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ANALYSIS OF SKYLAB II S193 SCATTEROMETER DATA

INTRODUCTION

Global measurements of ocean winds can provide useful information for the predic-
tion of weather and sea conditions. The SEASAT System [1,2] has been proposed to
acquire data for large portions of the ocean surface. As presently planned, SEASAT will
incorporate an altimeter, an imaging radar, and a scatterometer. By measuring the radar
cross section from the ocean, the scatterometer will be able to supply information about
ocean capillary waves and, possibly, local surface winds. Several programs, notably
SKYLAB [3], have provided preliminary measurements that are relevant to the design
and the mission of the proposed SEASAT system.

The Naval Research Laboratory has a continuing program for the measurement and
analysis of radar scattering from the oceans. The mechanisms for sea scattering have been
investigated in great detail, and voluminous ocean scattering data have been collected,
analyzed, and related to wind conditions [4,5,6,7]. In particular, the NRL Four-
Frequency Radar (4FR) System has been used in an airplane to obtain microwave scat-
tering data from oceans in various parts of the Earth [8,9]. It would be advantageous to
extend the domain of ocean radar data to include the synoptic measurements that are
being provided by radars on board orbiting Earth satellites.

The SKYLAB S193 radiometer/scatterometer/altimeter experiment provided ocean-
ographers and meteorologists with the means of simultaneously measuring the backscat-
tering cross section and the thermal radiation of the land and ocean on a global scale.
The active radar scatterometer and the passive radiometer operated at the same frequency,
13.9 GHz (Ku-band). The scatterometer measured the normalized backscattering cross
section, a0 (0), as a function of incidence angle, 0, and polarization, VV, VH, HH, or HV.
The radiometer measured the apparent brightness temperature, T(O), from an observed
area on the Earth's surface. All data were recorded on magnetic tape on one digitized
channel.

The "sea truth" , i.e., the ocean wind and weather conditions obtained by instruments
on low-flying aircraft and surface vessels, was correlated with the corresponding S193
measurements made on several SKYLAB passes [10]. Then the measured radar cross
sections of the ocean were compared with predictions made using established theoretical
[5,7] and empirical [9] models.

A pilot program was undertaken to make an independent comparison of the SKYLAB
S193 scatterometer data with the extensive NRL measurements of radar scattering from
the ocean. The purpose of this program was to aid in the evaluation of the S193 data
for future applications. An analysis of the scatterometer data for the passes of June 5,
1973, over the Gulf of Mexico and June 6, 1973, over Pacific Hurricane AVA has been

Note: Manuscript submitted February 20, 1975.
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made. This report summarizes the analysis, which was carried out at NRL to determine
the validity of the SKYLAB II S193 data and their applicability for oceanographic
research.

DATA ANALYSIS

The tabulated data for the SKYLAB passes on June 5 and 6, 1973, [11,12] were
used in this analysis. The instrumentation and data processing for the S193 experiment
have been described previously [3,13].

The computed fields of view (FOV's) [11,12] were plotted for five scan angles, as
shown in Figs. 1 and 2. The actual angles of incidence, 0, differed slightly from these
values due to the effects of the Earth's curvature and the changing attitudes of SKYLAB.
Figure 1 shows the FOV positions for the two extreme scan angles, and Fig. 2 shows the
positions for all five angles. On June 5, the S193 was used in the in-track noncontiguous
(ITNC) mode to acquire data (Fig. 1) with overlapping measurements along the subsatel-
lite track. The scan angles between the antenna pointing direction and the vertical at the
spacecraft were 0°, 150, 290, 400, and 480. On June 6, the S193 was used in the cross-
track noncontiguous (CTNC) mode to acquire data (Fig. 2) with nonoverlapping measure-
ments perpendicular to the subsatellite track and with the same scan angles. The foot-
prints for the different scan angles are given in Fig. 3a; the measurement times for the
scatterometer for each angle are given in Fig. 3b. The measured u'(0) were calculated
from the integrated powers; thus, the tabulated values of a0 (0) t11,12] are the mean
values averaged over the integration times for each mode [13, p. 2-216; 1, Table 2.1-2].

