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In a recent paper Wu (1988) has chosen, not for the
first time, (e.g., Wu 1979) to reanalyse and interpret
whitecap data collected primarily, or as in present in-

. stance entirely, by Monahan, his co-workers, and stu-
dents. It is unfortunate that in assembling the whitecap
data sets upon which Wu (1988) was based, two sets
were extracted from a recent unpublished technical re-
port (Monahan et al. 1985) without seeking clarifica-
tion as to their significance from the authors. The in-
discriminate use of the second of these sets, the MIZEX
84 video set, by W, has given rise to confusion, which
it is appropriate to dispel forthwith.

The 1984 Marginal Ice Zone Experiment (MIZEX
84) represented the second occasion on which both
film and video records of the sea surface were collected
to permit their subsequent analysis for fractional
whitecap coverage (Monahan et al. 1985; Monaban
and Woolf 1986). The same recording protocols were
in effect during the 1983 Marginal Ice Zone Experiment
(MIZEX 83, Monahan et al. 1985). The specific reason
for obtaining both sorts of records during these field
experiments was to make it possible to intercompare
the results obtained from the analyses of the film and
video records, and to learn from these intercompari-
sons.

Recently, with the availability of two additional
video-based data sets, those from the preliminary Hu-
midity Exchange Over the Sea (HEXPILOT) experi-
ment of 1984 (Monahan et al. 1985) and from the
main HEXOS (HEXMAX ) experiment carried out in
1986 (Monahan et al. 1988), it has been possible to
give a simple physical interpretation to the guantity
derived from the analysis, using a Hamamatsu Area
Analyser, of the video tapes, and a quite distinct phys-
ical interpretation to the quantity obtained from the
analysis of the photographs in accord with the tech-
‘nique of Monahan (1969). As will be seen, these in-
terpretations are consistent with the recently published
model of the evolution of bubble plumes and their as-
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sociated whitecaps (Monahan 1988a), and comple-
ment the too long overlooked findings of Bondur and
Sharkov (1982).

Stage A and Stage B in the evolution of an individual
whitecap bubble cloud, the only two stages relevant to
the present discussion, are illustrated in Fig. 1. The
young Stage A whitecaps, which are the surface man-
ifestations of plunging aerated plumes, can be identified
with the “crests” of “dynamic foam” described by
Bondur and Sharkov (1982). These features, which
according to these authors have individually a typical
area of about 0.4 m? for winds near 10 m s~!, are
effectively the only whitecaps that contribute to W,
the fractional whitecap coverage determined by ana-
lyzing videotapes with the Hamamatsu Area Analyser,
since the brightness discrimination level setting on this
instrument required to avoid spurious contributions
from bright wave facets is such that only young white-
caps with albedos of 0.5 or higher are detected. The
mature Stage B whitecaps are, on the other hand, the
prime contributors to W, the fractional whitecap cov-~
erage deduced from the analysis, in the manner de-
scribed by Monahan (1969), of photographs of the sea
surface. These relatively low albedo whitecaps corre-
spond to the “striplike” or “patchy” structures of “static
foam” in the nomenclature of Bondur and Sharkov,
and were found by these investigators to each have a
typical area of about 12 m? when observed under 10
m s~! wind conditions. Since each whitecap spends
significantly less of its lifetime in Stage A than in Stage
B, at any instant there are considerably fewer of the
smaller Stage A whitecaps than there are of the larger
Stage B ones on the same unit area of the ocean surface.

The ratio of the areas of individual Stage A to Stage
B whitecaps, 44/ 43, implicit in the foregoing, is con-
sistent with the 4, /A ratios to be inferred from the
projected Stage A and Stage B bubble spectra (Mon-
ahan 1988a) and void fractions (Monahan et al. 1987).

The initial analysis of the W,-values obtained by the
processing of the four whitecap video data sets listed
above has yielded Eq. (1) (Monahan ¢t al. 1988),

Wa = 292 X 1077[3204g01988T ()
where U is the deck-height wind speed given in m s™,
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FiG. 1. The first two stages of whitecap decay and bubble cloud evolution
as identified in optical /physical model (Monahan 1988a).

and AT is the sea-surface temperature minus the air
temperature, in °C.

