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ABSTRACT

The Surface Contour Radar (SCR) is a 36-GHz computer-controlled airborne system, which produces ocean
directional wave spectra with much higher angular resolution than pitch-and-roll buoys. SCR observations of
the evolution of the fetch-limited directional wave spectrum are presented which indicate the existence of a
fully-developed sea state. The JONSWAP wave growth model for wave energy and frequency was in best
agreement with the SCR measurements. The model of Donelan et al. correctly predicted the propagation direction
of waves in the asymmetrical fetch situation nearshore. The Donelan et al. parameterization is generalized to
permit other growth algorithms to predict the correct direction of propagation in asymmetrical fetch situations.

1. Introduction

The Surface Contour Radar (SCR) is a 36-GHz
computer-controlled airborne radar (Kenney et al.
1979) which generates a false-color coded elevation
map of the sea surface below the aircraft in real time.
With post-flight data processing it routinely produces
ocean directional wave spectra which have much higher
angular resolution than pitch-and-roll buoys. The high
spatial resolution and rapid mapping capability over
extensive areas make the SCR ideal for the study of
fetch-limited wave spectra, diffraction and refraction
wave patterns in coastal areas, and wave phenomena
associated with hurricanes and other highly mobile
events. The SCR is also being applied in areas other
than producing directional wave spectra such as de-
termining the scattering characteristics of waves and
the topography and backscatter characteristics of ice.
The SCR is one of the most straightforward remote
sensing instruments in measurement concept. It pro-
vides great ease of data interpretation since it involves
a direct range measurement.

Figure 1 shows the nominal measurement geometry.
An oscillating mirror scans a 1.42° half-power width
pencil-beam laterally to measure the elevations at 51
evenly spaced points on the surface below the aircraft.
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The nonscanning receiving antenna is a 1.3° X 40°
fan beam with the 40° dimension oriented cross-track.
The combination of the transmit and receive antennas
narrows the along-track interrogated region to a half-
power width of 0.96°. At each of the 51 points across
the swath the SCR measures the slant range to the sur-
face and corrects in real-time for the off-nadir angle of
the beam to produce the elevation of the point in ques-
tion with respect to the horizonfal reference. The SCR
produces these raster scan lines at 20 Hz. Walsh et al.
(1985a) described in detail the data processing used to
produce directional wave spectra. The SCR spectra are
similar to those resulting from stereophotography
(Holthuijsen 1983), but the data acquisition and re-
duction is much easier.

The SCR observations in this paper indicate the ex-
istence of a fully-developed sea state and demonstrate
the great potential of this remote sensing technique.
The ability to obtain contiguous directional wave spec-
tra over a 300 km fetch in less than an hour permits
insights to be obtained from a single data set. This is
in sharp contrast to the way in which in situ experi-
ments are conducted, where point observations from
many different days (or even experiments) are com-
bined in a nondimensional fashion for various wind
speeds to arrive at the growth of the wave field with
nondimensional fetch.

2. Site and wind history for fetch-limited wave mea-
surements

The mid-Atlantic coast of the United States is shown
in Fig. 2 with airport locations indicated for the Wallops
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F1G. 1. Nominal measurement geometry of the Surface Contour
Radar and the horizontal resolutions in terms of the aircraft alti-
tude, 4.

Flight Facility (WFF), JFK, Cape May, and the FAA
Technical Center near Atlantic City, New Jersey. Also
shown is the location of National Data Buoy Office
buoy 44004 (38.5°N, 70.7°W), as well as the location
of buoy EB34 in 1976 (40.1°N, 73.0°W). Ground
tracks of the NASA P-3 and NOAA P-3 aircraft on 20
January 1983 are shown. A cold air outbreak was oc-
curring when the aircraft took off from WFF. The
NASA P-3 flew up the coast to the center of Long Is-
land, then turned and proceeded in the downwind di-
rection for 300 km with the SCR measuring the evo-
lution of the directional wind spectrum with fetch.

The SCR data were acquired during the Marine Air-
Sea EXchange (MASEX) experiment, and there has
been extensive analysis of the planetary boundary layer
(PBL) on that day. The NASA/GSFC Electra aircraft
lidar measurements of the PBL (Melfi et al. 1985) in-
dicated that the top of the boundary layer was at ap-
proximately a 600 m altitude and virtually independent
of fetch for the first 100 km from shore. The NOAA
P-3 aircraft made measurements along the perimeter
of the box 4ABCD shown in Fig. 2 which indicated the
PBL height was approximately 900 m at point B and
1100 m at point C (Chou et al. 1986). The average
value of windspeed measured by the NOAA P-3 at 50
m altitude on legs AB, BC and CD of the box was 11
m s~! (Shu-Hsien Chou, personal communication
1986).

The Long Island shoreline is relatively straight and
the contours of constant water depth are approximately
parallel to the shoreline in the first 25 km. At greater
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distances from shore, the depth contours are more
nearly parallel to the continental shelf break which runs
at approximately 40° in that vicinity.

Figure 3 shows the variation of the water depth ver-
sus distance from shore for the NASA aircraft ground
track indicated in Fig. 2. Also shown are curves indi-
cating the depth at which waves would begin to “feel
the bottom” for various offshore wind speeds. The
curves indicate a depth equal to one quarter of the
wavelength, A, associated with the spectral peak fre-
quency, £, (or period, T') using the deep-water dispersion
relationship

A = g/(2x f?) = g/2m)T? (1)

and the empirical fetch dependence for the spectral
peak frequency determined in JONSWAP, the Joint
North Sea Wave Project (Hasselmann et al. 1973). It
is apparent that the water depth would never be a factor
in influencing the wave field for offshore winds.
Aircraft observations and surface weather observa-
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FI1G. 2. The mid-Atlantic coast of the United States with the airport
locations indicated for JFK, Cape May, the Wallops Flight Facility
(WFF), and the FAA Technical Center (formerly NAFEC, the Na-
tional Aviation Facility Experiment Center). Also shown are the lo-
cations of the National Data Buoy Office buoys 44004 and EB34,
and the 20 January 1983 ground tracks of the NASA P-3 and NOAA
P-3 aircraft.
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FIG. 3. The variation of water depth versus distance from shore for the NASA aircraft ground
track indicated in Fig. 2 and curves indicating the depth at which waves would begin to “feel the

bottom” for various offshore wind speeds.

tions obtained from the National Climatic Data Cen-
ter, Asheville, North Carolina, indicate that the wave
growth being studied occurred under unstable atmo-
spheric conditions. Figure 4 shows air temperature ob-
servations at the JFK and the FAA airports, and buoy
44004 for the three day period preceding the NASA P-
3 flight. The land observations show a significant diur-
nal variation, especially at the FAA airport, but the air
temperature was always significantly colder. than the
water temperature. The sea surface temperature was
5°C nearshore and increased to 10°C at approximately
150 km from shore along the ground track (from a sea
surface temperature Analysis made for the period 15-

20 January 1983 by the National Weather Service).
Measurements by the NOAA P-3 at 50 m altitude in-
dicate that the mean sea surface temperature along leg
BC at the time of the flight was 11.5°C and the mean
air temperature was —1.2°C.

