DETECTION AND INTERPRETATION OF OCEAN ROUGHNESS VARTATIONS ACROSS THE
GULF STREAM INFERRED FROM RADAR CROSS SECTION OBSERVATIONS

D. E. Weissman

Dept. of Engineering and
Computer Sciences

Hofstra University
Hempstead, New York 11550
and )

Jet Propulsion Laboratory
Pasadena, Calif. 91103

Abstract

During the past several years, many radars have
observed the .distinct and interesting features associ-
ated with the Gulf Stream and its boundaries. Some of
these Gulf Stream radar features have small scale,
with dimensions comparable to and slightly greater
than long gravity waves. Other features are larger
with dimensions much greater than the length of long
gravity waves., This study describes radar cross
section variations within the Gulf Stream and just
outside, seen with a "scatterometer" type measurement.

The significant features of this radar cross
section data were that the Gulf Stream always had a
higher cross section per unit area (interpreted here
as a greater roughness) than the water on the conti-
nental shelf. Also, a steep gradient in cross section
was often seen at the expected location of the western
boundary. There were also longer scale (10 to 20 km)
gradual fluctuations within the stream of significant
magnitude. These roughness variations are correlated
with the surface shear stress that the local wind
imposes on the sea., Using the available surface truth
information regarding the wind speed and direction, an
assumed Gulf Stream velocity profile, and high resolu~
tion ocean surface temperature data obtained by the
Very High Resolution Radiometer onboard a NOAA-NESS
polar-orbiting satellite (data provided by Dr. Richard
Legeckis of NOAA~NESS), this study demonstrates that
the computed surface stress variation bears a striking
resemblence to the measured radar cross-section
variations.

1. Introduction

The western boundary of the Gulf Stream has the
unusual property of generating strong features (both
small and large scale) in radar images. An imaging
radar detection of the Gulf Stream in 1972 was reported
by Moskowitz [1]. These showed large spatial scale
and small-scale (narrow filaments) cross-section
variations that are independent of the wave imaging
characteristics. Also, radar altimetry (at 13.9 GHz)
from aircraft and observations from the GEO0S-3 and
Skylab spacecraft have revealed definite differences
in the radar cross section between the Gulf Stream and
the continental shelf. Published data and quantitative
analysis of these observations are very limited [2].

The Marineland Test [3], conducted during the first
half of December 1975, provided new data on these
Gulf Stream radar features. In particular, this test
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employed the JPLl and ERIM2 airborne synthetic aperture
imaging radars (SAR) and several surface instruments.
All five flights of the JPL L-Band observed significant
variations and oscillations of the surface radar cross
section as detected by a "scatterometer' measurement
mode. This scatterometer mode of measurement led to
some unanticipated observations: the Gulf Stream often
has a significantly higher radar cross—section (per
unit area) than the water on the continental shelf
between shore and the continental slope. These differ-
ences are often accompanied by large-scale (spatial)
variations near the boundary. This report will concen—
trate on these variations. The primary data for this
effect is the strip chart record of the received power
history that was kept continuously on a selected flight
line., Comparisons will often be made between the strip
chart recording and the features observed simultaneously
in the SAR images. Also, infrared satellite photographs
(obtained by the very high resclution radiometer on the
NOAA-NESS satellite), optical photos taken from the
CV-990, and other sources of related information have
been examined whenever available.

Much of the interpretation of our data is based on
the concept of a Bragg scattering, where radar echo
strength is determined by the number of ocean waves
which have crests aligned with radar's line of sight
and have crest~to~crest spacing which is equal to
one-half of the peak-to-peak spacing of the electro-
magnetic radiation [4]. Thus, the L-band radar with 25-
cm wavelength basically observes the population of
ocean waves which have wavelengths of [12.5 cm/sin
(angle of incidence)] and have directions directly
toward or away from the aircraft. For simplicity, the
ocean waves with these wavelehgths and directions will
be called the "Bragg waves."

The Bragg surface wavelength is actually one value
in a continuous spectrum of the randomly rough surface.
The strength (radar cross section per unit area) of the
signal backscattered by a small patch of the ocean (say
a resolution cell of the SAR) will be proportional
to the local number of short gravity waves of the
proper length and directional alignment, and their
maximum heights. The modulation of these shorter waves
by the large gravity waves is the basis for the
scattering differences observed as waves in a
radar image, In the scatterometer mode described
below, only the total cross section integrated across
the large illuminated area (see Fig. 2) is being
observed, at any instant. This provides an observation
of the average "density' of Bragg wavelengths and is
interpreted as the degree of roughness of the
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illuminated area. The physical quantity that controls
these populations of Bragg waves is the wind stress.