The tabulated values of aGHH(O) are plotted as functions of time in Fig. 4, and the
values of Uvv(O) are plotted in Fig. 5; the data points shown are for measurements
made over the water only on June 5. A practically uniform wind field was present over
the FOV's of the June 5 pass, as shown by both the synoptic weather data and observa-
tions made on the C-130 underflight [10]. Averaging over a time period was possible
for these data, and the standard deviations were relatively small, as shown in Table 1.
It is interesting to note that the FOV indicated by the asterisk in Fig. 1 is located over
shallow water (the Granville Shoal just north of the Yucatan Peninsula). The correspond-
ing values of ao, indicated by asterisks in Figs. 4 and 5, are much lower than the corre-
sponding values for FOV's over deep water. Possibly the presence of natural slicks, sea-
weed, and calm, shallow water caused the decrease in reflected power. This data point
was not included in the averages given in Table 1.

In the absence of a large body of applicable Ku-band (13.9 GHz) data, the normal-
ized cross sections, a'vV(0),were calculated using the NRL empirical model [9] for
X-band (8.9 GHz) data with wind speeds measured on the C-130 underflights (in this
case, - 13 knots). As shown in Fig. 6 for uvV(0) data of June 5, the relationship
between the NRL X-band data and the averaged SKYLAB data points given in Table 1
is practically constant. The differences between the two sets of data can be ascribed to
the frequency difference of 5.0 GHz.
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Fig. 1 - Field of view positions (ITNC Mode) of the S193 scatterometer, VV polarization, for the
SKYLAB II pass of June 5, 1973, with an average isotach correlated to the sea truth.
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Fig. 2 -- Field of view positions (CTNC Mode) of the S193 scattero-
meter, VV polarization, for the SKYLAB II pass of June 6, 1973, with
isotach analysis.
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Fig. 3 - (a) Footprint outlines for ITNC and CTNC modes. (b)
Timing and scan angles for S193 radiometer/scatterometer, CTNC
and ITNC modes ([1], Fig. 1.3.3).
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Table 1
SKYLAB II, June 5, 1973, Pass 5

(Averages of Over-Water Points Used in Figure 6)

Start Time End Time Number Averages Standard
Of Data Deviations

Points O. a y 0, a W
Hr Min Sec Hr Min Sec (degrees) (dB) (degrees) (dB)
18 02 24.2 18 04 10.9 7 50.44 -18.84 0.14 1.71
18 02 27.8 18 04 29.8 8 43.77 -18.23 0.10 2.03

18 02 31.3 18 04 48.5 9 32.09 -13.27 0.08 1.13

18 02 34.3 18 05 6.8 10 16.99 + 0.84 0.07 0.45

18 02 52.0 18 05 39.7 11 0.94 +13.39 0.06 0.22

+1C

a fB

(d B )

0

(8),

-10

-20[

-30O

-40f

0 10 20 30 40 50 60

INCIDENCE ANGLE, (DEGREES)

70 80 90

Fig. 6 - Comparison of S193 data, June 5, 1973, o 0.(O), with NRL empirical, composite
surface and slightly rough surface models.
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The NRL composite surface model [4,5] and slightly rough surface model [7] were
used to make theoretical predictions for a°VV(0 ) at 13.9 GHz. Theoretical predictions
based on these models have been used successfully in interpreting airborne radar measure-
ments of sea scatter for different wind conditions. Within the limits of validity of the
theory, the NRL slightly rough surface model gave good agreement with S193 data
(Table 1) that were taken when a relatively uniform wind field was present, as shown in
Fig. 6. For the composite surface model to be useful, some estimate must be made of
the rms slope of the sea. A correlation between rms slope and wind speed has been made
on the basis of a Gaussian slope distribution [5,14]. When this correlation was used, the
composite surface model gave reasonable agreement with the SKYLAB measurements be-
tween 0 ; 500 and 0 t 80°, as shown in Fig. 6. The particular representation of the
general composite surface theory which was implemented at NRL was chosen to provide
information for near grazing incidence angles. Thus, for the present application with 13-
knot winds, valid numerical results are obtained only for 0 > 50°.