The air temperature measured at buoy 44004
showed no diurnal variation and varied between about
4° and —2°C. The sea surface temperature measured
at buoy 44004 was within 0.3° of 15.9°C during the
entire three day period so the water was always 11° to
17°C warmer than the air at that distance from shore.

Figure 5 indicates the wind observations at the JFK
and Cape May airports for the three day period pre-
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FiG. 4. Air temperature observations for the JFK and FAA airports, and buoy 44004 for

the three day period preceding the NASA P-3 flight whose time interval for the downwind leg
is indicated by the dotted lines.
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FIG. 5. Wind observations at the JFK and Cape May airports for the
three day period preceding the P-3 flight.

ceding the P-3 flight. The observations indicate a spa-
tially homogeneous offshore wind field in direction
during the three day period. The wind speeds at JFK
read low compared to those at Cape May, but the fol-
lowing discussion indicates that an algorithm for
translating the JFK winds into corresponding over-sea
values is well known.

The NASA P-3 with the SCR made its downwind
run at 440 m altitude which was always well within
the PBL. Figure 6 shows the wind speed and direction
measured at the NASA P-3 aircraft altitude during the
downwind run. The wind direction veered by approx-
imately 10° over the 300 km distance. The wind speed
at the aircraft altitude was about 12 m s™! nearshore,
increasing to about 13 m s™! at 100 km and then de-
creasing to a little over 10 m s™! at 300 km. Also shown
are the corresponding wind speed observations at JFK
Airport and buoy 44004.

Figure 7 shows two sets of curves relating wind ob-
servations at the buoy and aircraft altitudes to an
equivalent neutral wind speed at 10-m height for var-
ious air-sea temperature differences. The curves were
calculated using coding obtained from Vincent Car-
done. Cardone (personal communication, 1987) feels
that the simple surface layer model the coding is based
on (Ross et al. 1985) should be applicable up to the

NASA P-3 altitude under the atmospheric conditions
encountered. The air-sea temperature difference was
about —15°C and two points are indicated on the
curves corresponding to the 10.2 m s™! aircraft obser-
vation and the 9 m s™! buoy observation. The curves
indicate that the 10-m equivalent neutral wind speed
would be about 1 m s~! higher than the buoy mea-
surement, and about 0.1 m s™! higher than the aircraft
measurement. The 10.3 m s~ wind speed extrapolated
from the aircraft measurement is in remarkable agree-
ment with the 10 m s~ wind speed extrapolated from
the buoy measurement considering that buoy 44004 is
some distance from the aircraft ground track (Fig. 2).

At the beginning of the flight line the wind speed at
JFK is quite low compared to what would be expected
from the aircraft observations. The explanation lies in
a study performed by Overland and Gemmill (1977)
which included an extensive comparison of the winds
measured at JFK and at NOAA buoy EB34. At the
time of their study, EB34 was located 60 km offshore
and approximately on the downwind leg of the 20 Jan-
uary 1983 flight (Fig. 2). Their comparison covered
792 observations of paired data at 3 h intervals for the
five-month period from November 1975 through
March 1976 with the 0000 and 1200 UTC data ex-
cluded. Wind speeds in excess of 10 m s™!, predomi-
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the downwind run and the corresponding wind speed observations at JFK Airport and

buoy 44004. .
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F1G. 7. Two sets of curves relating wind observations at the buoy
and aircraft altitudes to an equivalent neutral wind speed at 10-m
height for various air-sea temperature differences.

nantly from the north with negative air-sea tempera-
ture differences, accounted for 28% of their observa-
tions during the five-month period. The equation they
derived for the maximum likelihood best fit was

UEB34 =05+ 141UJFK (2)

where the wind speeds are in m s~

Figure 8 shows a superposition of the wind obser-
vations at JFK and buoy 44004 in which the wind
speeds at JFK have been converted to over-sea values
using (2). With the conversion, the wind speeds and
directions at JFK and buoy 44004 are in quite good
general agreement over the entire period. The JFK -
wind directions are only reported in 10° increments
and have considerable more scatter than the 8.5 minute
buoy averages which are reported to 0.1°.

The FAA airport winds showed the same general
variation in direction as JFK but a lower speed. They
have not been used because Overland and Gemmill
(1977) demonstrated that they are not representative
of conditions at sea and concluded that it was because
the location of the observations is 36 km inland.
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F1G. 8. Superposition of the wind observations at JFK and buoy 44004 in which the wind
speeds at JFK have been corrected using (2). Also shown are the wave height and wave period
measured by buoy 44004 over the three day period.

The top of Fig. 8 indicates the wind at the beginning
of the three-day period started from approximately
300° and, with some minor oscillation, slowly swung
around to the north. The vertical dashed lines in Fig.
8 indicate the 45-minute interval during which SCR
data were acquired and the 17 hour influence time
(calculated in section 4) over which the wind history

-could affect the observations.

The bottom of Fig. 8 shows the wave height and
wave period measured by buoy 44004 over the three-
day period. The wave period has a relatively coarse
quantization compared to the wave height, but the rec-
ord shows both of them responding to variations in
the wind field. When the wind speed was about 11 m
s~! near the beginning of the interval the wave height
and period were approximately 2.8 m and 7.8 s. When

the wind increased to about 13 m s™* the wave height
and period increased to 4 m and 9 s. After the buoy
wind speed exceeded 15 m s~! briefly the wave height
went up to 5 m and the wave period to 10 s.

The influence time for the SCR observations begins
just after the buoy high wind speed observations and
over that interval the wind decreased from about 14
to about 9 m s~!. The wave height and period also
decreased to approximately the values they had at 1500
on 18 January. It should be noted that although the
wind at the buoy did not exceed 15 m s™! for a three
hour period, that was 18 hours before the flight and
the response of the sea to that event was over at the
time the SCR data were taken. We will discuss the
variation of wind speed and direction over the influence
time in more detail later.
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3. Empirical relationships for fetch-limited wave
growth

Most of the nondimensional empirical relationships
for the evolution of wave frequency and energy for a
fetch-limited wave field are of the same form, with the
nondimensional quantity to be determined being equal
to a constant times the nondimensional fetch raised to
a constant exponent. The relationship for nondimen-

sional frequency is
V= Ax~g _B.

