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ABSTRACT

A coherent, X-band airborne radar has been developed to measure wind speed and direction simulta-
neously with directional wave spectra on the ocean. The coherent real aperture radar (CORAR) measures
received power, mean Doppler shifts, and mean Doppler bandwidths from small-resolution cells on the
ocean surface and converts them into measurements of winds and waves. The system operates with two sets
of antennas, one rotating and one looking to the side of the airplane. The rotating antennas yield neutral
wind vectors at a height of 10 m above the ocean surface using a scatterometer model function to relate
measured cross sections to wind speed and direction. The side-looking antennas produce maps of normal-
ized radar cross section and line-of-sight velocity from which directional ocean wave spectra may be
obtained. Capabilities of CORAR for wind and wave measurement are illustrated using data taken during
the Shoaling Waves Experiment (SHOWEX) sponsored by the Office of Naval Research. Wind vectors
measured by CORAR agree well with those measured by nearby buoys. Directional wave spectra obtained
by CORAR also agree with buoy measurements and illustrate that offshore winds can produce dominant
waves at an angle to the wind vector that are in good agreement with the measurements. The best agree-
ment is produced using the Joint North Sea Wave Project (JONSWAP) parameterizations of the develop-
ment of wave height and period with fetch.

1. Introduction

An X-band airborne coherent real aperture radar
(CORAR) has been developed to provide simulta-
neous measurements of winds and waves on the ocean
surface. The system operates at moderate incidence
angles where backscatter depends strongly on wind
speed. It is a coherent system in which surface velocities
are used to infer wave height rather than scattered
power or the time of flight of a pulse to the surface as
is more common (Kenny et al. 1979; Jackson 1980;
Hauser et al. 1992; Wright et al. 2001). The radar was
developed under funding from the U.S. Office of Naval
Research (ONR) and has been flown on a DeHavilland
Twin Otter airplane during ONR’s Shoaling Waves Ex-
periment (SHOWEX).

CORAR operates in two modes, rotating and fixed
side-looking. In both modes, cross sections, Doppler

offsets, and Doppler bandwidths are collected at mul-
tiple range bins during data acquisition. In the rotating
mode, the stored cross sections have been averaged
over about 20° due to antenna rotation; subsequently
they are averaged over a small range of incidence angle.
This produces mean cross sections as a function of in-
cidence and azimuth angle from which wind vectors at
10 m above the ocean surface can be calculated using a
scatterometer model function. In the side-looking
mode, images of both cross sections and Doppler off-
sets are produced from which directional spectra may
be obtained. Spectra of the Doppler offset images can
be directly converted to wave height variance direc-
tional spectra, and their 180° ambiguities can be re-
moved by noting changes in different flight directions.
The overall result is that wind vectors and directional
ocean wave spectra can be produced simultaneously.

CORAR was flown during SHOWEX from 10 No-
vember to 5 December 1999 on the UV-18A Twin Ot-
ter operated by the Center for Interdisciplinary Re-
motely-Piloted Aircraft Studies (CIRPAS) of Marina,
California. In addition to CORAR and the standard
CIRPAS data instrumentation, the plane carried three
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National Oceanic and Atmospheric Administration
(NOAA) microwave radiometers operating at 60 GHz,
37 GHz, and [23, 31 GHz], the latter being one instru-
ment. Most flights took place at 300-m altitude with a
subset of flight lines being carried out at 150 m. Each
day the plane also performed two circle flights at 150 m
followed by a spiral from 150 to 30 m then back up to
300 m. Table 1 lists the times and locations of data
collection for the days on which CORAR collected
valid data. Also shown in Table 1 are the average wind
speeds and direction during the times of the flights as
obtained from the nearest National Data Buoy Center
(NDBC) buoy, number 44014.

In this paper, we discuss only CORAR. In the next
section, we will describe the principles of CORAR’s
operation. Following this, we will give examples of
measured winds and waves in section 3, comparing
them with in situ measurements where possible. Much
of our attention in this paper will focus on measure-
ments from one particular day, 16 November 1999. The
simultaneous wind and wave measurements in section 3
will show that the dominant waves on this day are not
in the local wind direction. In section 4 we discuss the
behavior of waves produced by winds blowing oblique-
ly off a shoreline. In section 5, we will show that our
measured waves are, in fact, generated by wind blowing
obliquely offshore north of the measurement area. In
section 6, we discuss differences between our results
and those of Walsh et al. (1989, hereinafter WHHSS)
and speculate why we do not observe waves coming
from Chesapeake Bay. Finally, section 7 mentions
other potential capabilities of CORAR.

