westerly winds (mean fetch 4.3 km); x, westerly and southwesterly winds (mean fetch exceeding 10 km).
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from clean to dirty bubbles (see Davis & Acrivos 1966; Harper 1972) we shall attempt to describe
only the two limits. In practice the bubbles will be small and almost spherical. The departure
from a spherical shape is given by the Weber number 2pw} a/y, where y is the surface tension
(see Harper 1972), and is very small for bubbles less than 400 ym in radius.

For clean bubbles of radii less than about 80 um, the rise speed is given by

wy = 3a’g/v, (9)
where a is the radius and v the kinematic viscosity (see Batchelor 196%). The bubble Reynolds

number is
Re = 2awy /v < 0.33.

Re (dirty bubbles)
0-50 3-24 798 1441 211 291 379 474

Re (clean bubbles)
0-81 11-0 18-0 29.'0 44-0

(o]

clean

6+ dil’ty
equation(11)

w,/(cm s7)
N

0 100 200 300 400
a/um

Ficure 16. The variation of speed of ascent of bubbles, w,, with radius, a,
for ‘clean’ and ‘dirty’ bubbles.

For large Re such that Re—# < 1, Moore (1963) has shown that
Cq = 48Re[1 —2.21 Re~} + O(Re~4)], (10)

where Cq is the drag coefficient, equal to 4ga/3w} (see also Harper 1972). Equation (10) may be
rewritten

- ! i (11)

18{1—2/[1+ (1 +0.091X)%]} » ’ '

where x = ga3/v?, O(Re~%) terms being neglected. These curves are shown in figure 16 for
g=981ms2and » = 1x10%m?s~L In the subsequent numerical examples we interpolate
linearly between the curves joining the points where @ = 80pm (small Re) and ¢ = 150 pum
(large Re).

Wp
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The rise of dirty bubbles, effectively solid spheres, is described by Batchelor (1967). A good
approximation to the empirical curve is

Ca = 12Re™1(1 4 0.104 Re), ‘ (12)

for Re < 10, which we can write as

wp = §(a’e/v) [(y*+29)E -], (13)
for @ < 180 um, where y = 10.82/y (wy tends to 24%g/9v as y tends to zero). This curve is also
shown in figure 16. I't tends to underestimate wyp at higher values of @, by about 20 9%, at radii of
400 pm. For a < 80 pum the rise speed of both clean and dirty bubbles is closely proportional to a2.
Most bubbles observed by Johnson & Cooke (1979) indeed have radii less than 80 um and will
be described either by (9) (for a short period), or by (13). At 0.7 m depth, however, in wind
speeds of 11-13 m s~ bubbles of sizes extending to 300 pm were found.

If wy > win (8), the bubbles will not be carried downwards by the current, but will rise. The
curves of figure 16 show that for a given vertical velocity all bubbles smaller than a critical radius
(for which w = wp) will be carried down. The critical radius of dirty bubbles is greater than that
of clean bubbles.

3.2. Gas diffusion from bubbles

We shall suppose that the gas contained in the bubbles is composed of a mixture of oxygen
and nitrogen which, at the surface, are in approximately the ratio 7: 26, appropriate to air. The
presence of other gases in the bubbles may be neglected, provided that they diffuse at rates
comparable with those of oxygen and nitrogen, or, if they are present in such small quantities
that when they eventually become major components of the gas within the bubbles (other gases
having diffused out), the bubble size will be less than that which can be detected by the sonar (that
is less than about 10 um in radius). .

