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A field study of wave-induced pressure fluctuations 

above surface gravity waves' 

R. L. Snvder 

Nova University 
Physical Oceanographic Laboratory 
8000 N orth Ocean Drive 
Dania, Florida 33004, U.S.A. 

A BSTRACT 

The atmospheric pressure field above waves was monitored at two experimental sites in 
the Bight of Abaco (BOA), Bahamas, using hori zontal arrays of up to four microbarographs 
and four wave recorders. During four separate field experiments in the period June 1968-
April 1972, 96 hours of data were obtained. These data cover a wind-speed range of 3-1om/s 
and a microbarograph elevation range (relative to the mean surface) of 0.5-2.0 m. The atmos-
pheric pressure spectra typically show a wave-induced peak 5-20 times background, but the 
coherence between atmospheric pressure and surface elevation is low. The relative phases 
between microbarographs indicate that the background flu ctuations have the dispersion of 
"frozen" turbulence, while the peak fluctuations have the dispersion of surface gravit y waves. 
For a significant por tion of the data, the dominant peak flu ctuation is associated with surface 
gravity waves traveling against the wind. Reflection from the laboratory vessel accounts for 
most, but not all, observations of such waves. 

Analysis of the wave-coherent portion of the atmospheric pressure flu ctuation supports 
the conclusion that the phase of the pressure associated wit h a given wave component is con-
stant with elevation and that its amplitude decays exponentially fr om the mean surface, in 
substantial agreement with Elliott (1972). The decay parameter is essentiall y that predicted 
by linear potential theory . Consistent with this conclusion, the microbarograph data were 
extrapolated to the mean surface, and wave growth rates were estimated fr om a directi onal 
cross-spectrum analysis. The implied growth rates are roughly one-tenth as large as those 
observed by Dobson (1971) and one-half as large as those observed by Elli ott (1972). These 
rates are comparable with the predictions of the Miles (1957) theory; they are not nearly 
large enough to account for existing fi eld observations of wave growth. This conclusion is 
contrary to that of Dobson (1971), but it is consistent with the conclusion of K. Hasselmann 
et al (1973), in the JONSWAP experiment, that wave components on the low-frequency face 
of the spectrum grow primarily as the result of nonl inear interactions. T he integral momen-
tum transfer fr om the atmosphere to waves, over a limited range of fr equencies encompassing 
the spectral peak, is only several percent of the estimated stress associated with the mean air 
fl ow. Evidence is presented that waves traveling faster than the wind or against the wind 
are damped. 

Fits to the observed wave spectra using the JONSWAP spectral form y ield spectral para-
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meters for the May 1970 BOA spectra which are, despite the different fetch distribution, 
remarkably consistent with those for the JONSWAP spectra. Only the Phillips (1958) para-
meter di ffers significantly; it is roughly half as large for these spectra as for JONSWAP, 
The implied nonlinear momentum transfer for the May 1970 BOA spectra is roughly one-
sixth that of JONSWAP. The integral momentum transfer from the atmosphere to the 
JONSWAP wave fi eld implied by the present study is consistent with the overall momentum 
balance as discussed by K. Hasselmann et al (1973). This transfer is smaller than the total 
stress but is adequate to provide the momentum required by the evolving wave field. The 
estimated transfer may account for several features of the JONSWAP plot of the Phillips 
parameter. 

1. Introduction 

The wind generation of surface gravity waves in deep water is thought to 
be governed by an equation fir st proposed by K . Hasselmann ( 1960): 

where 

(1) 

Fe•(x,t,k) is the spectral intensity of a wave component with propaga-
tion vector k at horizontal position x and time t; V(k) = 'vkw(k) is 
the group velocity for the k component (with radial frequency w(k)); 

IX is the rate of change of Fe• resulting from turbulent atmospheric pres-
sure fluctuations (Phillips, 1957); 

fJFe• is the rate of change of Fe2 resulting from the shear instability of 
the mean air flow (Miles, 1957); 

Ni is the rate of change of Fe• resulting from weak nonlinear inter-
actions between wave components (K. Hasselmann, 1962); and 

N2 is the rate of change of Fe• resulting from whitecapping. 

Attempts to monitor various terms of this equation in the laboratory and in the 
field have included: 

a. Longuett-Higgins, Cartwright, and Smith (1963). Observations of atmos-
pheric pressure from a floating buoy allowed several qualitative conclusions re-
garding the first two terms on the right-hand side of ( 1 ). The observed pressure 
was highly coherent with surface elevation (probably owing to the hydrostatic 
contribution) and had a magnitude consistent with Miles' (1957) theory. The 
phase was not established with suffi cient accuracy to provide a reliable estimate 
of energy or momentum transfer. 

b. Snyder and Cox ( 1966 ). Using a towed directional array of wave re-
corders, the left-hand side of ( 1) was monitored in the field for a single wave 
component ( I 7 m) for wind speeds between 5 and Io m/s. The observed growth 
was consistent with a linearized version of ( 1) with IX predicted by Phillips' 
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(1957) theory, assuming the turbulent atmospheric pressure spectrum to be 
comparable with that measured over land by Priestley (1965). /J, however, was 
of order 

fJ ~s(k· W-w(k)), 

where Wis a suitably chosen wind velocity and s is the ratio of the density of 
air to that of water. (2) is one order of magnitude larger than predicted by 
Miles' (1957) theory. An e>..'trapolation of (2) to other wave components fur-
nished an estimate of the momentum flux to waves several times larger than 
the stress associated with the mean flow. 

c. Barnett and Wilkerson ( 1967 ). Analysis of an aircraft-mounted radar 
altimeter record obtained off the coast of Maryland yielded wave growth 
observations for a full range of wave components at a single wind speed. The 
observed growth was consistent with a linear version of ( 1 ), with fJ given ap-
proximately by (2). However, turbulent pressures were required to be 50 times 
as energetic as those extrapolated from Priestley's (1965) measurements, in 
order to account for ex. A significant tendency for wave components to over-
shoot their equilibrium value was observed. 

d. Shemdin ( 1969). Laboratory studies of wave-induced pressure and velo-
city above surface gravity waves yielded energy and momentum transfers to 
waves of the same order as predicted by Miles (1957) when 

k·W 
w (k) > 4, 

but somewhat larger than the Miles prediction when 

k·W 
2<w(k) <4. 

e. Dobson ( 1971 ). Field measurements of atmospheric pressure above surface 
gravity waves were obtained using a buoy-mounted pressure sensor riding on 
a staff. The phase of the observed pressure differed from the Miles (1957) pre-
diction by 20°, and the resulting energy transfer was comparable with (2). The 
total momentum flux was comparable to the stress associated with the mean flow. 

f. Elliott ( 1972). Field measurements of atmospheric pressure above waves 
were obtained using a vertical array of fixed pressure sensors. The pressure 
spectra exhibited a large wave-induced peak. The data were consistent with a 
wave-coherent pressure field which decays quasi-exponentially (the decay para-
meter was found to depend on the wind speed) without change of phase from 
the mean surface. The energy transfer was approximately one-fifth of (2). 
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g. K. Hasselmann, Barnett, Bouws, Carlson, Cartwright, Enke, Ewing, 
Gienapp, D. Hasselmann, Krusemann, Meerburg, Muller, Olbers, Richter, Sell, 
and Walden ( 197 3). A major experiment to monitor the left-hand side and 
nonlinear source term N, for ( 1) ( computed from the spectrum of surface eleva-
ti on using K . Hasselmann's (1962) theory) was conducted in the North Sea 
(JONSW AP). The spectrum was observed to evolve in "self similar" fashion, 
and to be parameterized by a suitable non-dimensional fetch. Nonlinear inter-
actions were found to dominate the growth mechanism on the forward slope 
of the spectrum, and to explain in qualitative terms (a) the shape and evolution 
of the spectrum, and (b) the wind stress "paradox" associated with the large 
exponential growth observed by both Snyder and Cox ( 1966) and Barnett and 
Wilkerson (1967). The resulting minimum momentum transfer to waves 
resulting from the atmospheric interaction was estimated from ( 1) to be ap-
proximately 20% of the wind stress, assuming N, to be small across the signif-
icant range of the wave spectrum. 