2. Principles of operation

Figure 1 shows CORAR installed on the Twin Otter.
The white antennas below the door on the side of the
airplane are slotted waveguide antennas 120 cm long,
one operating horizontally polarized and the other ver-
tically polarized. The rotating antennas are mounted
inside the gray radome under the plane. They are two
slotted waveguide antennas 45 cm long mounted back
to back on a stabilized platform inside the radome. The
pulse repetition frequency (PRF) of the radar is 80 kHz,
but alternate pulses go to the side-looking and rotating
antennas, so the effective PRF from either antenna is 40
kHz. A switch changes between the H-pol and V-pol
antenna of each system after a time interval of about
1/3 s. When collecting data for directional spectral cal-
culations from the fixed antennas, this switching does
not occur so that all data are collected at a single po-
larization with the side-looking system, usually V-pol.

The system collects only copolarized data, HH and
VV. A pulse width of 50 ns is obtained by switching; no
pulse compression is used in the system. To improve
signal-to-noise ratio, N pulses are coherently averaged.
Therefore, over each 1/3-s interval, the system collects
data from each range bin for each mode, rotating and
side-looking, at a rate of 40/N kHz, sufficiently fast that
Doppler spectra can be calculated for 100 range bins.
The system is designed so that signals from the rotating
antenna can be frequency-shifted, allowing the spectra
to remain within the system bandwidth even when a
large component of plane velocity exists along the an-
tenna look direction. First and second moments of the

TABLE 1. Twin Otter flight information during SHOWEX in 1999 for the days on which CORAR data were collected. FRF is the
Corps of Engineers Field Research Facility at Duck, NC. Times are UTC, which is local time plus 5 h.

Date Time (UTC) Location
Wind speed

(m s�1)
Wind direction

(from) (°T)

14 Nov 1810–2139 Near FRF, to 75°W 10.8 208
15 Nov 1800–2130 Near FRF, to 75°W 10.3 307
16 Nov 1802–2149 Near FRF, to 74.9°W 13.5 305
17 Nov 1807–2204 Near FRF, to 74.8°W 6.6 320
18 Nov 1622–2011 Near FRF, to 74.8°W 1.5 317
19 Nov 1046–1533 Near FRF, to 74.8°W 2.5 265
20 Nov 1659–2236 South to Cape Hatteris, out to Gulf Stream,

then near FRF, to 74.8°W
2.6 133

21 Nov 1632–2118 Near FRF, to 74.8°W 4.6 73
23 Nov 1617–1904 Near FRF, to 74.6°W 1.6 108
24 Nov 1652–1953 Near FRF, to 74.6°W 1.7 357
25 Nov 2001–2259 Near FRF, to 74.8°W 1.9 152
26 Nov 1203–1600 Near FRF, to 74.6°W 6.8 161
28 Nov 1557–2033 Near FRF, to 74.6°W 8.0 323
29 Nov 1553–1936 Near FRF, to 74.6°W 5.0 319
30 Nov 1554–2029 Near FRF, to 74.6°W 14.5 326

3 Dec 1058–1553 Near FRF, to 74.6°W 6.5 235
4 Dec 1600–2001 Near FRF, to 74.6°W 7.5 241
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Doppler spectra are calculated and stored on hard disk
along with the mean received power. A single complete
Doppler spectrum from a chosen range bin is also
stored for each mode. Each run typically consists of
1000 scans of approximately 1/3 s each. The first 12
scans of each run are used to record a calibration signal
and to determine the system noise level. Table 2 shows
selected specifications of CORAR. Auxillary informa-
tion on flight parameters is recorded along with the
data. An attitude and heading reference system
(AHRS) is used to produce records of aircraft pitch,
roll, and heading, while a differential global positioning
system (DGPS) yields ground speed, track, latitude,
and longitude. Residual tilts from the stabilized mount
of the rotating antennas are also recorded.

In subsequent postflight processing, normalized ra-

dar cross sections, ��, are obtained for each mode, using
the radar equation, from the difference between the
recorded mean received power and noise levels. Line-
of-sight velocities are obtained from the stored first mo-
ments, f1, after correction for signal-to-noise ratio
(Plant et al. 1998) using the equation

Vlos � �f1�2, �1�

where � is microwave length and f1 is the first moment
of the Doppler spectrum. To produce images having
pixels in the correct positions, we needed to know the
yaw of the aircraft. We found that the yaw produced by
subtracting the aircraft track given by the DGPS from
the heading given by the AHRS was not always accu-
rate. Therefore, we obtained yaw from the Doppler
shifts produced by our side-looking antennas. Using the
aircraft ground speed from the DGPS, we adjusted the
yaw until values of f1 calculated from ground speed,
range, and yaw matched the mean value of the mea-
sured f1 over a selected set of range bins. This yaw was
then used to calculate the true surface position of each
pixel, and an image as a function of along- and cross-
track position was produced by interpolation. Figure 2
shows images of the modulated radar cross section and
line-of-sight velocity modulation obtained from the
side-looking mode. The section of data shown in Fig. 2
is one-half of the standard one used throughout this
paper to derive wind and wave information. The full
section represents approximately 66 s of data. The
length of the surface interrogated for each wave spec-
trum or wind vector, therefore, varies with plane speed
but averages about 3 km.

