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The experimental data indicated a larger dependence than
theoretically suggested.

The comparison of the best-fit power law curve of these
data points with the shape of the rms wave slope-wind
speed dependence resulting from optical observations and
from the microwave specular-point scattering model
indicates that the S-band brightness temperature increase
is dominated by wave slope distribution (local wind fields)
rather than by significant wave height.
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High-Resolution Mapping of Oceanic Wind Fields with
Skywave Radar
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Abstract—The direction of the mean surface wind field in the North
Pacific Ocean was mapped on September 25 and 26, 1973, over an area
of 3 x 10° (km)? by OTH-B HF radar. A spatial resolution of 60 km in
range and 15 km in cross range was used at points spaced by 150 km in
range and 80 km in cross range. Wind directions were inferred from the
upwind/downwind first-order Bragg ratio and the measure of the max-
imum ratio occurring for radial winds at points near each observation.
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Over 90 percent of the recorded data were usable for this purpose. High
spatial resolution is essential to make detailed measurements of the wind
speed and direction across and along an atmospheric cold front. The
location of the atmospheric cold front derived from the wind field agreed
well with the ESSA VIII satellite frontal location.

1. INTRODUCTION

Measurements of ocean surface winds are important to the
understanding of air/sea interaction. Along with desert and polar
areas, the oceans comprise vast data-sparse regions. The violent
and destructive tropical cyclones are spawned and grow to great
dimensions and intensities in such areas. On these occasions,
ocean surface measurements are especially desirable.

Inferences of ocean surface waves and winds have been
achieved remotely with the use of high-frequency (HF) skywave
radar. Very long ranges are made possible when the ionosphere
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is used to return the radar signals to earth [1]. Long and Trizna
[2] were first to publish skywave radar maps of ocean wind
direction using an empirical technique relating the wind direc-
tion to the first-order Bragg scatter ratio from approaching and
receding waves. Ahearn ef @l. [3] mapped ocean wind directions
with the method in [2], and also attempted to infer ocean wind
speeds from the ocean scatter magnitude near zero Doppler.
Stewart and Barnum [4] developed a method for inferring wind
velocity at long ranges by skywave radar. Wind direction was
inferred from the first-order Bragg scatter ratio from approaching
and receding waves, using a model for the ocean wave directional
spectrum that is a function both of wind speed and radio fre-
quency. The wind speed was inferred from the Doppler spectrum
width centered on the strongest Bragg return at a level 10 dB
lower than the Bragg peak. Maresca and Barnum [5] have
improved this measure of wind speed by accounting for the
effect of radar frequency and have discussed the theoretical
limitations. Reliable measures of ocean surface winds accom-
panied the data discussed in {4] and [5], from which we now
deduce accuracies of +16° in wind direction and +2.4 m/s in
wind speed within one standard deviation relative to the measures
in situ.

Skywave radar coverage far exceeds that of HF surface wave,
but two potential problems exist with the use of ionospheric
propagation for the purpose of sea scatter analysis: 1) a co-
herence time limit caused presumably by the motion of fine-
scale irregularities; and 2) the simultaneous reception of more
than two propagating modes (multipath) from different areas of
the sea. The coherence time allowed by the ionosphere will
generally limit the Doppler resolution to between 0.1 and 0.01
Hz [5], [6] at middle latitudes, and can be expected to be poorer
at more northerly latitudes [6]. The highest coherence is found
for E-layer reflection, because it affords the least penetration of
the ionosphere. Unfortunately, this low layer prohibits propaga-
tion beyond about 2000 km range via a single hop, and it is
effectively absent between sunset and sunrise. Multipath propaga-
tion is evident in a large percentage of data recorded [5] and is
considerably more prevalent at ranges exceeding 3000 km via
single-hop F-layer propagation [4]. Multipath will always
obscure some portion of the sea scatter Doppler spectrum,
when viewed as a whole, but will usually not affect the measure
of wind direction and will not always limit inference of wind
speed from the scatter located near the two first-order Bragg
returns [5].