Since the data for Hurricane AVA on June 6, 1973, were considerably more com-
plex and averaging over time was not possible, the data were considered on a point-by-
point basis. The dwell times, which varied between 1 and 3 seconds for each scan angle
(see Fig. 3), were long enough for the scatterometer to observe significantly different
ocean conditions. However, the radar returns within each integration time period were
integrated to form a single mean value for power, which was then used in calculating
a'(0) [3]. High peak wave heights and steep wind gradients are associated with the rapidly.
changing sea surface conditions prevalent in a hurricane. In the case of the data acquired
during Hurricane AVA, the integration of backscatter signals had a tendency to smooth
the extremes detected within each FOV.

The variation of normalized cross section with wind heading relative to the antenna
pointing direction can provide information about directional wave spectra ([3], Fig. 7,
and [15]). Hurricane AVA provided an opportunity to observe this variation, although
the tabulated data for June 6 provide a variation in wind heading of approximately 1800.
In order to infer the wind direction at the surface, one must make corrections for fric-
tional effects. Statistical studies [16] permit reasonably good forecasting rules of thumb,
which assume that the gradient wind is 200 to 300 clockwise with respect to the surface
wind and has a velocity nearly equal to the wind velocity at the gradient level, i.e., 1000
to 2000 feet above the surface. On this assumption, the surface wind speeds and directions
were calculated from the available data [10] (see Table 2).

The data for Hurricane AVA on June 6, 1973, are more complex since both wind
speed and direction had significant point-to-point variations. The NRL empirical model
provided predictions for the variation of a 0VV(0) at X-band with wind heading relative
to the antenna for the upwind (UW), downwind (DW), and cross wind (CW) directions,
as shown in Figs. 7a and 7b. With the aid of the NASA AAFE Radscat measurements
[1], the NRL empirical model was interpolated to obtain the variation of a0Vy(0) as a
function of wind heading relative to the antenna pointing direction; the interpolated
curves for four wind speeds are shown in Figs. 8a and 8b. The approximate surface wind
speed and direction for each of the FOV's for the S193 can be obtained from Fig. 2.
The appropriate wind heading angles relative to the antenna pointing direction were
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determined from the knowledge of the direction of the SKYLAB II track and the orienta-
tion of the antenna in the CTNC mode. These relative angles are given in Table 2 for two
incidence angles, 450 and 300, which correspond to incidence angles used in the NRL em-
pirical model; the FOV's are identified by their time coordinates given in the tabulations
in [11] and [12]. The wind speeds and directions of Hurricane AVA, Fig. 2, were corre-
lated with those of the interpolated NRL empirical model, Fig. 8, so that a comparison
(allowing for the 5 GHz difference in radar frequencies) could be made; Fig. 9 shows the
comparison for 45° and 300 incidence angles. It was assumed that the hurricane was
approximately stationary over the time span of the S193 measurements (approximately 4/2
minutes for the data of Fig. 9); therefore, the time coordinate of Fig. 9 can be related to
the relative heading coordinate of Fig. 8. There is a reasonable comparison between the
two sets of data until GMT t 18.58:00; after that time the S193 data and the interpolated
NRL model are significantly different.

-18- X-BAND, 8=450

-20-

-22-

°vv (a),-24E - ' s (
(dB) -26 U (a)

-28 -DW /-

-30/
-32- CW

5 10 15 20 25 30 35

WIND SPEED (KNOTS) 

-14 X-BAND,8=30' -

0.0(8), -16-U
Vv -18 DW (b)
(dB) -20 

-22- CW

-24 -

5 10 15 20 25 30 35
WIND SPEED (KNOTS) -o-

Fig. 7 - Variation of X-Band a0 (O) as a function of wind speed for upwind
(UW), downwind (DW) and crosswind (CW) cases as determined by NRL
empirical model for incidence angles of 45 0(a) and 300 (b).
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Table 2
Wind Data for Pass AVA, June 6, 1973, as Related to Figures 8 and