The experiments described in this paper were conceived, like those of Dob-
son and Elliott, as an attempt to determine to what extent wave-coherent fluc-
tuations of atmospheric pressure can account for observed wave growth. To 
simplify the field observations, a fixed instrumentation was developed; in order 
to look at the directional characteristics of the atmospheric pressure field, a 
horizontal array of instruments was employed. 

2. Field experiments in the Bight of Abaco (BOA) 

The data were obtained in four separate field experiments, listed in Table I. 
The two sites are shown in Figure 1. The microbarographs and their installa-
ti on at Site 1 are described in a companion paper (Snyder et al, 1973). The 
microbarographs and the wave recorders (Snodgrass Mark X pressure trans-
ducers) were supported by 6-cm diameter pipe stands resting on the bottom. 
The microbarograph probes were fi xed vertically 0.5-2 m above the mean sur-
face. At Site 1, tide elevati on and wind velocity (nominally at 5 m above the 
mean surface) were monitored from a nearby tower. Wind velocity also was 
monitored during the M ay I 970 experiment at a somewhat lower elevation. 
The tide signal was used to determine all instrument elevations relative to the 

Table I. Experiment parameters. 

Date Site 

June 1968 .. .. ..... 1 
May 1970 ......... 1 
December 1970 .. . . 2 
April 1972 . . .. .... 

NW - number of wave recorders 
NM - number of microbarographs 
NA - number of anemometers 

NW 

4 
4 

4 

NM 

4 
4 
3 
3 

NA Hours Remarks 

1 16 Preliminary experiment 
2 48 Main experiment 

9 Auxiliary experiment 
23 Auxiliary experiment 
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Figure I. T he Bight of Abaco, showing site locations for the field experiments. Marls is a mangrove 
swamp. 
Scale is 10 km per division. Mean depth is 7.3 mat Site 1, 3.1 mat Site 2 . 

mean surface (within 3 cm). All signals were returned by cable to a vessel 
moored at a distance of 125 m and recorded seriall y using a 16-channel data-
acquisition system. 

The instrument configurations for the four experiments are shown in Figure 
2. Instrument spacing for the initi al confi guration proved somewhat large for 
the easterly winds encountered during the M ay 1970 experiment. This con-
figuration was modifi ed accordingly in April 1972. The close spacing and the 
reduced number of instruments for the December 1970 experiment were a 
result of the limit ed obj ectives for this experiment. 

Historically, the first of the experiments in June 1968 provided a test of the 
instrumentation and experimental design but yi elded insuffici ent data upon 
which to base any firm conclusions. The main experiment in May 1970 pro-
duced considerable data, the analysis of which revealed that the atmospheric 
pressure signals were highly coherent with phase differences characteristic of 
either (1) upwind- traveling surface gravity waves, or (2) downwind-traveli ng 
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Figure 2. Instrument configurations; 

+ - wave recorder 
0 - microbarograph 

Note that during the May 1970 experiment, a cup anemometer was located at wave re-
corder 2. The December 1970 configurations show the wind direction (W) and direction 
of vessel (S) for Run 8. 

waves with anomalous dispersion_ The particular spacing of instruments did 
not allow a clear choice between these alternatives. The December 1970 ex-
periment was designed to provide that choice by spacing the instruments a small 
fraction of the expected wavelength. Following this experiment, it was clear 
that most of the data coll ected to that time showed a dominant atmospheric 
pressure fluctuation traveling upwind with surface gravity wave dispersion 
(there were several exceptions). The correspondence of the peak frequency in 
the wave spectra and the atmospheric pressure spectra suggested a local refl ec-
tion mechanism producing a small upwind-traveling component to the wave 
spectrum for which the atmospheric pressure fluctuation was greatly amplified 
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(relative to the downwind component) as a result of the dynamics of the fl ow. 
The appearance of an upwind-traveling component in several runs in which the 
laboratory vessel was not downwind of the array (as it had been during the 
May 1970 experiment) led to the further conclusion that refl ections other than 
those from the vessel were present, and to the further speculation that such 
natural reflections might, in fact, dominate. In an effort to examine one possi-
bility, reflection by bottom irregularities, R. B. Long ( 197 3) and this author 
collaborated in applying the theory of K. Hasselmann (1966) to the data, 
using an experimentally determined spectrum for the bottom irregularities. The 
effect proved too small to account for the May 1970 observations. Ultimately, 
it was decided to recreate, in April 1972, the conditions of the May 1970 
experiment in most particulars except for the location of the laboratory vessel 
(which was placed crosswind from the array). The April 1972 data showed a 
dominant pressure fluctuation traveling downwind with surface gravity wave 
dispersion, clearly implicating the laboratory vessel as the principal (but not sole) 
source of previously observed upwind-traveling waves. 

The historical development of the study emphasizes those aspects of the 
study concerning the nature and directional characteri stics of the atmospheric 
pressure fluctuations. It should be recognized that in terms of the primary ob-
jective of the study, determination of the energy and momentum transfer to 
surface gravity waves, these aspects are somewhat secondary. It will be seen 
presently that each of the experiments has contributed to a quantitative descrip-
tion of the wave-coherent part of the atmospheric pressure fluctuation, and to 
an estimate of the resulting energy and momentum transfer to surface gravity 
waves. 

3. Preliminary analysis 

Preliminary analyses of typical runs from each of the four field experiments 
are shown in Figures 3-5. Run parameters are given in T able II. Figure 3 
shows the raw data for the first I oo s of each run. Figure 4 shows the corre-
sponding raw spectra for the first hour of each run, and Figure 5 shows the raw 
coherence and phase between selected instrument pairs. Note the similarity 
between wave-recorder and microbarograph records with respect to charac-
teristic frequency (this similarity is not so striking in Run 5). Note also the 
characteristic appearance of the atmospheric pressure spectra- a large wave-
induced peak superimposed upon a monotonically decreasing background. 
(These features were also noted by both Dobson (1971) and Elliott (1972).) 
The peak stands more than an order of magnitude above background in Runs 
11, 32, and 8, and somewhat less than an order of magnitude above background 
in Run 5. 

The nature of the atmospheric pressure spectra is clarified by examinati on 
of Figure 5. Shown for each run are coherence and phase for selected instrument 
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Run 11 

7 

6 

5 6 

4 5 

3 4 

2 3 

2 

Figure 3. Raw data for Runs I 1, 32, 8, and 5. 
Instruments numbered as in Figure 2 (see Table II). Instrument 1 (Run 8) and instruments 
1-4 (Runs I 1, 32, and 5) are wave recorders. The remaining instruments are microbaro• 
graphs. Horizontal scale is 10 s/div. 
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T able II. Run parameters. 

Run 

11 
32 

8 
5 

Experiment 

June 1968 
May 1970 
December 1970 
April 1972 

Wind Speed 
(m/s) 

4.98 
8.32 
4.80 
7.89 

Wind Direction 
(°) 

198 
72 

152 
98 

Position of Vessel 

crosswind 
downwind 
crosswind 
crosswind 

Wind direction is direction of approach in degrees clockwise from N. 

pairs. These typically include a microbarograph pair aligned with the wind, a 
microbarograph pair aligned across the wind, and a closely spaced wave recorder-
microbarograph pair. In each case, the phase for the microbarograph pair ali gned 
with the wind ri ses monotonically from zero at zero frequency, breaks sharply 
(discontinuity in both phase and slope) at the low-frequency end of the surface 
gravity wave range, then foll ows a monotonic trend across this range. In Runs 
1 I, 32, and 8, the slope of this trend is negative, and in Run 5 it is positive. 
At higher frequencies, the phase becomes less well defined, although in Runs 
I I and 5 there appears to be a second break point above which the curve reverts 
to its original trend. As is seen in the figure, it is possible to account for both 
major trends in a straightforward manner. The segments labeled T are based 
on the dispersion relati on 

Figure 4 . 

