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ABSTRACT

Ground wave radar is emerging as an important tool for routine monitoring of ocean surface conditions and
for ship and sea-ice surveillance at ranges well beyond the line-of-sight horizon that limits conventional systems.
A major Canadian advance in this field is the recent development of a long-range ground wave radar facility at
Cape Race, Newfoundland. Owned and operated by the Northern Radar Systems Limited, this shore-based radar
system can monitor ocean surface conditions over a 120° sector out to a range of 200 km for sea state and to a
range of 300 km for ocean surface currents. The near-real-time surface wave parameters are extracted from the
Doppler spectra of the frequency-modulated interrupted continuous wave ground wave radar system.

This paper presents a brief overview of the radar system and discusses the process of extracting the one-
dimensional wave spectrum and significant wave height from the Doppler spectra. The latter involves both the
direct inversion of the HF (high frequency) radar cross section of the ocean surface as well as the least square
fitting of modeled HF spectra. The ground wave radar facility at Cape Race was used in the measurement of
wave parameters during the SAR (synthetic aperture radar) wave spectra validation experiments, offshore New-
foundland during November 1991. The SAR is one of the sensors aboard the European Space Agency’s Remote
Sensing Satellite (ERS-1) launched in June 1991. The wave parameters deduced by the ground wave radar were
evaluated against buoy measurements as well as against hindcast values from the operational wave model,
Canadian Spectral Ocean Wave Model. The radar-deduced wave heights were also evaluated against wave height
charts prepared routinely by the Meteorology and Oceanography Centre at Halifax, Nova Scotia. Overall, a very
good agreement was obtained.

The utility of the radar for nearshore wave analysis and nowcasting, as well as for offshore surveillance, is
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discussed.

1. Introduction

Ground wave radar, as the name suggests, employs
the ground wave mode of radio propagation where the
radar signal is guided by the ocean surface to follow a
path that essentially matches the earth’s curvature.
Consequently, ground wave signals may reach well be-
yond the normal line-of-sight horizon that limits the
range of conventional radar systems. Ground wave ra-
dar operation in the high-frequency (HF) band (3-30
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MHz) not only permits efficient ground wave propa-
gation so that Jarge detection ranges are obtained but
also causes the signal to react strongly with the ocean
surface. That the resulting HF backscatter contains a
wealth of information relevant to ocean surface con-
ditions has been verified extensively. Barrick (e.g.,
1971, 1972, 1977) and, subsequently, Lipa and Barrick
(e.g., 1982, 1986) pioneered efforts to derive ocean
information from the HF spectra resulting from the sig-
nal—ocean surface interactions. Following their lead,
Wyatt (1988, 1989) and more recently Howell and
Walsh (1993a,b) have produced useful results. The
work of Barrick and Lipa, to a large extent, also ac-
counts for the well-established practice of using HF
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ground wave radars to map ocean surface currents.
While many advances have been made in the techno-
logical development of such radars, a continuing chal-
lenge for these systems is the measurement of ocean
wave spectra and the estimation of ocean surface wind
speed.

The recent construction of a long-range radar facility
at Cape Race, Newfoundland, by Northern Radar Sys-
tems Limited (NRSL) represents an important advance
in ground wave radar technology in Canada. Operating
in the HF band, this shore-based system can monitor
ocean surface conditions over a 120° sector out to a
range of 200 km for sea state and to a range of 300 km
for surface currents. In addition, the system can also
track hard targets, such as ships and sea ice. The cov-
erage area of the Cape Race radar out to its ship detec-
tion range of 200 km is shown in Fig. 1.