Following Wyman et al. (1952), if x is the mole fraction of oxygen in the bubble and 7, is the
number of moles of oxygen (subscripts 2 will refer to nitrogen),

_ 4ma®x 2y
m =7 (P +2), (14)

where p + 2y /a is the pressure of the gas inside the bubble, R is the gas constant (in m3kPa K-!
mol~1) and 7 is the temperature (K). It is assumed that the water is isothermal, and the gas in
the bubbles has the same temperature. This may be justified for the bubble sizes considered here,
because the diffusion coefficient of heat is an order of magnitude greater than that of the gases in
the bubbles, and hence the bubbles rapidly attain the water temperature. The term 2y/a is the
enhancement of the pressure in the bubble due to the surface tension, y. The surface tension will
depend on the state of the bubble surface, perhaps being lowered if the bubble is dirty. Similarly
for nitrogen,  4nad(1—x) ( . 2)/)

"= T3RT a (15)

Consider now diffusion of gas from the bubble. We let Nu be the value of the Nusselt number
which we shall suppose is independent of the rate at which the pressure, p, varies; there is
evidence to show that diffusion can be affected by very rapid changes, but in the sea the changes
will be relatively slow. At high Péclet number, Pe (radii greater than about 20 um), but small Re,

N Q {(2/37t)%Pe% (for clean bubbles) (16)

~ 4naD(C—C,) _ \(2/n) Pt (for dirty bubbles) (17)
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(Levich 1962; see also Garrettson 1973) where
Pe = awy /D, (18)
@ is the rate of transfer of gas from the bubble surface, D is the diffusivity of bubble gas in water,

C is the concentration of gas in the bubble and C,, is the concentration in the water far from the
bubble. For dirty bubbles at small Pe (radii less than about 10 um)

Nu = 1+3Pe+1Pe?In2Pe+ 0.06808 Pe* + L Pe1n 2Pe + ..., (19)

a/um
] 51o0 10' 102 . 108

+

045 RetPel
/ Ryskin & Fishbein

2
o Peb
1.0..
=
_ED,
0-5+¢
~—— assumed curve, § 3
limit .
a=0 3

lg (a/um)

Ficure 17. The variation of Nusselt number, Nu, with bubbles of radius, 4, for dirty bubbles.

(Acrivos & Taylor 1962). (Note that Nu tends to unity as Pe tends to zero for both clean and dirty
bubbles.) The curves for dirty bubbles are shown in figure 17, plotted as the variation of Nu with
bubble radius, @. In the numerical experiments described later we have taken the curve

Nu = 1.292 Pes

to represent the variation for dirty bubbles in the range 4.5 < a/pum < 28.1. The semi-empirical
curve Nu = 0.45Ret Peb of Ryskin & Fishbein (1976) shown in figure 17 predicts an increased
diffusion rate at high Pe and Re > 10 amounting to about 34 %, for bubbles of radius 400 um.
It is pertinent to note here that for dirty bubbles in a statistically steady turbulent flow,
Batchelor (1980) has shown that Nu = 0.55Pé}, (20)

where now Pe = a%?%/Dvt > 1, the Reynolds number is small, and ¢ is the rate of dissipation of
turbulent kinetic energy per unit mass. Whether (17) or (20) applies when the relevant Pe is
much greater than unity depends on whether the r.m.s. vorticity in the turbulent flow, (e/v)},
is less than or greater than order ¢, where

¢ = (5 &°D/v?)s.
Taking typical values D = 2x 10-?m2s~and v = 1 x 10-¢m?s~! we find ¢ = 2151,
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There are very few observations of € close to the surface of the sea. Stewart & Grant (1962)
found a maximum value of 4.2 x 10~ m2s—3 at 1 m depth. The indirect observations of Dillon &
Caldwell (1980) and Caldwell ¢f al. (1980) suggest values that are not much greater in winds up
to 16 ms~!, and in lakes where the wind fetch is less, smaller values might be expected (see for
example Thorpe 1977). Except very close to the surface, within the top 1 m and in strong winds,
it seems therefore likely that, on average, the r.m.s. turbulent vorticity will be less than order ¢,
so that (17) will hold even though the fluid surrounding the (dirty) bubble is turbulent. No
comparable theory exists for clean bubbles in turbulent flow.