10• 
11 32 8 5 

10• 

.. : 10' 

10) 

0 102 

10' 

10' 

10' 

-
..0 102 

0 10' 

n 0 n 0 n 0 n 2" 
w (rad/ s) 

Raw spectra for Runs I 1, 32, 8, and 5· 
The upper panels show the spectra of atmospheric pressure; the lower panels show the 
spectra of surface elevation (pressure). A ll spectra are uncorrected for_ instrum_ent re-
sponse and probe elevation. Spectral estimates are Bartlett (1950) estimates with 450 
degrees of fr eedom. The low-frequency rise in the spectrum of surface elevation for 
Run 8 and for one of the wave recorders in Run 5 is the result of discontinuities in the 
corresponding records due to the sensitivity of the system to contact resistances in the 

cable connectors. 
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Figure 5. Coherence (lower panel) and Phase (upper panel) for selected instrument pairs, Runs II, 
J2, 8, and 5. 
For pair identification, see Figure 2 and Table II. Coherence is square coherence. Phase 
is phase (lead) of the second instrument relative to the first. Curves added to the phase 
panel of some instrument pairs are theoretical curves based on various dispersions (using 
wind speed at 5 m). 

T + - frozen turbulence 
W + - downwind-traveling surface gravity waves 
W _ - upwind-traveling surface gravity waves 

w(k) = k· W, 

corresponding to Taylor's hypothesis of "frozen" turbulence, while those seg-
ments labeled W are based on the surface gravity wave dispersion relation 

w(k) = (gk tanh kh)1t2, 

where his the depth. The subscript + denotes a wave traveling downwind, and 
the subscript-denotes a wave traveling upwind. 

Further examination of Figure 5 shows that the phase between microbaro-
graphs aligned across the wind hovers about zero over the entire frequency 
range analyzed, while the coherence between microbarographs aligned both 
with and across the wind typically begins at a level approaching unity at zero 
frequency, drops to a minimum at the low-frequency end of the surface gravity 
wave range, ri ses to a peak, then drops off at frequencies above the surface 
gravity wave range. 
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These observations suggest the foll owing: 

1) Over the frequency range analyzed, the atmospheric pressure close to the 
mean surface appears to be comprised largely of two distinct components, 
"frozen" turbulence and surface gravity waves. 

2) At frequencies above and below the surface gravity wave range, the 
dominant fluctuation in the atmospheric pressure is associated with 
"frozen" turbulence. 

3) At frequencies within this range, the dominant flu ctuation is associated 
with surface gravity waves. In Runs 11, 32, and 8, this fluctuation is 
traveling upwind. In Run 5 it is traveling downwind. 

4) The level of the atmospheric pressure spectrum in the surface gravity 
wave range is significantl y greater (relative to background) when this 
spectrum is dominated by upwind-traveling waves than when it is dom-
inated by downwind-travelin g waves. Thus, 

5) The dominance of upwind-traveling atmospheric pressure waves in the 
surface gravity wave range in Runs 11, 32, and 8 does not preclude the 
co-presence of downwind-traveling waves at a level relative to background 
comparable with Run 5. 

The remaining panels in Figure 5 show the coherence and phase between a 
closely spaced wave recorder-microbarograph pair. N ote that the phase is well 
defined over the surface gravity wave range (since the data has not been cor-
rected for instrument response, no signifi cance should be attached to the par-
ticular level or trend of the phase curve), and that the coherence is typically 
low, rising to broad maxima of .3 and .4 in Runs 32 and 5, staying below .I 
in Runs 11 and 8. Not shown are the coherence and phase for more widely 
separated wave recorder-microbarograph pairs; the corresponding coherence 
levels here are very low indeed. This lack of coherence (resulting primarily 
from the presence of several competing signals in the atmospheric pressure) 
complicates the wave-coherent analysis which follows. 

4. Averaging and extrapolation procedures 

In order to optimize the statistical reliability of the wave-coherent analysis 
of the atmospheric pressure records, it was decided to adopt the following 
averaging and extrapolation procedures: 

1) All records from the May 1970 experiment, during which the wind 
blew steadily from sli ghtly north of east, were subdivided into sections of 
length 469.3 s ( 1024 data points). The average wind at 5-m elevation 
and the average microbarograph elevation were computed for each sec-
tion, and the spectral matrix (referred to as a secti on matrix) containing 
the cross-spectral information between all instrument pairs was formed 
using Bartlett (1950) estimates with 64 degrees of freedom. 
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Table III. Average spectral matrices, May 1970. 

Microbarograph Wind Speed (m/s) 
Elevation (m) 5.25 5.75 6.25 6.75 7.25 7.75 8.25 8.75 

.95 . . . ... .. . . .. . 5 4 1 2 3 2 4 1 
1.05 .. . .. .... . . .. 1 7 8 3 4 0 5 1 
1.15 .. .... . .. . . .. 0 3 3 5 3 0 5 2 
1.25 .. . . .. .. .. ... 0 3 11 9 11 5 1 2 
1.35 . . .. . . . . .... . 0 2 9 9 10 17 17 4 
1.45 .. . .......... 0 2 8 11 8 11 9 2 
1.55 ... . . ... ..... 0 2 7 7 9 3 0 0 
1.65 .. .. .... ... . . 0 1 2 1 3 3 2 0 

TOTAL ... . . .. .... . 6 24 49 47 51 41 43 12 

2) These section matrices were corrected for instrument response and for 
the elevation of the wave-recorder probes (wave-recorder related matrix 
elements were extrapolated to the mean surface in exponential fashion 
consistent with linear potential theory). 

3) Average spectral matrices for like values of wind speed and microbaro-
graph elevation were formed. Table I II lists the number of section mat-
rices contributing to the average in each category. The corresponding 
number of degrees of freedom for the average matrices is obtained by 
multiplying by 64. 

4) The corrected section matrices 2) were "surface normalized" by extra-
polating microbarograph related matrix elements to the mean surface in 
exponential fashion consistent with linear potential theory. 

5) An average "surface normalized" spectral matrix was formed for each 
wind speed from the "surface normalized" section matrices 4). The num-
ber of "surface normalized" section matrices contributing to these aver-
ages is given in the row labeled TOT AL in Table II I. 

A somewhat simpler averaging and extrapolation procedure was followed in 
the case of the April 1972 data: 

1) The data were subdivided into sections approximately one hour long. 
The average wind speed at 5-m elevation and the average microbaro-
graph elevation were computed for each section, and a spectral matrix 
containing the cross-spectral information between all instrument pairs 
was formed. 

2) These section matrices were corrected for instrument response and for 
the elevation of the wave-recorder probes, and, using an exponential 
extrapolation, "surface normalized" for the elevation of the microbaro-
graph probe. 

3) The "surface normalized" section matrices were grouped by wind speed, 
using convenient values for the wind speed. Average spectral matrices 
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and average wind speeds were cal-
culated for each group. T able IV 
lists the amount of data contrib-
uting to each average spectral ma-
tri x and the corresponding mean 
wind speed. 

Support for the exponential extra-
polation of microbarograph-related ma-
trix elements is provided in Figure 6, 

T able IV. Average spectral matri-
ces, April I 97 2 . 

Wind Speed (m/s) 

6.51 
7.08 
7.54 
7.94 
8.45 
9.27 

Hours of Data 

I 
3 
3 
I 
6 
2 

in which the amplitude and phase of the May I 970 cross-spectra between in-
struments 4 and 7 (a wave recorder-microbarograph pair approximately I m 
apart) are compared at various microbarograph elevations. The amplitude ratio 

and phase difference 

0(z)-0(o) = arg (G47(z))-arg (G23(o)) 

were computed for each frequency band of each average spectral matrix 3). 
[G47(z) denotes the cross spectrum between instruments 4 (wave recorder) and 
7 (microbarograph) obtained for microbarograph elevation z, and G44 (z) de-
notes the corresponding autospectrum for instrument 4. (Here z is essentially 
a label identifying the autospectrum with a corresponding cross-spectrum). The 
reference spectra, G47(o) and G44 (o), are the average "surface normalized" 
spectra 5) of lik e wind speed.] These amplitude ratios and phase differences 

1.s 

.: 1.0 

0.S 

ODOL.0,---~o.s~-~,D,----':_n,---~o--~" 
IG.,hlt G.,C. ilt lG.,(0)/1; .. (0) I 9 (,1-9(0) 

Figure 6. Dependence of amplitude and phase of 
the wave-coherent part of the atmos-
pheric pressure upon elevation above the 
mean surface. 
The solid curves are the predictions of 
linear potential theory. See text for ex-
planation of figure. 

were then averaged across wind speed 
(the average was weighted by the 
number of section matrices I) con-
tributing to each average matrix 3)). 
The resulting averages are presented 
in the figure. The scatter in the re-
sults of this analysis is attributed to 
sectional differences in the direc-
tional cross-spectrum between sur-
face elevation and atmospheric pres-
sure, associated with the incomplete 
parameterization of the sea by the 
local wind. 