It is illuminating to compare the Wj,-values calcu-
lated using Eq. (1), with the Wj-values for the same
wind speeds obtained from Eq. (2) (Monahan and
O’Muircheartaigh 1986),

WB =195 X 10—5U2.5580.0861AT (2)

which in turn was based on the analysis of five whitecap
film data sets. This latter expression was referred to in
Wu (1988). These W,- and Wpg-values, and the W,/
Wy ratios, for a range of wind speeds are listed in the
upper portion of Table 1. The Wy~ and W5y values de-
termined by Bondur and Sharkov (1982) from low-
elevation (100 m) aerial photographs taken at three
wind speeds, and the associated W,/Wj5 ratios, are
presented in the lower half of Table 1. While it is clear
from the earlier discussion that W, and Wjy are phys-
ically related quantities, it should be apparent from
Table 1 that they are by no means equivalent, with
W, for any given sea state being typically less than 11%
of W5. Thus in no circumstances should measurements
of W, be averaged in with those of Wg.

The W,- and Wp-values from Bondur and Sharkov
(1982) are, in light of the confidence limits included
on their Fig. 2, quite compatible with those derived
from Eqgs. (1) and (2). This gives support to the general
model of whitecap bubble cloud evolution depicted in
part on the accompanying Fig. 1.

The statement in Wu (1988) that W, “was shown
to follow a power law, W = 2U3;° + - -” is not con-
firmed by any objective statistical evidence. The only
meaningful way to demonstrate the validity of a hy-
pothetical value of the exponent of U in a Wg(U)
power-law expression, i.e., of A in the notation of
Monahan and O’Muircheartaigh (1980, 1982, 1986)
or n in the usage of Wu, is to show that the mean
squared error obtained when a power law with the can-
didate \ exponent is fitted to a large body of Wy, U
data is not significantly larger than the minimum mean
squared error associated with the optimal A obtained
by the application of a formal statistical methodology.
The presentation of such objective measures of good-
ness of fit is to be recommended over the appeal to the
reader to use his or her “eyeball” to see how well a
particular line fits data displayed in log-log space. The

TABLE 1. W,- and Wy-values.

Deck-height wind speed (m s7') 5 5.7 9.5 10 10.5 15 20
W, [Eq. (1), AT = 0] 507X 107° 771 x107° 396X 107™* 467X 10* 546X 107* 1.71 X107 4.30.X 1073
Ws [Eq. (2), AT = 0] .18 X 1073 165X 1072 6.07 X102 692X 103 7.84%x 10> 195X 102 4.05x107?
WalWs 0.043 0.047 0.065 0.068 0.070 0.088 0.106
Results from Bondur and

Sharkov (1982), Fig. 2 ‘

A — 1.3 X107 4x10™* - 7% 107
Wy — 7X107% 12X 1072 — 1.65 x 1072 —_ —
Wa/Ws 0.019 0.033 0.042 —
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issue of how best to determine \ has already been dis-
cussed at some length in the pages of this journal
(Monahan and O’Muircheartaigh 1980; Wu 1982;
Monahan and O’Muircheartaigh 1982).

The statement in Wu (1988) that “Monahan and
O’Muircheartaigh (1986) on the other hand suggest
the variation [in W  due to changes in sea surface tem-
perature, T-] should be associated with the exponent
n [A],” may leave the incorrect impression with the
reader. Monahan and O’Muircheartaigh (1986) did
note that the A-values associated with the data sets col-
lected in colder, more northerly, waters were charac-
teristically smaller than the A-values they determined
from the data sets collected in the warmer, often trade
wind, regions. They recognized that this was a conse-
quence of the fact that in the mid- and high-latitudes,
in contrast to in the trade wind regions, the durations
of the high wind episodes associated with whitecap
photography were often too short to give rise to a fully
developed sea; and that the Wg-values measured on
such occasions were as a result depressed. They thus
concluded that the apparent dependence of A upon 7'y
was in fact a reflection of the influence of wind duration
on A. In the same paper they also proposed two mech-
anisms, both influenced by the changes in kinematic
viscosity that result from changes in 7, that would
cause the power-law coeflicient, o, to vary with changes
in sea-water temperature.