The purpose of this paper is to examine the ocean
surface wave measuring capabilities of the Cape Race
facility during its use in the validation of sea-state pa-
rameters associated with the European Space Agency’s
Remote Sensing Satellite (ERS-1) SAR (synthetic ap-
erture radar) Wave Experiment (hereafter referred to
as ‘‘the experiment’’) (Dobson et al. 1993). The al-
gorithm used is a modification of that reported by How-
ell (1990). The radar-derived wave parameters—
namely, significant wave height and the one-dimen-
sional wave spectrum—are evalnated against buoy
measurements as well as against the hindcast values
generated by an operational wave model of the At-
mospheric Environment Service (AES) called the Ca-

nadian Spectral Ocean Wave Model (CSOWM). The .

radar-measured wave heights are also compared
against operational wave height charts prepared rou-
tinely by the Meteorology and Oceanography Centre
(METQOC) at Halifax, Nova Scotia. While the total ex-
periment was conducted over a one-month period (No-
vember—December 1991), only five days were dedi-
cated to wave measurement using the radar, the re-
maining time being devoted, almost exclusively, to
surface current measurement (see Hickey et al. 1992).
Nonetheless, the authors feel that the available results
at least provide a preliminary indication of the feasi-
bility of implementing the Cape Race radar for esti-
mating sea-state parameters over a significant area of
the nearshore region.

In section 2, the operational characteristics of the
NRSL radar system are reviewed, and its use in the
experiment is described. Section 3 briefly reviews the
various backscatter mechanisms and presents Howell’s
algorithm and its modification necessitated by the fre-
quency of operation of the radar. Section 4 contains a
brief description of the operational wave model
CSOWM, a basic version of which is currently run in
operational mode at the Canadian Meteorological Cen-
tre (CMC) in Montreal, Quebec. In section 5, ocean
surface wave parameters obtained by the radar system
are compared with values obtained from other sources
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FiG. 1. Region of coverage for the ground wave radar system lo-
cated at Cape Race, Newfoundland. The arrow represents the radar
boresight.

as referred to above. Finally, the utility of this radar
system for wave analysis and surveillance is consid-
ered.

2. The radar system

The NRSL facility, located on a 2.5-km strip of land
at Cape Race, overlooks a large area of the Grand
Banks region off the southeast shores of Newfound-
land. The HF ground wave radar site consists of ‘‘re-
ceive’” and ‘‘transmit’’ antennas, a receive—control—
accommodations building, and a transmit building. The
transmit antenna is a standard log-periodic dipole array.
The ideal half-power beamwidth of this antenna is 120°
(over perfect ground). The receive antenna, nearly a
kilometer in length, is a 40-element linear array whose
elements are planar diamond-shaped monopoles. The
beamwidth increases from 2.5° broadside to 6° with 60°
steering from broadside. The angular coverage is from
a bearing of 61.0° to 181° (true) as measured from the
site. The physical setup of the radar facility is shown
schematically in Fig. 2.

The radar hardware system consists of analog re-
ceivers, a transmitter, a control section, and a digital
processing section. The analog section provides basic
discrimination and detection of the received radio sig-
nals and effects a digital conversion. In addition to pro-
viding detailed target detection and tracking, the output
of the digital section is used in the analysis of ocean-
ographic data, including currents and surface waves.

During low-interference periods, the radar range ex-
tends from 25 to about 200 km for wave measurements.
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FI1G. 2. A schematic showing the physical facilities of the Cape Race radar system and the environs.
The receive antenna (RX) is 866 m long. The transmit antenna (TX) is a log-periodic array.

This range for sea-state measurements is a function of
daily and seasonal variations of the ionosphere. As so-
lar radiation becomes stronger, so does the capacity of
the individual ionospheric layers to reflect high-fre-
quency waves back to earth (Braun 1982). As a result,
the system performance is usually enhanced at midday
or during summer months, while it is somewhat dimin-
ished at night or during the winter months. This is a
common characteristic of all HF radars.

For the duration of the experiment, the HF radar at
Cape Race operated in a 375-kHz band with a center
frequency of 6.75 MHz. The carrier signal was swept
through this band with a period of 0.5 s and was gated
on/off in a sequential periodic interruption. The radial
resolution achieved by such a swept carrier signal is
given by ¢/2b, where ¢ is the HF propagation speed
(approximately 3 X 10% m s™" in free space) and b is
the sweep bandwidth (375 kHz here); this gives a max-
imum radial resolution of about 400 m. The peak power
of the system was 16 kW, the average being 2 kW. The

sea state was monitored along eight different radar
beam directions, and along each radar beam, measure-
ments were analyzed in 25-km intervals. Over 40 000
km? of ocean area surrounding Cape Race (see Fig. 1)
were monitored during the field experiment.