Figure 6 suggests the following 
conclusions: 

I) The wave-coherent part of the 
atmospheric pressure decays ex-



510 Journal of Marine Research [32,3 

ponentially from the mean surface. The decay rate is essentially that 
predicted by linear potential theory. 

2) The phase of the wave-coherent part of the atmospheric pressure is con-
stant with elevation above the mean surface. 

While not altogether convincing (The analysis tends, within each frequency 
band, to place the data points for middle values of z close to the solid curves. 
That this analysis is not totally self-fulfilling can be seen by applying it to data 
representing other profiles, for example a constant amplitude with linear change 
of phase), these conclusions are in substantial agreement with the observations 
of Elliott (1972) and with various calculations of Long (1971). Elliott finds 
that close to the surface, the decay parameter is a decreasing function of 
k · W/w(k). According to Long (private communication), the Miles (1957) 
theory appears to imply a comparable decrease in the decay parameter close to 
the surface (kz < 2). This decrease is not sufficient to change appreciably the 
conclusions of the present study. (Elliott's extrapolation would lower the average 
amplitude of the wave-induced pressure at the surface (as presented in Figure 
14) by something like 15%. This lowering would be an increasing function of 
k• W/w(k).) The May 1970 data cannot readily be subjected to the type of 
analysis employed by Elliott because the cross spectrum G47 contains a signifi-
cant contribution from upwind-traveling waves. 

Note that in Figure 6, there is a tendency for the amplitude data to be larger 
than the potential theory prediction at lower values of kz. This tendency may 
or may not be significant; its sense is opposite to that which would be expected 
from Elliott's analysis. 

Note also that the surface normalization completely distorts the wave-
incoherent (turbulent) contribution to the resulting spectral matrices. 

5. Spectral fits 

Figure 7 shows the average spectrum of surface elevation Gc2(w) contained 
in the average "surface normalized" spectral matrices 5) for the May 1970 
data. Included in the figure is the Phillips (1958) equilibrium spectrum 

Gc2(w) = sg2w-s, 

with s = 7.3 x 10-J. A nonlinear fit to the JONSWAP spectral form 

(3) 

was made for each of these spectra and to the spectra for Dobson's (1971) 
Runs 3 and 4a and Elliott's (1972) Runs 167/2and119/2. The resulting best 
fit parameters s, Q, y, and a are given in Table V. Two fits are represented. 
The first of these minimizes the variance 
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Figure 7. Spectra of surface elevat ion fo r the 
various wind speed categor ies of the 
May I 970 data. 

Figure 8. Fetch dependence of spectral fit para-
meters. 

+ - Phillips (1958) parameter, e 
o - nondimensional peak fre-CC (co) is the spectrum of surface 

elevation. Spectra are shown fo r wind 
speeds from 5.25 m/sec to 8.75 m/sec. 
T he Nyquist frequency WN is 6.8 5 
rad/sec. Curve P is the Phillips equi-
lib rium spectrum. Statist ical errors are 
well below the level of systemat ic dif-
ferences result ing from the incomplete 
nature of the wind speed parameteri-
zat ion. 

quency, Q 

f/ = L (Gc2 ( Wn) - H c2 ( s,Q, y, a, Wn))2/Gc2 ( Wn)' 
n 

(4) 

and tends to give a better fit to the higher frequency tail of the spectrum ( e 
more reliable); the second minimizes 

f/ = L(Gc2(wn)-Hc2(s,!J,y,a,wn)? 
n 

and tends to give a better fi t to the spectral peak. 
On the basis of similar fi ts, K. Hasselmann et al (1973) conclude that for a 

wide range of observed fetch-l imi ted wave spectra including the JONSW AP 
spectra and various additional fie ld and laboratory spectra: 

1) The spectral form (using a double valued a) gives a good fit to the data. 

2) The parameters s, Q = W Q/g, y, and a are, all owing some scatter, 
functions of a single parameter, the nondimensional fetch x =gx/W 2 • 

Here x is the fetch and W is the Io m wind speed. 
3) e is an inverse function of x and is approximated by the power law e .076 

;- -22, over the range x = 10-1 to 105. In the limit ed range x = 10 2 to 
104, however, a somewhat larger exponent ( ~ -.4) is more appropriate 
to the data. 
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Table V. Spectral fits. 

Spectrum w x e Q y a 

2001 . ... .. 5.25 4.4 4.6 3.06 3.6 .II 
4.4 3.04 3.5 .13 

2002 ...... 5.75 3.7 5.5 2.71 3.3 .12 
5.8 2.67 2.9 .I I 

2003 .. .. .. 6.25 3.1 5.9 2.64 3.6 .II 
6.1 2.61 3.3 .II 

2004 . .. ... 6.75 2.7 6.4 2.40 3.0 .14 
6.5 2.36 2.8 .15 

2005 ...... 7.25 2.3 6.7 2.37 3.5 .13 
7.0 2.33 3.1 .12 

2006 . .. .. . 7.75 2.0 6.8 2.32 3.4 .14 
7.4 2.25 2.9 .12 

2007 ...... 8.25 1.8 7.7 2.33 3.3 .13 
7.7 2.26 3.0 .13 

2008 ...... 8.75 1.6 7.9 2.26 3.4 .13 
8.3 2.23 3.1 .ll 

Doh 3 .... 3.4 5.6 
23.9 3.18 .13 .16 

Doh 4a ... 8.0 .4 6.0 2.59 .38 .13 
10.5 3.10 .68 .03 

Ell 167/2 ... 7.9 1.0 5.3 3.13 5.2 .14 
3.5 3.13 7.3 .18 

Ell 119/2 ... 4.7 1.1 3.1 3.40 2.0 .10 
2.8 3.40 2.0 .14 

W - wind speed in m/s 
x - nondimensional fetch in units of IOJ 

e - Phillips (r958) parameter in units of I0-3 
Q - peak frequency parameter in rad/s 
y - peak enhancement factor 
a - peak shape parameter 

4) Q is an inverse function of x and is well approximated by the power law, 

f2 ~ 22. x-·33, over the entire range x = 10-1 to 105. 

5) y and a are essentially constant, with y 3.3 and a ~ .07, .09 over the 
range x = 102 to 104• 

Inspection of Table V for the May 1970 data (spectral fit (4)) indicates that 
for this data, the parameters y and a are independent of x and have values com-
parable to the JONSW AP values, with y 3.4 and a~. 12. Figure 8 shows 

t~e corresponding dependence of e and Q on x for the May 1970 data. e and 

Q are well approximated by the power laws (not best fits), e = .32 ';;-1 / 2 and 

Q = 23.5 'x-1 /J. Comparison with JONSW AP indicates the following: 

1) The power law for Q is comparable with the JONSWAP result. 
2) e is smaller than for JONSW AP. The exponent of-r/2 is, however, con-
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sistent with the trend of the JONSW AP data in the range x = 102 to 
104. A rough fit to the JONSW AP data gives e ,;;,_ .57 -;- ,12 • Thus the 
May 1970 data are characterized by an e roughly 1/ 2 as large as for 
JONSWAP. 

In summary, the spectral fits for the May 1970 data are consistent with 
JONSW AP in every respect save one: the spectra are half as large. T he di f-
ference in the fetch distribution (with angle) is probably responsible for this 
reduction; what is surprising is that this difference does not appear to seri ously 
affect the "shape" of the spectrum. 