This paper illustrates the results of a two-day skywave radar
scatter experiment over the Pacific Ocean. The direction of the
ocean wind field was mapped to high resolution over 3 x
10° (km)? and the wind velocity was detailed across a cold front.
It will be shown that significant changes in wind direction occur
over space scales on the order of 20 km or less, such that high
radar resolution was indispensible. Ionospheric effects on these
data are discussed.

11. THEORY

The method for determination of wind speed from the second-
order scatter contribution to the Doppler spectra has been
discussed elsewhere [4], [5]. To infer the wind direction we
assumed that the 2- to 3-s waves responded within a short time
to the local winds, and that the mean direction of these waves
represents the mean wind direction over the same period of time.
The determination of wind direction for the September 1973
experiment is analogous to that of Long and Trizna [2]. The
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sea-wave energy directional spectrum F(@), for |8] < x/2, was
assumed to be somewhere between semi-isotropic and cosine
squared:

F@) = A + Bcos* 0 63

where A4 and B are arbitrary constants, and @ is the angle between
the wind and wave directions. It was also found empirically [2]
that

_ F(z/2)

F(n— 0) 'To).

@

We define the ratio of first-order Bragg line amplitude in the,
approaching and receding directions by X(0), where

3

Nearest each data scan we measure the maximum X (@) at 8 = 0
or the inverse of the minimum X at § = =z, with either one called
X,,, and we define X (z/2) = 1. We then find that

_ {1 + Kcos® 8], 0< 0] <2
O = :[1 + Kcos? 02, m2<|0l=<nx @
where
K = (Xm — 1)1/2. (5)

Equation (4) can be inverted to express & as a function of X.

In [2] and [3] we find that X,, was assumed to be constant for
all data recorded, regardless of the operating frequency or wind
speed. In light of the work by Tyler er al. [7], we cannot hold X,
constant for our experiment. By assuming constant X, we fix
the sea wave directional spectrum for all time. Tyler et al
concluded that F(@) is a function of both the radio frequency
and wind speed, and used a different functional representation
for F(@), which is a modification of the form suggested by
Longuet-Higgins et al. [8]. When we constrain the F(8) in
[7] to match observed values of X,, with X(z/2) = 1, we cal-
culate a maximum of only 11° difference between € predicted,
using F(6), by both methods. We have used the measured X,
nearest to each recorded spectra, thereby updating (4) with (5)
for all data reported herein. X, varied between 14 and 24 dB,
with a mean of 21 dB. We believe that any effects on F(6)
caused by changes in radio frequency and wind speed have thus
been partially accounted for.

III. RADAR DATA PROCESSING

The reader is referred to a paper by Skolnik and Headrick
[9] for an introduction to OTH radar practices, and to a paper
by Croft [1] for illustrations of data recorded via skywave
propagation. The Wide Aperture Research Facility (WARF)
was used to record the data. Some details regarding the WARF
radar, and examples of swept-frequency ocean backscatter
amplitude were published by Barnum [10]. A more recent
summary was published in report form by Marshall and Barnum
[11]. The WARF coverage is shown in Fig. 1.

Briefly, WARF is a bistatic system with 185 km separation
between transmitter and receiver in central California. This
large-receiving-aperture (2.55 km) radar yields a radar antenna
beamwidth of 1° at 20 MHz. A time-delay resolution of 20 us
was used to record our data (where 1 us is close to 150 m of
ground range for this skywave experiment). Thus, we processed
ocean areas with dimensions of 15 km (average) in cross range
and 3 km in range. A total of 21 of these cells were averaged
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Fig. 1. WARF radar azimuth coverage to east and west of California.
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Fig. 2. Example of real-time backscatter display used for recording data

for wind-field mapping. Each such display is updated once per minute
at new ocean location. Center azimuth was used to map wind fields.
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incoherently to smooth the scattering statistics, resulting in a
net spatial average of 15 km x 63 km.

Performance assurance of the WARF radar is achieved through
simultaneous operation of a low-power wide-frequency swept-
backscatter system used to estimate the mode of signal propaga-
tion to the area of interest and to specify usable operating
frequencies. Examples of such data were published by Croft [1]
and Barnum [10].