3. Wave measurement algorithm
a. HF backscatter from the ocean

Electromagunetic backscatter from the ocean surface
has been a topic of investigation since the inception of
radar. A typical Doppler spectrum of ocean backscatter
recorded by the Cape Race radar system operating at
6.75 MHz is shown schematically in Fig. 3. The spec-
trum is generally characterized by two strong peaks
appearing above and below the cartier frequency. The
physical mechanism responsible for these “‘first order’’
peaks is coherent Bragg scatter. These Bragg peaks rep-
resent, for grazing incidence, radiation being reflected
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Fic. 3. An example of a Doppler spectrum observed by the HF
radar system for an operating frequency of 6.75 MHz. Radial surface
currents are determined from the positions of the first-order peaks,
while the second-order peaks contain much of the ocean spectral
information.

by ocean waves traveling toward or away from the ra-
dar and having a wavelength one-half that of the trans-
mitted signal (Crombie 1955). The sidebands sur-
rounding the Bragg peaks are due to nonlinear wave—
wave interactions and higher-order Bragg scatter (Has-
selmann 1971).

The radar spectrum of Fig. 3 is typical of those pro-
duced by the NRSL radar. For an operating frequency
of 6.75 MHz, the prominent Bragg peaks ideally appear
at the Doppler frequencies fz = +0.265 Hz according

to the equation
1 1/2
PR (ﬁ"—> , (1)
ST\ 2

where g is the gravitational acceleration and kj is the
radar wavenumber. Underlying surface currents may
cause these peaks to be shifted from their theoretical
values, a fact that must be accounted for in the wave
analysis.

The second-order scatter (see Barrick 1972; Walsh
et al. 1990) is the dominant contributor to the contin-
uum surrounding the first-order Bragg regions. Most of
the second-order backscatter arises from the incident
radiation reflecting from second-order ocean waves
formed by the nonlinear wave—wave interaction be-
tween two first-order waves. In addition, a double scat-
ter of the HF signal from two first-order ocean waves
adds to this spectral energy. In both cases, backscatter
will occur only if the ocean waves, with wave vectors
k and k', respectively, satisfy the relation

k + k' = —2k,, (2)

where the vector kg lies in the look direction of the
narrow radar beam.

Barrick (1972) was the first to derive the complete
expressions for the second-order HF sea echo. More
recently, Walsh et al. (1990) have developed similar
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models of the HF radar cross sections of the ocean sur-
face to third order. Together, these theoretical results
reveal that for a Doppler spectrum produced by radia-
tion in the upper region of the HF band (between about
20 and 30 MHz) the second-order continuum adjacent
to the Bragg peaks contains most of the ocean spectral
information. However, the central transmit frequency
of 6.75 MHz used in this experiment does not entirely
conform to the criterion of ‘‘upper HF.”” In this case,
a substantial amount of wave information may appear
in ranges of the radar spectrum that are near-zero Dopp-
ler. The coupling of the transmitted radiation with the
ocean surface is highly nonlinear for these near-zero
Doppler portions of the spectrum, and the usual linear-
ization schemes such as that presented by Barrick
(1977), and implemented by others including Howell
and Walsh (1993a), cannot be used alone to determine
the major portion of the ocean spectral energy. This is
done by means of fitting the experimental near-zero
Doppler radar data to modeled data.

It should be noted also that the second-order portion
of the Doppler spectrum may become saturated as the
sea state intensifies (e.g., Barrick 1986). For an oper-
ating frequency of 6.75 MHz, this occurs when signif-
icant wave height exceeds 15 m. However, for the re-
gion of radar coverage here, wave climatology assess-
ments (Wilson and Baird 1988) suggest that significant
wave heights exceed 6 m only about 10% of the time
in a given year, and a 15-m wave height is a once-in-
20-year phenomenon. Thus, saturation was not a major
issue for this experiment.

