CHAPTER 9

HF SKYWAVE RADAR MEASUREMENT
OF HURRICANE WINDS AND WAVES

*
Joseph W. Maresca, Jr. and Christopher T. Carlson

I. INTRODUCTION

We measured significant wave height, and surface wind speed and
direction for the first two Gulf of Mexico hurricanes of the 1977 season
using a high frequency (HF) skywave radar. The radar measurements were
made from California by using the SRI-operated Wide Aperture Research
Facility (WARF). We recorded sea backscatter for hurricanes Anita and
Babe, at distances more than 3000 km from the WARF, by means of single
F-layer ionospheric reflection. We compiled real-time maps of the sur-
face wind direction field within a radial distance of 200 km of the
storm center, then estimated the hurricane position from these radar
wind maps, and developed a track for Anita over a 4 day period between
30 August and 2 September 1977 as the storm moved westward across the
Gulf of Mexico. The radar track was computed from 17 independent posi-
tion estimates made before Anita crossed the Mexican coast, and was
subsequently compared to the official track produced by National Hurri-
cane Center (NHC). Agreement between the WARF position estimates and
coincident temporal positions on the NHC smooth track was *19 km. At
approximately 0000Z on 1 September 1977, Anita passed within 50 km of
the National Data Buoy Office (NDBO) open ocean moored buoy EB-71, and
provided us with the opportunity to compare WARF estimates of the sig-
nificant wave height, and surface wind speed and direction in all four
quadrants of the storm with those made at the buoy. Agreement between
the WARF and EB-71 measurements was within 107.

Two days after Anita crossed land, tropical storm Babe--a weaker,
short-lived storm--developed. WARF estimates of the significant wave
height, and surface wind speed and direction were made for selected
regions of the storm.l No in situ wave measurements were available for
comparison to the WARF measurements. WARF estimates of the wind speed
were compared to wind speed measurements made at nearby oil platforms,
and surface wind speeds computed from flight level winds (305 m) mea-
sured by a NOAA reconnaissance aircraft. Agreement was again within
10%. The purpose of this paper is to describe the capability of re-
motely monitoring hurricanes and other open ocean storms by using an HF
skywave radar. We will describe the important aspects of the WARF sky-
wave radar, the sea echo Doppler spectra, the method of analysis used
to estimate the wave and wind parameters, and the accuracy of these
radar~derived quantities.

*
SRI International, Menlo Park, California 94025.
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SKYWAVE RADAR MEASUREMENT 191
IT. WARF SKYWAVE RADAR

The Wide Aperture Research Facility (WARF)2 is a high-resolution
experimental high frequency skywave radar located in central California.
The radar is bistatic and operates in the HF band between 6 and 30 MHz.
Ocean areas are illuminated by a 20-kW swept-frequency continuous-wave
(SFCW) signal from a transmitter site located at Lost Hills, California.
The energy reflected from the surface beam is received 185 km to the
north at Los Banos, California. The receiving antenna array is 2.5-km
long and consists of a double linear array of 256 whip antennas produc-
ing a nominal 1/2° azimuthal beamwidth at 15 MHz. The signal propagates
to and from remote ocean patches by means of one or more ionospheric
"reflections."

The coverage area is shown in Figure 1. The radar can be directed
either east or west, and can be electronically steered in azimuth 32°
from boresight anywhere within the coverage area in 1/4° increments.
Position accuracy is a function of midpath ionospheric height estimates
where uncertainty in the midpath height results in a nominal position
accuracy of approximately 20 km. At any one location, the accuracy be-
tween consecutive measurements in range and azimuth is an order of mag-
nitude better. WARF has multiple-beam capability, and sea backscatter
is usually received simultaneously at four adjacent ocean areas from
four different beams separated by 1/4°. The size of the ocean scatter-
ing patch is a function of the beamwidth, the range, the range cell
separation, and the number of range cells averaged together. The size
of the minimum scattering patch at a range of approximately 2000 km is
3 km in range by 15 km in cross range.