Three-dimensional displays of backscatter amplitude versus
time delay (range) and Doppler frequency are first processed by
means of a Fourier transform of the radar signals. The Doppler
coverage extends from +2.5 Hz to —2.5 Hz. The raw samples
are weighted by a cosine-squared window to reduce frequency
sidelobes. A coherent integration of 12.8 s was used exclusively
with the data discussed in this paper.

Noncoherent spectrum averaging was used to smooth the
statistical variation of sea scatter amplitude. Unpublished data
show that the coefficient of variation of the spectrum samples
in space followed a Rayleigh distribution for all noncoherent
time averages. Two noncoherent time averages and 21 spatial
(range-cell) averages were performed prior to each spectrum
output in this experiment. This should produce a very smooth
estimate of the representative scatter spectrum [5].

Fig. 2 is an example of the processor output used in this
experiment. These data were updated once per minute. Three
adjacent antenna beams, spaced by 4°, were sampled and
processed simultaneously. A log of radar operating parameters
was recorded automatically. The Bragg line ratio X, and spectrum
width B were also calculated automatically for each azimuth,
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Fig. 3. Bragg-line ratio, X(6) versus radar azimuth at eight time delays on

September 26, 1973. Circulation to SW of high-pressure system was

sampled by data between 13 and 16 ms, while cold front was crossed by
scans between 21 and 24 ms.

and are labeled X and B, respectively, on Fig. 2. Note that X
changed by 6.2 dB over an azimuth difference of only 0.5°,

IV. DATA COLLECTION AND INTERPRETATION

Data similar to Fig. 2 were recorded sequentially by stepping
every 2° in azimuth at a constant radar time delay and frequency.,
The frequency of operation was checked prior to each scan to
ensure adequate propagation along each scan, Time delays were
stepped in 1-ms increments between 10 and 27 ms on the first
day, and between 13 and 25 ms on the second day, using F2-
layer propagation. The longer ranges were sampled earlier in
the day because multipath was least prevalent at those times.

Propagation conditions were usually different at the two ends of
an azimuth sector, such that more optimum time delays and/or
frequencies could have been chosen for different portions of each
scan. lonospheric multipath often appeared over portions of a
scan at azimuths where the skip distance was approached too
closely. Examples of multipath are illustrated by Maresca and
Barnum [5]. About 50 percent of the data revealed some form of
multipath. The calculation of X (8) for wind direction was rarely
affected by multipath, but not all spectra can be reduced for wind
speed using B. The data beyond 20 ms (3000 km) were the most
often perturbed, which is consistent with the findings of Stewart
and Barnum [4].

All spectra from the experiment were first reduced for the
Bragg line ratio X, and this was plotted versus azimuth, para-
metric in time delay. Fig. 3 is an example of some of these
plots on September 26, 1973. The plots on the left of the figure
represent scans to the west of an anticyclone and to the east of a
cold front. The maximum observed values of X (in absolute
decibels) occurred in the trade wind region, since the winds
were approximately parallel to the radar heading. The plots on
the right side of the figure contain radar crossings of a weather
front that noticeably interrupted the otherwise continuous
nature of X versus azimuth. The weather front usually caused a
double zero crossing in X that is seen at azimuths between — 6°



SUCCINCT PAPERS

150°

Fig. 4. Radar weather map for September 25, 1973, compared to NWS
analysis of 1800 GMT and ESSA VIII cloud photograph on morning
of same day. Radar winds represented are for times between 1800 and
2400 GMT. Wind direction is plotted by arrows: feet of arrows denote
positions. Since NWS surface chart and radar weather maps are mercator
projections and satellite photograph is not, there is some distortion in
outer regions when comparing them.

and 2° in Fig. 3, depending on the time delay. These zero cross-
ings essentially accounted for net changes in wind direction
exceeding 180°. Note that the minimum in X between these
crossings advances in azimuth from —4° at 21 ms delay, to
between 0° and 2° at 24 ms delay. This trend was interrupted by
a dip at —2° at 22 ms with a lack of a zero crossing. Since crossings
were also observed at 19 ms and 20 ms delays, a reversal of wind
direction was therefore assumed to occur at —2° azimuth at
22 ms.