For bubble radii less than about 80 um, which includes most of those observed, Pe (in (18)) is
proportional to 3. Hence for the dirty bubbles in the sea or in lakes with radii in the range
20-80 pm, MNu is proportional to a and hence the gas flux, @, is proportional to 42, that is to the
bubble area. This result will be important when we estimate the gas flux from the bubble clouds.

If « is the coefficient of absorption of the gas, C = «P and C,, = kP, where P is the partial
pressure of the gas in the bubble and P, that in the surrounding water. Hence from the definition
of the Nusselt number we may write

dn,/dt = — 4naD, &, Ny[x(p + 27 /a) — b1 (21)
and dny/dt = — draDyky No[ (1 —2) (p+27/a) — p0), (22)

where N;(: = 1, 2) are the Nusselt numbers and p,, (¢ = 1, 2) are the partial pressures of oxygen
and nitrogen respectively in the water far from the bubble, which we shall suppose are constant.
It may be shown that the changes in these pressures occur on time scales far in excess of those
that affect individual bubbles.

Equations (14), (15), (21) and (22) can be combined to give

& = a7 ot [ Daea 0+ 72) <)+ Dus (129 (p+32) )|+ o5
(23)
and

f%= (;2(—P§_%7):—/(l-j{D2K2N2x[(l~x) (p+2a—7) —p%] — Dk, Ny(1 —x) [x(p+%y) —pm]}. (24)

We have neglected the possibility of a growth in the size of the bubble by coalescence with
other bubbles. (In the dynamics of clouds in the atmosphere the coalescence of neighbouring
drops, with a consequent change in the distribution of droplet sizes, is an important factor.) In
the most extreme conditions observed by Johnson & Cooke, the bubble density was 1.56 x 105 m~3,
The mean distance between bubbles was thus about 1.8 cm which is large compared with the
mean radius, about 50 pm. This alone suggests that bubble collision will be infrequent. A further
measure can be obtained by using the theoretical formula derived by Saffman & Turner (1956).
In a turbulent flow containing particles of radius ¢; and «; with densities n; and 7, respectively,
the number of collisions per unit time per unit volume, N, is given approximately by

JV]'/G = 1.3(6/1))% (aj+ak) njnk.

Taking € & 5x 10*m?2573, » = 1.0x 10-m?s7%, g; = a;, % 50pum and n; = n; & 1.56 x 10°m=3,
we find that N;, & 0.09s~* m~3, which is negligible. This ignores the capture of small bubbles by
rising larger bubbles but, even so, suggests that except very close to the surface in the zone where
the waves are breaking and bubbles are being formed, coalescence may be neglected.
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3.3. Typical values

In the subsequent calculations we take the following typical values of the various quantities
appearing in the equations:

y=1.0x10"%m2s7!, D, =D,=2x10""m?s7},
k= 0.49gm-3kPa~!, «, =0.21gm—3kPa!,
R =8.31x103m3kPaK1mol-l, T = 283K,

7.2x 102N m~! for clean bubbles

—9.8ims2 y= _
¢ e 4 {3.6 x 102N m~! for dirty bubbles.

The value of x at the surface, where the pressure is one atmosphere (ca. 102kPa), is taken as 0.215.
Some of the values (of v, v, Dy, &, etc.) are functions of temperature, salinity or pressure, but
the variations found during the observations (even of salinity) produce only small changes
in the results. The value of y for dirty bubbles is extreme, but again results are not very sensitive
to the actual value chosen.

Using these values we may determine the relative size of the term appearing in (23). We take
values appropriate to dirty bubbles of radius 50 pm (typical of those observed by Johnson &
Cooke) that are saturated in oxygen and nitrogen with respect to the pressure at the surface.

Then wy = 0.54cms™! and if
|w—wp| ¥ 1cms™,

at 1 mdepth the diffusive terms exceed the advective terms (adp/d¢) by a factor of about 19. This
factor will increase as the depth increases. It thus appears that, except close to the surface, the
rate of change of the size of the bubbles is controlled not by Boyle’s law but by diffusive processes,
and it is likely that these determine the size distribution of bubbles found in the sea.