(3

The nondimensional wave frequency and fetch in this
paper will be taken to be :

v = fUp cosb/g
Xy = Xo8/(Up cosb)?

C))
)

where 6 is the angle between the downwind direction
and the wave propagation direction, X, is the fetch
measured in the reciprocal of the wave direction, and
p is a parameter which will be determined in sec-
tion 8.
The relationship for nondimensional energy is
€= C)?,,D

(6)
where
€ = 62g%/(Up cosB)* @)

and g is the surface height standard deviation (root-
mean-square wave height).

The forms of (4), (5) and (7) are slightly more general
than those used by earlier investigators. In the most
often used normalization both the cosf and the p factors
would be set to unity (Hasselmann et al. 1973; Toba
1973; Phillips 1977; Liu and Ross 1980). Donelan et
al. (1985, hereafter referred to as DHH) made the im-
portant advance of introducing the cosf term in order
to be able to deal quantitatively with situations where
the fetch was asymmetrically distributed about the wind
direction. Figure 9 schematically illustrates their in-
spiration. If an elongated closed body of water has a
steady wind U blowing at some angle to the shore, the
rapid increase of fetch as one deviates from the wind
direction may more than offset the reduced effective-
ness of the wind so that the largest waves approach an
observer from some direction other than that of the

“wind. :

The shape of Lake Ontario, where DHH made their
observations, is quite elongated and roughly corre-
sponds to an ellipse whose eccentricity is 0.975.
Donelan et al. observed waves at the peak of the spec-
trum propagating as much as 50° off the downwind
direction.

When considering the fetch at an angle well off the
wind direction, using U cosf assumes that the com-
ponent of the wind in the direction under consideration
is just as effective in generating waves in that direction
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F1G. 9. Fetch asymmetrically distributed about the wind direction
on a closed body of water results in the largest waves approaching
an observer from some direction other than that of the wind. Donelan
et al. (1985) assumed that a wind component could be used in con-
Jjunction with the fetch in that direction to determine the wave prop-
agation direction.

as if there were only a wind of that magnitude in that
direction without the large orthogonal component.
Since there are nonlinear interactions, the p factor was
introduced to allow for the possibility that the effec-
tiveness of a wind component might be different than
the DHH assumption. The only limitation placed on
p at this point is that p = 1 when # = 0 so that the
growth expressions reduce to those of earlier investi-
gators for the classic fetch-limited case of a wind blow-
ing orthogonal to a straight shoreline.

It should be pointed out that Huang et al. (1981)
suggested a unified empirical relationship for fetch-
limited waves by incorporating the steepness of the
waves at the peak of the spectrum. In addition to doing
an excellent job of reconciling field observations with
laboratory measurements, the analysis indicated that
A in (3) and C in (6) are not actually constant but vary
with wave steepness (and therefore fetch). We will not
be incorporating their results in the derivations which
follow because it would add to the complexity, and
Huang et al. (1981) pointed out that for the range of
wave steepness encountered in the field, 4 and C are
very nearly constant.

The constants for (3) through (7) for the four algo-
rithms compared in this paper (Hasselmann et al. 1973;
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TABLE 1. Values of constants for various fetch-limited wave growth algorithms.

A B C D D - 4B x X/ Xionswap
Hasselmann et al. (1973) (*1077) for v = 0.133 for v = 0.133
(JONSWAP) 3.5 0.33 1.60 1.00 -0.32 20123 1.00
Present analysis 2.3 0.29 1.86 1.00 —0.16 17 818 0.89
Liu and Ross (1980) 1.9 0.27 1.20 1.10 0.02 18 943 0.94
Phillips (1977)* 1.78 0.25 1.60 1.00 0.00 32078 1.59
Donelan et al. (1985) 1.85 0.23 8.39 0.76 -0.16 93538 4.65

* Although Phillips modified the JONSWAP value of B, he let stand the value of D.

Phillips 1977; Liu and Ross 1980; Donelan et al. 1985)
as well as the one fitting the measurements presented
berein are given in Table 1.

4. Effective windspeed versus fetch

Since the wind varied in both speed and direction,
we will compute an effective wind. Because wave gen-
eration involves integrals over both space and time,
the effective wind will vary with distance from shore.
The waves start growing at the shoreline and arrive at
the position being considered some time later. That
travel time is obtained by integrating the transit time
per unit distance (the reciprocal of the group velocity)
over the total distance (Bretschneider 1958; Donelan
1980). We will use (C,)p, the group velocity at the peak
of the spectrum,“and call the resulting travel time the
effective duration, d,, that the wind has acted on waves
which have reached a fetch F. Since the group velocity
in deep water is one-half the phase velocity, (1) can be
used to arrive at

F F
d. = f dXo/(Colp = 4m/g f dX,/T. (®)
o 0 :

If (3), (4) and (5) are used to obtain an expression
for the dominant wave period, the result is

T = 1/f= U'"?%/(4g'®)(p cost)'*’X,".  (9)
Substituting (9) in (8) and integrating results in
d, = 4wAF'2/[(1 — B)g%p cos8U)'25]. (10)

This relationship between effective duration and
fetch is plotted in Fig. 10 for an 11 m s™! wind blowihg
perpendicular to a straight shoreline (p cosf = 1) for
three of the empirical relationships. The Hasselmann
et al. (1973) relationship, hereafter referred to as JON-
SWAP, becomes fully-developed (v = 0.133) at 248
km for an 11 m s™! wind and the present analysis
reaches that point at 220 km. However, the DHH re-
lationship does not become fully developed until 1155
km, about a factor of five greater.

Once the fully developed state is achieved, the wave
height and period no longer grow with increasing fetch.
The effective duration continues to increase with fetch,
but it takes longer for the effect of the earlier wind to
be felt because the waves propagate with the fully de-

veloped group velocity instead of a continually in-
creasing group velocity, and the slope of the curves in
Fig. 10 increases.

A curve corresponding to a 40 m s~! wind for the
empirical relationship fitting the data presented here

.is also shown to indicate the variation with wind speed.

The 40 m s~ wind speed would establish steady state
conditions faster at all distances from shore up to the
point that the sea state for the 11 m s™' wind became
fully developed. This is the same result arrived at by
Bretschneider (1958) and Donelan (1980).