Fourier transforming the velocity modulation image
and taking the magnitude squared yields the spectrum
of the line-of-sight velocity as a function of encounter
wavenumber, S�(ke) This is a two-sided spectrum that
must be corrected for the finite resolution of the system
and for mapping distortion by changing the encounter
wavenumber to the true wavenumber, k. The cross-
track component of these two wavenumbers is the
same, and the relationship of the along-track compo-
nents, the x components, is given by

kxe � kx � ��V, �2�

where 	 is the true wave angular frequency and V is
the plane velocity. Since 	 � 
gk tanhkd, where g is
gravitational acceleration and d is water depth, it is then
straightforward to obtain the following equation:

�2 � g tanhkd
ke
2 � �2�V2 � 2kxe��V. �3�

This equation may be solved for 	 by letting k � ke in
tanh (kd) and in 	 on the right-hand side then itera-

FIG. 1. CORAR, mounted on the CIRPAS Twin Otter aircraft.
The white 120-cm slotted waveguide antennas below the door are
the fixed, side-looking antennas. Two back-to-back, 45-cm-long,
slotted waveguide antennas are mounted on a stabilized, rotating
mount inside the gray radome beneath the fuselage, directly be-
low the side-looking antennas in this picture.

TABLE 2. Selected CORAR specifications.

Frequency (GHz) 9.36
Peak transmitted power (W) 100
Pulse repetition frequency per mode (kHz) 40
Vertical beamwidths, �� (°) 25
Side-looking horizontal beamwidths, �h (°) 1.8
Rotating horizontal beamwidths, �h (°) 5
Range resolution, 
R (m) 7.5
Nominal center incidence angle, �o (°) 60
Rotation rate (rpm) 15
Pulses averaged 26
Integration time (ms) 256
Time between polarization changes (ms) 370
Samples transformed 256
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tively replacing 	 on the right-hand side by successive
values of 	 from the left-hand side. Then, using Eq. (2),
the true relationship between k and ke may be estab-
lished, and the true group velocity of the wave field,
cg(k), can be determined. Given these, S�(k) can be
computed for a wave propagating in the k direction
from

S��k� � S��ke��1 � cg sin��V�, �4�

where sin � � kx/k.
The spectrum of the velocity image, S�(k) was used to

compute a directional wave height variance spectrum as
a function of along- and cross-track wavenumber, F(k).
The relationship is

F �k� � S��k���H�k��2�cos2�i � sin2�i�ky �kx�2�tanh2kd��,

�5�

where H is a gain function and �i is the incidence angle
of the image. For the range of incidence angles covered
by CORAR’s images, a good approximation to this
equation is obtained by letting �i � 47.7°. If the illumi-
nated areas in each range bin and the product of the
plane velocity and the integration time were very small
compared to surface wavelengths, then the gain func-

tion H would be 1. Since neither of these conditions
held, the gain function was given by

H�k� � e��kx
2
�a

2
�ky

2
�r

2
��2 sinc2�kxeVT�2�, �6�

where T is the integration time. Surface resolutions in
the range (�r) and azimuth (�a) directions are given by

�r �
�R

2
2 ln2 sin�i

and �7�

�a �
	h tan�i

2
2 ln2
, �8�

where 
R is the range resolution, � is the one-way,
half-power antenna horizontal beamwidth (in rad), and
h is the altitude. Directional slope variance spectra can
now be produced by multiplying F(k) by k2.

For surface wavelengths 5 times the water depth,
tanh2 kd � 0.72. In the worst-case scenario of the wave
traveling in the range direction, this reduces the wave
height variance spectrum by 20% over its value with
tanh kd � 1. Waves traveling in all other directions will
be affected less than this. In consideration of this and
the fact that the waves in this study were generally

FIG. 2. Images of modulated radar cross section, �o, and line-of-sight velocity, Vlos,
obtained from CORAR’s side-looking mode.
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shorter than 5d, we have taken tanh kd � 1 in the
calculations in this paper.

