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Tower-based measurements of normalized radar cross section
from Lake Ontario: Evidence of wind stress dependence
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Abstract. We report here the dependence of the normalized radar cross-section
(NRCS) on incidence angle, azimuth angle, wind speed, wind stress, and atmospheric
stratification for Ku band microwave backscatter from a lake. The measurements were
made in autumn 1987 on Lake Ontario, using a rotatir. microwave system mounted on
a research tower operated by the Canada Centre for Inland Waters. The results show
that at intermediate incidence angles the NRCS on the lake generally increases faster
with wind speed than it does on the ocean. We attribute this to the larger atmospheric
drag coefficients which exist on the lake compared with the ocean, and we show that
the results are more consistent with a dependence of the NRCS on wind stress than on
wind speed near the surface. We find a stratification dependence of the NRCS similar
to that previously reported at C band and show that at 40° and 60° incidence angles this
dependence can be removed by parameterizing the NRCS in terms of either the friction
velocity or neutral wind speed. At a 20° incidence angle the stratification dependence is

not removed by this procedure.

1. Introduction

At intermediate incidence angles (20° to 70°), the normal-
ized radar cross section (NRCS) for microwave backscatter
from wind-roughened surfaces can be related by a ‘‘model
function” to surface wind conditions. Most theories agree
that this dependence is due primarily to ‘‘Bragg resonant’’
scattering of the incident radiation from short surface waves
(0.2- to 20-cm wavelength). The backscattered power dis-
plays a strong angular dependence such that maxima occur
when the antenna is pointed either upwind or downwind and
minima occur when the antenna is pointed approximately
cross wind. The upwind maximum is usually larger than the
downwind maximum for any configuration of radar polariza-
tions, and the difference is maximized for horizontally po-
larized radiation. This behavior is the basis for determining
the wind vector over the sea by satellite scatterometry (see,
for example, Plant [1990] and Pierson [1990] for a full
derivation and details).

Previous model functions have been formulated by writing
the NRCS of the sea as a function of wind speed at 19.5 m
above the sea, radar incidence angle, azimuth angle relative
to the true wind vector, and polarization [e.g., Jones et al.,
1977; Moore and Fung, 1979; Schroeder et al., 1982; Wentz
et al., 1984]. However, Daley et al. [1984] identified defi-
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ciencies in this simple type of formulation and listed addi-
tional dependencies which may need to be included in the
scatterometer model function to increase both its utility and
physical consistency. On the basis of recent research, the
NRCS may also depend upon the following factors: (1)
dominant wave slope and direction relative to the wind
vector [Keller et al., 1985, 1989; Li et al., 1989], (2) air-sea
temperature differences, and thus the stratification of the
marine surface layer [e.g., Keller et al., 1985, 1989], (3)
surface contaminants and films [Hiihnerfuss et al., 1983], (4)
the viscosity of water as a function of temperature
[Woiceshyn, 1986; Donelan and Pierson, 1987], and (5)
marine boundary layer transients, inhomogeneity, and non-
stationarity, for example, boundary layer rolls and coastal
fronts [Geernaert, 1990, p. 94].

An increase in wind speed produces an associated in-
crease in the NRCS through amplification of the gravity-
capillary waves from which the electromagnetic waves are
scattered. Observations show that the wind speed depen-
dence can be represented fairly well as a simple power law
for wind speeds greater than 4-5 m/s [Jones et al., 1982;
Keller et al., 1992]. The cross section varies with wind
direction as a result of the anisotropy of the gravity-capillary
wave spectrum, and this behavior has been successfully
modeled as a truncated Fourier cosine series [Schroeder et
al., 1982].

If the short waves are tilted toward and away from the
radar and modulated in amplitude and frequency by the
slope of the longer waves on which they ride, the NRCS will
again be increased. Observational evidence for a long-wave
influence has been reported by Keller et al. [1985, 1989], who
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Figure 1. Map showing the location of the research tower
in Lake Ontario. Courtesy of M. A. Donelan.

show that cross sections increase with wave slope only when
the atmosphere is stably stratified. Measurements during
neutral and unstable conditions yield no discernable depen-
dence of the NRCS on long-wave slope.