b. Estimation of the wave spectrum

The usual first step in any ocean surface parameter
estimation algorithm involving HF radar is the nor-
malization of the Doppler spectrum by dividing each
half by the power contained in the local first-order peak
(Barrick 1977). This is necessary in order to remove
a variety of path/system gains and losses that scale the
radar return. After normalization, the average second-
order cross section of the scattering patch, given by
Barrick as well as Walsh et al., takes the form
ox(wy) = 25k3 2

© T 1-‘ 2
[ L
myn’'=*1

+ Sk, —a)}-6(wys — mw, — m'wy ) kdkd 9,

(3)

where S is the ocean wave slope spectrum; a = 6 + (1
+ m)~/2, where @ is referenced to the radar look di-
rection; 6 is the Dirac delta function; w, is Doppler
frequency (rad s7'); and w; and w,- are the frequencies
of the ocean waves responsible for the scattering. The
quantity I is called the ‘‘coupling coefficient’’ and ac-
counts for the hydrodynamic and electromagnetic ef-
fects associated with the scatter. Examination of the
two cross-sectional models referred to above reveals
that their difference lies primarily in the form of the
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electromagnetic portion of I'. The significance of this
is discussed in more detail by Gill and Walsh (1992).
Finally, m and m’, which take values of *1, represent
the four possible combinations of directions for the
scattering wave vectors k and k'.

Matrix representation of Eq. (3) by Howell (1990)
essentially follows that of Lipa and Barrick (1982). To
extract ocean wave spectra from the power spectra of
a Doppler radar operating in the upper HF band, How-
ell “‘solved’” the matrix equation by means of a sin-
gular value decomposition. Subsequently, Howell and
Walsh (1993a) applied that scheme to an extensive
quantity of experimental data. Howell’s algorithm, as
that of the previous investigators, can be used for
Doppler frequencies f; (=w,/27) in the intervals

0641 < |fy]l <082f;
and
1.18% < |fy| < 1.36f;. (4)

Outside these intervals, where the mapping of the ocean
wave spectrum onto the radar spectrum is highly non-
linear, the inversion routine cannot be implemented.
For the upper HF frequency range, this is not a diffi-
culty since most of the ocean spectral energy will be
extracted from the intervals indicated. The process can
be accomplished in near-real time and has been tested
for both narrow-beam as well as for omnidirectional
arrays (Howell and Walsh 1993a,b). For a 25-MHz
ground wave radar, nondirectional spectra and their as-
sociated parameters (e.g., significant wave height) can
be obtained for ocean wave frequencies up to 0.25 Hz.

For the field experiment here, the radar operating
frequency was 6.75 MHz, and the use of the Howell—
Walsh algorithm yields the spectral energy density
Exr(f) of ocean waves ranging in frequency from about
0.0450 to 0.1262 Hz in increments of 0.00508 Hz. For
ocean spectral energy that may lie in the frequency
range from f = 0.13 to about f = 0.3 Hz, the Doppler
interval given by the following expression is consid-
ered:

02fp < |fal <0.6f5. (5)

For the above frequency range, radar spectra are sim-
ulated from Eq. (3) by modeling the wave field as the
product of a cardioid directional distribution (Longuet-
Higgins et al. 1963) and a Pierson—Moskowitz spec-
trum (Pierson and Moskowitz 1964 ), which is com-
monly referred to as the PM spectrum and is defined
by the following mathematical expression:

0.0081 £\

Eem(f) = WgZ exp[*1-25 <]7p> ] , (6)
where f, = 0.14g/ U,y is the frequency corresponding
to the peak in the spectral energy of the PM spectrum
and Uy is the local wind speed (m s ') at the 19.5-m
level above the ocean surface. It may be noted here that
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the relationship between the frequency spectrum and
the nondirectional part of S(k, a) of Eq. (3) can be
easily determined from the dispersion relation for water
waves [e.g., for deep water, this relation is simply w
= (gk)""?, where w is the angular frequency of the
waves, k is their wavenumber, and g is the gravitational
acceleration].