Removal of means from the velocity images was ac-
complished on a scan-by-scan basis by removing the
mean of the range bins. Thus if a wave train is traveling
exactly in the flight direction, it is removed from the
image. This exact alignment occurs rather rarely and is
obvious by a reduction in significant wave height and,
perhaps, an incorrect direction for the wave train. This
situation is easily detected from flights in other direc-
tions.

Directional wave spectra were computed from im-
ages of surface velocity by first interpolating to a 128 by
388 regular grid in ground coordinates. Cross-track spa-
tial resolutions depended on the cross-track distance
over which the signal was out of the noise. We limited
the incidence angle range for use in images and direc-
tional wave spectra to 35°–65°. The resulting cross-
track distances were typically, as shown in Fig. 2, yield-
ing cross-track spatial resolutions of about 3.5 m.
Along-track spatial resolutions depended on the plane
speed and were typically about 8 m. Mean spectra were
computed by breaking the 128 by 388 array into 64 by
64 segments, each of which was detrended, Hanning
windowed, and zero-padded to 128 by 128. Fast Fourier
transforms (FFTs) were computed for segments over-
lapping by 50 points in the along-track direction and 32
points across track. Spectra computed from each seg-
ment were averaged and subsequently smoothed over
two resolution bins in each direction. This resulted a
number of degrees of freedom greater than 50. The
wavenumber resolution along track was typically 0.006
rad m�1, while that cross track was approximately 0.014
rad m�1.

Cross sections from the rotating mode were averaged
over a 5° range of incidence angles; the antenna rota-
tion rate and beamwidth show that cross sections are
inherently averaged over an approximate 20° range of
azimuth angles. These averaged cross sections vary with
wind speed and direction, and the standard methods of
scatterometry yield wind vectors. Figure 3 shows the
azimuth angle dependence of the averaged cross sec-
tions measured at HH and VV polarizations at mean
incidence angles of 45° and 55°, respectively. Two other
combinations were also used in the final determination
of the wind vector: HH/50° and VV/60°. For all of these
polarization/incidence angle combinations, the points
were fit to a standard, second-harmonic curve, as shown
by the solid lines in Fig. 3. The maximum values of the
fits for the different polarizations and incidence angles
were determined. The directions corresponding to
these maxima were averaged to determine the wind
direction. The cross-section values of the maxima for

each of the four different polarization/incidence angle
combinations were converted to wind speeds, using the
model function shown in Fig. 4, and averaged to yield a
final wind speed. The model function was obtained by
combining the National Aeronautics and Space Admin-
istration (NASA) Scatterometer 2 (NSCAT2) model
function at wind speeds above 5 m s�1 with cross sec-
tions measured from an airship at wind speeds below
this value (Plant et al. 1998). Unlike model functions
used in satellite scatterometry (Schroeder et al. 1982),
the model function used with CORAR relates wind
speed to the normalized radar cross section of the sea
only for antenna directions looking into the wind. We
assume that wind speed and direction are constant dur-
ing the approximately 66 s, or 3 km, of data collection
that goes into a single measurement of the wind vector.

3. Measured winds and waves

Figure 5 compares wind speeds and directions mea-
sured by CORAR with those obtained during the same
period by anemometers on NDBC buoy 44014 and the
University of Miami’s Romeo buoy. Locations of these
buoys and a typical flight pattern for the Twin Otter are
shown in Fig. 6. Winds measured by CORAR at dis-
tances offshore greater than 30 km have been averaged
together in Fig. 5 on each day; the buoy winds are the
means of those obtained during the flight times of Twin
Otter on each day. Wind directions from all instru-
ments are in very good agreement on all days on which
CORAR was flown except, perhaps, for the disagree-
ment between the NDBC and Miami buoys on 19 No-
vember and that between the Miami buoy and the other

FIG. 3. Azimuthal dependence of cross sections at two different
polarization/incidence angle combinations. Asterisks are HH/45°.
Open circles are VV/55°. The curves are the best fits of the data
to a standard second-harmonic scatterometer function. Data were
collected at 1432 LT 16 Nov 1999.
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two measurements on 25 November. In all cases, wind
directions from CORAR agreed well with those from
the NDBC buoy. Wind speeds from CORAR appear to
be somewhat lower than the buoy wind speeds near the
first of the period. Below we will show that winds to the
south of the measurement area were lower than those
to the north. It is possible that the CORAR measure-
ments were between these two wind regimes. In the
middle of the SHOWEX period, winds dropped very
low and many times CORAR was unable to measure
them. This is not a failing of CORAR but due to the
fact that the short waves that scatter microwaves are
not produced at such low wind speeds (Donelan and
Pierson 1987; Plant 2000; Shankaranarayanan and
Donelan 2001). When the buoy wind speed was below
about 3 m s�1, very few if any data points were avail-
able from CORAR to average. Near the end of the
measurement period, a time of near-neutral atmo-
spheric stability, CORAR wind speeds agree very well
with those from the buoys.