3.4. A model of bubble advection

Equations (8), (23) and (24) with appropriate choices of wy, N; and N,, now together define the
vertical motion of the bubble, and its change in radius and composition with time. A steady state
exists when w = wy and the right sides of (23) and (24) are zero; that is when the bubble rise
speed equals the vertical water speed and when the partial pressures of the gases inside and
outside the bubbles are equal. Consider for example a bubble composed entirely of nitrogen,
with ¥ = p,, = 0. Let

Do = po(1+0.01s),

so that s, is the percentage oversaturation of nitrogen in the water. Equilibrium occurs at a
depth given by
Potgpd+2y/a = pay,

that is d = (1/gp) (0.01s,po— 27y /a), (25)

which is greater than zero only if s, > 0, where a (= a.) is given by the equation w = wy. If| for
example, the bubble is dirty and of radius less than 80 pm, wy = 2a%g/9v and so a. ~ 3(wv/2g)%.
Bubbles at this equilibrium state will, however, be unstable, for if they are perturbed slightly
upwards so that p decreases, (23) implies that the radius will increase, so that wy will increase
and, by (8), the bubble will continue to rise. The converse occurs if bubbles are perturbed
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downwards. There is a flux of gas into bubbles of critical radius above their equilibrium depth
(from (21), (22)) and flux from the bubbles below this depth. For the pure nitrogen bubbles, the
equilibrium depth exists only if the water is supersaturated. In general, bubbles will not arrive at
an equilibrium depth with the correct radius to satisfy (8) or, if they do, they will not have the
composition such that dx/d¢ = 0.

v

An alternative way of regarding (25) is to write
5y =100zs/H or fpgy = po+gpzs,

where H = p,/gp is the depth at which the pressure is 2p,, and z; is a ‘saturation depth’. Then
the equilibrium depth 4 is given by
d=2zs—2y/a
or, with reference to (22),
dn/dt > 0 if zg—z > 2y/a.

Hence if the fluid is supersaturated (s, and zs > 0), there will be a flux of gas into bubbles
shallower than depth zs and of radius exceeding 2y /(zs — z). For dirty bubbles the critical radius
is about 14.4, 7.2, 3.6, 1.8 pm for zy—z = 0.5, 1.0, 2.0, 4.0 m respectively. Bubbles of smaller
radius will lose gas.

We cast the governing equations into non-dimensional form, by taking g, to be the radius of
a bubble at time ¢ = 0 at the surface and writing

a' =afay, U =twgp/po, I'=2y[app,,
P =0/bos P10 = %epo(1+100sy), pog = (1—12,)po(1+100s,)
(where x, is the mole fraction of oxygen in the air),
wy, = wp/w, A; =3RTp,D;k;/gpwai (i =1,2),
to give (dropping the suffix )
%11% = 1—wp, (26)

+A2N2[(1_x)(p+§)—(1—xo)(1+1oo:2)]+42§§}, (27)

dx 1

and e W{AzNzx[(l—x) ([J+—§)——(1—x0)(1+100§2)}

—4,Ny(1—x) [x(p+—§)—x0(1+100s1)]}. (28)

No general analytic solution of (26) to (28) appears possible. Some special cases are tractable,
for example that in which diffusion may be neglected and T is negligible, when the bubble
volume varies inversely with the depth, or that in which diffusion dominates and advection can
be neglected (see Blanchard & Woodcock (1957) in which wy and x, are both taken to be zero).
The equations and the corresponding non-dimensional form of the equations for wy, may,
however, be solved numerically by using a Runge-Kutta technique with the parameters deter-
mined by the values given in §3.3.