ITI. TIONOSPHERIC PROPAGATION

The ionosphere consists of ions produced in the earth's atmosphere,
primarily by solar radiation. Radlo-wave propagation by means of iono-
spheric reflection occurs primarily between elevations of 100 km and
500 km. A graph of electron density as a function of height may show
peaks in the ionospheric profile. These peaks are defined as layers
and are designated by Eg (sporadic-E), E, Fl, and F2. They correspond
to peak electron densities located at about 110, 120, 200, and 300 km
above the earth, respectively. Tonospheric conditions are transient in
time and space and depend on the stability and strength of the electron
density profile.3

The minimum radar range for one hop ionospheric propagation is ap-
proximately 1000 km; the maximum radar range is approximately 3000 km.
The ionosphere will support propagation to a specific range over a
limited frequency band. The achievable range is dependent on time of
day, geographical region, and ionospheric height. We use two different
types of real~time ionospheric soundings at WARF to manage the iono-
spheric propagation. An oblique~incidence sounding shown in Figure 2
is primarily used to determine: the relative signal strength; the radio
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frequencies that will propagate to a particular range; and certain types
of ionospheric disturbances such as traveling waves, and focusing or
defocusing of energy. A vertical-incidence sounding shown in Figure 3
taken between the WARF transmitting and receiving arrays is primarily
used to measure the overhead ionospheric mode structure and height of
each ionospheric layer. A frequency surveillance spectrum analyzer is
used to select interference-free frequency bands.

IV. SEA ECHO DOPPLER SPECTRUM

The sea backscatter received at the WARF is coherently processed in
range and Doppler to produce a sea echo Doppler spectrum. We usually
process 21 independent Doppler spectra spaced at 3-km range intervals.
These spectra are obtained simultaneously at each of four adjacent radar
beams. A total of 84 independent Doppler spectra are obtained for each
coherent time period. We compute an average spectrum from a subset of
these Doppler spectra, depending on the type of measurement and the time
and space scales associated with the ocean surface features. An example
of a mean sea echo Doppler spectrum produced by averaging 112 spectra
obtained from four consecutive 102.4 s coherent timg periods, over a
scattering patch consisting of 21 range cells and 3 adjacent beams is
shown in Figure 4.

The sea echo Doppler spectrum shown in Figure 4 is characterized
by two dominant £irst—order echoes surrounded by a second-order con-
tinuum. Crombie” interpreted the first-order echoes in terms of simple
Bragg scattering that represented a resonant response between radio
waves of wave number k, and ocean waves of wave number k = 2 ky. The
radar measures the relative power and Doppler of the ocean waves travel-
ing radially toward or away from the radar. The power ratio of the two
first-order echoes are indicative of the wave direction of the waves of
wave number k. Because k is usually large (k > 0.5), it is assumed that
the wind direction is identical to the direction of these waves.

The wave height spectrum is derived from the second-order structure
surrounding the first-order echoes. TFor hurricanes, the power in the
second-order echoes is large. As the total wave energy increases, the
amplitude of the second-order echoes increases as illustrated in
Figure 5. Barrick?s6 derived theoretical expressions that accurately
model the HF scattering process to second order. For a specific direc-
tional wave spectrum, the model computes the Doppler spectrum. The ef-
fects of the wind direction, wave directionality and the wave frequency
spectrum on the modeled Doppler spectrum have been extensively studied
by the use of this model.

V. HURRICANE DATA SAMPLING

Data sampling during a hurricane is divided into two tasks to opti-
mize the sampling time and the data quality. The spectral resolution,
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directly related to the coherent integration time, can be much coarser
for first-order measurements than for second-order measurements. Wind
direction estimates are computed from the first-order echoes, and can
be computed considerably more rapidly than wave height and wind speed
estimates, which are computed from the second-order echoes. Usually,
the longer the coherent integration time, the greater the influence
the ionosphere has on the quality of the data.