Because of the consistency of the May 1970 spectra with J ONSWAP, it 
is possible to apply JONSW AP results (ignoring possible complicati ons from 
the skewed directional distribution) directly to these spectra. In particular, one 
can estimate the nonlinear transfer from calculations made for the mean 
JONSW AP spectrum. Because the transfer scales as eJ, one would expect it 
to be approximately one-sixth as large as for JONSWA P. 

The spectral fits to Dobson's (1971) and Elli ott's (1972) runs, obtained on 
the Spanish Bank, do not support in any consistent fashion the scali ng con-
clusions of JONSW A P. T he fits to the spectral form (3) are not as stable as 
those for the May 1970 data (due perhaps in part to the diffi culty in accurately 
transcribing values from the published fi gures) and resulting best fit parameters, 
with the exception of a, diffe r considerably from JONSWAP. N onetheless, 
several conclusions may be drawn from the fi ts: 

1) The Spanish Bank spectra, like the May 1970 spectra, are typicall y less 
"well developed" than the JONSW A P spectra. (Dobson's Run 3 has 
e ~ 20. Note however that ey ~ 3 as compared with ey ~ 15 for spec-
trum 2001.) Thus, 

2) The nonlinear transfer associated wi th these spectra should also be 
"relatively" small. 

6, Directional spectrum and directional cross-spectrum analysis 

It can be shown (e.g., Snyder, 1973) that for a li near sea, the covariances 

and 

C1;, = < C(x,t )C(x+ E,t+r)> , 

Ct; p = < C(x,t)P(x+~,t+r) >, 

Gp, = < P(x,t)P(x+~,t+r) > , 

where P is the wave-coherent atmospheric pressure at the mean surface and 
the brackets denote an ensemble average, are expressible in terms of the spectra 

Ct;• = f d' kF1;• (k) cos (k · E-w (k) r), 
Ct;p = Re {f d' kFt;p (k) ei<k• x -w(k),)}, 
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and Cpz = f d2 kFpz(k) cos (k · E-w (k) i). 

The related spectra 

and 

w3 
Ecz(w,0) = gz Fcz(k(w,0)), 

Ep(w,0) = wl Fpz(k(w,0)), gz 

will be referred to as the directional spectra for C and P and the directional 
cross-spectrum between C and P, respectively. 

Estimates of the directional spectra for C were obtained from the spectral 
matrices by assuming an expansion of the form 

N 

Ecz(w,0) = .L nEcz(w)tpn(0-0w), linear analysis, 
n=I 

or 

Ecz (w, 0) = (J tEcz(w) tpn(0-0w) r, bilinear analysis, 

with nEcz(w) real. Ow is the wind azimuth. Similar analyses were made for 
Epz(w,0). Estimates of the directional cross-spectrum were obtained by assum-
ing an expansion of the form 

N 

Ecp(w,0) = .L nEcp(w)tpn(0-0w), 
n=I 

with nEcp(w) complex. 
Several choices of a basis set were employed: 

Type 1: tpn(O):::cos(n-1)8/2,nodd, 
= sin n 0/2, n even. 

In the linear case, this choice reduces to the Fourier-Bessel analysis de-
scribed by Gilchrist ( 1 966 ). 

Type 2: 1Pn(0) :::cosmOcos(n-1)0/2,nodd, 
= cosm 0 sin n0/2, n even. 

m is typically 2 or 4. This choice tends to emphasize the downwind and 
upwind lobes of the spectrum. 

Type 3: tpn(0) = cosm 0 cos (n - 1)0, cos 0 > o, n odd, 
= cosm 0 sin n0, cos 0 > o, n even, 
= o, cos 0 <O. 

This choice does not allow wave components traveling against the wind. 
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The linear analysis involves a linear least-squares fit to sub-matrices con-
tained in the spectral matrix. The bilinear analysis involves a bilinear least-
squares fit to these submatrices. This fit is accomplished by choosing some 
initial set 

nE~~l ( W ), n = l , 2, . . . , N 

and solving iteratively the linear least-squares problem arising from the repre-
sentation 

M 
N 

Et,2(w,0) = L nEg1-')(w) mEtl(w)-rpn(0-0w)-rpm(0-0w), i = 1,2, ... 
n-, 
m~, 

Convergence is typically achieved by replacing the resulting mEtl(w) by 

1 { Ec;i( ) E(i -,J( )} 
2 mt,1W+mt,1 w. 

Considerable difficulty typically was encountered at higher frequencies in 
producing an acceptable fit to the appropriate submatrix. This difficulty was 
in part the result of the low coherence between wave records at these fre-
quencies resulting from the too-wide spacing of instruments. Some improve-
ment in the fit typically resulted by allowing for a small drift current ( <.2m/sec). 
Because the currents at Site I (tidal and wind-driven) are small, the necessity 
for a drift correction has fairly general implications regarding the study of 
higher-frequency gravity waves at any field site. Dobson (private communica-
tion) also points out that the presence of this drift may systematically bias the 
spectral fit parameters (i n particular, c:) of Section 5. 

Figures 9 and 10 show the directional spectra for surface elevation Et,z and 
directional cross-spectrum between surface elevation and atmospheric pressure 
Et, P = Pt, P + iQt, P estimated from the average spectral matrices for the May 
1970 and the April 1972 data. 

The following features should be noted: 

1) In both cases, Et,z is significant only within about ± 45° of the wind 
azimuth. In the case of the April 1972 data, Et,p also is significant only 
within about ± 45° of the wind azimuth. 

2) In the May 1970 data, Et, P has a primary lobe centered downwind and 
a secondary lobe centered upwind. 

3) The locati on of the maximum in the directional distribution for both Et,z 
and Et, P is frequency-dependent. This dependence is consistent with the 
geometry of the Site 1 region. It is less marked for Et, p than for Et,z, 

4) Pt,p is typically negative, Qt,p typically positive. 
5) The angular distribution for Qt, p is typically bimodal for frequencies 

above the peak frequency. 
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Figure 9. Directional spectra and directional 
cross-spectra for the May 1970 aver-
age spectral matrices. 
Scale for Pt; p, Qt; p, and I Et; pl is 
.04 Ns/m (Newton second/meter) per 
divi sion. Scale for Et:;2 is .o I m1s per 
division. Scale for 0 is n per divi sion. 
Directional distributions are centered 
on West (travel towards). The fre-
quency band is noted across the top 
of the panel, the wind speed (m/s) 
down the left side. (The mean wind 
azimuth was approximately 080°). The 
Nyquist band was 32 and the Nyquist 
fr equency 6.8 5 rad/sec. Estimates for 
Et; p were linear estimates of T ype 2 

(modified), with N = 9, m = 2 . Esti-
mates for Et:;2 were l inear estimates 
of Type 3, w ith N = 5, m = 2. 

7. Upwind-traveling waves 
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Figure 10. Directional spectra and directional 
cross-spectra for the April 1972 aver-
age spectral matrices. 
Scale for Pt; p, Qt; p, and I Et; pl is 
.04 Ns/m per division. Scale for Et;z 
is .o I m's per divi sion. Scale for 0 is 
n per division. Directional distribu-
tions are centered on West (travel 
towards). The frequency band is 
noted across the top of the panel and 
the wind speed (m/s) down the left 
side. (The mean wind azimuth was 
approximately 100°.) The Nyquist 
band was 32 and the Nyquist fre-
quency 7.54 rad/sec. Estimates for 
both Et; p and Et:;2 were linear esti-
mates of T ype 3, with N = 5, 
m = 2. 

Figures I I and 12 show normalized polar plots for Et;•, / Et; p/, and 
Epz for the May 1970 data, for Runs IO and I I from June 1968, and 
for Run 5 from April 1972. In the latter three cases, the vessel was cross-
wind from the array-to the WNW in Runs 10 and 11, and to the S in 
Run 5. 

The following features are noted: 
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Figure I I. Normalized directional spectra and direct ional cross-spectra for the M ay 1970 data, bands 
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Spectra are normalized within each band with respect to their integral over 0. Subpanels 
show spectra within each frequency band fo r the eight categori es of wind speed in the M ay 
1970 analysis. Wind speed increases from left to ri ght, top to bottom of the subpanel. 
T he Nyquist band was 32, the Nyquist fr equency 6.85 rad/sec. Estimates for Ee, and Epi 
were bilinear estimates of T ype I, wi th N = 7· Estimates for Ee p were lin ear estimates 

of T ype r , wi th N = 9. 