When the fully developed duration is attained for
the 11 m s™! wind, steady state conditions would have
been established at all distances for that wind speed.
But the sea state would continue to grow with time for
the higher wind speed at distances greater than the
fetch-limit of the lower wind speed. Continuing to in-
crease the effective duration for the JONSWAP and
present analysis 11 m s™* curves past the fetch at which
the wave field becomes fully developed acknowledges
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FIG. 10. Relationship between effective duration and distance from
shore for an 11 m s~ wind blowing perpendicular to a straight shore-
line for three of the empirical relationships, and for a 40 m s™' wind
for the algorithm resulting from the present analysis.
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time of the SCR flight. The numbers below the data points are the
effective duration in hours.

that waves generated from an earlier wind direction

could effect the composite wave propagation direction

at distances greater than the fetch at which full devel-
. opment is attained.

Figure 11 shows the effective wind speed versus dis-
tance from shore for the time of the SCR flight. The
effective wind speed was arrived at by taking the average
of the wind speed observations from JFK and buoy
44004 and then averaging over various time intervals
which always ended at the time of the flight. The av-
eraging time was taken to be the effective duration and
the points were placed on the figure at the distance
corresponding to the effective duration for the present
analysis algorithm shown in Fig. 10 for the 11 m s™!
windspeed.

Figure 11 indicates that the effective windspeed was
10 m s™! nearshore, gradually increased to 11 m s™!
by 170 km, and then remained constant for the re-
mainder of the SCR data run. This is the motivation
for using 11 m s™! in the effective duration algorithm
to position the points in Fig. 11, aithough the resuit is
not sensitive to small changes in wind speed.

Some notes of caution should be sounded at this
point. The SCR measurements were made under very
unstable atmospheric conditions, while the atmo-
spheric conditions during JONSWAP were stable and
the DHH conditions covered a range of stabilities near
neutral. The wind field characterization for the SCR
data set was also nonideal in other respects, with only

two sets of wind measurements over 300 km, and one

of them an empirical extrapolation from overland. The
wind was not constant over the 17 hour influence
time (Fig. 8) but was diminishing and changing direc-
tion. Buoy 44004 indicated a change in direction of
about 4110° and a reduction in speed from about 14 to
9ms.

In making field observations, however, one fre-
quently has to make do with less than the ideal. For
example, D. Hasselmann et al. (1980) indicated that
well-defined steady meteorological conditions were
never encountered during the month of September
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1973 when the second JONSWAP experiment took
place.

In their analysis of the original JONSWAP experi-
ment, Hasselmann et al. (1973) showed detailed his-
tories of the winds along the measurement profile (their
Fig. 2A.1) for five generation cases chosen arbitrarily
from the various periods of “ideal” generation condi-
tions. These “ideal” cases typically evidence wind speed
variations of 2 to 4 m s™' and direction variations of
30° within distances of 50 km and/or time intervals
of six hours. The mean wind speeds for the five cases
shown ranged from about 7 to 11 m s™! and the vari-.
ation was typically about one-third of the mean. In
that perspective, the wind variation during the influ-
ence time for the SCR data set does not seem quite as
bad as it might have at first.

Since Fig. 7 indicates that the 10-m equivalent neu-
tral wind speed would be approximately 1 m s~ higher
than the buoy measurements at a —15°C air-sea tem-
perature difference, one could consider using 11 m s~
for an effective 10-m neutral wind speed nearshore and
12 m s~ at full development. On the other hand, since
the wind was slowly diminishing, one could make an
argument that the wave field could decay continuously,
adjusting to the recent wind. In that case 10 m s}
would be an appropriate measured value at full devel-
opment (see Fig. 8) for which the equivalent neutral
windspeed would be 11 m s™.

The analysis presented in this section and section 2
has been intended to provide a sense of the wind field
which generated the waves observed by the SCR and
to obtain a nominal value for the wind speed to put
the SCR directional wave spectrum observations in
perspective. We will use 11 m s™! for that value.

Because of concern about the effective wind speed,
it is not intended that this single SCR data set should
be used to rewrite much better founded fetch-limited
formulae. The SCR data will simply be used to help
contrast some of the existing wave growth curves and
to motivate a theoretical analysis which can stand by
itself. The data will then be used in an example to
demonstrate the kind of constraint the theoretical
analysis imposes. However, it should be apparent that
the SCR has the potential to eliminate the uncertainty
in our knowledge of fetch-limited wave growth when
participating in an experiment in which the wind field

‘is ideal and well documented.

5. Fetch-limited spectrum evolution

The SCR data were taken on the downwind leg be-,
tween 2016 and 2103 UTC and consisted of three seg-
ments (see Fig. 2). The first segment consisted of 15
minutes of data which was enough to generate 18 non-
overlapping wave spectra. After a three minute gap in
which a new magnetic tape was mounted, the second
segment was also 15 minutes and generated 18 wave
spectra. The second three minute gap to mount the
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FiG. 12. The entire set of 48 SCR wave spectra from the downwind ground track of Fig. 2 as 16 non-
overlapping averages of three spectra. The contours in the spectra are at the 0.1, 0.3, 0.5, 0.7, and 0.9 levels

relative to the peak.

third tape was followed by a 10 minute segment, which
was used to generate 12 wave spectra. The dots in Fig.
2 indicate the locations of the centers of the nonover-
lapping, contiguous data spans used to generate the
wave spectra.

Figure 12 shows the entire set of 48 SCR wave spectra
from the downwind ground track of Fig. 2 as 16 non-
overlapping averages of three spectra. The wavenumber
values are 27 over the wavelength. The wave field is
referenced to the direction towards which the wave en-
ergy is propagating. In this sequence the spectrum
evolves quickly at first in shape, wavenumber and
propagation direction. But after the 11th or 12th av-
erage spectrum there is little change and no trend.

It is seen in Fig. 8 that although JFK Airport reported

the wind from 10° for three hours before the start of
the downwind leg, the observation just twenty minutes
before the leg indicated that the wind was from 350°.
That observation was not anomalous because the pilots
were told to fly in the downwind direction indicated
by the wind streaks at the start of the leg. The direction
they chose was 165° whose reciprocal is 345° (remem-
ber the JFK directions are quantized to 10°). One can
think of the flight proceeding offshore as looking back
in time. The local wind generated a downwind wave
field which was observed very near the shore. But be-
cause of the limited time it had to act, the dominant
wave field in the nearshore spectral averages was the
one generated during the preceding three hours. As the
aircraft progressed farther offshore, the waves backed
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Fi1G. 13. Radials from the centers of the data spans used to generate
the sixteen 3-spectra averages of Fig. 12 are extended in the reciprocal
direction of the spectral peak until they intersect the shore of Long
Island.

into what had been the prevailing downwind condition
at an earlier time.