The quality of the recorded sea backscatter depends on the iono-
spheric conditions over short periods on the order of minutes. High-
quality sea backscatter is obtained if the radio waves propagate by
means of a strong, single, stable, coherent ionospheric layer. Some-
times the signals may be received at the same time from two or more
different paths (multipath). In this case, the second or succeeding
signals will be reflected from different parts of the ocean and differ-
ent parts of the ionosphere, and will contaminate the sea echo received
from the first path. If the ionosphere is changing in time or space
during the coherent radar dwell (time period), further degradation of
the data will occur. The ability to predict the ionospheric conditions
would enable the radar operator to minimize the contaminating effects
of the ionosphere, improve the quality of sea backscatter, and reduce
the sampling time. The ionospheric soundings provide some data quality
information. The vertical and oblique incidence soundings are taken
every 10 minutes; a complete sounding requires approximately 3 minutes.
The coherent radar measurements made at WARF require between 10 and
100 seconds to complete. Because the time it takes to complete a sound-
ing is greater than the time required to record the sea backscatter
data, assessment of the data quality is difficult for rapidly changing
ionospheres. Therefore, real-time output of the data from the WARF
site minicomputer is used to verify data quality.

The wind direction measurement is not extremely sensitive to iono-
spheric contamination caused by multipath or smearing because only the
amplitude of the two strong first-order echoes must be measured. Coher-
ent integration times of 12.8 seconds (0.078-Hz resolution) are suffi-
cient to resolve the peaks of the first-order echoes. We can map the
wind-direction field in a hurricane by scanning in range and azimuth.
It is possible to routinely map the surface-wind-direction field of a
hurricane and this can be accomplished in about 10 minutes. Once the
surface-wind-direction map is made, the storm center can be identified
for tracking purposes, and regions of interest can be selected for more
extensive monitoring of wind speed and wave height anywhere within the
storm.

The significant wave height and wind speed measurements are sensi-
tive to ionospheric contamination. This contamination is the largest
source of error in these measurements. A coherent integration time of
102.4 seconds (0.01-Hz resolution) is required to resolve the second-
order echoes. The ionosphere does not generally support coherent inte-
gration time periods of this length. Multipath and ionospheric smearing
can seriously degrade the weaker second-order echoes. Because of this
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contamination, we are not able to routinely estimate wave height for
each 102.4-second time period as we were able to calculate wind direc-
tion for each 12.8-~second time period. A sampling strategy that com-
bines careful propagation management through selection of frequencies,
which result in a stable, coherent, single propagation path, and signal
processing that minimizes the contaminating effects of the ionosphere
are used to obtain a data set suitable for analysis. Recent work by

SRT and NOAA7 has resulted in improved methods of collecting high qual-
ity data by sorting the data according to a spectral sharpness index.
The effect of ionospheric contamination, however, is less severe for data
recorded during large waves generated during a hurricane. The amplitude
of the second-order echoes containing the wave height information may be
stronger than the contamination effects, and thus, wave height can be
calculated despite the contamination.

For the Anita and Babe wind direction measurements, we divided the
data into 16 groups and analyzed three consecutive 12.8-second coherent
radar dwells. Each wind direction estimate was calculated from a mini-
mum of 15 Doppler spectra. At a range of 3000 km, the size of each
scattering patch is 15 km x 25 km. It would be desirable to compute
wave height and wind speed from a similar data set, but this is not
generally possible. Longer coherent time periods and more independent
samples of the spectra are required to obtain a high quality sample.

We could collect the data over a small scattering patch by averaging
over a long time, or we could increase the scattering patch size and
average in space. Averaging in space is preferable because it reduces
the total time required to obtain a mean Doppler spectrum. For the
Anita and Babe wave height and wind speed measurements, we analyzed the
data from three of the adjacent azimuth cells and 21 contiguous range
cells. The total scattering patch is 63 km x 50 km. Several consecu-
tive integration periods are required to record the data.

