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Momentum flux in breaking waves

W. K. Melville & Ronald J. Rapp

Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA

Wave breaking is believed to be important in air-sea interaction.
Laboratory measurements’ suggest that the momentum flux from
the atmosphere to the ocean may be significantly enhanced by
breaking and recent field measurements® have demonstrated the
important role of breaking in bubble generation and gas transfer.
It has long been speculated that the loss of momentum flux from
the wave field due to breaking could act as a source of momentum
for current generation® and Mitsuyasu® has drawn attention to the
large discrepancy between the momentum flux from the wind and
that carried by the waves, suggesting that the loss may be due to
wave breaking. Here we present what we believe are the first
well-controlled laboratory measurements of the momentum flux
lost by wave breaking. These measurements are consistent with
Mitsuyasu’s hypothesis and recent measuremerits of wave growth,
and support the conclusion that wave breaking plays an important
role in momentum transfer across the air-sea interface.

Wave breaking may result from intrinsic instabilities of uni-
form surface waves’®, wave-current interaction®, and the super-
position and nonlinear interaction of spectral components of a
random wave field. The breaking and white-capping associated
with the modulation of the waves near the peak of the spec-
trum™>'°, (that is, with the tendency of the waves to occur in
groups) is likely to be due to the latter mechanism. We simulated
this condition in a wave channel®'' in which single isolated
packets of waves were generated by superposition of Fourier
components of equal amplitude a, at the wavemaker in a radian
frequency band (fy+Af/2). The initial phase for each com-
ponent was chosen to give constructive interference of linear
surface waves at a point x, down the channel. This gives a
nominal dimensionless duration of the packet at breaking of
2fo/ Af wave periods. Dimensional reasoning then implies that
the dimensionless wave amplitude a/a, and other variables will
be functions of (xk,, tfy) with parametric dependence on (ayk,,
Af/fo, xoko) where x is the distance down the channel, ¢ is time
and k,= f3/ g, the linear dispersion relationship for deep-water
waves.

The parameters aoky, Af/fy, Xoko, Which are dimensionless
measures of amplitude, bandwidth and phase, were varied in
the ranges 0.1-0.5, 0.4-1.4 and 27.4-66.0, respectively. The water
depth was 60 cm and f, was in the range 5.5-8.1rads™".

Figure 1 shows an example of the evolution of a wave packet
at various stations down the channel. The incidence of breaking
depends on the parameters above, most notably a,. Figure 2
shows examples of single spilling and plunging events at specific
values of agk,. At other values of ayk,, multiple breaking waves
were observed, and this led to consideration of losses due to
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Fig.1 Time series of surface displacement at stations down the

wave channel for a spilling breaker: f,=6.79s7!, Af/f,=0.73,

xoko=27.4, agky=0.30. The time is normalized by f, and the

amplitude by k,. Breaking occurs at xk,=28, where xk, is the
normalized distance from the paddle.

‘breaking’ of the packet rather than single breaking waves.
Indeed, multiple breaking events are observed in the field®. In
these experiments the breaking process (whether single or multi-
ple) was taken to be a ‘black box’ and the loss of excess
momentum flux was evaluated by measuring the flux upstream
and downstream of the breaking region.

For weakly nonlinear, slowly varying two-dimensional deep-
water waves the excess momentum flux is proportional to a’
(ref. 12). Thus we integrated a® during passage of the packet at
various stations down the channel. Examples of this measure
of integrated momentum flux, S, with distance down the channel
are shown in Fig. 3 for incipient breaking, spilling and plunging
events. The loss of momentum flux, AS, due to breaking is
determined by taking the difference bétween the incipient break-
ing and breaking measurements downstream. The breaking
region is clearly shown in this figure by a rapid decrease in
S/ S,, the dimensionless excess momentum flux. The decline in
S/ S, prior to breaking is, we believe, due to the increasing
influence of nonlinearity and strong modulation of the wave
variables as the breakpoint is approached. Our use of the down-
stream differences, where S/ S, is essentially constant, avoids
its explicit consideration. We believe the oscillations in the
breaking region are caused by rapid modulations of the wave
variables which, as a consequence of dispersion, do not occur
far upstream and downstream of this region. They are not
accounted for in our approximation of the momentum flux, and
are not relevant for our present purposes.