The scatterometer measurements were also
compared with the synthetic aperture radar images.
The relationship between the effects seen on the
strip chart and the image is generally complex.
There are large differences between the spatial
scales of cross-section variations observed with
these two techniques. The strip chart measurement
method is more sensitive to changes in cross-section
magnitude as small as a few tenths of a dB, whereas
the radar image gives very precise location, align-
ment, and finer spatial size,information. Also, the
separate flights will be analyzed separately because
of the different character of the observed effects and
because of the availability or lack of the infrared
satellite data.

Observed radar cross sections were found to be
correlated with an estimated surface stress. Surface
stress estimates accounted for surface winds, differ-
ential modulation of the surface wind by the Gulf
Stream, and air-sea temperature differences. Surface
winds were measured by surface instruments at the
Marineland Test sites, and we assumed that these were
uniform everywhere in the test area. The Gulf Stream
surface velocity was modelled, with a profile published
earlier by Von Arx [5]. Sea temperatures were estimated
from VHRR (Very High Resolution Radiometer) data
provided by Dr. Richard Legeckis of NOAA-NESS. Air
temperatures were given by the surface instruments.

The sea temperatures given by the VHRR provided
a substantial improvement over sea temperatures
estimated in our earlier report [6].

These estimated surface stresses were compared
with the radar backscatter data for December 4 and 15,
1975 (other days weren't studied, since the Marineland
Test area was under clouds, preventing the acquisi-
tion of surface temperature information). These
results show that both large scale trends (over a
range of 250 km) and small scale features (on the
order of tens of kilometers) in the radar data cor-
relates extremely well with the square root of the
computed surface stress.

The results presented here imply that the back-
scattered radar cross section measured by the radar is
proportional to the surface stress which is seen to be
a function of the local wind, the surface current, and
the surface temperature. If the distribution of two
of these quantities can be measured or estimated, then
the third can be inferred, using the measurement
technique and interpretation discussed in the following.
Further evidence that sea-air temperature differences
should be considered along with the wind and current
interaction can be found in some recent cross-section
measurements (from nadir) across the Gulf Stream made
by the SKYLAB altimeter. This data shows that a.
variety of effects is observable, indicating a sensi-
tivity to the meteorological conditions. The data
analyzed by Parsons [2] cannot be fully explained by
just considering the wind vector and the local current
information. This implies that surface temperature
influences the surface roughness.

2. Instruments and Flight Patterns

Imaging Radar

The radar data presented here was obtained in
five flights of the JPL L-Band imaging radar onboard
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the NASA CV—99O.3 The data is basically scatterometry,
where radar echo strength in terms of a backscatter
radar cross section per unit area of the surface is
measured. The variations of radar echo are monitored
along a ground track parallel to the aircraft's line of
flight. Also, radar echo strengths are provided by two
different but simultaneous modes. The normal imaging
mode records the full signal information on a signal
film recorder on board the aircraft. After the flight,
these signal films are converted to high-resolution
images, using an optical correlator. The "scatterometer"
mode simply records total received power returning from
an area whose spatial width is determined by the
azimuthal beamwidth of the antenna (usually 4.0 km)

but whose range spread depends on the transmitted pulse
width (usually 0.55 km). The incidence angle can be
adjusted with the setting of a range gate. The echo
strength recorded on a strip chart is real time on
board the aircraft.

An overview of the JPL imaging radar, emphasizing
both modes of scatterometry, is shown in Figure 1.
Parameters are given in Table 1. Echoes from the
surface are received and split into two nearly identical
receiver chains and recorded on a signal film via the
optical recorder. These signal films were developed,
and processed in an optical correlator to provide the
high-resolution images which can then be scanned by the
densitometer to provide fine-scale scatterometry.
Coarse-scale scatterometry was provided by a chain of
electronics which sampled the echo at a specified
delay, integrated the voltage, and then recorded the
result on a strip chart. This provided a continuous
record of the relative changes in the total received
power from this particular incidence angle.

The geometry of the footprint for strip chart
recordings is shown in Fig. 2, The JPL L-Band radar
has a large beamwidth antenna (18 deg) which illuminated
an area on the right side of the aircraft. This azi-
muthal beamwidth is aligned perpendicular to the aircraft
fuselage. The elevation beamwidth of 90 deg is centered
45 deg above the vertical. A much smaller portion of
this antenna footprint is observed by transmiftting
‘'short pulees and sampling their echoes at a fixed time
beyond nadir. Typical parameters for the scatterometer
footprint are given in Table 2.

Flight Lines

Radar observations of the Gulf Stream were obtained
on® five flights in December 1975, when the NASA CV-990
operated out of Patrick AFB in support of the Marine-
land Test. An overview of these flights is given
by Thompson [7]. The positions of some of these flight
lines with respect to the Gulf Stream are shown in
Fig. 3.