VI. WIND DIRECTION MEASUREMENT

HF skywave radar has been used to map the surface-wind fields asso-
ciated with large weather systems8 and tropical storms.? The radar
measured surface-wind directions are derived from the predominant direc-
tion of ocean gravity waves, approximately 10-m long. The waves satis-—
fying the first-order Bragg scattering condition, k = 2k,, are assumed
to be tightly coupled to the wind for time scales on the order of tens
of minutes. This assumption is reasonable for the high wind speed con-
ditions associated with hurricanes, Available directional wave spectra
measurementsl0-12 indicate that the dominant wave direction is repre-
sentative of the predominant wind direction. For open ocean conditions,
agreement between the WARF _radar and shipboard anemometer measurements
of wind direction is *16913, For hurricane winds, the agreement be-
tween coincident wind direction measurements made by the NOAA National
Dat? guoy Office (NDBO) data buoys and the WARF radar is better than
1004, 2,



SKYWAVE RADAR MEASUREMENT 197

The radar measures the relative power between the approaching and
receding waves that satisfies the Bragg scattering condition. 1If a
cosine directional distributionl®

G(0) = cos®0/2 } (1)

is assumed, then the relative power of the approaching and receding
waves measured by the radar is sufficient to estimate 6 with an ambi-
guity about the beam direction. This left-right ambiguity is resolved
by the predictable cyclonic surface circulation within the hurricane.
The shape of G(8) is controlled by the spreading parameter, s, where 0
is the angle between the radar beam and the wind direction. TFor open
ocean conditions, we have estimated s from several models.ll,13 For
the maximum hurricane winds, the values of s estimated from these models
are too low. Based upon previous hurricane analyses and spot measure-
ments of wind direction at NDBO data buoys, we used values of s between
1.0 and 2.0. No attempts were made to account for variations in s as a
function of location within the hurricane.

VII. SIGNIFICANT WAVE HEIGHT

Barrick® derived an integral expression that predicts the Doppler
spectrum for a specific directional wave spectrum input. Recent ef-
forts have succeeded in inverting this integral expression to compute
the ingut rms wave height,1 » 15 one-dimensional wave frequency spec-
trum,1 ~19 and the directional distribution.l7-19 Barrick'sl416 ex-
pressions have been used to analyze skywave radar data recorded for a
Pacific Ocean storm*-? and tropical storms.l»2

We used a power law derived from simulated data by Maresca and
Georgesl5 to compute rms wave height by relating the ratio of the total
second-order and first-order power to the rms wave height:

b
koh = aR2 (2)

where 0.2 < kgh < 1.0, h is the rms wave height; k, is the radar wave
number; Ry is the ratio of the total second- to total first-order power;
and a = 0.8 and b = 0.6 are constants. This average expression was de-
rived from theoretical simulations of the Doppler spectra for different
radar-to-wind directions, directional distributions, functional forms
of the wave frequency spectrum, and operating radar frequencies. Equa-
tion (2) is accurate to within 10%. Discussion of the errors can be
found in Maresca and Carlson,1 and Maresca and Georges.1
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VIII. WIND SPEED

Historically, wave models have been developed to predict wave
height and the wave spectrum from an input wind field. The accuracy
of these models is dependent upon the accuracy of the input winds.
Hasselmann et al.2l proposed a one-dimensional parametric wind-wave
model for fetch limited growing wind-sea conditions. Ross and
Cardone22~25 empirically derived a power law expression for hurricanes
based on the form proposed by Hasselmann that relates the nondimensional
wave energy, ﬁ, by using wind, wave and fetch measured during hurricanes
Ava, Camille, and Eloise. For hurricanes,

F=2.5 x 1070 B0% 3)

where E = Egz/w4; R = rg/wz; E = h2; and Hg = 4h. 1In E and ﬁ, E is the
total wave energy; h is the rms wave height; Hg is the significant wave
height; r is the radial distance from the eye to the measurement point

that accounts for fetch; -g is the gravitational acceleration; and W is

the wind speed. Solving for wind speed in Eq. (3), we obtain

/ 22 0.323

h g
W= 5 (4)

\2.5 x 107° (rg)'4

The wind-wave model used to derive Eq. (42 is applicable for slow moving
storms in which W > 15 m/s and R < 3 x 10%, For the unusual cases where
the storms move very fast or very slow, Ross and Cardone?4 showed that
significant differences in the modeled and measured wave heights occur.