Results like those of Fig. 3 were collected for a range of
parameters and used to determine the excess momentum flux
loss due to breaking, AS/S,, as a function of aygko, Af/ fo, Xoko.
An example is shown in Fig. 4 for fixed xok, for different
amplitudes and bandwidths. This figure is typical of the data
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Fig.2 Examples of single breaking waves for

fo=75.53s", Af/fy=0.73, x0ko=27.4. a, Spill-

ing, agk,=0.28. b, Plunging, ayk,=0.35. The

marks are spaced at 10-cm intervals, and the

upper boundary of the horizontal bar is at the
still-water level.

Fig.3 Variance of the free surface displacement normalized by
its upstream reference value at stations down the channel: f,=
6.79s7", Af/f,=0.73, xoko=27.4. The amplitude parameter ayk,
is: 0.26, incipient breaking, +; 0.30, single spill, A; 0.39, single
plunger, (1. The normalized variance is approximately proportional
to the excess momentum carried by the wave field past the measur-
ing station, upstream and downstream of the breaking region. The
actual breaking locations are marked by S (spilling) and P (plung-
ing). The run denoted by A is that shown in Fig. 1. The scatter in
repeated measurements was within the size of the symbols.

Table 1 Estimates of AS/ S, the fractional increase of wave momentum
flux due to wind forcing between breaking events

U U, T c
(ms™") (msYH (s) (ms™") ug/c /A AS/S
6 0.21 2.6 4.1 0.05 20 0.04
12 0.48 31 4.8 0.10 13 0.09

Values determined according to equation (3) and data of refs 3 and
14. Variables are defined in the text.

collected and shows that the losses increase rapidly with increas-
ing amplitude: 10% or more of the momentum flux carried by
the packet may be lost through one breaking wave, and up to
20-30% from one multiple breaking event. The experiments
show that the fractional loss of excess momentum from one
wave packet due to one breaking event is in the range

AS

—=0(10"2-107") n

So
From wave growth measurements in deep water, Mitsuyasu®
found that the divergence of the wave momentum flux inferred
from direct measurements of wave growth in the iaboratory is

given by
ds ulls
—=0.68 — |~ 2

dx 068[0]A 2

where u, is the friction velocity of the wind, ¢ the phase speed
of the waves, A is wavelength and 0.1<u,/c<1.0. The
coefficient 0.68 is within the range (0.5+0.25) inferred by
Plant’s'? extensive review of laboratory and field data. Mitsuyasu
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went on to show that dS/dx derived from the fetch relation for
wind waves is an order of magnitude less than that given by
equation (2), and suggested that a large fraction of this equation
must then be balanced by wave breaking.

Now if AS/S« 1, we may approximate equation (2) by its

difference form
AS uZ | Ax
— =068 = f—
S [ c ] A (3)

If AS/ S over the distance between breaking events is compar-
able in magnitude to the fractional loss due to a breaking event,
then we may state that the momentum lost due to breaking is
comparable to that gained from the wind. As far as we are
aware, the only measurements of the distance between breaking
events (in the direction of the wind) are those of Thorpe and
Humphries® who plotted A/X, the ratio of wavelength to mean
distance between breaking waves, or the number of breaking
waves per wave, versus the windspeed U, for 5< U<
15m s, In this speed range, they found that 0.02 < A/% <0.19.
Unfortunately, they only gave the phase speed ¢ at two values
of Uy, and no explicit information on u,. We may proceed to
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Fig.4 Excess momentum lost from the wave field due to breaking

as a function of the amplitude parameter, ayk,, for Af/ f, = 0.4(01),

0.6(A), 0.73(+), 1.0(x), L4(Q); fo=6.795"", xoko=27.4. The

arrows show the amplitudes for incipient breaking (1), single spill
(S) and single plunger (P) for Af/f,=0.73.

use their data for these two points by making one assumption:
that the atmospheric conditions were near neutral. We may then
use Wu’s'* correlation of drag coefficients to estimate u,, from
U,o. This we have done, and the results show that according to
equation (3), AS/S between breaking events is in the range
0.04-0.09 for windspeeds in the range 6-12ms™~' (Table 1).
Thorpe and Humphries’ data further imply that X, their mean
distance between breaking events, is comparable to the group
length (see Fig. 3d of ref. 3).