The western boundary of the Gulf Stream in the
vicinity of Station III was observed often. The first
leg of the Eight-Sided Pattern, was extended out to
sea, started at the midpoint of the Gulf Stream and ran
in toward shore. All five legs of the Five-Sided
Pattern at Station III were centered on a position of
29° 57'N and 80° 17'W at a nominal location of the
western boundary. The Gulf Stream Transit started east
of the Stream, ran across it, past Station III, and
into shore near Station I. The depth profile of the
ocean just under the flight path is shown in
Figure 4 [14].

Satellite Radiometer

As mentioned above, an important addition to our
data base was the sea-surface temperature provided by

The Galileo II, a four jet flying laboratory operated by the Medium Altitude Mission Branch, NASA Ames Research
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TABLE 1.

OPERATING PARAMETERS FOR JPL L~BAND,

TWT RADAR
ANTENNA
TRANSMITTER /(}\ {(HORIZONTAL
\t POLARIZATION) Parameter Value
Cefiter frequency 1220 MHz
1 ¥ Wavelength 24,6 cm
RF AMPLIFIERS RF AMPLIFIER Pulse length 1.25 us
Bandwidth 10 MHz
Time-bandwidth product 12.5
STALO Peak power 4 kW
Antenna azimuth beamwidth 18 deg
% % Antenna range beamwidth 90 deg
VIDEQ VIDEO SAMPLE/ .
AMPLIEIER AMPLIFIER HOLD Antenna beam center gain 12 4B
Nominal altitude 3 to 12 km
CHANNEL A4‘ CHANNEL 8 {
Nominal ground speed 400~500 knots
OPTICAL RECORDER RMS
VOLTMETER Sweep time 55 us
i, ‘ Sweep length 25 mm
RC
SIGNAL EILM gﬂIGRATOR Sweep speed 0.44 mm/us
s
lﬁ L____I__——— Range cells 1667
Nominal pulse repetition 800 pps at 400 knots
OPTICAL STRIP CHART frequency 1000 pps at 500 knots
CORRELATOR REC ORDER
STRIP CHAKT
IMAGE FILM RECORDINGS
_l_ TABLE 2., TYPICAL VALUES FOR THE STRIP CHART
SCATTEROMETER
DENSITOMETER
DENSITOMETER |— 1o\ e H = altitude = 12 km
(40,000
ft)
Fig, 1. JPL L-band Radar Block Diagram
6 = angle of incidence = 20 deg
N
//ANTENNA R = range = 12.8 km
BEAM
Qaz = azimuth beamwidth = 18 deg
////// TP = transmitter pulse length = 1.25 us
ANTENNA c/2 = velocity of light/2 = 150 m/us
FOOTPRINT
Rﬂa = azimuth (along-track)
z footprint length = 4.0 km
[ Tp/Z sin (6) = range (cross~track) length = 0.55 km
Nadir footprint area = 14,1 km2
Nadir footprint radius = 2,1 km
SAMPLER FOOTPRINT
AT NADIR Antenna gain at beam center (6 = 45 deg) = 12.0 dB
SAMPLER FOOTPRINT
AT ANGLE 0 OFF NADIR Antenna gain at & = 20 deg = 10.5 dB
Fig. 2. Surface Illumination Geometry and Antenna gain at nadir = 7.5 dB
Parameters
OCEANS '77 14B-3 MTS-IEEE
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Fig. 3. Flight Paths for Eight-Sided Pattern at

Station I and Five=Sided Pattern at
Station III

the Very High Resolution Radiometer (VHRR) onboard the
NOAA-4 satellite, The VHRR has an instantaneous field
of view of about 1 km, and measures radiation in the
0.6 - 0.7 um (visible) and 10.5 - 12,5 pym (thermal IR)
spectral bands. The NOAA-4 spacecraft provides
complete day and night coverage of the globe every 24
hours, since it is in a polar orbit at an altitude of
about 1500 km., Surface temperature images are con-
structed from successive scan lines, and thé VHRR data
can be displayed as gray scale images by using scale
values appropriate to the measured radiances. The
system sensitivity is about 0.5 to 1.0° C when
viewing the ocean surface, and this represents the
minimum temperature differential that tany be resolved
for two adjacent 1 km areas. For larger areas,
temperature differences smaller than this can be
resolved by suppressing some of the random noise
effects by averaging.

The thermal data analyzed here was digitized from
the analog transmissions and are presented in the form
of quantized sea surface temperature levels (separated
by approximately 1.1°), each level representing the
temperature within a 2 km square cell. This resolu~-
tion is comparable to that of the radar cross-section
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Fig. 4, Ocean Depth Along Flight Path near Gulf

Stream Edge, Determined from a
Topographic Map [14]

three hours. Thus, the cross—section behavior with
position shows that these 10 to 20 km features are not
stationary over this time interval, but that the overall
average higher cross section on the Gulf Stream is still
evident. A cross correlation between the radar cross
section and the computed stress (square root) variations
(with means removed) shows a 0.52 correlation for the
first Gulf Stream transit and 0.71 for the second.