The use of the PM spectrum allows us to construct
radar spectra for wind speeds ranging from 2 to 21
ms~ ' at 1 ms™" intervals. The 21 m s~ upper limit
on the wind speed reflects the fact that beyond this
value the PM spectrum saturates for f > 0.13 Hz. The
wind directions are incremented in 5° intervals. With
these intervals of wind speed and wind direction a
lookup table of simulated radar spectra is constructed.
Next, using a technique similar to that successfully
demonstrated for sky-wave radar by Maresca and Geor-
ges (1980), the measured ground wave radar data are
least squares fitted to the simulated data for the region
given by Eq. (5). The total estimate of the nondirec-
tional wave spectrum E(f) is then given by

) - Ex(f), 0.0450Hz < f<0.1262 Hz
" | Een(f), 0.13Hz < f< 0.30 Hz.

The significant wave height H, can then be calculated
according to the standard expression

H, =4[ X E(f)Af]". (8)

In Eq. (8), the summation extends from about 0.04 to
about 0.30 Hz. This range is found to be quite adequate
for most sea-state conditions within the radar coverage
area. The nondirectional (one-dimensional ) wave spec-
trum determined from Eq. (7) will be almost always
unimodal in the wind-sea region from about 0.10 to
0.25 Hz.

4. The wave model CSOWM

The CSOWM is an operational spectral ocean wave
model developed recently by the Meteorological Re-
search Branch of the AES. The model has been de-
signed to produce sea-state analysis and predictions
over two separate oceanic regions, namely, the north-
west Atlantic and the northeast Pacific. For each of
these regions, the model operates over two separate
grids covering a major portion of the North Atlantic
and North Pacific Oceans. For each of these grids, a
nested fine grid is designed that covers the nearshore
regions of the Canadian Atlantic and the Canadian Pa-
cific. The coarse and the nested fine grid of the north-
west Atlantic are shown in Fig. 4. The coarse grid (with
grid spacing of 1° latitude, which is about 110 km) has
2081 grid points, while the nested fine grid (with grid
spacing one-third of the coarse grid spacing) has 2479
grid points covering the shelf region of the Canadian
Atlantic. A similar nested grid (not shown) is designed
to cover the Canadian Pacific region.



FiG. 4. The coarse and fine-grid mesh of CSOWM, covering a
major portion of the northwest Atlantic. The coarse-grid spacing is
about 110 km, while the fine-grid spacing is one-third of the coarse-
grid spacing. The diamond-shaped area represents the crossover node
for the descending and ascending passes of the satellite ERS-1.

The mathematical and physical framework of
CSOWM is based on the wave model ODGP (Ocean
Data Gathering Program) developed originally by Car-
done et al. (1976). The energy balance equation, which
is the basic equation for all spectral ocean wave mod-
els, is written in standard notation as

%, V- (C,E) = S.

Y (9)

The various symbols in Eq. (9) are defined as follows:

e £ = E(f, 6, x, 1) is the spectral energy density
and is a function of frequency f, direction of wave prop-
agation 6, -position vector X, and time #;

e C, = C,(f, 0) is the group velocity and is a func-
tion of frequency and direction in general—in deep
water it is a function of frequency only; and

e §=5(f, 0, x, t) is the net source function rep-
resenting the physical processes that transfer energy to
and from the wave spectrum—the source term .S can
be written symbolically as

S = Si" + Snl + Sds- (10)

In Eq. (10), S, is the energy input to the wave field
from the atmosphere, S, represents the transfer of en-
ergy associated with the nonlinear wave—wave inter-
actions, and Sy, represents the energy dissipation, which
includes dissipation in deep as well as shallow waters.
Over the coarse grid of the CSOWM, only deep-water
physics is employed, while over the fine-grid region of
the model, shallow-water processes as represented by
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shoaling, refraction, bottom friction, and wavenumber
scaling are included. For these shallow-water processes
to be modeled, bathymetry is specified at all fine-grid
locations. In the first-generation (1G) version of the
model, the wind input term S;, and the dissipation term
S4s are included explicitly, while the nonlinear term S,
is included only implicitly by modifying the atmo-
spheric forcing term using the concept of a fully de-
veloped sea (e.g., Pierson 1982). In the third-genera-
tion (3G) version of CSOWM, all three source terms
on the right side of Eq. (9) are explicitly included in
the model calculations. The wind input term S;, is based
on the field experimental study of Snyder et al. (1981),
while the dissipation term Sy is based on the whitecap-
ping model of Hasselmann (1974 ) and its modification
as proposed by Komen et al. (1984). The nonlinear
wave-—wave interaction term Sy, is explicitly calculated
in the 3G version using the discrete interaction approx-
imation, first proposed by Hasselmann and Hasselmann
(1985) and applied here to the full two-dimensional
spectrum of the CSOWM with 23 frequencies and 24
directions. More details of the model equations and
their calculations can be seen in Khandekar et al.
(1994). :