Two sets of wave height and slope variance direc-

tional spectra obtained from velocity measurements us-
ing CORAR’s side-looking mode are shown in Fig. 7.
The two sets of measurements were made very near the
point labeled 1321 in Fig. 6b but were made with the
airplane flying in two different directions. The spectral
density shown in the high-wavenumber parts of the
slope spectrum may not be real because the gain func-
tion H(k) of Eq. (6) is very small there. The plots are
oriented so that up is north, and the flight direction is
indicated by an arrowhead on the axis. The wave train
apparently propagating to the north, the upper peak in
all spectra, noticeably shifts in both wavelength and
direction when the flight direction is changed 90°. This
indicates that this wave train is an artifact of the fact
that spectra of CORAR images are two-sided and the
peak apparently propagating in the wrong direction is
incorrectly shifted by the corrections for mapping dis-
tortion. This behavior was used by Walsh et al. (1985)
to determine the proper direction of wave travel in a
series of wave spectra taken with different flight direc-
tions; we use the same procedure here.

FIG. 4. The model function developed for use with CORAR to convert normalized radar cross sections in the
upwind direction to wind speed. Incidence angles are the following: solid lines � 45°, dashed lines � 50°, dashed–
dotted lines � 55°, and dotted lines � 60°.

FIG. 5. Wind speeds and directions measured by CORAR (asterisks) compared with those measured by NDBC
buoy 44014 (circles) and the University of Miami’s Romeo buoy (pluses).
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Figure 8 shows one of the wave height and slope
variance spectra of Fig. 7 with the incorrect wave train
removed. These spectra were obtained by CORAR at
1432 local time (LT) on 16 November 1999. The upper
plots are directional spectra while the lower plots are
omnidirectional spectra obtained by integrating the up-
per plots over all azimuth angles. Significant wave
heights and mean square slopes shown in this figure
should be more accurate than those in Fig. 7, although
the differences are not large.

We investigated the accuracy of our directional wave
spectra by comparing with buoy measurements. Unfor-
tunately, directional wave spectra as a function of
wavenumber have not yet been obtained from other
sensors operated during SHOWEX. The University of
Miami buoys have produced directional spectra as a
function of frequency, however, and in Fig. 9 we com-
pare one of our measured spectra with one produced
from data collected by Miami buoy Yankee on 14 No-
vember 1999. Conversion of the omnidirectional wave
height variance spectrum as a function of angular fre-
quency F(	) that was measured by the buoy to F(k) was

accomplished by first solving the following equation by
iteration to get the wavenumber related to 	 in the
presence of a current, Uc, at an angle �k to the wave
propagation direction:

k � �� � kUc cos�k�2�g �9�

and then converting to F(k) using

F �k� � F ���cg �k, �10�

where cg is group speed. The measured current at the
time these spectra were obtained was 0.1 m s�1 toward
70°. The time difference between the buoy and aircraft
measurements was less than 30 min, and the spatial
separation was less than 8 km.

We may conveniently summarize the simultaneous
wind and wave measurements from CORAR by plot-
ting wind vectors and dominant wavenumber vectors.
Such plots are shown in Fig. 10 for the measurements
made on 16 November 1999. The wind directions show
some variation due to scatter of the measured cross
sections (see Fig. 3). Nevertheless, the figure shows that
winds on this day were from the northwest, while the

FIG. 6. (a) Locations of flights on 16 Nov 1999. Three water depths are indicated: 10 � 0.1 m (�), 20 � 0.1 m (�),
and 30 � 0.1 m (�). The dashed curve is the smoothed coastline used for wave propagation calculations, while the
arrow indicates the wind direction used in those calculations. (b) Locations and local times of the flights on 16 Nov
1999. A distance scale is shown, along with the location of the University of Miami’s Romeo buoy and NDBC buoy
44014.
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dominant waves came nearly from the north. Thus the
waves do not appear to be generated by the local wind.
In the next section, we consider the possible origin of
the waves.