Thus, there is a close relationship between observed
radar backscatter and estimated surface stress.

The one-dimensional nature of this strip chart data

should be compared with the two-dimensional informa-
tion in the SAR images. For example, Fig., 7 is the

1.6

1.4

RADAR CROSS
SECTION DATA
DEC 4, 1700 GMT

1.2

1.0

{
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NORMALIZED POWER - FROM STRIP CHART

data from the strip chart. : 0.6
SHELF~— | —®GULF STREAM
3. Radar Observations During The December 4 Flight o4
80°15' 80° 79° —o.2
As mentioned previously, the flights on December / | | | | | o ‘ | 0
4, 1975, provided the best day for correlation of 280 240 200 160 120 50 40 0
estimated surface stress with radar backscatter from DISTANCE, km
the strip-chart scatterometer. The sea-temperature )
estimates from the VHRR were acquired at 13:00 GMT, at ~——TOWARDS SHORE
four and seven hours before the radar data and at -
02:00 GMT on December 5, 1977, at four and seven hours @
after the radar data was acquired. On this day, SURFACE STRESS —1.4 &
the strip chart recorder was monitoring the signal DEC 4, 1300 GMT <
that arrived 5 us after the leading edge, correspond- REV #4807 -2 w
ing to a 20-deg incidence angle. 1.0 3
=
The differences in radar cross section between 0.8 é
* the Gulf Stream and the adjacent continental shelf 06 5
waters were 1 to 2 dB. In addition, there were strong SHELF <— | —=GULF STREAM 5
oscillations in the cross section near the edge of the 0.4 2
stream. These oscillations can be seen in the strip oo N "
chart data record (Figs. 5a and 6a), where the power 80°15' 80 0.2 g
levels are normalized such that unity is the minimum | | | | ! L | 0 o
backscattered power (or O dB) on theycontinental shelf 280 240 200 160 120 80 40, 0 s
side of the boundary. The oscillations in the cross DISTANCE, km
section have sizes between 10 and 20 km, which are Fig, 5. Comparison between Radar Cross Section
larger than the resolution size inherent in this Variations and Surface Stress for First
technique. These flight lines took place within Gulf Stream Transit on December 4
OCEANS '77 14B-4 MTS-~IEEE



flight paths will show multiple occurrences of these
elongated features.

RADAR CROSS
SECTION DATA
DEC 4, 2000 GMT

The features at the Gulf Stream boundary are
typically one kilometer wide ~ too small to be accu~
rately resolved by the scatterometer measurement. Thus,
the actual cross-section changes in this thin filament
are most likely stronger than those recorded on the
strip chart. This record represents an average over a
4.0~km beamwidth. On the other hand, the longer scale
undulations in cross section seen with the scatterometer
cannot be observed visually from the SAR image, although
they might be detectable with image processing.,
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DISTANCE , km 4. Radar Observations During The December 15 Flight
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0
0
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«— TOWARDS SHORE This last flight of the Marineland Test was also
examined in detail because the strip chart recording of
cross section had the largest number of oscillations
(about 5) and showed the largest maximum to minimum
excursion, 2.8 dB for a two-cycle fluctuation extending
over a 50-km span (Fig. 8). Once again, the strip chart
recorder was operated for a 20-deg incidence angle. The
waves over the continental shelf displayed a lower
average cross section than the Gulf Stream. It was also
noted in the strip chart record that the variations
extended much closer to shore than had previously been
the case (up to within about 50 km of shore). The
extent of the area in which these cross-section varia-
t | R 1 ! . | tions occur can also be seen in the SAR images. These
320 280 240 200 160 120 80 40 0 images indicate that the incidence angle chosen for the

DISTANCE, km strip chart is not critical, and the 20-deg data cited
above is a representative sample of similar behavior
over a wide range of incidence angles from about 10° to
50° (Fig. 9).

SURFACE STRESS \
DEC 5, 0200 GMT
REV #4813

SHELF =— | —»GULF STREAM

L N N
SQUARE ROOT OF NORMALIZED STRESS

81° 80°15' 80° 79° -

Fig. 6. Comparison between Radar Cross-Section
Variations and Surface Stress for
Second Gulf Stream Transit on
December &4

The second Gulf Stream transit of this day yielded
an image with a comparable dramatic feature at the edge.