We used Eq. (4) to calculate wind speed for both Anita and Babe
and compared our results with the wind speeds measured at NDBO buoys,
0il platforms, and by reconnaissance aircraft. The radial fetch (r)
was measured from the WARF-derived wind maps, and the wave height (h)
was computed using Eq. (2). The radar-derived W is not an instantane-
ous wind speed estimate; it is a smooth temporal and spatial average
of the winds. Our radar-derived W was compared to the l5-minute wind
speed averages made at NDBO moored data buoys.

IX. ANITA MEASUREMENTS

Hurricane Anita formed as a tropical depression in the Gulf of
Mexico at about 1200Z on 29 August 1977. Anita developed into a tropi-
cal storm at approximately 0600Z on 30 August 1977, and about 12 hours
later intensified into the first Gulf of Mexico hurricane of the 1977
season. As Anita moved west across the Gulf, winds in excess of 75 m/s
were recorded. TFive days of skywave data beginning on 29 August 1977
were recorded prior to Anita's landfall on 2 September 1977 approxi-
mately 48 km south of Brownsville, Texas. Twenty-one radar wind maps
were compiled at WARF. The first 4 wind maps were not used in the
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radar—-derived track presented here because the radar showed two distinct
centers during this early period. On 30 August 1977, the storm intensi-
fied and developed one center. The wind maps were updated 3 to 5 times
per day during both daytime and nighttime periods and were used to de-
velop the WARF-derived track. Figure 6 shows the radar-derived posi-
tions in relation to the official NHC smooth track produced from recon-
naissance aircraft measurements, visible and infrared satellite cloud
photographs, and shore-based microwave Doppler radar. The relative
agreement between the WARF position estimates and the interpolated
temporal position estimates along the smooth track is *19 km.

There are two principal errors associated with the WARF hurricane
position fixes: the absolute position error of the radar and the errors
associated with locating the storm center from the radar wind direction
measurements. We estimate the range errors of the radar caused by er-
rors in determining the ionospheric height at midpath to be 20 km. If
a coastal scan is included as part of collecting the wind map data, the
land echo can be used as a reference to more accurately determine the
ionospheric height, and therefore, reduce this error. We estimate the
error in azimuth caused by ionospheric tilting to be 20 km. These range
and azimuth errors can be reduced significantly by installing an HF re-—
peater along the coast which receives our signal and transmits it back
with a known frequency shift. Assuming similar mean ionospheric condi-
tions within 200 km of the storm center, the entire wind map can be
translated in azimuth and range to correct for the absolute position
error. The location of the wind direction measurement with respect to
the storm center is generally not affected by these position errors.

We estimate the error associated with determining. the storm center from
the radar maps to be 20 km. The error is caused by the left/right ambi-
guity in the wind direction measurement. We can expect a maximum error
of about 40 km from these two sources of error. In comparing the WARF
position fixes to the NHC track we found relative differences of between
5 and 50 km. We attribute these relative differences to the above
sources of error.

Anita passed 50 km south of NDBO buoy EB-71 at about 0000Z on
1 September 1977. Two WARF-derived wind maps were made at 2140Z on
30 August 1977 and 0120Z on 1 September 1977 that bracket this time
period. One of these wind maps is shown in Figure 7. Also shown on
Figure 7 are surface wind direction fields derived from data recorded
by NDBO buoy EB-71. These buoy-measured wind directions were recorded
at 2-hour intervals during the period *18 hours of Anita's passing
EB-71. The buoy-derived wind field was computed by a time-space conver-
sion that assumed uniform wind direction and lateral storm motion during
this period. We compared the buoy-derived wind directions to the WARF-
derived wind directions; agreement was within 19°. Agreement between
the WARF-derived wind direction estimate coincident in time and
space with the buoy wind direction estimate was 10.