Figure 18a-¢ shows the variation of depth with time of dirty bubbles composed entirely of
nitrogen in water that is saturated (s, = 0) for various values of the vertical velocity w. Bubbles of
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sizes up to the largest that can be carried down by the given velocity are shown, for initial radii
that are integer multiples of 10 um. The radius of the bubbles below the surface is shown by a
second set of superimposed curves. The largest bubbles penetrate farthest and have the longest
lifetimes. The effect of the changed dependence of Nusselt number on Péclet number for bubbles
of radii less than 28.1 pm is indicated by the increased rate of reduction of'size for small bubbles;
the nearly horizontal lines of constant radius become closer together when a < 30pum. The
curve may slightly overestimate the lifetime and depth of penetration of large bubbles because of
the underestimation of Nu (see figure 17) and wy (at least ata > 180 pm).

Y |

:é time/s
po > 0 200 o 400 : 600
i 6 ~——equilibrium depth
T O |
v ?
-
5z
=0
== £
8U L 5 g
A0 =
(7)) (5]

g8z °©
-
o=

6+

® %

8 -

Ficure 19. Curves showing the variation of depth with time of individual dirty bubbles of nitrogen as they are
carried from the surface in 10 9, supersaturated water by a uniform downward flow of 3 cm s—*. The original
bubble radii are at 2 ym increments.

‘ Figure 18d—fis a similar figure for dirty bubbles composed of a mixture of oxygen and nitrogen
o with x, = 0.215, appropriate to air, but for simplicity the variation of Nusselt number given b
] ° » approp plhicity 8 y
e { (17) has been assumed to be valid for all a. The curves are very close to those of figure 18 a—¢, except
< for small radii where the diffusion rate is underestimated by (17); the presence of oxygen in the
S E bubble has thus only a small effect, and for practical purposes we may simplify the calculations
M by considering bubbles entirely filled with-nitrogen. The more rapid diffusion of oxygen leads
0 G to a reduction of x with time; typically the bubbles contain 15 9%, oxygen (i.e. x = 0.15) at radii
LT O
=uw

Ficure 18. Curves showing the variation of depth and radius of bubbles with time as individual bubbles are
carried from the surface in saturated water by uniform downward flows: (a), (d), (g), w = 1 cms™1,
(8), (€), (B) w = B3 ems™L; (¢), (f), (i), w = 5 cm s Each curve that is concave downwards is the depth-
time locus of a bubble, the original radius of which is given by the label at the lowest point in the trajectory
(or which can be inferred from neighbouring values; original radii are at 5um intervals). The curves
that are concave upwards join bubbles of equal radius at 10 pm intervals, and show the level or time in
the first set of curves at which the bubble radius has been reduced to the given value. (2)-(¢) ‘ Dirty’ bubbles
composed of nitrogen only; (d)-(f) ‘dirty’ bubbles composed of nitrogen and oxygen in the ratio 26:7 at
the surface; (g)-(i) ‘clean’ bubbles composed of nitrogen and oxygen in the ratio 26:7 at the surface.
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a = 25um (see also table 3). For comparison with figure 184-f, figure 18g—7 shows the curves
for clean bubbles composed of a similar oxygen and nitrogen mixture with Nu given by (16).
Because of the more rapid diffusion (figure 17) and smaller descent rate (figure 16) the bubbles
are not carried down as far before they vanish.

Figure 19 shows dirty nitrogen bubbles in 10 %, supersaturated water with vertical velocity
w = 3cms~tsufficiently large that, for some bubbles that sink, d (given by (25)) is positive. From
figure 16 the equilibrium radius is about 167 ym and from (25) the equilibrium depth is 0.96 m,
as indicated in figure 19.

(a) J (b)

121 1200t

9 -
8 / 800t .

S &
o / —

. / / 400 i
0 ' 5 ' P! T 0 5 ' a P

w/(cm s1) w/(cmst)

Frcure 20. The maximum depths D, and duration 7T,, of bubbles against vertical current w. (a) D,
against w: X, clean bubbles composed of oxygen and nitrogen; O, dirty bubbles composed of oxygen and
nitrogen; O, dlrty bubbles of nitrogen only. (b) T, against w: ——, dirty nitrogen bubbles; « -« - - , dirty
bubbles of oxygen and nitrogen; — — — -, clean bubbles composed of oxygen and nitrogen.