4. Waves produced by oblique offshore winds

In their studies on Lake Ontario, Donelan et al.
(1985, hereafter DHH) showed that winds blowing
obliquely offshore at an angle to the perpendicular to
the shoreline produce dominant waves that do not
travel in the wind direction. Figure 6a shows such a
wind blowing offshore along the Maryland–Virginia
shoreline. DHH pointed out that the characteristics of
waves in a given area depend on their development
over the entire upwind fetch. Under steady-state con-
ditions, relationships have been obtained by several in-
vestigators relating the development of the dominant
wave period, Tp, and the significant wave height, Hs, to

the wind speed and fetch. These relationships may be
summarized as follows:

TP � A�1g�B�1�X�
B�U� cos���1�2B� �11�

Hs � 4C1�2X�
D�2g�D�2��2�U� cos���2�D�, �12�

where U is wind speed (in m s�1); X� is the fetch (in m)
at an angle � to the wind; � is a parameter that is 1 for
� � 0; and A, B, C, and D are constants. While the same
forms of the equations have been used by many inves-
tigators, the values of the parameters A, B, C, D, and �
have varied for different investigations. Their values
determined in several studies are given in Table 3. [We
do not include values determined by Phillips (1977) and
Liu and Ross (1980) since they yield incorrect behavior
for the wave steepness.] In fact, these relationships
were first developed for dominant waves traveling in
the wind direction, that is, with � � 0 and � � 1 [Has-
selmann et al. 1973, hereafter the Joint North Sea Wave
Project (JONSWAP)]. DHH assumed that the devel-

FIG. 7. Comparison of wave height and slope variance directional spectra from nearby locations but different
flight directions. Both locations are near the point marked 1321 in Fig. 6b, and all spectra are oriented so that north
is up. The plots indicate the direction toward which the waves travel; the arrowheads on the axes are in the
direction of plane flight. Significant wave height is denoted as Hs, MSS is the mean square slope, Kct is the
cross-track wavenumber, and Kat is the along-track wavenumber. Note that the wavenumber of the wave train
traveling to the north changes in both magnitude and direction in the different flight directions. This shows that it
is the incorrect one.
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opment of waves at an angle to the wind would follow
the same relationships but with the component of wind
velocity in a given direction substituted for the wind
speed; that is, they extended the relationships to � � 0
(with � � 1). The idea of DHH was that if the fetch
increased sufficiently rapidly with � to one side of the
wind direction, it could cause the dominant wave pe-
riod to increase, counteracting the decreasing influence
of the wind and causing the dominant wave to propa-
gate at an angle to the wind direction. Their measure-
ments agreed well with this idea using their values of
the parameters A, B, C, and D. WHHSS pointed out
that nonlinear interactions could also influence waves
propagating at an angle to the wind and added the pa-
rameter � to the above equations to account for this
possibility. They determined � by forcing their growth
relationships to maximize in the same direction as those
of DHH.

Although the constants in Table 3 do not appear to
differ from each other by large amounts, the differences

are crucial for this study. The smaller values of B and D
obtained by DHH cause the dominant wave to grow
more slowly with fetch than the other two formulations.
Thus using the DHH formulation, waves approach full
development at much longer fetches than found experi-
mentally by WHHSS. This is important because
WHHSS showed that for a straight shoreline and vari-
ous angles � of the wind off the perpendicular to the
shoreline, the growth relations with the JONSWAP pa-
rameters yield no maximum dominant wave period for
any value of �, and those of DHH yield maxima only for
� � 26°. But WHHSS showed that at a sufficiently long
fetch the waves approach full development where dom-
inant wave properties no longer depend on fetch. Thus
the growth relation for Tp, Eq. (11), must always reach
a peak at some value of � where the fetch is sufficiently
long that Tp depends only on the decreasing component
of wind velocity in the direction �. Using the criterion of
WHHSS that full development is reached when the di-
mensionless peak frequency [U � cos�/(gTp)] equals

FIG. 8. Wave height and slope spectra with the incorrect peak removed. Upper plots are directional spectra, while
the lower are the azimuthal integrals of the upper ones. The dashed lines in the lower plots are k�4 for the height
spectra and k�2 for the slope spectra.
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0.133, we find the following dependence of Tp and Hs

on U � cos� at full development:

Tp � U� cos���0.133g� and �13�

Hs � 4C1�2�A�0.133�D��2B�g�1�U� cos��2. �14�

Note that DHH give the relation determining full de-
velopment to be (U cos�)/cp � 0.83, while the above
equations yield (U � cos�)/cp � 0.836, where cp � gTp/
(2�) is the phase speed of the dominant wave. The fetch
at which full development occurs is

X� � �A�0.133�1�Bg�1�U� cos��2. �15�

To compare these ideas with CORAR’s measurements,
we needed to know the time duration, de, during which
the wind had acted on the waves as a function of �, since

the fetch from the measurement location to the shore-
line depended on �. This duration is given by

de � �
0

X�

dX�cg � �4
�g� �
0

X�

dX�Tp, �16�

where cg is the group speed of the dominant wave. Only
if the wind is constant over this time period can the
above relations be expected to hold.