Between 2314Z on 31 August 1977 and 0020Z on 1 September 1977, WARF
measurements were made at five locations surrounding the center of the
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storm. The location of each measurement relative to the storm center
was interpolated from the two wind maps. We computed the wind direction
by using Eq. (1), wind speed by suing Eq. (4), and wave height by using
Eq. (2) at each location (see Table 1), and compared these measurements
to a buoy-derived wind and wave field. The maps of the spatial distri-
bution of the wind direction, wind speed, and wave height were compiled
from NDBO EB-71 data buoy measurements. Each parameter was plotted in
relation to the storm center and is shown in Figures 8, 9, and 10. We
assumed that Anita moved uniformly with no change in the meteorological
conditions during the period 18 hours before and 18 hours after passing
the buoy.

Table 1

WARF ESTIMATES OF SIGNIFIGANT WAVE HEIGHT,
WIND SPEED, AND WIND DIREGTION

Lat Long Time > N* Hg™ wr o™
Point (°N) (°w) (GMT) (km) (m) (m/s) (°N)
A 25.7 92.9 2314 35 80 5.8 26.7 277.5
A 25.7 92.9 2343 35 112 5.2 22.8 -
B 26.3  92.1 2324 75 80 6.0 24.4 95.1
[ 26.3 93.1 2358 65 35 5.8 24.4 70.2
D 25.7 92.1 0003 65 134 5.1 22.5 168.8
E 25.2  91.1 0020 180 49 4.6 18.1 137.2

r = Radial Distance

N Number of Spectra Averaged
Hg= Significant Wave Height
W

¢

= Wind Speed
= Wind Direction

The significant wave height shown in Figure 8 was measured at the
buoy every 3 hours; the wind direction and wind speed shown in Figures 9
and 10, were measured at the buoy every 2 hours. During this 36-hour
period, Anita began to intensify, and the validity of the buoy-derived
wind and wave fields are suspect. Exact comparison of the EB-71 and
WARF measurements are difficult because of the differences in the time,
location, and area of ocean monitored. On Figure 8 we also included
the wave hindcast for significant wave height computed by Cardone et
al.25 for comparison.

The WARF estimates made at Point B (26.3°N, 92.1°W) are in close
proximity to the buoy-~derived estimates located at (26.2°N, 92.1°W).
The remaining WARF wind and wave height estimates are too far away from
the buoy-derived quantities for direct comparison, but the agreement
between the WARF- and buoy-derived wind and wave fields is reasonable.
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The wave hindcast was compared to both the buoy- and WARF-derived wave
heights. We find good agreement between the hindcast, buoy and WARF
estimates of wave height along the 4,6-m contour east of the hurricane.
The buoy estimate west of the hurricane along the 4.6-m contour line
suggests the radius of this contour line is too large. WARF estimates
of wave height at Points B and C, located at the extremes of the hind-
cast region of highest waves, are lower than the hindcast. The good
agreement of Point B with the nearby buoy estimate, and the consistency
of the WARF estimates at Point B and C suggest that the 7.6-m contour
should be smaller. The WARF estimates of wave height at Points A and D
are located between the 6.1-m contours. Again the buoy- and WARF-
derived wave heights suggest that the 6.1-m contour line is too large.
We should also note that any contamination of the sea echo Doppler
spectra by the ionosphere would result in radar wave-height estimates
that would be too high. The composite of wave height data obtained
from the hindcast and EB-71 buoy indicate the validity of the WARF wave
height estimates.