The inclusion in the aggregate data set used to derive
Eq. (2) of several high latitude sets of observations,
including the film data recorded in the Arctic during
MIZEX 83 (but not including either the MIZEX 84
film or video data, as incorrectly suggested by Wu
1988), explains why the A of Equation 2 is considerably
smaller than the Xs reported in Monahan and
O’Muircheartaigh (1980), which were based in large
measure on film data collected in the trade-winds in
the vicinity of Barbados (Monahan 1971).

The values of A and of u, the exponent of U in the
WA(U) power-law expression, obtained from the re-
spective analyses of the MIZEX 84 film and video re-
cords were fairly similar. This gave rise to the comment
by Doyle and Higgins in Monahan et al. (1985) that
“the results obtained from the video records are quite
consistent with those of the film records,” a remark
taken exception to in Wu (1988). Looking now at the
A obtained from the analysis of five film data sets [ Eq.
(2)], and at the u that resulted from the preliminary
analysis of four video data sets [Eq. (1)], there is a
basis for suggesting that u is in fact larger than . Noting
that A, is typically much smaller than 43 (Bondur and
Sharkov 1982), and that the spatial resolution of the
video-based whitecap analysis technique is somewhat
less than the resolution of the film-based procedure, it
can be concluded that while each approach may well
detect the bulk of the sea surface area brighter than the
respective technique’s threshold albedo, the fraction of
the Stage A whitecaps missed in the video analysis is
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greater than the fraction of the typically much larger
Stage B whitecaps that goes undetected during the film
analysis. Both Bondur and Sharkov (1982), and Mon-
ahan and Monahan (1986) have reported that the typ-
ical dimensions of individual whitecaps increase with
freshening winds. In particular, the analysis of some
1500 visual estimates of whitecap breadth, recorded at
the behest of the Deutsches Hydrographisches Institut
by observers on the Alte Weser Light-station in the
North Sea, showed a strikingly strong, positive, depen-
dence of whitecap size on wind speed (Monahan and
Monahan 1986). From the foregoing, it is reasonable
to infer that the percentage deficiency in Stage A
whitecap detection associated with the video technique
will diminish more rapidly with increasing wind speed
than will the smaller percentage deficiency in Stage B
whitecap area detection identified with the film tech-
nique, and it is thus plausible to suggest that herein
lies the explanation of why A is found to be smaller
than u.

Monahan and O’Muircheartaigh (1986) have ac-
cepted the contention of Wu (1979, 1988) that Wy
should be proportional to #3, the cube of the friction
velocity, in those instances where the observations were
made of a fully developed sea. The fact that X, the
power-law exponent in the Wy (1, ) expression obtained
from the MIZEX 84 film data, was found to be 3.47,
and that u’, the exponent in the W, (u,) expression
derived from the MIZEX 84 video data, was deter-
mined to be 3.28 (Monahan and Woolf 1986), may
reflect in some measure the dependence upon u, of
percentage deficiency in whitecap area detection, but
most certainly demonstrates the weakness of attempt-
ing to draw firm inferences from single data sets, often
characterized by a limited range of U, and u,, values.

While acknowledging that the observation that the
instantaneous fraction of the sea surface covered by
whitecaps was simply proportional to the product of
the wind stress and the surface drift velocity, a quantity
which itself is proportional to the friction velocity of
the air, was a contribution made by Wu (1979) to our
understanding of the factors controlling whitecapping,
it is appropriate to note that Cardone (1969; Ross and
Cardone 1974), from his reanalysis of a limited fresh
water whitecap film data set (Monahan 1969), had ear-
lier concluded that whitecap coverage was directly pro-
portional to the “rate of energy transfer from the air
flow to the fully developed” portion of the wave spec-
trum. Monahan and O’Muircheartaigh (1980) made
the point that it is the rate of whitecap area formation,
not the instantaneous fractional whitecap coverage per
se, which is proportional to the rate at which energy is
being dissipated via wave breaking. The relationship
between the rate of whitecap area formation and frac-
tional whitecap coverage was first set out in Monahan
(1971), and described in detail in Monahan (1988b).