TABLE 3. THE VARIATION OF THE MINIMUM VALUE OF X (¥min) AND MAXIMUM PENETRATION
DEPTH (Dp,,) FOR BUBBLES COMPOSED OF AN AIR MIXTURE OF OXYGEN AND NITROGEN
(x = 0.215 AT ATMOSPHERIC PRESSURE) FOR VARIOUS VALUES OF THE SATURATION LEVELS
D105 P29 IN THE WATER WHEN THE BUBBLES ARE CARRIED BY A VERTICAL CURRENT OF
3cms™!

(In the absence of oxygen, nitrogen bubbles would be carried to 6.8 m in 109, oversaturated water.)
8

oversaturation oversaturation

P10 P20 of O, (%) of N, (%) Xinin D,ox/m
0.224 0.816 4 4 0.160 6.00
0.219 0.801 2 2 0.150 5.72
0.211 0.769 -2 -2 0.155 5.25
0.206 0.754 —4 —4 0.152 5.03
0.215 0.864 0 10 0.147 6.30
0.215 0.785 0 0 0.154 5.50
0.237 0.785 10 0 0.1391 5.72

T The value of x increases at small depths before decreasing in this case.
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Graphs showing the maximum depth (D,,,) to which bubbles are carried and the maximum
lifetime of bubbles (7T,,,) in different vertical currents at 100 %, saturation are shown in
figures 204 and b. The effect of saturation levels on D, and on the minimum value of x (¥pin)
in the bubbles is shown in table 3. Neither D, ,, nor x,,, are very sensitive to changes in satura-
tion levels of + 10 %, The value of Ty, is, however, sensitive to variation in positive saturation
levels because of the possibility of bubbles coming into equilibrium (see figure 19), although in

view of their expected instability, this effect is probably not very significant.
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Ficure 21. The variation in (normalized) M, after the creation of a uniform cloud of bubbles at the surface when
the downward current is 3 cm s=L Values of M, are shown at 0.45, 0.90, 1.35, 1.80, 2.25, 2.7 m below the
o surface, marked 1 to 6. In () the bubbles are equally numerous for sizes up to 100 pm; none has greater size.
In (b) the cloud extends to sizes of 200 pm.

—
;5 E The maximum depth to which dirty bubbles are carried (figure 204) is given approximately by
2 = Do = 1.9w, (29)
e
O for D,,, < 8m, with a maximum error of less than 10 %. This equation may be interpreted as
,J’_.: ma ) y
O  anestimate of the least vertical uniform current in which bubbles must have been advected from
=w

the surface if they are found at depth Dy,,. It also provides a lower bound on the downward
vertical components of the turbulent currents relative to, and near, the water surface. For
example the bubble clouds shown in figure 11¢ extend to 8m and must have been carried
downwards by a current of, atleast, 4.2 cm s~ Some interpolation is needed to find the minimum
vertical advection speeds necessary to carry bubbles to the 20 m depths reported by Kanwisher;
we estimate 7.5 cms~! for dirty bubbles (19 cm's~! for clean bubbles).
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Figures 204 and b can be combined to find an empirical relation between maximum depth
and lifetime, T,,, (min):

T?nax = 25Dmax’ (30)
for Dy, < 6 m. (For greater values of D, the lifetime exceeds the prediction of this equation.)
The clouds shown in figures 5-7, and 11-13 have much shorter durations than predicted by (30),
and this suggests that they are being advected past the sonar rather than developing to their
largest extent within the sonar beam.