The agreement between the WARF-derived estimates of wind speed and
the buoy-derived estimates of wind speed is good. There are three
principal errors associated with the WARF wind speed estimate: error
in estimating the radial fetch, error in estimating the rms wave height
and error in the parametrics model. We computed the error in calculat-
ing wind speed for a *0.5 m error in estimating wave height for a sig-
nificant wave height of 5.5 m (9.1% error) for radial fetches of 30,
50, 70 and 100 km. The errors were less than 1.6 m/s. We also com-—
puted the error in calculating wind speed for a +20 km error in esti-
mating the radial fetch for a significant wave height of 5.5 m and
radial fetches of 30, 50, 70, and 100 km. For radial fetches greater
than 30 km, a +20 km error causes an error of less than 2 m/s in wind
speed. For radial fetches greater than 50 km, a -20 km error causes an
error of less than 2 m/s in wind speed. This represents less than an
8% error. These errors are typical of the WARF estimates of the signif-
icant wave height and radial fetch measurements. The errors associated
with the model are discussed in Ross and Cardone.? For Anita, the
mean and rms differences between the Cardone et al.25 parametric model
forecast and measured wave heights at EB-71 is 0.21 * 0.83 m. This in-
cludes errors in measuring wave height at the buoy and radial fetch
from the conventional position fixes. We also calculated the wind
speed using Eq. (4) for some of the buoy-measured wave heights shown in
Figure 8, and compared the calculated wind speed measurements to wind
speeds measured at the buoy (Table 2). The data is indicative of the
accuracy we could expect from the WARF estimates of wind speed using
Eq. (4). For these data, we believe the largest gources of error in the
comparison are the uncertainty in the radial distance to each point
caused by compiling the map over a 36-hour period, and the assumption
of a symmetrical distribution of the winds.
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Table 2

COMPARISON ‘OF WIND SPEED VALUES CALCULATED ‘
FROM EQ. (4) DERIVED FROM EB-71 SIGNIFICANT
WAVE HEIGHT MEASUREMENTS

Lat Long Hg* r* W.* Wy * Difference
CN__CW_m  m)__(mls) _ (w)s) (n/s)
25.5 94.8 2.5 217 11.9 7.6 +4.3
25.7 94 .4 2.9 174 13.5 9.0 +4.5
25.7 93.9 3.1 124 14.9 13.3 +1.6
25.8 93.4 5.5 69 23.4 17.4 +6.0
26.0 92.5 6.5 24 30.4 34.1 -3.7
26.3 91.5 4.7 126 19.4 23.1 -3.7
26.6 90.7 4.6 212 17.7 18.1 -0.4

jas]
w
|

= Significant Wave Height
Radial Distance

W, = Computed Wind Speed
Measured Wind Speed

=
il

=
=]
1

X. BABE DATA

We recorded skywave data for Babe from 2000Z on 4 September 1977
until landfall on 5 September 1977. Wind direction maps were made at
22537 on 4 September 1977 and 1507Z on 5 September 1977. Babe was al-
ready onshore before the second map was made. We analyzed a sea echo
Doppler spectrum near the peak winds for wind speed. This spectrum
was recorded at a radius of 50 km from the hurricane center (27.99N,
91.6°W). The WARF estimate of significant wave height was 3.6 m. The
wind speed was computed by using Eq. (4) and was compared to wind speeds
measured at several offshore oil platforms at 2100Z and from aircraft
reconnaissance at 1800Z. Winds measured from aircraft at an altitude
of 305 m were reduced to the equivalent 10 m wind for comparison to the
radar data. We reduced the aircraft winds to the surface using a simple
ratio relating upper level gradient wind to the surface wind, indicated
by Elsberry et al. calculations. Using the two layer CardoneZ? marine
boundary layer model, Elsberry et al.?6 computed the ratio of the wind
at the top of the upper layer to the wind at the top of the surface
layer for different regions of the hurricane, different surface rough-
ness and different ratios of heat conductivity to eddy viscosity. For
moderate to high wind speeds, the top of the surface layer is approxi-
mately 20 m. This wind ratio ranges from about 0.5 to 0.85. The lower
value represents regions near the peak winds. We assumed the 305 m air-
craft wind was representative of the wind at the top of the upper layer
and reduced it to 20 m using a ratio of 0.6. The corrected 20 m wind
is 18.5 m/s. We realize the error associated with this calculation can
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be large. We computed the 19.5 m WARF wind speed for comparison by
assuming a logarithmic profile in the surface boundary layer of the
form