The left/right ambiguity in 8 [2], [3] was resolved by knowl-
edge of the expected anticyclonic circulation around the high-
pressure cell shown on the National Weather Service (NWS)
map and cloud photograph. Each zero crossing vields a wind
that is crosswise to the radar bearing, a condition that usually
occurred across the cold front.

V. RADAR WIND FIELD MAPs

The radar-derived wind field for the first day, September 26,
1973, is shown in Fig. 4, and is compared with the relevant
portion of the ESSA VIII cloud photograph and NWS surface
analysis for 1800 GMT. The radar data were recorded between
the hours of 1855 GMT and 2512 (0112) GMT. We expect the
data at the lower time delays (later in the day) to disagree with
the ship reports taken some 6 to 7 h earlier.

In the ESSA VIII cloud photograph the cold front is identified
by a well-developed elongated bright band of clouds oriented
NE/SW extending through 40°N, 150°W. The cellular-appearing
clouds between 140°W and 130°W and near 30°N are charac-
teristic of clouds around the southwestern perimeter of an
oceanic high-pressure area ahead of a well developed cold front.
The center of the high-pressure area is located somewhere in the
clear area in the right-hand edge of the photograph.

The general agreement between the radar-derived wind fields
and the independent surface-wind measurements on September
25 was good. The cold front position shown in Fig. 4 was plotted
by NWS approximately 200 nmi to the northwest of the front
indicated by the radar data. The radar-inferred wind shifts
agree with the wind shifts implied by the satellite cloud photo-
graph displaying and locating the frontal cloud cover. The
discontinuous nature of the wave field recorded by the radar is a
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Fig. 5.
map at 1800 GMT and ESSA VIII cloud photograph (similar to Fig. 4).
Radar data reflected winds blowing between hours of 1530 and 1900
GMT. Almost all of data agree well with ship-measured winds and
NWS-assumed location of cold front and high-pressure center.

Radar weather map for September 26, 1973 compared to NWS

8 ////7%‘%
JTX

8 9
8

WIND SPEED (m/s)/

Fig. 6. Wind speed, in meters per second, and direction arrows in vicinity
of atmospheric front on September 26, 1973.

good method for detailing the position of the front and the wind
field across the front.

The radar-derived wind field for the second day, September 26,
1973, is shown in Fig. 5, and is compared with the ESSA VIII
cloud photograph and NWS analysis for 180¢ GMT. The radar
data on the second day were recorded between the hours of
1620 GMT and 2003 GMT. The radar winds again showed the
frontal wind discontinuity very clearly, as well as a wind dis-
continuity associated wtih a trough in the easterlies west of 155°W
and proximal to 25°N.

The magnitude of the wind was added to 13 out of the 14
direction vectors in the area outlined on Fig. 5 in the vicinity
of the cold front. The method described by Stewart and Barnum
[4], with the improvements illustrated by Maresca and Barnum
[5], was used. The results are illustrated in Fig. 6.

VI. CONCLUSIONS

The most important contribution found in this experiment was
the ability to use long range skywave radar to detect the abrupt
wind shifts across the cold front. Thus, when rapid spatial
variations in wind fields occur, the high-frequency sea waves
will also respond rapidly and this response can be detected by the
radio wave backscatter. High spatial resolution was thus essential
for the detection of these abrupt wind direction changes. In
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Fig. 2, for example, a 16° direction shift occurred over only £°
of radar azimuth, equivalent to about 15 km in cross range.
Range resolutions of comparable size are essential to the analysis
of atmospheric fronts and the gradient of wind stress across
intense cyclones. Resolutions of 3 km are readily achievable
with the WARF radar.