Figure 13 shows radials from the centers of the data
spans used to generate the sixteen 3-spectra averages
of Fig. 12, extending in the reciprocal direction of the
spectral peak until they intersect the shore of Long
Island. It is apparent by the variation of the propagation
direction in Fig. 13 that the effect of the wind being
from 5° to 10° for the three hour period preceding the
start of the downwind leg did not have much of a per-
turbing effect on the wave spectra at fetches greater
than 120 km (the second and third data segments).

Figure 14 shows the growth of Hjg (the significant
wave height, taken to be four times the surface height
standard deviation), versus distance from shore along
the aircraft ground track. Measurements are shown
from both the SCR and the Airborne Oceanographic
Lidar (AOL), another GSFC system on the P-3. The
AOL (Hoge et al. 1980) laser system profiled the waves
below the aircraft at 250 Hz, compared to 20 Hz for
the SCR. The wave height measurements from the two
instruments are in excellent agreement except for the
two observations nearest shore where the SCR is b1ased
high.

The high pulse repetition frequency of the AOL gives
it a distinct advantage over the SCR for determining
wave height in situations involving short wavelengths
-and low wave heights. The AOL data were edited, using
a seven-point random-consensus filter to remove out-
liers, and then averaged. That procedure produced an
effective footprint for the AOL of 3.2 m (the ground
speed was 114 m s~') which significantly improved data
quality without reducing the amplitude of the waves
through spatial filtering. In the comparisons to follow,
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the measured wave heights will be the average of the
SCR and AOL observations in Fig. 14 except for the
two observations nearest shore in which only the AOL
measurement is used.

Since the AOL did not scan and only profiled the
waves, it could not measure the directional wave spec-
trum. Any noise in the elevation measurements of the
SCR would be random and not adversely affect the
determination of the peak of the spectrum or its prop-
agation direction even at low wave heights.

6. Comparison of fetch-limited empirical relationships
with SCR data

We will first compare the observations of the SCR
with the fetch-limited growth rates of several empirical
relationships for a wind field blowing orthogonal to a
straight shoreline. Under these circumstances both cosf
and p would be unity. In the following section we will
consider the nearshore wave field where the wind was
not orthogonal to the shoreline and use that situation
to determine p.

All of the constants in Table 1 for the nondimen-
sional empirical relationships (3) through (7) were de-
termined by fitting the general relationship to obser-
vations and yet each determination of the constants
by the various investigators differed from those deter-
mined by all other investigators. Some variation is to
be expected, but the magnitude of the differences will
be seen to be quite surprising.

Pierson and Moskowitz (1964) indicated that a fully
developed sea should have a nondimensional peak fre-
quency of 0.14 when the wind speed at 20 m altitude
is used in the normalization. In analyzing the JON-

SWAP data, Hasselmann et al. (1973) indicated 0.14

as a nominal limit even though they dealt only with
winds referenced to a 10 m height. Donelan (1980)
and DHH appear to correct the nondimensional peak
frequency corresponding to the slightly lower winds at
the 10-m reference level by using 0.133 instead of the
0.14 value Pierson and Moskowitz (1964) obtained for
the 20 m winds. The 0.133 value will be used in the
present analysis.
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RG. 14, Growth of Hjg versus distance from shore as measured by
the SCR and the Airborne Oceanographic Lidar.
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Table 1 indicates the nondimensional fetches at
which the relationships attain full development and
the ratio of those fetches to the JONSWAP fetch. The
nondimensional fetch symbols do not have the 8 sub-
script in Table 1 as a reminder that the wind is assumed
blowing perpendicular to a straight shoreline. The
shortest fetch (0.89 relative to JONSWAP) is for the
algorithm resulting from the SCR observations and the
longest (4.65) is for the DHH algorithm. This means
that for a given wind speed, the predictions for the
physical distance at which the sea state becomes fully
developed with the same peak frequency differ by more
than a factor of five. This variation seems large for
algorithms which are all based on observations.

Figure 15 shows plots of the growth of the wave pe-
riod at the spectral peak and Hg for an 11 m s™! offshore
wind for the previously published algorithms indicated
in Table 1. Also shown is the variation of the wave
period measured by the SCR and Hg measured by the
SCR and AOL. The aircraft ground track was approx-
imately orthogonal to the shoreline and the abscissas
of Figs. 15 and 16 are labeled distance from shore in-
stead of fetch as a reminder that the wind speed and
direction and the wave propagation direction would
all affect the nondimensional fetch, and none of them
were constant over the data set.
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However, Figs. 15 and 16 indicate the relative po-
sitions in which the SCR data would most likely have
been plotted during the JONSWAP experiment since
the fetch was taken to be the perpendicular distance
from shore and data for wind directions within 30° of
the orthogonal to the shore were included in the scatter
plots of fetch versus wave parameters. Furthermore, in
another analysis of fetch-limited data, Holthuijsen
(1983) labeled a wind field which was 20° off the off-
shore direction as “ideal.”

A relationship for the variation of wave steepness
with fetch can be developed that wiil allow elimination
of two of the empirical relationships of Table 1 from
further consideration. Equation (7) can be substituted
into (6) and the result rearranged to obtain an expres-
sion for the rms wave height.

o = CY(Up cosby’%,”?/g. (11)

Similarly, (4) and (1) can be used in (3) to obtain an
expression for the wavenumber (27/wavelength) at the
spectral peak. :

k = 4x’gA*/(Up cosf)*%, 28, (12)

Equations (11) and (12) can be combined to obtain a

measure of the steepness of the wave field:
ok = 4n?4>C'2x%, P82,

(13)
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FIG. 15. Fetch-limited growth of wave period and Hj for an 11 m s™! offshore wind for the
previously published algorithms indicated in Table 1. Also shown is the variation of the wave
period measured by the SCR and Hg measured by the SCR and AOL.
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FiG. 16. Measurements of wave period and wave height are compared with the JONSWAP
and DHH algorithms for wind speeds of 10 and 12 m s™". Also shown is the variation of the wave
period measured by the SCR and Hg measured by the SCR and AOL.

It is apparent from (13) that the steepness of the
wave field will not change if

D = 4B. (14)

This same result was arrived at by Huang et al. (1981).
Since wave steepness is generally observed to decrease
with increasing fetch, reasonable empirical relation-
ships should satisfy

D — 4B <0. (15)

If the Table 1 values of D — 4B are examined for
the relationships, it is seen that Phillips (1977) rela-
tionship indicates that wave steepness would not
change with fetch (this was first pointed out by Huang
et al. 1981) and the Liu and Ross (1980) relationship
indicates wave steepness increases with fetch. These
two relationships will not be considered further and
attention will be focused on the JONSWAP and DHH
relationships which indicate wave steepness decreasing
with increasing fetch.