Our laboratory measurements (Fig. 4) show that AS/S is
approximately 0.1 for a single spilling break, where S here refers
to the excess momentum flux carried by one group. The impor-
tant feature of Fig. 4 is the rapid initial increase in AS/S with
ak once the breaking threshold is passed. This implies that even
the gentle breaking events contribute significant fractional losses
in the momentum flux, comparable to those for a single spilling
break.

We conclude that the excess momentum flux lost due to wave
breaking may be comparable to that transferred from the wind.
Further, our measurements imply that in future quantitive
studies of wave breaking, it may be most fruitful to consider
the dynamics of the breaking wave group rather than considering
single breaking waves.
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Although several magnetic separation methods have been used to
provide some initial subdivision and characterization of the par-
ticulate emission products of fossil-fuel combustion’~5, enly
recently has there been any attempt to use magnetic properties to
distinguish between different emission types®’ and atmospheric
particulate sources®. In the present study, we use several concentra-
tion-independent magnetic parameters and ratios to characterize
dusts from different source types. Non-destructive measurements
of saturation isothermal remanence, anhysteretic remanence and
frequency-dependent susceptibility differentiate atmospheric dusts
into groups characterized by distinctive magnetic mineral and grain
size assemblages. These assemblages can be related to the source
of the dusts as they reflect differences in the conditions under
which the magnetic oxides developed. The magnetic parameters
are sensitive to differences between dusts arising from fossil-fuel
combustion and from other industrial processes, and those derived
from soil erosion. Within the set of soil-derived dusts, the magnetic
parameters distinguish between the weathering regimes operating
in different source areas.

Chester et al® were able to distinguish between and character-
ize dust source types in the Mediterranean region by plotting
aluminium concentration against the magnetic susceptibil-
ity/aluminium concentration quotient. Soil-derived dusts of
North African origin fell at one extreme, with high aluminium
concentrations and a low quotient, whereas urban/industrial
dusts rich in magnetic spherules® ' fell at the opposite extreme.
On a local scale, Hunt et al.’, using magnetic parameters alone,
were able to distinguish between fly ash originating from power
stations and the particulates in automobile emissions. They were
able to show consistent differences related to the coercivity of
saturation isothermal remanence (see Fig. 1 legend). Such para-
meters, together with a range of interparametric ratios, have
been used successfully to identify shifts in sediment source types
in rivers'>'?, lakes'® and a range of near-shore marine environ-
ments'*"'7; they are independent of concentration and can
usually be measured rapidly and non-destructively on samples
of 0.05 g or less.

Table 1 summarizes some of the measurements obtained for
samples collected between October 1966 and July 1969 from the
eastern tip of Barbados (13°10’ N, 59°30' W) by means of 1 m x
0.5 m nylon mesh panels mounted on a 14-m-high platform and
arranged so as to face the prevailing wind at all times'®'.
Delaney et al.'® regard the sampling efficiency of the method as
being low for particles <1 um in diameter. Out of a total of 20
samples received for magnetic measurement, four ‘between-
season’ samples from October and November were omitted. The
rest were identified as either red-brown, Sahara- and Sahel-
derived ‘summer’ dusts, or grey, more locally derived, South
American ‘winter and spring’ dusts'®?°. The two populations
are clearly distinguished on the basis of the parameters tabu-
lated. For the Mann-Whitney U statistic, they show a significant
difference at the P =0.05 rejection level. The high coercivities
of remanence (Bcgr), ‘harder’ isothermal remanent magnetiz-
ation (IRM)/saturation IRM (SIRM) quotients and higher
SIRM/ x (low-field susceptibility) values for the Saharan set are
consistent with a high haematite contribution typical of surface
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