1) Ee• is typicall y dominated by a single main lobe in the direction of the 
wind. The axis of the lobe shifts somewhat with frequency in a manner 
consistent with the geometry of the Bight region. No significant upwind 
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Normalized directional spectra and di-
rectional cross-spectra for Runs lo and 
11 from July I 968, and Run 5 from 
April 1972. 

---- -Et;,• 
------- - IEt;,pl 
- - - - - Ep1 

Normalization is similar to Figure 1 I. 

Su bpanels show spectra for the three 
runs for the frequency bands li sted. 
The Nyquist band in each case 
was 32, the Nyquist frequency 7.54 
rad/sec. Estimates for Et;,1 and Ep1 
were bilinear estimates of T ype 1 , 

with N = 5. Estimates for I Et;, p I 
were linear estimates of T ype 1, with 
N = 7· 
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Figure 1 3. Energy ratio for selected runs. 
Ratio shows fraction of wave energy 
associated with upwind-traveling 
waves. The run numbers correspond 
to the runs listed in Table II. Esti-
mated ratio is an upper bound. 

lobe is consistently discernible 
in the Et;,2 distributions (except 
possibly in Band 8 of the May 
1970 data). 

2) Except in Run 5, I Et;, p I is typ-
ically multi-lobed with a main 
lobe in the direction of the 
wind. In Run 5, I Et;, p I is 
dominated by a single main 
lobe in the direction of the 
wind. 

3) Ep2 is typically dominated by a 
single main lobe. Except in 
Run 5, this lobe is opposite 

this lobe is in the direction of the direction of the wind. In Run 5, 
the wind. 

4) The presence of a significant downwind lobe for I Et;, p I in all cases im-
plies the presence of downwind-traveling, wave-coherent atmospheric 
pressure fluctuations in all cases. 

5) The direction associated with the main lobe of Epz implies that except 
in Run 5, the downwind-traveling atmospheric pressure fluctuations are 
dominated by upwind-traveling atmospheric pressure fluctuations. 

6) The direction associated with the upwind lobes of I Et;, p I and Epi and its 
frequency independence suggest that in the May 1970 experiment, the 
upwind-traveling fluctuations are primarily the result of refl ections from 
the laboratory vessel. 

7) The direction associated with the upwind lobe of Epz and its well-
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defined character suggest that in Run 11 the upwind-traveling fluctua-
tions are primarily the result of some source other than reflections from 
the laboratory vessel (possibly reflections from shore). 

8) The direction associated with the upwind lobe of Ep, and its broad 
character suggest that in Run Io the upwind-traveling fluctuations are 
the result of: 

a) reflections from the laboratory vessel, and 
b) some other source. 

For those runs for which Ep 2 is dominated by an upwind lobe, a rough 
estimate for the upwind-traveling contribution to G1;2 is given by the potential 
theory result 

(-) ( I )' ( CV )4 Ge, (cv) = seg kW+ cv Gp,(cv), 

where se is the density of air and g is the acceleration of gravity. Using this 
result and taking Was the wind speed at 5-m elevation, the ratio ct,NGc 
was estimated for the four runs of Table II. These ratios are shown in Figure 
1 3. As can be seen from the figure, the spectral ratio is typically of the order 
of a few percent, implying an amplitude ratio of the order of Io%. It is perhaps 
moot whether one should be able to discern the upwind-traveling component 
visually at this level. Suffice it to say that the author was not able to do so. 

In attempting to understand the presence of upwind-traveling surface gravity 
waves in the atmospheric pressure fluctuation, one must answer two questions: 

1) Why are these waves sometimes dominant in the atmospheric pressure, 
yet undiscernible in the surface elevation? 

2) What is (are) the source(s) of these waves? 

An answer to the first question is provided by the dynamics of the fl.ow which 
imply that the atmospheric pressure is of order 

It follows that 

P ~t(k · W-cv)2(. 

G~ (kW+ cv)4 Gt-;> 

GW ~ (kW -cv)4 Gtfi· 

For kW~ cv it is clear that the ratio between the atmospheric pressure spectra 
should be very much greater than the ratio between the spectra of surface ele-
vation. 

A partial answer to the second question has already been suggested. Among 
the possible sources are: 
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1) Reflection (scattering) from the laboratory vessel. During the May 1970 
experiments this vessel, the L. F. R. Bellows, was located approximately 
125 m downwind from the array. The 22 m vessel (6 m beam) was 
moored bow on, but she typically moved about her mooring so as to 
present first one bow to the wind, then the other. While it is difficult to 
estimate precisely how effective a reflector (scatterer) such a vessel would 
be, one would expect the ratio between the reflected (scattered) and in-
cident energy to be of order r/D, where r is the effective radius of the re-
flector (scatterer) and D the distance to the point of observation. Taking 
r as 3 m and Das 1 25 m gives a ratio of ~ .02, in good agreement with 
Figure 13. 

2) Reflection (scattering) from the microbarograph housings. This possi-
bility is ruled out as a major source by the low coherence between the 
wave recorder and microbarograph signals. 

3) Reflections from shore. It appears that such reflections could account for 
some, but not all, of the data obtained when the laboratory vessel was 
crosswind from the array (i.e., Run 11 of June 1968, but not Run 8 of 
December 1970). 

4) Bottom scattering. The scattering of surface gravity waves by bottom 
irregularities was first treated by K. Hasselmann ( 1966 ). Hasselmann's 
theory has recently been reinvestigated by Long ( 1973). Long and this 
author attempted to evaluate this mechanism at Site 1, using an experi-
mentally determined spectrum for the bottom irregularities (a pressure 
transducer was dragged across the bottom). The effect was found to be 
too small, by several orders of magnitude, to account for the May 1970 
data. 

5) Nonlinear interactions. While it is clear that a spectrum which is ini-
tially confined to a downwind half-space cannot, through nonlinear inter-
actions, give rise to components in the opposing upwind half-space (this 
would violate energy and momentum conservation), it seems possible that 
the presence of even a single upwind component could, through nonlinear 
interactions, lead to an entire spectrum of upwind-traveling components. 
Such a mechanism would feed upon the decay of one or more upwind-
traveling components. The decay of such a component was the subject 
of a study by K . Hasselmann ( 1963), but the effect on the local spectrum 
was not investigated. 

8. Wave-coherent analysis 

The rates at which energy and momentum are transferred into the wave 
field as a result of normal forces acting on unit area of water surface are, to 
second order 

ac 
<p=<P-> ot 
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Figure 14. Comparison with Miles (1957) theory. 

and 

wPcp 
a= (!gEt; ' 

wQcp 
fl = egE?;' • 

w is the wind speed at 5 m. Curves are included from Miles' theory for n = 2 X 10-•, 

J x 10-3. In each subpanel, the curve for Q = 3 x 10-3 is the curve giving the better lit to 
the data. 

X - M ay 1970 data 
o - April 1972 data 

T= < P'vC>, 

respectively, where the pressure field is evaluated at the mean surface. 
It can be further shown, using the formalism of Section 6, that 

a) 2:n: 

<p = Re{f d'kwFcp} = f dw f d0wQcp 
0 0 

and 
a) 2:n: 

T = Re{f d'kkFcp} = f dw f d0kQcp• 
0 0 

The integrands wQc p and kQc p may be interpreted as the differential rate 
of energy and momentum transfer to a given wave component. Comparison 
with eq. ( 1) yields the following estimate for the growth rate parameter {J: 
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Figure 15. Wind data, May 1970. 

W - wind at 5-m elevation 
W*- friction velocity 
Q - wind profile parameter 
z0 - roughness length 
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Figure 16. Differential energy and momentum 
transfer, May 1970. 
Su bpanels show transfer for various 
categories of wind speed (m/s). Upper 
subpanels show the components of 
the differential momentum transfer 
in the direction of the wind and at 
right angles to the wind. (The transfer 
in the direction of the wind is larger.) 
Lower su bpanels show the differen-
tial energy transfer and the wave spec-
trum (the wave spectrum is defined 
over the larger frequency range). 