The computer code of the CSOWM is designed with
several optional packages, such as coarse only or coarse
plus fine grid, deep only or deep plus shallow water
physics, and a 1G or 3G algorithm for the source terms.
It may be noted here that a basic version of the
CSOWM —namely, coarse-grid, deep-water physics
with a 1G algorithm—has been implemented in oper-

-ation at the CMC in Montreal since January 1991. The

model is run twice a day and is being driven by surface
winds obtainable from the regional weather prediction
model of the CMC. For the duration of the experiment,
two versions of the model (1G and 3G) were run in a
hindcast mode to generate wave model products. Also,
two sets of wind fields, one identified as CMC winds
and the other as MMM (man—machine mix) winds,
were used to generate wave model products. Recent
studies (e.g., Sanders 1990; Cardone 1992) on the
structure of marine surface winds in extratropical
storms have demonstrated the usefulness of a careful
(and subjective) analysis of surface weather charts in
generating accurate surface wind fields over an oceanic
region. The impact of accurately determined ocean sur-
face winds on wave model products has been demon-
strated in studies by Khandekar (1989) and Khandekar
and Eid (1987), among others. In view of these studies,
wave model products using two sets of wind fields
(CMC and MMM) were generated and evaluated
against available buoy measurements for the duration
of the experiment. Additional details on the CMC and
MMM wind fields and on the impact of these wind
fields on wave model products can be found in Khan-
dekar et al. (1994). For the present study, we consid-
ered wave values generated by the 3G version of the
CSOWM and (being) driven by both sets of wind
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fields, namely, CMC and MMM. These wave values
were evaluated against HF radar-generated values as
well as against selected buoy data, as discussed in the
following section. The shallow-water component of the
model was not used here since the impact of bathym-
etry was considered minimal during the experiment.

5. Results and discussion

During the experiment, the HF radar collected nine
70-min sets of wave data from 11 November 1991 to
26 November 1991; these included four datasets col-
lected during (local) night hours when the required 10-
dB signal-to-noise ratio between the second-order re-
turn and the noise floor was not realized beyond about
the 50-km range. Hence, our primary datasets for this
study pertain to those that were collected during the
(local) daytime hours. Each dataset consisted of eight
radar beam directions along which measurements were
analyzed at 25-km intervals extending from the radar
site to about 200 km during low noise periods. Along
each beam direction, the wave spectra were obtained
by inverting the radar spectra averaged over 11 range
cells, each cell having a radial width of 400 m. The
radar spectrum for each cell was obtained using a 256-
point fast Fourier transform (FFT). The azimuthal
width of the ocean patch corresponding to each spec-
trum depends on range and bearing since, as noted ear-
lier, the radar beamwidth varies with direction from a
maximum of about 6° at 61° bearing to a minimum of
about 3° at 121° bearing. Having obtained radar spectra
at up to eight locations along each radar beam direction,
the significant wave height was calculated according to
Eq. (8). These radar-deduced wave parameters were
evaluated against model-deduced and buoy-measured
parameters at a total of five grid locations as shown in
Fig. 5. Of these five locations, four were inside the
diamond-shaped crossover node, and one was in the
vicinity of buoy 44138, which was operated by the Ma-
rine Environmental Data Service, Ottawa, Ontario, as
part of the Canadian network of buoys. The radar-de-
duced wave heights were also evaluated against wave
height charts prepared and routinely issued by ME-
TOC. These evaluation results are discussed below.