. RADAR IMAGE GULE STREAM BOUNDARY 04 Dee 75 - The incidence angle used for the accompanying strip

RADAR CROSS-SECTION DATA 1.6
DEC, 15 - 1630 GMT
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Fig. 7. Synthetic Aperture Radar Image, DISTANCE, km

December 4, 1975 at 17:09:00 GMT
-+—— TOWARDS SHORE
radar image corresponding to the strip chart records
of Fig. 5. The linear features in the SAR image ) Jl .

display neighboring dark and bright bands of intensity. %g&gﬁgﬁfaﬁ;%%5E£15%8g£§ﬁ¥3f¥;
,

vy
2]
=
&
These features in the image lie approximately parallel FROM "VON ARX" AND MEASURED -1.2 §
to the current flow direction (northerly direction) WIND (5 m/s) N
and to the edge of the Stream. Thelr positions agree _,——"""’/’_—\\\\_,//"’—_f’~._—_:1.0 z
closely with positions where strong changes in 40.8 x
cross section were seen in the strip chart record. E
Moreover, later images of this area show that these —0.6 S
linear features maintain their thin appearance for SHELF=<— | —= GULF STREAM do.a §
the several hours. 14
80°15' 79{0.2 &
A study of a long record of the radar images (the | | L R | | v o =3
second Gulf Stream transit) shows similar isolated 280 240 200 160 120 80 40 0 @
features in the center of the Stream (for example DISTANCE, km
at 78° 22' longitude, 130 km from western edge). This
suggests that the phenomenon is not exclusively asso- Fig. 8. Comparison between Radar Cross-Section
ciated with the edge of the Stream or the continental Variations and Assumed Surface Stress
slope. Similarly, on different days, other long for December 15
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Fig. 9.

Synthetic Aperture Radar Image on
December 15, 1975 at 16:34:00 GMT

chart record was 0%°eg (nadir). Instead of the strong
oscillations characteristic of the 20° angle of inci-
dence observations, a much smoother history is seen.
The radar observations only show a very gradual in-
crease in cross section as the flight track passes
from the Gulf Stream to the continental shelf, amount~-
ing to a net change of about 0.5 dB over a distance of
about 75 km. This suggests that the ocean phenomena
witnessed at off-nadir angles of incidence during the
earlier pass with both the imagery and the strip chart
record may be affecting the small-scale, Bragg wave-
length gravity waves predominantly, and not having much
of an effect on the RMS slope (which seems to be a bit
higher on the Stream) that controls the nadir radar
return.

5. Other Observed Radar Cross-Section Features

One puzzle in these Marineland Test observations
is the nature of the thin linear features that are
found at the edge of the Stream, and sometimes farther
east (Fig. 9). These features probably have stronger
crogs~section excursions than those recorded on the
strip chart. The SAR images show them to have a small
width, relative to the width of the area illuminated
by the antenna, so their strength would be diluted in
the area integration that the antenna performs when
the "scatterometer" type of cross~section measurements
are made.

Their persistent north-south alignment and
extremely narrow dimensions rule out an explanation
based on purely temperature variation. It seems
unlikely that steep gradients and differences in
temperature in such a narrow region (less than 1 km)
could be large enough to produce the large roughness
difference implied by the observed variations. Based
on a detailed optical scan of this feature in a radar
image similar to Fig. 9, the temperature excursion
would have to be 6°C in order to account for this
effect. Also, one would expect some sharp temperature
gradients to be aligned in other directions. One
suggestion is that these features are related to
internal waves generated by the tidal currents being
deflected by the continental slope (as have been seen
near the Southern California coast), and rising close
to the surface because the thermocline becomes more
shallow and often tilts upward in this region (Fig. 4).
This view is mentioned because previous experimental
studies have demonstrated the detectability of inter-
nal waves, due to the manner in which their currents
affect the small-scale roughness [8]. Except for the
December 14 flight, boundaries taken from the CV-990
were frequently obscured by cloud coverage. None
of surface photographs showed any distinctive optical
feature or foreign material at this location that
might explain the radar observations. This negative
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photographic result would be consistent with the
internal wave phenomena.

Another possibility is the presence of significant
amounts of small-sized foreign material or debris which
could be convected and aligned by the current. However,
this condition might lead to a reductiom in the local
surface tension and roughness, which would then appear
as a distinct depression in the radar cross section.
Close examination of one image (accompanied by quanti~-
tative digital image scanning to infer a radar cross-—
section profile across this feature) reveals an oscil-
latory behavior, where the cross section ranged above
and below the average value on the Gulf Stream. These
features of the data, along with the absence of any
visible (photographic) evidence, leave open the question
of what type of phenomena is being detected here.

6. Interpretations Based on Surface Stress

The variety of observed cross-section effects
suggests that several ocean phenomena may be responsible
for the features seen on the strip chart record and the
SAR images. It must be kept in mind that the modu-
lation of radar echo is controlled primarily by the
surface roughness, so that only those quantities that
might influence this roughness must be examined. For
example, the wave~wave interactions between long gravity
and short gravity (and capillary) waves will produce
effects with smaller spatial scales than are of interest
in this analysis. The critical control of this surface
roughness is the. shear flow of winds close to the sur—
face, to which the small Bragg-wavelength ocean waves
are tightly coupled. This wind stress is known to be
influenced by the mean wind several meters above the
surface, any water current at the surface, and the
air-sea temperature difference (especially under stable
conditions). Aspects such as fetch and time scale for
growth of waves of this size are believed to play a
minor role in these cross—-section measurements due to
the time and spatial averaging inherent in this method.
The discussion that follows will attempt to relate these
quantities to the observed results, using known surface
conditions and plausible ocean phenomena in this region.