Figure 14 shows the estimates for IX= wP1;p/(!gE1;2 (not to be confused 
with the parameter IX appearing in eq. ( 1 )), /3, I IX+ if] I, and arg (IX+ i {J), 
obtained from the average spectral matrices and associated directional spectra 
and directional cross-spectra for the May 1970 and the April 1972 data. These 
parameters are nondimensionalized and are plotted as functions of the para-
meter k · W/w. Curves corresponding to Miles' (1957) theory are included 
for two values of the profile parameter (not to be confused with the spectral 
fit parameter Q) 

where g is the acceleration of gravity, zo is the roughness length, is Von 
Karman's constant, and w. is the friction velocity. The data points in the 
figure were obtained by averaging Et;• and Qt; p over a range of 0 centered on 
the peak of Et;•· Points are included for each frequency band of each average 
spectral matrix. 

An analysis of the wind data obtained in the May 1970 experiment is shown 
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Figure 17. Energy and momentum transfer, M ay 
1970 and April 1972. W is wind 
speed at 5-m elevat ion. 
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Figure 1 8. Phase of atmospheric pressure rela-
tive to surface elevation. Parameters 
are defined in Figure 17. Error bars 
are explained in the text. 

in Figure l 5. This analysis is based on a least-squares fit of hourly averages for 
two cup anemometers (nominall y 5 m and 1.5 m above the water surface) to 
the log profile 

W = W* ln(z/za). 

" 
Resulting values for the 5-m drag coefficient (W./W)\ the roughness length 
zo, and the profile parameter Qare shown in the figure. The drag coefficient, 
though somewhat large, is comparable with other profile measurements taken 
at sea (see Fig. 2. 1 of K. Hasselmann et al, l 97 3). The profile parameter Q 
is comparable with the larger of the Miles values included in Figure 14. 

Qualitatively, the experimental data of Figure 1 7 are comparable with the 
predictions of the Mi les theory. However: 

1) These data suggest a smaller effective profile parameter than that esti-
mated from the wind data. 

2) The observed pressure signal appears to be somewhat larger than the 
Miles prediction. Note that Elliott's (1972) extrapolati on would reduce 
this discrepancy. 

3) There appears to be a systematic difference between the May 1970 and 
the April 1972 data. 

Figure 16 shows the differential energy and momentum transfer as a func-
tion of frequency for the eight wind-speed categories of the May 1970 data 
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( obtained by integrating the directional cross-spectrum over all 0); Figure 1 7 
shows the integral energy and momentum transfer as a function of wind speed 
for both the May 1970 and the April 1972 data (obtained by integrating the 
directional cross-spectrum over all 0 and over a limited range of w encompassing 
the spectral peak). Included in the latter figure is a curve representing a drag 
coefficient of .o 5 x I o-3 or 2 % of the wind stress for a drag coefficient of .0026 
(the 1970 average). 

It is clear that the observed pressure field cannot explain the wave growth 
observed by Snyder and Cox ( 1966) and Barnett and Wilkerson ( 1967 ). The 
growth rate parameter (3 is an order of magnitude smaller than reported by 
Dobson (1971) and a factor of 2 smaller than reported by Elliott (1972). The 
estimated momentum transfer is an order of magnitude smaller than reported 
by Dobson ( 1971) and is also smaller than the minimum transfer estimated 
from the JONSWAP experiment (K. Hasselmann et al, 1972). (The present 
estimate is biased low, because the associated integration was performed only 
over a limited range of w encompassing the spectral peak. A more complete 
integration would probably increase the transfer by as much as a factor of 2). 
It will be seen in the following section that the apparent discrepancy between 
the present results and JONSW AP is easily resolved. The discrepancy between 
these results and those of Dobson is not. 

The presence of upwind-traveling surface gravity waves discernible in the 
directional cross-spectrum between atmospheric pressure and surface elevation 
allows a determination of the energy and momentum transfer associated with 
these waves. (Because the upwind-traveling waves are not discernible in the 
directional spectrum of surface elevation, however, the corresponding growth 
(decay) rates cannot be determined directly.) Figure 18 shows the phase angle 
between atmospheric pressure and surface elevation for all data from May 1970 
and April 1972 averaged within each category of k · W/w. The phase angles 
were determined by building a statistical population for Pc P and Qc P within 
each category. Contributions to these populations were accepted for / Ee p / > 

.15 /EcPlmax> where /EcPlmax is the largest value for /Ecp/ (defined for 40 
values of 0) within a given frequency band. The average phase and r.m.s. phase 
deviation shown in the figure were computed from the corresponding average 
and mean square values for Pc p and Qc P· The figure clearly suggests that 
waves traveling faster than the wind or against the wind are damped. Note, 
however, that fork· W/w < - 2 there is some indication that the corresponding 
waves may grow. 

9. Implications regarding the energy and momentum balance 

The considerations of Sections 5 and 8 suggest that in discussing various 
experimental results on the wind generation of waves in fetch-limited regions, 
it is important to distinguish between two different situations: 
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I) The wind is perpendicular to a long straight coast. The resulting sea will 
be termed "normall y developed". 

2) T _he wind is not perpendicular to a long straight coast. The resulting sea 
will be termed "abnormally" or "subnormally developed". 

The experiments of Snyder and Cox (1966), Barnett and Wilkerson (1967), 
and K . Hasselmann et al., (1972), are cases of "normal development"; those 
of Dobson ( 1971 ), Elliott ( 1972), and the present experiments are cases of 
"subnormal development". 

In the first case, the spectrum of surface elevation is parameterized by the 
nondimensional fetch x and is self similar. Over the range x = 1 o• to I o4, the 

spectr~m is of the approximate form (3), and the spectral parameters e, Q, y, a, 
and C, where 

are proportional to powers of x: 

and 

E .57 :X-1/2, 

Q = 22. :X- 1 l3 , 

Y~3-3, 

a= .09, 

C = 5.0 X 10-1:X5l6. 

The power laws chosen here differ from those chosen by K. Hasselmann et al. 
(1973), but are consistent with the JONSWAP data. A second choice with 

e ~ :x-,13 and C ~ x preserves similarity but does not appear to fit the JONS-
W AP data as well. (This scaling leads to conclusions similar to those which 

follow.) The JONSW AP choice, e ~ :x-·22 and i ~ x, allows additional low 
fetch data to fit into the general pattern, but as remarked by K. Hasselmann 
et al., does not fit the JONSW AP data particularly well. 

In the second case, it appears from the May 1970 BOA data that there may 
exist a subclass of "subnormall y developed" seas for which the same spectral 

form and the same power laws obtain except that e and i are proportionately 

smaller. 
In both cases, the atmospheric input of energy and momentum are controlled 

by the growth rate parameter (3. In three separate field experiments, f3 has been 
measured to be of the approximate form 

f3 = µs(k· W-w(k)), (6) 
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where s is the ratio of the density of air to that of water and µ is a numerical 
coefficient found to be~ 1. (Dobson),~ .2 (Elliott), and~. 1 (present experi-
ments). As an explanation for the discrepancy in the value ofµ, there appear to 
be several possibilities: 

1) At least one, and perhaps all three, of the measurements are wrong. 
2) The mean atmospheric fields controlling the atmospheric interaction (the 

velocity profile being probably the most important), differ sufficiently to 
account for the discrepancy. It seems possible that this explanation might 
readily account for the difference between the present measurements and 
those of Elliott (note the systematic difference between the May 1970 
and April 1972 BOA measurements); however, it is unlikely that this 
explanation can readily account for the difference between these measure-
ments and those of Dobson. 

3) The profile of wave-induced atmospheric pressure does not extrapolate to 
the mean surface in exponential fashion as assumed by both Elliott and 
the present study. The tendency for the amplitude data of Figure 8 to be 
larger than the prediction of linear potential theory for small kz supports 
this explanation; however, the observed tendency is not necessarily sig-
nificant. 

A proper resolution of these discrepancies would seem to involve further 
field experiments designed to look more carefully at the profile of wave-induced 
atmospheric pressure. 