Table 1 shows significant wave height values ob-
tained from radar measurements compared against
model-generated and buoy-measured values. The upper
part of the table shows a comparison between radar and
model wave heights, while the lower part compares ra-
dar-deduced values against available buoy measure-
ments. As mentioned, model wave heights generated
using two sets of wind fields are presented in Table 1
for comparison against radar-deduced values. The
CMC winds were extracted from the operational
weather prediction model of the CMC in Montreal,
which uses an objective analysis procedure to generate
surface level winds. The MMM winds were obtained
through an analysis of surface weather charts, appli-
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FiG. 5. Map showing gridpoint and buoy locations in the Canadian
Atlantic where radar-deduced wave and wind parameters were eval-
uated. Inside the diamond-shaped crossover node, the buoy locations
coincided exactly with the grid locations. The four-digit numbers
refer to the fine-grid points of the wave model CSOWM.

cation of a marine planetary boundary layer model, and
a subjective kinematic analysis over a limited domain
of the CSOWM grid where additional ship and buoy
wind data were available (see Khandekar et al. 1994).
Thus, the wave heights generated by the model when
driven by MMM winds are expected to be closer to the
actual sea-state conditions that prevailed during the
field experiment. An inspection of the wave height val-
ues in the upper half of the table reveals that in general
the radar-deduced values compare quite favorably with
both sets of model-generated values, with the MMM
model showing a slight improvement over the CMC
model. The lower half of the table compares radar val-
ues against buoy measurements, and once again the ra-
dar values show, in general, a very good agreement
with available buoy measurements. It may be noted that
the HF radar operations were restricted to short dura-
tions during the (local ) morning and evening hours so
as to approximately coincide with the ascending and
descending passover times of the satellite, while the
model and the buoy measurements were processed at
fixed 3-h intervals. Consequently, the radar-deduced
wave heights correspond to times that do not exactly
coincide but are within 1 h of the times given in the
table. Despite this time difference, the agreement be-
tween radar, model, and buoy values is very good.
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TABLE 1. Comparisons between radar-deduced and model-generated as well as buoy-measured significant wave heights H, at selected
gridpoint locations. The model values are obtained using two sets of wind fields, namely, CMC and MMM.

H, (m) at date and time (1991)

Grid Measurement 11 Nov 14 Nov 20 Nov 21 Nov 23 Nov 26 Nov
point obtained by 1500 UTC 1500 UTC 1500 UTC 0000 UTC 1500 UTC 0000 UTC
2518 Radar 14 32 2.2 2.7 24 37
model CMC 0.8 2.5 24 2.8 2.6 3.1
MMM 13 29 32 32 2.6 31
2519 Radar 0.8 3.1 3.1 3.0 3.8 3.8
model CMC 0.8 2.6 24 2.8 2.4 3.8
MMM 12 2.3 32 3.1 2.7 32
2560 Radar 12 23 3.0 2.8 2.6 3.6
model CMC 0.8 2.6 23 2.7 2.2 3.7
MMM 1.5 2.9 3.1 3.1 2.5 2.9
2562 Radar 0.8 24 31 2.7 2.7 3.8
model CMC 0.7 2.9 2.4 2.7 2.3 3.9
MMM 1.3 2.9 3.1 3.0 2.6 3.0
2789 Radar 1.2 3.5 3.0 N/A 3.2 4.2
model CMC 14 2.0 2.0 2.3 1.5 35
MMM 1.4 3.1 2.5 2.3 1.8 39
Mean (Radar — CMC) +0.2 +04 +0.6 +0.1 +1.0 +0.3
bias (Radar — MMM) -0.3 0 -0.1 -0.3 +0.8 +0.8
2519 Radar 0.8 3.1 3.1 3.0 3.8 3.8
buoy (Wavec) 1.0 3.7 2.7 3.1 3.0 3.5
2560 Radar 1.2 2.3 3.0 2.8 2.6 3.6
buoy (44131) 1.0 3.7 3.0 33 34 2.9
2789 Radar 1.2 3.5 3.0 N/A 32 42
buoy (44138) 1.5 34 3.0 29 24 32
Mean (Radar-buoy) -0.1 -0.6 +0.1 ~-0.3 +0.8 +0.7
bias