In Fig. 16 the SCR measurements of wave period
and wave height are repeated for comparison with the
JONSWAP and DHH algorithms for wind speeds of
10 and 12 m s~ to indicate the sensitivity of the al-

gorithm predictions to wind speed. At first glance it
appears that the JONSWAP algorithm is in quite good
agreement with the measurements while the DHH
predictions are quite far off with regard to both wave
period and wave height. But the situation is not nearly
as straight forward as Fig. 16 seems to imply.

Figures 17 and 18, reproduced from Toba (1978),
indicate all of the data points used in arriving at the
JONSWAP algorithms, as well as additional laboratory
data of Toba (1972). Also shown in the figures are the
straight lines representing the JONSWAP, DHH, and
present analysis algorithms, as well as a curve repre-
senting a stochastic form developed by Toba (1978).

The data points exhibit a factor of two or more
spread in the nondimensional fetch for observations
of the same nondimensional frequency or energy.
While this spread may appear small in data which is
plotted over six orders of magnitude in nondimensional
fetch, it represents a significant amount of error in the
individual measurements being used. The DHH mea-
surements show a similar spread. The SCR is not error -
free (Walsh et al. 1985b), but the errors become far
less important when one is using the same instrument
essentially instantancously to measure the wave growth
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FI1G. 17. This figure, reproduced from Toba (1978), indicates the data points used in arriving
at the JONSWAP algorithm for nondimensional wave frequency, as well as additional laboratory
data of Toba (1972). Also shown in the figure are the straight lines representing the JONSWAP,

- DHH, and present analysis algorithms, as well as a curve representing a stochastic form developed

by Toba (1978).

at all fetches rather than several instruments located
at different fetches, or in different countries. Another

" major advantage the SCR has is in not having to com—
bine uncertainties in the wind field and its history from
one day to another.

In examining Fig. 17, it becomes apparent that the
slope of the JONSWAP curve was controlled by the
laboratory data points of Mitsuyasu because of their
position relative to the field data. But Huang et al.
(1981) indicated that laboratory and field data should
not be combined because of the large difference in
wave steepness between the two types of data. If the
data for nondimensional fetches less than 30 are ex-
cluded in Fig. 17, then the DHH algorithm, whose slope
matches the stochastic form of Toba (1978) at a fetch
of about 103, fits the remaining data points better than
the JONSWAP algorithm.

In Fig. 18 it is again apparent that the Mitsuyasu
data again had a major impact on the slope of the
JONSWAP curve. The DHH algorithm, which again
matches the slope of the Toba (1978) stochastic form
at a fetch of about 107, fits the JONSWAP data points
better than the JONSWAP algorithm for nondimen-
sional fetches larger than 103. Figures 17 and 18 make
the excellent agreement of the SCR observations with
the JONSWAP algorithm and the disparity with the
DHH algorithm in Fig. 16 seem fortuitous.

7. Asymmetrical fetch situation

We now examine in detail the situation where the
variation of the fetch is asymmetrically distributed
about the wind direction. It is important to emphasize
at the beginning of this analysis that the JONSWAP
growth curves presented by Hasselmann et al. (1973)
were intended to apply only for orthogonal fetch sit-
uations. No attempt was made in JONSWAP to predict
the direction of propagation of the waves in asym-
metrical fetch situations such as treated by DHH.

Donelan et al. pointed out that if the gradient of the
fetch about the wind direction is large, the wave direc-
tion will be biased towards the longer fetch. They used
(9), with p = 1, and maximized the right hand side to
determine the period, T, at the peak of the spectrum
and the wave direction.

For any wind speed U for which the waves are fetch-
limited, (9) indicates that the maximum wave period
will be achieved by maximizing

(p cosf)' 2B, B (16)

or
(p cosf)-2BVBx, an

or

(p cos8)X,5/0-2B) (18)
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FiG. 18. This figure, reproduced from Toba (1978), indicates the data points used
in arriving at the JONSWAP algorithm for nondimensional wave energy as well as
additional laboratory data of Toba (1972). Also shown in the figure are the straight
lines representing the JONSWAP, DHH, and present analysis algorithms, as well as a
curve representing a stochastic form developed by Toba (1978).

since raising (16) to any positive power will not change
the angle at which the maximum occurs. Donelan et
al. obtained excellent agreement between their obser-
vations in Lake Ontario and the predictions of (18),
with B = 0.23 and p = 1, for the deviation of the wave
propagation direction from the downwind direction.

But the expression for the wave period is not the
only thing that could be maximized when there is a
gradient of fetch about the wind direction. The wave
energy determined from (5), (6) and (7) is

is not the case. The condition for which both wave
period and energy are maximized by the same angle is
given by equating (17) and (21),

(p cos®)i—2BVBX, = (p cosh)“2PVPx, (23)
which requires that B and D satisfy (14), and the wave
steepness would not vary with fetch. For realistic sit-
uations in which B and D satisfy (15), the angle which
maximizes wave period in (18) will exceed the angle

o = CU%2D)g@ D) p cosh)*2Dx,P.  (19) which maximizes wave energy in (22).

The wave energy is maximized by maximizing Wave energy is determined by the iptegr al of j[he
two-dimensional spectrum and the associated direction
(p cos)* 2D x,P (20) would be the centroid of the spectrum. This means an
. asymmetrical fetch situation produces an asymmetrical
or directional wave spectrum with the peak shifted further
(p cosf)2PVPY, (21) off the downwind direction than the centroid of the
spectrum. This effect can be observed in the first three

or spectra in Fig. 12. »
(p cOSB)X,P/4~2D), 22) Figure 19 indicates the parameters used in the anal-

One might naively expect that the same angle should
maximize both wave period and wave energy, but that

ysis of the asymmetrical fetch situation. The angle be-
tween the effective wind direction and the perpendic-
ular to the shoreline is ¢. The deviation of the wave
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FIG. 19. Parameters used in the analysis of the
asymmetrical fetch situation.

propagation direction at the peak of the spectrum from
the downwind direction is 6.

Figure 20 shows the variation of the effective wind
direction with fetch. The effective wind direction was
computed and plotted in the same fashion as the ef-
fective wind speed in Fig. 11. Also plotted are the re-
ciprocals of the sixteen propagation directions indicated
in Fig. 13 for the three-spectra averages of Fig. 12.

The five wave propagation directions indicated in
Fig. 19 (the first five data points in Fig. 20, fetch less
than 100 km) provide an excellent opportunity to see
if the DHH procedure would predict how much the
wave propagation direction at the peak of the spectrum
would deviate from the downwind direction for a
straight shoreline. Donelan et al. maximized (18) with
p = 1 in predicting the propagation direction to com-
pare with their measurements in Lake Ontario. Because
the Long Island shoreline is quite straight, a simulation
was performed for a homogeneous wind whose direc-
tion deviated by an angle ¢ from the perpendicular to
a straight shoreline.