Ionospheric conditions varied both in space and time. These
variations were not abnormal. Multipath was most severe at
ranges exceeding 3000 km. This limitation was reduced by
recording data at the longer ranges earlier in the day. Over 90
percent of high-resolution sea backscatter Doppler spectra
recorded on these two successive days over an area exceeding
3 x 10% (km)? were readily usable for calculation of the mean
oceanic wind direction. Due to ionospheric perturbation of the
echoes, a lesser number could be used for calculation of wind
speed. It is clear that the percentage of data usable for wind
speed can be increased by matching radar parameters to iono-

_ spheric skip parameters at each observation point. For example,
a north~south azimuth scan at a constant radio frequency should
incorporate a variable time-delay (range) gate to match north—
south tilts in ionospheric electron density. '
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Measurement of Oceanic Wind Speed from HF Sea
. Scatter by Skywave Radar

JOSEPH W. MARESCA, JR., anD JAMES R. BARNUM,
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Abstract—Remote measurements of the spatial mean ocean wind
speeds were obtained using Doppler spectira resolved to 0.08 Hz from
high-resolution HF skywave-radar backscatter measurements of the
ocean surface, A standard deviation of 2.4 m/s resulted from the correla-
tion of observed winds over the ocean and the broadening of the Doppler
spectra in the vicinity of the higher first-order Bragg line. This broaden-
ing, for Doppler spectra unperturbed by the ionospheric propagation, is
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proportional to the increase in power caused by higher order hydro-
dynamic and electromagnetic effects in the vicinity of the Bragg line and
inversely proportional to the square root of the radio frequency. A lower
bound on the measure of wind speed was established at 5 m/s by the low
resolution spectral processing and low second-order power. An upper
limit is suggested by the steep slope in the region of the sea backscatter
spectrum outside the square root of two times the first-order Bragg line
Doppler.

I. INTRODUCTION

High-resolution HF skywave radar measurement of ocean
surface winds over large areas of ocean are important to the
study of large-scale air/sea energy exchanges. Empirical estimates
of the ocean surface wind are an indirect measurement based
on the ocean wave field which acts as a scattering surface.
Theoretical models of the hydrodynamic and electromagnetic
contributions to the backscatter Doppler spectrum and their
comparison with data obtained from HF surface-wave radar have
been published by Barrick [1] and Johnstone [2]. The surface
roughness is represented by an assumed form of the ocean wave
spectrum. If the assumed functional form of the wave spectrum
results in a good fit between the model of the Doppler spectrum
and the measured Doppler spectrum, then sea state is predictable.
For fully developed conditions, the match between the theory
and the measured return is good. Using the second-order power
theory, Johnstone correlated wind speed with the ratio of the
second-order power to the first-order power. Simpler determina-
tions of wind speed from empirical correlations based on the
second-order theory have been developed by Ahearn ef al. [3]
and Stewart and Barnum [4]. Ahearn er al. correlated the in-
crease in power measured at the lowest level between the Bragg
lines with the wind speed, and Stewart and Barnum correlated the
increase in the — 10 dB spectral width of the Doppler spectrum,
defined as B, in the vicinity of the higher Bragg line.

The objectives of this paper are to report an improvement
in the correlation of B with wind speed, originally presented by
Stewart and Barnum, by accounting for a difference in radar
operating frequencies, and to discuss the accuracy of the
technique.

II. THEORETICAL CONSIDERATIONS AND DATA
NORMALIZATION

The wind speed obtained from the spectral broadening in the
vicinity of the stronger Bragg line is a spatial average of the
mean wind required to generate the waves in a given area of
ocean at the time of the radar backscatter measurement;itis nota
measure of the instantaneous wind. B is a measure of this spectral
broadening on data processed with 12.8 s of coherent integration
with cosine-squared weighting on the received waveform. It
was defined [4] as the width of the Doppler spectrum 10 dB
down from the maximum Bragg line power. At this spectral
resolution (0.078 Hz), the higher order contributions are separate
(Fig. 1(a)), but not uniquely resolvable from the Bragg-line
power (Fig. 1(b)). The spectral broadening in this region has
been shown [1], [2] to be a function of the higher order electro-
magnetic and hydromagnetic effects of scattering from the ocean
surface. It is probable that the increase in second-order power
in the Doppler spectrum is a result of the low-frequency portion
of the wave spectrum. This is suggested by a comparison of the
second-~order power obtained from the form of the ocean wave
spectrum suggested by Phillips [5], which has a vertical low-
frequency cutoff that eliminates the energy contribution at the
lower frequencies, with the form of the ocean wave spectrum