5. Oblique winds and CORAR data

To determine the winds over the development fetch
of the observed waves, we used winds measured by

FIG. 9. Comparison of directional wave spectra measured by the air–sea interaction spar buoy Yankee of the
University of Miami and by CORAR on 14 Nov 1999. (a) Plot of F(	, � ) from Yankee. Circles are 0.1 Hz apart,
and north is up. The arrow shows the wind direction. (b) Plot of F(kx, ky) from CORAR. The plot is oriented so
that north is up. The arrow shows the direction of flight. (c) Omnidirectional wave height variance spectra as a
function of wavenumber, F(k), obtained from spectra measured as a function of angular frequency, F(	), as
explained in the text. (d) F(k) from CORAR.
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NDBC buoys at various locations along the coast. Lo-
cations of the buoys considered are shown in Fig. 11,
while wind speeds and directions from the anemom-
eters on these buoys are shown in Fig. 12 for three
different days during SHOWEX on which the winds
came from the northwest. The winds are plotted against
the number of hours before the last flight of the day.
The vertical dashed lines in the plots for 16 November
are the maximum durations necessary to obtain full de-
velopment at the location of the last flight. Also shown
in Fig. 12 are the winds measured by CORAR in the
SHOWEX flight area shown in Fig. 6. On 16 Novem-
ber, winds from the buoys to the north and east of the
flight area were high and rather constant in both mag-
nitude and direction over time periods of the order of
15 h prior to the end of flights. This period exceeded de

for all fetches up to the full-development fetch, so this

day offers an excellent test of oblique-wind ideas.
Winds to the south and east of the flight area on this
day were lower and more variable than those to the
north and east; their magnitudes also agreed better with
CORAR’s measurements. On 17 November, winds at
all buoys were decreasing over time periods relevant to

FIG. 11. Location of NDBC bouys and the SHOWEX flight
area.

TABLE 3. Values of parameters found by different investigators
for the fetch-limited growth relations given in the text.

Reference A B C � 107 D �

Hasselmann et al.
(1973) JONSWAP

3.5 0.33 1.60 1.00 1

DHH 1.85 0.23 8.39 0.76 1
WHHSS 2.3 0.29 1.86 1.00 (cos �)0.63

FIG. 10. Wind vectors and dominant wavenumber vectors obtained by CORAR on 16 Nov 1999.
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the CORAR measurements. Again, wind speeds at the
buoys to the south and east agreed well with CORAR’s
measurements and were somewhat lower than those
from the other buoys. Their directions were from more
northerly directions than either those of CORAR or
those of the north and east buoys. Because of the de-
creasing wind speeds, this day does not offer a good test
of the wave-development equations. On 28 November,
wind speeds from the north and east buoys, except
44009, were fairly constant for the 20 h prior to the end
of flights, but wind directions at all of the near-shore
buoys showed large changes in the 5–12 h prior to the
end of flights. Because of these direction changes, this
day is also not optimum to investigate oblique-wind
effects.

The considerations of the last paragraph led us to
concentrate on a comparison between CORAR’s wave

measurements and the predicted properties of waves
produced by winds blowing off the Maryland and Vir-
ginia coasts on 16 November. Wind speeds and direc-
tions were taken to be those given by the horizontal
dashed lines in Fig. 12. The wind direction is indicated
in Fig. 6a and is clearly not perpendicular to the Mary-
land–Virginia coastline. Using the smoothed version of
the coastline indicated by the dashed curve in Fig. 6a,
we calculated the distance to the coastline in different
directions from each location at which spectra had been
obtained by CORAR. Maxima of Tp versus � were then
determined for each location using each of the sets of
parameters given in Table 3. The value of � where Tp

maximized was taken to be the predicted direction of
wave propagation, and the value of Hs was computed
from either Eq. (12) or Eq. (14). The maximum value of
Tp was used to compute the peak wavenumber kp. This

FIG. 12. Wind speed and direction prior to the 16 Nov 1999 CORAR flights. Data sources for the various curves are as follows:
diamonds � NDBC buoy 44014, circles � NDBC buoy 41001, pluses � NDBC buoy 44009, down triangles � NDBC buoy 44004,
squares � NDBC buoy 41002, up triangles � NDBC buoy 41004, and solid black lines � CORAR. Vertical dashed lines indicate the
maximum time necessary for the waves to achieve full development at the wind speed indicated by the horizontal dashed line. The two
horizontal dashed lines show the wind speed and direction used in the calculations of oblique-wind effects in the text.
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calculation is not as straightforward as has previously
been supposed, since the same wave is not the peak of
both frequency and wavenumber spectra, so the rela-
tionship is not given by

kp � �2
�Tp�2�g. �17�

Rather, the relationship between kp and Tp depends on
the shape of the spectrum because frequency and wave-
number spectra are related by Eq. (10). Therefore, kp

will be lower than that given by Eq. (17) by a nonneg-
ligible amount that depends on spectral width.