The general question of why the Gulf Stream is
always rougher than the water of the continental shelf
water should be addressed in terms of the two most
significant characteristics of this body: (1) it has a
significant current distributed over a wide area that
flows in a well-defined direction, and (2) its temper-
ature is higher than the water on the continental shelf
and is often higher than the overlying atmosphere.

The data shows that neglecting temperature and
accounting only for the current magnitude and direction
relative to the prevailing wind will not explain the
observed cross-section changes. Lf the wind had a
strong component antiparallel to the current, the
friction velocity (and the radar cross section) on the
Gulf Stream would be greater than it is on the station-
ary shelf water. Alternatively, for a wind component
parallel to the current, the friction velocity on the
Stream would be lower than on the shelf, implying that
the shelf should have a larger cross section. Examina-
tion of the data shows that the shelf never had a
greater cross section than the Gulf Stream. No changes
in cross section can be correlated solely with wind
direction «changes for the five days described above.
For example, on December 4, the winds were from the
northeast, and on December 15 they were from the south-
east, but larger cross sections aon the Stream are
clearly evident in the data for both days (Table 3).
The conclusion here is that while the current velocity
may influence the relative roughness between the Gulf
Stream and the shelf, it cannot be assigned the dominant
role.
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TABLE 3.

SURFACE INFORMATION AND TIMES OF OBSERVATION

Sea Temperature

Time Wind Speed, Wind Direction, Air Temperature, in Gulf Stream,
Date (GMT) Station n/s deg °C °C
Dec. 4 17:00:00 IIT 3 060 23.8 25.2
Dec. 4 20:00:00 I11 4 080 25.3° 25.2
Dec. 15 17:00:00 I 5 150 - -

It seems fruitful to consider the state of
knowledge of the dependence of wind stress on the
air-sea temperature difference [9]. The emphasis in
the literature on this subject is on the study of
the growth of wind waves (large gravity) over large
fetches, for long periods. The available evidence
points conclusively to the importance of atmospheric
stability, which depends on the vertical temperature
gradient. Comprehensive field measurements indicate
that when all other quantities are equal, a sea
temperature larger than the air temperature {(unstable
conditions) causes the heights of waves generated to
be greater, due to the higher drag coefficient of the
surface,

Studies of experimental data carried out by
Fleagle {9] lead him to conclude that the increase in
wave height due to an air-sea temperature difference
(unstable) is at the rate of 107% of the height
per degree centigrade. Examination of our available
surface~temperature information indicates that the
sea temperature was never less then the local air
(measured from the ship at Station III). On days
such as December 4 and 6, moderate differences in
temperature are evident (about 1 to 2 deg), consistent
with the observation of larger cross sections on the
Stream.

It should be emphasized that a nonneutral
temperature condition alone cannot explain the
crosgs—-section variations, since a constant sea-surface
temperature would yield the same cross section
everywhere., If wind stress is the controlling factor,
then i1t must be the temperature differences between
the Gulf Stream and the shelf that account for the
crosg-section differences. Since surface temperature
variations can be inferred from the satellite obser-=
vations, some quantitative estimates of the variations
of the drag (shear stress) coefficients, and the
tangential stress of the wind on the sea due to
thermal stratification can be made. Besides the
temperature variations, the variation in the resultant
velocity between the mean wind and local Gulf Stream
current will also be considered in the surface stress
calculation. These changes in wind stress can then
be compared with the radar data.

It is customary to express the surface drag
Tg of the wind at the surface in terms of the mean
wind speed at a chosen reference height (10 m will be
used in the following). This, then, defines the drag

coefficient [10], ClO:
T, = (air denmsity) x C,. x ﬁa 1)
o] 10 10
Cip = (W*/T, )7 (2)
10 10
UlO = mean wind speed at 10 m above the surface
U* = friction velocity
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For a fixed Uy, any change in the vertical wind profile
caused by temperature stratification will alter Cjg.
From these equations, it is evident that a change in
C1p will also change the surface stress. Most data on
C1p available in the literature is for neutral condi-
tions. Approximate methods to take vertical gradients
of temperature into account have been developed [11]
and supported by experimental results.

This approximate theoretical development will be
applied here to estimate the magnitude of the effects
that were likely to occur during these Marineland Test
flights. Since relative changes in wind stress are of
interest (on and off the Gulf Stream) only the ratio of
C1g at the measured air and sea temperatures relative
to the value for a uniform temperature profile need be

calculated. For the neutral condition, (Cip)_ depends

primarily on the dynamic roughness, Zgs [10].