(SKYLAB II Track is - 1400. and antenna direction is - 2400°
9

Wind Direction (degrees)
Time (GMT) Wind

Speed Gradient Surface Relative
Hr Min Sec (knots) Wind Wind to Antenna

0 450

18 56 2.3 12 060 030 150

18 56 17.6 15 070 040 160

18 56 32.8 18 070 040 160

18 56 48.1 20 070 040 160

18 57 3.3 26 080 050 170

18 57 18.6 30 090 060 180

18 57 33.8 33 120 090 210

18 57 49.1 36 130 100 220

18 58 4.3 36 150 120 240

18 58 19.6 33 160 130 250

18 58 34.8 30 180 150 270

18 58 50.1 25 190 160 280

18 59 5.3 20 200 170 290

18 59 20.6 18 210 180 300

18 59 35.8 17 210 180 300

18 59 51.1 15 210 180 300

19 00 6.3 13 270 190 310

19 00 21.6 11 210 180 300

0 300

18 56 5.8 10 070 040 160

18 56 21.0 14 080 050 170

18 56 36.3 17 080 050 170

18 56 51.5 19 090 060 180

18 57 6.8 22 100 070 190

18 57 22.0 25 110 080 200

18 57 37.3 27 120 090 210

18 57 52.5 29 130 100 220

18 58 7.8 28 140 110 230

18 58 23.0 26 160 130 250

18 58 38.7 23 170 140 260

18 58 53.5 20 180 150 270

18 59 8.8 18 170 160 280

18 59 24.5 17 210 180 300

18 59 39.7 15 210 180 300

18 59 54.5 14 210 180 300

19 00 10.2 13 210 180 300

19 00 25.0 11 200 170 290

(1) Surface wind direction = (gradient wind direction -300)
(2) Relative wind direction (surface wind -2400)
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Fig. 8 - Variation of X-Band q0`(0) as a function of wind heading for four
selected wind speeds (in knots) as interpolated from NRL empirical model.
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Fig. 9 - Comparison of .o4(0), S193 data at 13.9 GHz as a function of time with interpo-
lated NRL model data at 8.9 GHz (missing points are interpolated with dashed lines) for
two incidence angles.
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CONCLUSIONS AND RECOMMENDATIONS

The data of the June 5, 1973, pass showed good agreement with both the NRL em-
pirical and theoretical models within their domains of applicability. Since a practically
uniform wind field was present over the Gulf of Mexico on that day, these conditions
provided an ideal test case, and good agreement was to be expected.

The data of June 6, 1973, required more detailed analysis due to the rapidly varying
wind speeds and directions around Hurricane AVA. If the speeds and the directional
properties of the wind field are analyzed, then a reasonable comparison can be made with
the interpolated NRL empirical model for the first half of the data points, which cover
approximately the northeast quadrant of Hurricane AVA. Recent information [17] indi-
cates that the disparity between the NRL empirical model and the second half of the data
points (approximately the southeast quadrant of AVA) can probably be explained by
attenuation in rain bands or by a forward pitch of the space craft, which caused signifi-
cant changes in the doppler shift so that ao decreased. In any case, these later data points
need to be carefully evaluated. Further scatterometer data analyses for hurricanes are rec-
ommended as a basis for quantitative estimates of variations in normalized cross section
due to rainbands and spacecraft attitudes.

The results of the data analysis so far are encouraging; however, considerably more
data (both satellite data and sea truth) need to be analyzed so that the scatterometer and
its utilization can be adequately evaluated. The relationship between the measured radar
cross section and the ocean wind and wave conditions is complex. Accordingly, before
accurate oceanographic remote sensing can be achieved, many parameters, including wind
speed, wind direction, barometric pressure, air and sea temperatures, wave height and
slope distributions, and rain and cloud conditions, must be considered. Information about
rain attenuation can be obtained from radiometric measurements and also from compari-
son of the polarized (HH and VV) and cross-polarized (HV and VH) scatterometer mea-
surements. Statistical analyses of many scatterometer measurements (data from NRL and
other laboratories) should be made in order to obtain correlations between ocean param-
eters and radar cross section measurements under varying conditions. In summary, it can
be stated that the S193 scatterometer provides basic radar scattering data about the
Earth's surface over which it passes; further detailed analyses based upon scatterometer
measurements are recommended as a means to accurate interpretation of such data.
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