Recognizing that Wu (1979) did indeed introduce
the presentation in log-log space of Wpg,U data sets “to
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illustrate the power-law variation of whitecap coverage
with wind speed” (Wu 1988), it should be noted that
both Blanchard (1963 ) and Monahan (1971 ) had pre-
viously adopted explicit power-law formulations for
the Wy(U) expression.

Acknowledgments. Our research on the various as-
pects of whitecapping, which has been supported
throughout by the Office of Naval Research, is currently
funded via ONR Contracts N00014-87-K-0185 and
N00014-87-K-0069.

REFERENCES

Blanchard, D. C., 1963: The electrification of the atmosphere by
particles from bubbles in the sea. Progress in Oceanography,
Vol. 1, Pergamon, 71-202.

Bondur, V. G., and E. A. Sharkov, 1982: Statistical properties of
whitecaps on a rough sea. Oceanology, 1, 274-279.

Cardone, V. J., 1969: Specification of the wind distribution in the
marine boundary layer for wave forecasting. Tech. Rep. GSL-
69-1, New York University, 131 pp.

Monabhan, E. C., 1969: Fresh water whitecaps. J. Atmos. Sci., 26,
1926-1029.

——, 1971: Oceanic whitecaps. J. Phys. Oceanogr., 1, 139-144.

———, 1988a: Near-surface bubble concentration and oceanic whitecap
coverage. Preprints Seventh Conf. on Ocean-Atmosphere Inter-
action, Anaheim, Amer. Meteor. Soc., 178-181.

——, 1988b: Whitecap coverage as a remotely monitorable indication
of the rate of bubble injection into the oceanic mixed layer. Sea
Surface Sound. B. R. Kerman, Ed., Kluwer Academic Publishers,
85-96. ‘

——, and C. F. Monahan, 1986: The influence of fetch on whitecap
coverage as deduced from the Alte Weser Lightstation observer’s
log. Oceanic Whitecaps and Their Role in Air-Sea Exchange

NOTES AND CORRESPONDENCE

709

Processes, E. C. Monahan and G. MacNiocaill, Eds., Reidel,
275-2717.

——, and L. O’Muircheartaigh, 1980: Optimal power-law description
of oceanic whitecap coverage dependence on wind speed. J.
Phys. Oceanogr., 10, 2094-2099.

——, and ——, 1982: Reply. J. Phys. Oceanogr., 12, 751-752.

——, and ——, 1986: Whitecaps and the passive remote sensing of
the ocean surface. Int. J. Remote Sens., 7, 627-642.

——, and D. K. Woolf, 1986: Oceanic whitecaps, their contribution

to air-sea exchange, and their influence on the MABL. Whitecap

Rep. No. 1, to the Office of Naval Research from M.S.I., Uni-

versity of Connecticut.

, P. A. Bowyer, D. M. Doyle, M. R. Higgins and D. K. Woolf,

1985: Whitecaps and the marine atmosphere. Rep. No. 8, to

the Office of Naval Research from University College, Galway,

124 pp.

——, J. P. Kim, M. B. Wilson and D. K. Woolf, 1987: Oceanic

. whitecaps and the marine microlayer; spanning the boundary
separating the sub-surface bubble clouds from the aerosol laden
marine atmosphere. Whitecap Rep. No. 3 to the Office of Naval
Research from M.S.1., University of Connecticut, 108 pp.

——, M. B. Wilson and D. K. Woolf, 1988. HEXMAX whitecap
climatology. Humidity Exchange Over the Sea Main Experiment
(HEXMAX), Analysis and Interpretation, Proc. of NATO Ad-
vanced Workshop in Epe, The Netherlands. W. A. Oost, S. D.
Smith, and K. B. Katsaros, Eds., University of Washington,
Seattle, 105-115.

Ross, D. B, and V. Cardone, 1974. Observations of oceanic whitecaps
and their relation to remote measurements of surface wind speed.
J. Geophys. Res., 79, 444-452,

Wu, J., 1979: Oceanic whitecaps and sea state. J. Phys. Oceanogr.,
9, 1064-1068.

——, 1982: Comments on “Optimal power-law description of oceanic
whitecap coverage dependence on wind speed.” J. Phys. Ocean-
ogr., 12, 750-751.

——, 1988. Variations of whitecap coverage with wind stress and
water temperature. J. Phys. Oceanogr., 18, 1448-1453.