2

k2 (U*)n
(°20), w+z0N 1 | T <
o ( 0) 10
=
0

For a slightly stratified condition, the approximate
similarity theory solution for the heat flux advanced
by Monin and Obukhov [10] yields

1/2 kL ()

After some manipulation and insertion of the wvalues for
the comstants o, k, and v found in [10] and [11], the
desired ratio is expressed as:

2
_ AB
Clo/(clo) =11 -1.24 (5)
n 62
10
where

A8 = the air temperature minus the sea temper-

ature, °C
ﬁio = wind speed at 10 m above the surface, in

m/s

It is readily seen that for a warmer sea A6 < O
and Clo > (C]_O)n.
higher wind condition, where the instability due to
thermal stratification becomes subordinate to the
dynamic turbulence.
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A more sophisticated and critical appraisal of the
state of knowledge of the factors that affect the
drag coefficient can bhe found in a report on the
marine boundary layer by Cardone [12].

1. Surface Stress Implications for 04 December, 1975

The prime data set for these surface stress/radar
backscatter comparisons is 04 December 1976, since there
are VHRR thermal images before and after two independent
radar observations. In particular, the VHRR data was
obtained at 1300 GMT on December 4, and 0200 GMT on
December 5, and the radar data was obtained on "Gulf
Stream transits'" at 1700 GMT and 2000 GMT on this day.

This thermal data is in the form of quantized sea-
surface temperature levels (separated by approximately
1.1°C), each level representing the temperature within
a 2-km square cell. This resolution is comparable to
that of the radar cross—section data. Figure 10 shows
the two dimensional surface-temperature distribution at
1300 GMT, where the lines represent boundaries between
the quantized temperature areas. The surface latitude
and longitude coordinates are superimposed on this
information to permit the construction of a temperature
profile along the same ground path traversed by the
radar for comparison with the radar cross—section vari-
ations, and for inclusion in a stress profile calcula-
tion. This profile is seen in Figure 11. Three inter-—
esting properties are evident:

(1) The temperature difference between the Gulf
Stream and the shelf water is substantial,
typically 4°C, with some small areas being
5°C warmer than the shelf. The temperature
gradients in the shelf waters are by no
means in the same direction, although the
average behavior is for the temperature

to decrease as one gets closer to shore. The
substantial irregularities of the boundaries
that separate the areas of uniform tempera—
ture are seen in Figure 24.

81° LONG, 80° LONG.

22,2°
23.2°

a
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24,2° PATH
e

19.0° 30° LAT

20.1°
24,2°

Py
%24.20

g 23,2°

22.2°

>

Fig. 10. Isotherms Inferred from Quantized Infrared
Imagery December 4, 1975, 1300 GMT -

Rev. No. 4807
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In order to relate the radar cross section at this
microwave frequency and incidence angle to the wind
stress at the sea surface, this temperature information
can be utilized in a theoretical calculation of the
stress along the line of flight. As noted above, the
magnitude of the drag coefficient is quite sensitive
to any thermal stratification in the air, either stable
or unstable. The wind speed (relative to the surface)
also influences the drag coefficient, as well as being
the dominant quantity in the total stress. Surface
station instruments have recorded the wind speed and
direction at the flight times of interest. The product
of this drag coefficient and the square of the magni-
tude of the resultant vector velocity difference
between the air and water surface (including the effect
of the water current) equals the total stress. (See
Appendix.)

This theoretical approach was followed, and a
profile of sea-surface stress was calculated for
comparison with the radar cross-section data. This
included the temperature data of Figure 11, the known
wind speed of 4 m/sec, and direction of 60° was com—
bined with a northward Gulf Stream current. No timely
observations of the Stream's structure or velocity were
available for use in computing this surface stress.

As an example of a "representative'" shape, size, and
current magnitude, the profile presented by Von Arx
(Atlantis cruise No. 165, near latitude 38°, longitude
70° [5] was used in all the stress calculations pre-
sented herein. This embodies a width of 90 km, a
maximum speed of 2.2 m/sec, and a western border at
80° 15', where the continental slope is steepest.
square root of the normalized stress is plotted in
Figure 5(b), along with the radar cross-section profile
that was measured about four hours later. The square
root of the stress was plotted because previous air—-
craft measurements of the dependence of the cross
section on the wind speed have shown it to be closer to
a unity power law form (hence, square root of stress)
than a square law dependence (linearly proportional to
stress) [13].

The

The computed square root of surface stress and
observed backscatter profiles have a striking similarity.
The magnitudes of both are higher on the Gulf Stream
relative to the cold shelf. Also, both levels increase
as one travels toward the western edge from the east.
In addition, a steep decline occurs where the current
gradient is believed to be in the greatest. Further—
more, in the region on the eastern edge of the conti-
nental shelf where the current is very small, the cross
section is still relatively high and correlates well
with the higher stress resulting from the relatively
higher temperature in this region.