W(z) = 4 In [~ (5)

o

where W(z) is the wind speed at a height of z, Wx = CDw2 is the frie-
tion velocity, Cp is the drag coefficient, k % 0.4 is Von Karman's con-
stant, and zy is the surface roughness. We estimated zy = 0.00392 m for
hurricane conditions using the wind speeds measured during Eloise?8 at
NDBO buoy EB-10 at 10 m, and a constant drag coefficient of 0.0026 pro-
posed by WuZ? for high wind speeds to calculate Wx. We found good
agreement between our 19.5 m computed wind speed using Eq. (5) for
Eloise and the 19.5 m Eloise wind speed computed by Ross and Cardone.
Using Zp = 0.00392 m and Cp = 0.0026 m we computed the 19.5 m WARF Babe
wind speed to be 18.3 m/s. We also computed the maximum wind speed,
Wmaxs and the maximum sustained wind sgeed, Wy, for a storm moving at
5.1 m/s from the following expressions 0 relating the central pressure
and radius of the storm to wind speed at 10 m:

_ 1/2
wmax = 0.868 [6.45(Pn—Po) - 0.296 rf] (6)

and

W, = 0.865 W ¥ 0.5 Vg 7

where Wpg, and Wg are in m/s, P, is the normal pressure of 1013 mb, Pq
is the centyral pressure in mb, r is the radius in km, f is the coriolis
parameter in radians/hour, and Vg is the forward motion of the storm in
m/s. The maximum wind recorded from the aircraft at 1800Z were located
approximately 60 km from the center and the central pressure was re-—
ported as 1000 mb. We calculated Wpax = 16.4 m/s and Wy = 16.8 m/s.

We summarize these wind speed estimates in Table 3. Because none of
the wind speed estimates are coincident in time or space with the WARF
estimate and the assumptions inherent in deriving these quantities we
can only compare the results qualitatively. The WARF wind speed esti-
mate is reasonable.

XI. SUMMARY

Spatially-averaged hurricane wind speed, wind direction, and wave
height estimates made at the WARF for Anita and Babe were compared to
point measurements made at NDBO buoys and o0il platforms and by recon—
naissance aircraft. Agreement was within the nominal measurement ac-
curacy of all the sensors., The WARF data set is not limited to the
results presented in this paper. Other analyses of the radar data that
were not obtained in the vicinity of the buoy are also available., These
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experiments indicate that during a hurricane, HF skywave radar can pro-
vide operational surface data that are as accurate as the more recog-
nized in situ measurements. The supportive surface data supplied by
the WARF radar would prove particularly useful for tracking during
early formative stages of hurricanes when multiple centers may be ob-
served or when cirrus shielding may obscure visual location by satel-
lite cloud photography. The high resolution, large coverage area,
real-time steering and continuous monitoring capabilities are unique to
skywave radar. The hurricane data obtained from skywave radar comple-
ments data obtained from satellites, aircraft, and buoys.

Table 3
BABE WIND SPEED ESTIMATES MADE ON 4 SEPTEMBER 1977

Radial
Bearing Distance
From From

Hurricane Hurricane Wind
Observation Center Center Speed
Sensor (GMT) (°N) (km) (m/s)
WARF (10 m) 2253 340 60 18.2
WARF (19.5 m) 2253 340 60 18.3
Aircraft (305 m) 1800 25 60 30.8
Aircraft (19.5 m) 1800 25 60 18.5
0il Platform (19.5 m) 2100 320 100 15.4
0il Platform (19.5 m) 2100 0 35 11.3
wem! (9.1 m) - - 60 16.4
Wes? (9.1 m) - - 60 16.8

1Computed maximum wind speed from Eq. (3-35) in Reference 30.

2Computed maximum sustained wind speed from Eq. (3-34) in Reference 30.
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