Figure 13 compares wave properties calculated by
the above procedures using the JONSWAP parameters
(circles) with those measured by CORAR (asterisks).
The top row of plots shows dominant wavenumber,
dominant wave direction, and significant wave height
versus distance from the nearest point of land. The
lower row shows the same quantities plotted against
time; locations for the values may be determined from
Fig. 6b. Wave directions in Fig. 13 are those toward
which the waves are propagating and indicate that the

largest waves in the SHOWEX area on 16 November
1999 originated just south of the southern tip of As-
sateague Island, which runs along the Maryland–
Virginia coast. Dominant wavenumbers measured by
CORAR agree almost perfectly with the predicted ones
in their dependence on both offshore distance and time.
Wave directions and significant wave heights agree
fairly well at the most distant locations from the shore-
line but disagree closer to the coast. Two refraction
effects may be responsible for the differences near
shore. First, close to the North Carolina shoreline, the
water depth is below 20 m for offshore distances less
than about 20 km. Since the predicted dominant waves
are about 80 m long, the waves will be refracted toward
the shore normal as they propagate toward the coast.

This is consistent with the observed directional dif-
ferences and also with the lower observed significant
wave heights near shore. Second, as Fig. 6a shows,
waves propagating from their source to these near-
shore measurement locations pass over an area where
the bottom is about 20 m deep. Again, this is shallow

FIG. 13. Comparison of wave measurements on 16 Nov 1999 (asterisks) with those expected to be produced by winds blowing
obliquely off the Maryland–Virginia coast using the JONSWAP growth parameters (circles).
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enough that the growing waves may be refracted and
lose some energy.

We also compared our directional wave measure-
ments with predictions using the parameters of DHH
and WHHSS. The results are shown in Fig. 14. Both
sets of parameters predict dominant waves shorter than
those measured. Propagation directions for the domi-
nant waves are also farther from those measured than
was the case for the JONSWAP parameters. Only sig-
nificant wave heights for the DHH parameters are per-
haps a better fit to the data than those produced by the
JONSWAP parameters.

6. Discussion

The predicted dominant wave directions for the
DHH and WHHSS parameters are identical in Fig. 14.
This is not an accident, since, as pointed out above,
WHHSS set their value of � by forcing their parameter-
ization to yield the same dominant wave directions as
DHH. They also adjusted � for the JONSWAP param-
eters to force this parameterization to yield DHH’s

dominant wave directions. When we compare our re-
sults with these adjusted JONSWAP parameters we
find that the comparison is very similar to that with the
WHHSS parameters and not as good as those obtained
using the original JONSWAP parameters.

The results presented here are different from those
of WHHSS in some respects but agree with them in
other respects. WHHSS found that JONSWAP param-
eters yielded a much better fit to the development of
their significant wave heights and dominant wavenum-
bers than DHH parameters did. This agrees with our
findings. On the other hand, WHHSS found that DHH
parameters fit their wave directions better for the ob-
lique-wind conditions of their experiment, which dis-
agrees with our result.

The apparent absence in our dataset of waves coming
from the mouth of Chesapeake Bay is at first glance sur-
prising. However, if dominant waves in the bay also
propagate at angles to the wind, they would not propagate
out the mouth of the bay but would be incident on the
beach to the west of the mouth. This may be the reason
that waves from the bay are not apparent in our data.

FIG. 14. Comparison of wave measurements on 16 Nov 1999 with those expected to be produced by winds blowing obliquely off the
Maryland–Virginia coast using (top row) DHH and (bottom row) WHHSS growth parameters. Circles are predictions, and asterisks are
measurements.
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7. Conclusions

The measurements presented here show that
CORAR can simultaneously measure wind vectors and
directional wave spectra with good accuracy. To date,
we have obtained wave spectra only from images of
surface velocity produced by the system in the side-
looking mode. In principle it should also be possible to
obtain directional spectra from the cross-section mea-
surements in the side-looking mode as well as from
both the cross-section and velocity measurements in the
rotating mode. Because of instrument problems during
the flights, we have not been able to attempt to extract
wave spectra from the rotating-mode velocity measure-
ments. We have attempted to extract wave height and
slope spectra from the modulations of cross section in
both modes but have not been able to obtain consistent
results. It may be that waves are not the only modulat-
ing influences on the measured cross sections. We in-
tend to pursue the determination of directional wave
spectra from these alternate methods in the future.
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