3.5. Variation of scattering cross section after bubble formation

Figure 21 shows the variation in M, (for the 248 kHz sonar frequency) at six equally spaced

levels (1-6) between 0.45 and 2.7 m after the formation of bubbles at the surface at time ¢ = 0.
As an example it is here assumed that the vertical velocity is 3 cms—, the bubbles are dirty and
composed of nitrogen and, at the surface, the number of bubbles per unit volume per unit radius,
N(a), is constant for a < ac (100 or 200um) and zero for a > a.. The value of M, has been
normalized by taking the initial value at the surface as unity. Values of M, have been calculated
by using (26) and (27) to follow the bubbles’ changing size and path, and (2) and (5) to estimate
M, with ¢ taken from Devin (1959).
The curves in figure 21 thus represent the scattering produced by bubbles created by a single
breaking wave in a region of sustained downward current. The observed features that most
closely correspond to this condition are perhaps at the front shown in figure 74 or in the squall
shown in figure 64. There is a qualitative similarity in these, and some of the other, observed
cases but the effects of horizontal advection make close comparison impossible.

4, THEORY: BUBBLE CLOUD DISPERSION AND DIFFUSION
4.1. Bubbles and turbulence

The water near the sea or loch surface is turbulent, and although large-scale regular structures
can sometimes be recognized in the density or velocity field, which may locally produce areas of
relatively uniform vertical currents like those considered in §3 (see Thorpe & Hall 1980, 1981),
the flows are generally unsteady and variable. The bubble generation processes, the breaking
waves, are also random and, especially in light winds, sometimes infrequent. In Loch Ness the
frequency of breaking wind waves has been studied by Thorpe & Humphries (1980). Although
scattered, the data show that the frequency increases with wind speed roughly as 2.2 x 10-3
(Wie— 2.5) (Hz) where W, is the wind speed (ms—1). From (6) and (30), as well as the sonagraphs,
the average lifetime of bubbles is thus greater than the mean period between waves if the wind
speed exceeds about 6.5 m s~1. For lower wind speeds the bubble clouds will be isolated, while for
much greater wind speeds the clouds will overlap, tending to form a continuous layer of bubbles.
There is an analogy with diffusion in plumes from extended or isolated sources in the atmospheric
boundary layer. For low winds, or those of short fetch, similar results may be expected at Oban,
but figure 11 cautions that swell may have an important effect on the intermittency of clouds in
open water.

When a wave breaks, it creates not only bubbles but also turbulence and vorticity and, in
considering bubbles asindicators of diffusion from the surface, it is important to establish whether
they are so biased towards these regions of enhanced turbulence as to be unrepresentative of the
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general levels of turbulence below the water surface. There is as yet insufficient information
about the generation of turbulence by breaking waves to be certain (see Peregrine & Svendson
1978), but it seems unlikely that the effect of the initial turbulent enhancement in the spilling
wave can remain significant throughout much of the lifetime of the bubbles that it generates,
a time much greater than the wave periods. (We have considered two simple models. The first
likens the turbulence produced by a breaking wave to that of a turbulent spot in a wind tunnel
(see for example Cantwell ez al. 1978) and concludes that the growth rate of the turbulent region
would be much less than the inferred diffusion speeds of small bubbles. The second supposes that
the wave in breaking generates a double anti-rotating vortex (see Batchelor 1967) which traps
and carries bubbles after the fashion described by Tooky e al. 1977. It proved very unlikely that
the spilling breakers or white horses seen in deep water in windy conditions could provide
sufficient vertical impulse to produce vortices capableof carrying bubbles to the observed depths.)

surface

going

w, upward
w, ’f: 4 w,

Clc e e e b e L L

FiGure 22. The cell model. The cells are supposed to extend with similar proportions over the horizontal plane.
Recirculation is in a narrow region at the surface and at some (unspecified) level below the bubble clouds.