Relation (6) and the spectral form (3) may be used to estimate the energy 
and momentum transfer from the atmosphere to the wave field. (This estimate 
involves a fairly extensive extrapolation at higher frequencies.) Here, only the 
integral momentum transfer will be examined. This transfer is conveniently 
cast in terms of a drag coefficient C1N which, assuming a cos2 0 spreading, can 
be shown to be of the form 

3 ~ 8 ~ 
CIN~- µeQ-r/2-- µeQ-2/3 

4 3:n; ' 
(7) 

where 
C0 (A.- 1)• 

I 2 (y,a) = f d).).-2e-5/4.1.-4ye-2CJ> 
0 

and 
C0 (A.-1)• 

13(y,a) = f d).).-3e-s/4.1.-4ye------.-ar. 
0 

Numerical integration gives 12(3.3, .09)~ .88 and /3(3.3, .09)~.51. Relation 
(7) is plotted in Figure 19 for a "normally developed" sea using the power laws 

(5). The drag coefficients CAD~ 3/8 s-1 d C/dx, representing the momentum 
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advected away by the wave field, CHF 

~. 1 7 s-1 s3 .Q-2 , representing the mo-
mentum transferred to high frequen-
cies by the nonlinear transfer mecha-
nism, CDs= CAD- C1N, representing 
the momentum dissipated, and the 
linear combinations CAD+ CHF and 
CnF + CDs are also plotted. The re-
lations for CAD and CHF are taken 
directly from K. Hasselmann et al. 
The drag coefficients are plotted for 
µ = 1., .2, .1, and .05. 

It is seen that in all four cases 
CIN > CAD, indicating that the atmos-
pheric input is adequate to provide the 
momentum advected away by the 
wave field. K. Hasselmann et al. sug-
gest, however, that a more appropriate 
lower limit on the necessary drag coef-
ficient CIN (assuming (1) that the mo-
mentum transferred to high frequen-
cies is absorbed primarily by dissipation, 
and (2) that the momentum dissipated 
in the main part of the spectrum is 
small) is given by the sum CAD+ CHF• 

Note that for all µ represented 

.002 

.001 

.000 

·.001 
C . 

:;; 

"' 
0 

.001 

-.001 

Figure 19. Fetch dependence of various drag 
coefficients. 

CIN 2". CAD+ CHF 

in the range x = 103 to 104 with 

in this range forµ = .05. 
There are two break points in the plots where physical constraints imply 

that the assumed fetch dependences must change. The upper break point occurs 
at x 3. 5 x 1 o4• Here C1N o, implying a balance between the momentum 
provided by the atmosphere at high frequencies and the momentum absorbed 
by the atmosphere at low frequencies. While the calculation is somewhat 
schematic (It assumes that relation (6) can be extrapolated to wave components 
for which k · W <w (k)), nonetheless it probably identifi es with reasonable pre-
cision the largest value of the nondimensional fetch for which the assumed 

power laws can hold. Presumably, beyond x2
,;; 104, y 1., and s and Q ap-

proach the Pierson-Moskowitz ( 1964) values. 
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The lower break point occurs at x 2 x I o 4 for µ = 1 ., x = 3 x I o3 for µ 
= .2, x = 4 x 102 forµ = .1, and x = 1.5 x 10

2 forµ = .05. Here, GIN ~.0005, 
a significant fraction of the total drag coefficient. Clearly, the atmospheric in-
put cannot sustain the assumed power laws much below the lower break point. 
It should be noted that forµ =. 1 or .2, both break points are quite consistent 
with the JONSW AP plot for e. Forµ = 1., the lower break point is incon-
sistent with this plot. 

The presence of break points related to the atmospheric input suggests that 
the development of a "normal" sea probably occurs in several stages in which 
the details of the energy and momentum balance differ. In the "principal" 
stage of development (x = 1 0 2 to I o4), the atmospheric interaction, nonlinear 
transfer, and dissipation are all significant, with nonlinear transfer playing an 
increasingly less significant role as x increases. All three mechanisms involve 
momentum transfers which decrease with x. The principal stage of develop-
ment is followed by a "final" stage of development, in which the spectrum ap-
proaches an equilibrium maintained by a balance between the atmospheric inter-
action (now with a ( - +) signature), dissipation, and nonlinear transfer, and 
is preceded by an "initial" stage of development during the latter part of which 
the atmospheric interaction may in fact be saturated (A large part of the total 
stress is transferred to the wave field.), and in which nonlinear transfer un-
doubtedly plays a significant if not dominant role. 

The integral momentum balance for the "subnormally" developed sea pre-
sent in the May 1970 BOA experiment would be expected to differ from that 
for a "normally" developed sea in the following respects: 

1) GIN, CAD, and CDs will be approximately one-half as large, 
2) CHF will be approximately one-sixth as large, and thus 
3) Nonlinear transfer will not play as important a role as in the case of a 

"normally" developed sea. 

With respect to the growth of a particular wave component, K. Hasselmann 
et al. show that for JONSW AP scaling the nonlinear energy transfer to com-
ponents on the low frequency face of the spectrum can account for the observed 
growth of these components in the case of "normally" developed seas. Presum-
ably this conclusion applies to the scaling (5) as well. In the case of "sub-
normally" developed seas, however, the growth of low frequency components 
apparently proceeds at a somewhat slower rate, with nonlinear transfer and the 
atmospheric interaction both contributing significantly to this growth. 

10. Conclusions 

I. In the frequency range . 1 to 5 rad/s, the atmospheric pressure field close 
to the water surface is dominated by two components: turbulent fluctuations 
and surface gravity waves. 
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2. '!'he corresponding spectrum typically exhibits a large wave-induced peak 
superimposed on a monotonically decreasing (turbulent) background. 

3. The turbulent component has the dispersion of "frozen" turbulence. 

4. The surface gravity wave component is, on occasion, dominated by up-
wind-traveling waves as a result of dynamic amplification of these waves (rela-
tive to downw;nd-traveling waves) in the atmospheric pressure field. 

5. In the experiments described, most, but not all, observations of upwind-
traveling surface gravity waves can be explained as a result of refl ections from 
the laboratory vessel. 

6. The data support the conclusion that the wave-coherent part of the atmos-
pheric pressure field decays exponentially without change of phase from the 
mean surface. The decay parameter is essentially that predicted by linear poten-
tial theory. 

7. The wave-coherent part of the atmospheric pressure field is comparable 
with the predicti ons of the Mil es (1957) theory. Discrepancies between ob-
servation and theory may or may not be significant. 

8. The implied growth rates are not adequate to account for the growth of 
surface gravity waves observed by Snyder and Cox (1966), Barnett and 
Wi lkerson ( l 967 ), and others. 

9. This conclusion (8.) is consistent with the conclusion of K. Hasselmann 
et al. ( 1973): In a "normally" developing sea, waves on the low frequency face 
of the spectrum grow primarily as a result of nonlinear interactions. 

1 o. The energy and momentum transfer to the wave field are largest for fre-
quencies near the peak of the wave spectrum. (The transfer peak is displaced 
somewhat to higher frequency.) 

11. In the BOA experiments, the observed net momentum transfer to waves 
near the spectral peak was approximately 2 % of the wind stress estimated from 
profile measurements. 

12. Analysis of the directional cross-spectrum between atmospheric pressure 
and surface elevation indicates that: (a) waves traveling against the wind are 
damped (for k • W/w < - 2 they may be amplified), and (b) waves traveling 
faster than the wind may also be damped. 

1 3. The wave spectra for May l 970 are consistent with the similarity model 
of K. Hasselmann et al., except that the Phillips ( l 958) parameter is approx-
imately one-half as large. 
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14. This lowering of the Phillips parameter is probably the result of the some-
what different fetch distribution. 

15. The impli ed nonlinear transfer for the May 1970 BOA spectra is roughly 
one-sixth that of JONSWAP. 

16. The integral momentum transfer from the atmosphere to the JONSWAP 
wave field estimated from the present study is consistent with the overall 
momentum balance as discussed by K. Hasselmann et al. ( 197 3). This transfer 
is smaller than the total stress, but is adequate to provide the momentum re-
quired by the evolving wave field. 

1 7. The estimated integral momentum transfer may account for several fea-
tures of the JONSW AP plot of the Phillips parameter. 
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