A second data set on December 4 showed similar
features. The second Gulf Stream transit was conducted
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at 2000 GMT, and a subsequent satellite photograph

6 hours later (at 0200 GMT, December 5) provided

a sea temperature profile. These profiles are pre-
sented in Figure 6. Again, the length of the higher
cross-section region extends twice as far as the
width of the Gulf Stream, and with a steep decrease
at the location where the current rapidly decays.
Considering the six-hour time difference between
these observations, the degree of agreement is
considered satisfactory. Comparing the maximum and
minimum magnitude levels reached by the measured cross
section with the maximum and minimum levels of the
square root of the stress, it appears that this value
of the exponential power gives a good functional
dependence for both data sets. A unity power law
gives a poor fit.

2. Surface Stress Implications for 15 December, 1976

Further support for the preceding interpretation
comes from the analysis of the data acquired during

the first Gulf Stream 'transit on December 15 (Figure 8).

This data was puzzling because the cross section

on the western half of the Stream was (on the average)
lower, as compared to the continental shelf, and to
the eastern half of the Stream (which still had
relatively higher roughness than the shelf)., The
radar cross section can be related to surface stress,
only if one accounts for surface wind speed and
sea—air temperature differences. The surface wind
which was coming from the southeast produced a smaller
relative velocity on the faster moving areas of the
Stream, as compared to the slower current on the
eastern half. Also, the higher temperature of the
Stream increases the stress (and observed cross
section) relative to the shelf. Unfortunately, cloud
cover prevented the acquisition of satellite tem-
perature information, but a crude model (based on the
earlier temperature features seen on December 4) was
assumed and combined with the Gulf Stream current
velocity profile along with the measured wind informa-
tion to compute a sttess profile for comparison (Fig-
ure 8(b)). The general behavior of this theoretical
curve agrees with the observed features noted above.
The strong fluctuations in the radar data near the
continental slope may be related to stronger tempera-
ture variations than those seen on December 4. This
is suggested because a satellite infrared image taken
on December 16 (24 hours later) shows a very intense,
small eddy activity at this side of the Gulf Stream
that may have existed at the time the radar observa-
tions were made.

7. Conclusions and Recommendations

The foregoing results demonstrate that the
imaging radar measures an average radar cross section
of the ocean surface that is related to surface
stress., This relationship complements the Seasat-A
SAR's primary objective of observing the directional
spectrum of ocean waves. The directional alignment of
the radar line-of-sight played an important role in
the interpretation of the radar cross-section observa-
tions. When several different directions were exam-—
ined, the radar backscatter properties showed that the
wind-driven, small gravity waves were aligned with the
average wind direction. The observations of the Gulf
Stream in this experiment provided an excellent
opportunity to study the combined effects of wind
magnitude and direction, of surface-current and of
sea—air temperature differences on the surface rough-
ness. The analysis carried out in this report, along
with the radar and surface data presented, is in close
qualitative agreement. While additional surface
and related supporting information could be utilized
(and would be welcome), the general behavior of the
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measured results can be explained with well~known
phenomena that, heretofore, have been impossible to
witness with as comprehensive and sensitive measurement
as this. Prior to this experiment, very little experi-
mental, evidence existed to demonstrate the relationship
and dependence of roughness on sea~surface temperature
and air—temperature profiles. This fact could have
implications for the interpretation of other microwave
sensor systems, such as the radiometer and
scatterometer.

Because of the ability of the microwave energy to
penetrate clouds, the results described here could lead
to a system for monitoring Gulf Stream current varia-
tions (given supporting satellite~temperature informa-—
tion) or they could be used for the detection of
temperature variations (with a higher degree of spatial
resolution than a satellite radiometer) in regions
whera current and other surface dynamic features are
known to be sufficiently small.
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Appendix - Surface Stress Calculation

Surface Stress = (Air Density) x (Drag Coefficient)

x (Magnitude of Relative Velocity
at 10 Meters Above Surface)?

2
To = PPy Y10
124 (1, - 1)
ClO = (ClO) L- __—_%E———_~_——
o 10
ClO = Drag coefficient under neutral (uniform)
n temperature conditions
T, = Air Temperature - °C
T, = Surface Temperature - °C
—_ - > N
Uip = T - Ucl = Magnitude of vector difference
W between wind and surface current
>
Uw = Wind Velocity Vector
ﬁc = Surface Current Velocity (Assumed to be in
northerly directionr at all points)
Square T
Root of _ o
Normalized 2
U
Stress p(CIO)n I wI
1.24 (Ta - TS) Ui
= |1 -« —2-B ) 5 =
U2 Uw
10
>
=1lwhenU =0and T =T
c a
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