4.2. A simple cell model for bubble diffusion

We inferred in §3.4 that the depth to which bubbles are carried increases with the vertical
velocity (figure 204). Because the mean depth of bubble clouds is observed to increase with wind
speed (see equations (1), (6) and (7)), there is a relation between the wind speed and the average
velocity at which bubbles are carried from the surface. The velocity must be at least sufficient to
carry bubbles to the depth at which they are observed for a given wind speed, before they dissolve
completely into solution. We here suppose that the vertical velocity near the surface is distributed
in a Gaussian way and that the average downward velocity of the components is w,. Suppose
also that the water near the surface is divided into cells of up-going and down-going water,
continuity being achieved by recirculation at depth and in a narrow region at the surface
(figure 22). In each cell the speed of the water is uniform. For numerical convenience we take
ten ‘downward going’ cells with speeds w, = [0.25(n—1) +0.125] 0, (n = 1, ..., 10), where o,,
is the standard deviation of the vertical velocity, and a similar set of ‘ up-going’ cells. (No bubbles
will be carried downwards in the latter.) We suppose that the areas of the cells are proportional to

A, =0.25(2n)~texp{—3[0.25(n—1) +0.125]%}; = =1,..,10, (31)

so that approximately >4, =0.5,

13-2
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and the vertical velocities have a Gaussian distribution of probability. (The horizontal plane may
be regarded as being completely covered by repeating sets of such cells.)
The mean downward speed is then obtained as

10
w, = Jw,4, = 0.3830,, (32)
7 .

by substituting the expressions for v, and 4,,.

10 :
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Ficure 23. The distribution of bubble sizes in the cell model for wind speed of 6 m s—! at different depths below
the surface. Only the fraction, denoted by the dashed line, of the bubbles available at the surface (0 m) is
carried down by the currents in the cells. ‘

Writing (29) as D, = gqw, we may calculate the average depth to which bubble cloudsin the
cells descend: 10
d= ‘l[,qwnAn = qWy. (33)
Hence using the relation d = 0.40 (W;,—2.5), where d is the mean cloud depth (m) and W},

the wind speed (ms~1), found by Thorpe & Stubbs (1979) (which corresponds also to the data
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for southwesterly winds at Obanf, equation (7)), we can find o, (in cms™1):
o, = 2.61w, = (2.61/9)d ~ 0.55 (W,,—2.5), (34)

and hence the speed in the cells.

We now use the numerical model of §§3.4 and 3.5 to estimate the variation of 4, with depth,
given a suitable, and horizontally uniform, distribution of bubbles N,(a) at some level. The
variation of M, is not found to be very sensitive to the distribution selected. The results are
illustrated by taking parameter values for dirty bubbles composed entirely of nitrogen (it makes
little difference if oxygen is also present; see figure 18) so that x = 0, with

IVOa a < 50pm,

(35)
Nyexp[—-0.05(a—50)], a > 50pum,

N(a) = {

at z = 0.5m.

lg(#M,/m"?)
-4 -2 0

wind
speed=4 m s

depth/m
[

6 810

4l

FicurE 24. Logarithm of normalized M, against depth
at different wind speeds according to the cell model.

The calculations were made with a 1 pm radius interval. In calculating the bubble density at
any depth it was necessary to take into account the increasing separation between bubbles, and
consequent reduction in population density, as they accelerate.

Figure 23 shows an example of the variation in bubble size distribution with depth, and
figure 24 shows how #,,(z) varies with increasing wind speed. We have normalized M, using the
value at the surface. The histogram of bubble size shows that the number of very small bubbles

t If the coeflicient is taken to be 0.31 to correspond to the mean depth at which the signal reaches the noise
level in Loch Ness in neutral conditions (equation (6)), the wind speeds corresponding to the curves of figure 24
should be 4.4, 7.0, 9.6 and 12.2 m s~ respectively. ’
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192 S.A. THORPE

decreases rapidly (a consequence of the rapid diffusion from small bubbles: da/d¢ ~ a=' as a > 0;
see (23) and (19)) leaving a peak value of the bubble population near 15 pm radius at 3 m depth.
In the numerical experiments there is a double peak in the histograms. This is artificial, a
consequence of the selection of discrete cells and the fact that each cell carries downwards only a
portion of the bubbles available at the surface. Thus only part of the population labelled zero
in figure 23 is carried downwards. (This fraction is indicated by the dashed line.) This factor also
explains the large change in M, between zero an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>