For a straight shoreline, the fetch measured along
an angle 0 off the downwind direction (which itself is
an angle ¢ off the normal to the shore) is proportional
to 1/cos(6 + ¢). Therefore, (18) for a straight shoreline
is proportional to

cosf/cos(d + ¢)5/1-2B), 24)

The left side of Fig. 21 shows the variation of (24)
with 6 for the DHH value of B which makes the ex-
ponent in (18) and (24) equal 0.426. There are seven
curves shown, corresponding to ¢ values of 1° through
31° in 5° increments. If a curve exhibits a maximum,
its location is indicated by a circle. The curves show a
maximum for small values of ¢. As ¢ increases, the
location of the maximum shifts away from 6 = 0 and
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the peak broadens. For the larger values of ¢, the curves
increase monotonically.

Although the JONSWAP development did not con-
sider slant fetch situations, we can still inquire what
would result from trying to predict the wave propa-
gation direction using the JONSWAP algorithm growth
rate and the U cosf parameterization of DHH. The
right side of Fig. 21 shows the same family of curves
as the left, but for the JONSWAP value of B, which
makes the exponent in (18) and (24) equal to 0.971.
In this instance, there is no maximum for any wind
direction which is even slightly off the normal to the
shoreline. This suggests an unstable situation since a
wind direction even one degree off the normal to the
shoreline would result in the waves nearshore propa-
gating along the shoreline rather than away from it.

Figure 22 shows the loci of the maxima of (24) for
the DHH value of B (dashed curve) and nine additional
values such that the exponent in (24) took on the values
0.1 through 0.9. For each of the values of B, the wind
direction (¢) was changed in 0.25° increments from
0° to 50°. For each direction, the angle which maxi-
mized (24) was determined using the value of (24) av-
eraged over 30° (£15° about the wind direction as was
found to produce optimum results by DHH). Then 6
was computed from that angle and the downwind di-
rection. The curves indicate that @ increases monoton-
ically with ¢ up to some value of ¢ for which 6 is ap-
proximately 20°. The rate of increase of 6 with ¢ and
the limiting value of ¢ are a function of B. Once the
limiting value of ¢ is exceeded, (24) no longer exhibits
a maximum and the wave propagation direction is no
longer bound to the downwind direction.

The shoreline of Long Island to the east of the SCR
starting point runs at approximately 72°. To the west
of the starting point it runs at approximately 86° and
is more irregular than it is to the east. The orthogonal
to the shoreline for waves originating to the east of the
starting point would be 342° and for those originating
to the west would be 356°. These reference lines are
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FiG. 20. Effective wind direction versus distance from shore for
the time of the SCR flight, and the wave propagation direction mea-
surements made by the SCR. The numbers above the data points
are the effective duration in hours.
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indicated on Fig. 20. To avoid the transition region
and any perturbations it might cause in the wave field,
we have used only the first five wave propagation data
points (fetch less than 100 km) from Fig. 20 to compute
¢ and 0. Those five points have been plotted on Fig.
22. 1t is remarkable that the DHH algorithm agrees
closely with the observations in the bound region since

40 r
®)
30

$

FIG. 22. Predictions of the direction of wave propagation for the
DHH algorithm using the DHH growth rate (dashed) and other
growth rates, and the SCR observations.

the observed growth rates seem to agree better with the
JONSWAP algorithm (Fig. 16).

It needs to be emphasized that this asymmetrical
fetch analysis and the curves in Fig. 22 are independent
of distance from shore only as long as the waves con-
tinue to be fetch-limited. Once full development has
been achieved, (9) is no longer valid because (3) no

.longer applies and » is constant at 0.133. Under those

circumstances, (4) can be rearranged to _
T = 1/f= Up cosf/(0.133g). (25)

Since we will show in section 8 that p will generally be
less than or equal to 1, (25) indicates that the wave
propagation direction (maximum 7') will occur in the
downwind direction (p cosf = 1).

If the wind began blowing at some angle ¢ to a
straight shoreline, the waves at some fixed distance
from shore would initially be duration-limited and
propagate in the downwind direction. When the wave

" growth reached its fetch-limit in the downwind direc-

tion, the wave field would continue to grow with time
in the direction of increasing fetch. The deviation of
the angle of wave propagation from the downwind di-
rection would increase with time. If (24) exhibits a
maximum, # would increase until reaching the value
indicated by the curves in Fig. 22.
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If the value of ¢ exceeds the value for which Fig, 22
indicates a stable solution exists for 6, the value of §
would continue to increase with time until the waves
became fully developed. Two effects contribute to the
approach to full development at a given distance from
shore as the angle off the wind direction increases. First,
the actual distance measured along the chosen direction
increases as the angle increases. Second, the effective
wind speed decreases and (5) indicates that a given
distance corresponds to a greater nondimensional fetch.

Waves at points closer to shore would achieve larger
values of § before becoming fully developed than the
waves at points farther offshore. Figure 23 indicates
the values of 8 at which full development is achieved
for an 11 m s™! wind as a function of distance from
shore. Three curves are shown for different values of
¢ for the algorithm developed later in this paper from
the SCR observations. Figure 23 shows that as one ap-
proaches a distance from a shoreline at which the wave
field would be fully developed for an offshore wind,
the waves will propagate in the downwind direction,
regardless of its angle to the shoreline.

A ratio of the duration limit at an angle 6 off the
wind direction to the duration limit in the downwind
direction for a wind orthogonal to a straight shoreline
can be developed from (10) and is given by

d(0, $)/d.(0, 0) = (cos(¢ + 8))™~(p cosf)™! 722,
(26)

The ratio (26) is independent of fetch but is only valid .

as long as a fully developed sea state has not been at-
tained. Figure 24 plots the ratio as a function of the
angle off the downwind direction for the same algo-
rithm and cases as Fig. 23. '

Circles in Figs. 23 and 24 indicate the value of 6 for
the first SCR data point of Fig. 20. Figure 22 indicates
this point was not bound to the downwind direction.
Figure 23 suggests that # could have been about 50°

Ll L
1 i0
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1L 111811

0 =

L1y
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FIG. 23. The values of 4 at which full-development is achieved for
a 11 m s~ wind as a function of distance from shore. Three curves
are shown for different values of ¢ for the algorithm developed later
in this paper from the SCR observations.
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FIiG. 24. The ratio of the effective duration versus the effective

duration for an offshore wind as a function of the angle off the down-
wind direction for the same algorithm and cases as Fig. 23.

instead of 37.5° at the 20 km point offshore, but Fig.
24 suggests that 6 was not larger because of the short
duration of the wind shift. Figure 24 indicates that for
6 to reach 37.5° would require 1.8 times the 2.3-h du-
ration indicated in Fig. 20 for waves propagating di-
rectly offshore, or about 3.6 hours. Since Fig. 8 indicates
that the wind shift at JFK occurred between three and
four hours before the flight, that was all the time that
was available. '

8. Determination of p

There can be only one correct solution as to which
way the waves will propagate if a constant, homoge-
neous wind blows at some angle to a straight shoreline.
But Fig. 22 (using the DHH analysis technique) indi-
cates that the prediction of wave propagation direction
under those conditions is uniquely tied to the growth
rate. Because the DHH technique predicted the wave
propagation direction both in their Lake Ontario ob-
servations and in the SCR data set, we assume at this
point that they have the correct answer.