Next, an attempt was made to evaluate the radar-
deduced values spatiaily by comparing them against the
METOC wave height charts. Figure 6 shows METOC
wave charts at two selected map times on which radar-
deduced wave heights are plotted for three selected ra-
dar beam directions. Along each radar beam direction,
wave height values are plotted at arbitrarily selected
distances varying from 50 to 150 km. The METOC
charts are drawn subjectively, taking into account
available buoy and ship reports and applying the prin-
ciple of continuity of wave fields (see Morgan 1971).
The METOC wave chart provides a synoptic descrip-
tion of the wave field based on available data and is
thus representative of ‘‘sea truth’’ over a given area.
The wave height values deduced by the HF radar and
plotted along the radar beam directions appear to be in
very good agreement with the (background) wave field
of the METOC charts as displayed in Fig. 6.

Two examples of validating radar-deduced one-di-
mensional (1D) spectra against buoy and model-gen-
erated spectra are presented in Fig. 7, which shows two
sets of 1D spectra at two selected times. Also shown
in Fig. 7 are values of significant wave heights corre-
sponding to various spectra. The radar-deduced spectra
as well as model-generated spectra are, in general, uni-
modal and smooth, whereas the buoy spectra typically
exhibit multimodal structure with minor fluctuations

associated with individual peaks. The radar-deduced
spectrum for 20 November 1991 in Fig. 7 appears to
be in excellent agreement with MMM model spectrum
and in broad agreement with the buoy spectrum. The
radar spectrum shows one sharp peak at about 0.14 Hz
in agreement with the MMM model-generated peak
and a secondary peak at about 0.08 Hz in accordance
with the buoy spectrum. For 23 November 1991 the
buoy spectrum in Fig. 7 has two sharp peaks: one lo-
cated around 0.075 Hz, and the other at about 0.11 Hz.
The radar spectrum does produce two peaks; however,
the second peak at higher frequency is centered at
around 0.15 Hz instead of at 0.11 Hz, where the peak
of the buoy spectrum is located. The two model spectra
(CMC and MMM) appear to be in good agreement
with the main peak of the buoy spectrum. Once again,
it must be noted that the buoy spectra refer to the
Wavec buoy located at grid point 2519, which provided
the nearest available buoy spectra for verification
against radar and model spectra at grid point 2562 (see
Fig. 5). Despite these spatial differences, the agree-
ment between the radar and buoy spectra is quite en-
couraging.

6. Concluding remarks

The results presented in this study have helped us
demonstrate the capabilities of the HF radar system lo-
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FiG. 6. Two examples of radar-deduced wave heights compared against the background of ME-
TOC wave height charts at two selected map times during the field experiment. Wave height values
(m) deduced from radar measurements are plotted along three arbitrarily chosen radar beam direc-
tions with bearing of 62°, 100°, and 150°, respectively, from true north.

cated at Cape Race. An excellent overall agreement
among the radar, model, and buoy values for significant
wave heights in Table 1 and among the various 1D
spectra of Fig. 7, has provided a high degree of confi-

dence in the measurements of wave parameters by the
Cape Race FMICW radar system. As described in sec-
tion 3, the main wave products of this prototype radar
are the one-dimensional wave energy spectrum and sig-
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FiG. 7. Two examples of radar-deduced 1D wave spectra compared against model-generated and buoy-measured spectra.
Also shown in the inset are values of significant wave height associated with these spectra.

nificant wave height. These parameters can be provided
in near-real time out to a range of approximately 200
km from the shore. The range is expected to be en-
larged in the near future following the upgrading of the
Cape Race radar facilities.

The utility of the radar system is not limited to the
measurement of ocean surface parameters. In addition
to this important feature, the Cape Race radar can track
ships, sea ice, and low-flying aircraft (Khan et al.
1993), features that will, among other applications, ex-
tend its usefulness to search and rescue operations.
Such versatility makes this radar system a strategic tool
for real-time monitoring of the Grand Banks region.
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