We will now determine p such that growth rates other
than DHH will be able to make the same prediction
for the wave propagation direction as DHH. To make
the analysis more convenient we will use (17) instead
of (18). We require that valid values of B and p in (17)
produce an identical expression as (17) for the DHH
value of B and p = 1. Since the physical fetch, Xj, in
(17) is the same in both cases, it drops out and we
arrive at

(p cosf)1=2BVB = (cosf)1~2Ba)/Ba 27

where B, refers to the DHH value of B from Table 1,
and B is the proposed value. Equation (27) requires
that

p = (cosf)*» (28)
where

V, = (B — By)/(Bs— 2B4B). (29)
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The same procedure could be followed using (21),
the expression derived from the wave energy.

(p cos)#=2DVD = (cosf)#—2PaVDa 30)
Equation (30) requires that
p = (cosf)”- (31
where
Ve = (D = Dy)/[(Da — DaD/2) (32)

and D, is the DHH value from Table 1 and D is the
proposed value.

For a consistent answer on the azimuthal effective-
ness of the wind it follows that

V,=V.. (33)

This does not mean that the angles that maximize wave
energy and wave period will be the same. On the con-
trary, they will differ, the same as they do for DHH. It
just means that a single value of p must satisfy (3)
through (7), not different values for (4) and (7). We
can combine (29) and (32) to arrive at the relationship
between B and D shown in (34) and plotted as the solid
curve in Fig. 25:

(B — Ba)/(By —~ 2B4B)= (D — D2)/(D4 — DyD/2).
(34)

Any combination of B and D that lies on the curve
will predict the same propagation direction for the
waves in an asymmetrical fetch situation as the DHH
algorithm. Also plotted in Fig. 25 is a dashed straight
line, which satisfies the expression ’

D — 4B = -0.16. (35)
]
ey EXACT SOLUTION OF (34) .
4
LIU AND ROSS (1980)
V]
(=1 o
PHILLIPS (1977) JONSWAP
o ' O
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FIG. 25. Relationship between B and D for algorithms predicting
the correct propagation direction in asymmetrical fetch situations
_ plotted as the solid curve, and the relationship for various algorithms.
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FI1G. 26. Proposed algorithm (solid curves) compared with the ob-
servations and two other sets of curves for algorithms predicting the
correct direction of propagation in an asymmetrical fetch situation.

In the region of interest the two curves are nearly iden-
tical. It is interesting that (35) and (13) imply that valid
proposed algorithms must have the same percentage
change of wave steepness with fetch as the DHH al-
gorithm.

If one examines (29) and (32) in the context of Fig.
25, it is apparent that p will be the cosine raised to a
positive exponent (p < 1) for all points on the curve
in Fig. 25 to the right of the DHH point. The reverse
would be true for points to the left of the DHH point,
but as the other data points indicate, DHH have re-
ported the lowest values of B and D.

This analysis indicates that one is not free to inde-
pendently assign the values of B and D when attempt-
ing to determine them from a set of observations. Valid
combinations of B and D must lie on the curve shown
in Fig. 25, which places an additional constraint in
determining the best overall match to the data.

Figure 26 uses the SCR data in a demonstration of
the effect of this additional constraint. Three sets of
curves are shown, with the values of B and D for each
set satisfying (35). The values of 4 and C were adjusted
for each of the three sets of curves so they would all
agree with the observed fully-developed wave height
and period at the same fetch for an 11 m s~ wind
speed. The best solution (B = 0.29, D = 1.0) is indicated
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by the solid lines. The other sets of curves correspond
to the DHH values (8 = 0.23 and D = 0.76) and the
JONSWAP value of B = 0.33, which required D
= 1.16.

Figure 11 indicated that the effective wind speed in
the first 100 km was approximately 10 m s~} instead
of 11, but correcting for that would not significantly
affect the data point positions. For example, the wave
period observation closest to shore would have been
about 4% higher if the effective wind speed had been
11 m s™'. But this asymmetrical fetch simulation in-
dicated that the observation was about 3% higher than
it would have been if the wind were directly offshore.
So corrections for the two effects approximately cancel.

The wave height observation closest to shore would
have been 10% higher had the wind been 11 m s™!
instead of 10. However, the asymmetrical fetch sim-
ulation indicated that the observation was about 6%
higher than for a wind directly offshore. So the net
correction would be to increase the observed wave
height value by 4% which is a shift of about half the
symbol diameter.

Corresponding to the values of B and D for the model
best matching the SCR observations, the value of V'is
0.63 and the overall expressions are

v = 2.3%,70% (36)
where
v = fU(cos8)%3/g 37)
X, = X,8/(U(cosf)! %) (38)
and |
e=1.86 107'%, (39)
where
€ = a2g*/(U(cosh)' 3%, (40)

Figure 27 compares plots of the cosf azimuthal ef-
fectiveness of the wind used by DHH and the (cosf)'-?
azimuthal effectiveness for the model presented here.
When considering angles significantly off the wind di-
rection, the present model suggests a significantly re-
duced effectiveness for the wind.

9. Conclusions

Surface Contour Radar observations of the fetch-
limited directional wave spectrum indicate the exis-
tence of a fully-developed sea state. The Donelan et al.
(1985) fetch-limited algorithm parameterization has
been generalized to allow other wave growth models
to predict the same propagation direction in asym-
metrical fetch situations. The generalization results in
an additional constraint that it is not possible to assign
the rate of growth of wave energy independently of the
rate of growth of wave period. Matching the model to
observations produces an estimate for the effectiveness
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FIG. 27. Comparison of the cosf azimuthal effectiveness of the
wind used by Donelan et al. (1985) and the (cosf)"* azimuthal ef-
_fectiveness of the present analysis.

of a wind component in generating waves which differs
from the U cosf model proposed by Donelan et al.
(1985) if the wave growth rates differ from their rate.
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