To some extent, this daunting list of parameters that affect
the NRCS can be reduced when applied to satellite scatter-
ometry simply owing to the surface areas that are sampled.
Global wind vectors obtained from scatterometry are usually

COLTON ET AL.: NORMALIZED RADAR CROSS SECTION WIND STRESS DEPENDENCE

specified with a 25- to 50-km spatial resolution, which
averages out the effects of smaller-scale phenomena such as
topographic interactions and most surfactants. Such spatial
resolutions, and the requirement that footprints are not
contaminated by coastal discontinuities, limit operational
use of scatterometers to distances from shorelines that are
beyond coastal frorts. Nevertheless, since phenomena af-
fecting surface wave roughness can be due to processes
acting over a large surface extent, a considerable number of
parameters can still affect satellite-measured NRCS values.

One way to reduce the number of parameters responsible
for the NRCS is to relate it to a surface parameter that also
depends on surface waves, stratification, and films. Specify-
ing the output of scatterometer model functions in terms of
the wind stress could eliminate much of the dependence of
the output on dominant wave properties, atmospheric strat-
ification, and atmospheric rolls, since it is known that the
wind stress is affected by these parameters in much the same
way as the NRCS. The results of Keller et al. [1989] and
Askari et al. [1993] suggest, via theoretical argument, that
for equilibrium conditions the NRCS depends on wind
stress. However, in their studies, direct measurements of the
wind stress were not employed.

In this paper we report measurements made on Lake
Ontario that shed light on the relevance of the wind stress to
the behavior of the NRCS. Because the ‘‘younger’” waves on
the lake produce generally higher drag coefficients than the
““older’” waves of the ocean, surface stresses are different on
the lake ‘and on the ocean for the same wind speed. This
produces differences in the behaviors of lake and ocean NRCS
values, which may be used to investigate the possible wind
parameters that could affect the NRCS. After we describe the
experimental procedures in the next section and our methods
of computing wind stress and neutral wind speed in section 3,
we will show in section 4 that our measurements are more
consistent with a dependence of the NRCS on wind stress than
on wind speed at any arbitrary level below 19.5 m. In section 5

Figure 2. Photograph of the CCIW tower configured for WAVES °87. The 14.0 GHz (Ku band) radar is
extended from a boom facing southwest. Wind and wind stress measurements are obtained from a bivane
anemometer on the central mast, 11.5 m above the water surface.
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Table 1. Summary of Environmental Conditions
Parameter Value

Air Temperature, °C —10-16.6

Water temperature, °C 3.8-7.0

Air-water temperature difference, °C  —13.8-9.6

Relative humidity, % 40-100

Wind speed, m/s <15

Wind direction All directions except 90°-180°

Significant wave height, m <3

we then show that parameterizing the NRCS on wind stress
removes much of its dependence on atmospheric stratification.
Section 6 addresses the azimuthal angular dependence of the
NRCS. Finally, section 7 summarizes our results.

2. Experimental Details
2.1. The Site

The data analyzed in this study were acquired between
November 11 and December 12, 1987, from an instrumented,
bottom-mounted tower at the western end of Lake Ontario,
near Hamilton, Ontario (Figure 1). The tower is positioned
1.1 km offshore at a freshwater site with 12-m depth, small
residual surface currents, and fetch ranging from 1 to 300
km. The tower is of a bilevel design (Figure 2) with an upper
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deck (100 m?) constructed of open grating to minimize flow
distortion, and a lower walkway 4 m above the water
surface. At the center of the upper deck is a mast on which
the meteorological sensors are mounted; at the foot of the
mast is the data acquisition system housing. Power is sup-
plied to the tower from an onshore source via an underwater
cable. Donelan et al. [1985] provide full details of the tower
and local geography.

Due to the location of the study site in Lake Ontario, the
ranges of some environmental parameters which influence
the NRCS differ somewhat from those over the open ocean.
The wind direction is primarily from the west, i.e., from the
short-fetch direction. Unlike the open ocean, the site exhib-
its a wide range of atmospheric stratification, which is
correlated with the fetch. The most unstable conditions
occur when winds are from the north to northwest so that
cold polar air flows over the lake. Near-neutral conditions
are measured when the wind is from the north to northeast
so that the site is dominated by marine air. The most stable
situations occur when the wind is from the south to south-
west, bringing warmer air over the water. Furthermore,
Lake Ontario is a freshwater lake. At the microwave fre-
quencies used in the experiment, however, the dielectric
constants of fresh and salt water are indistinguishable, so the
measured NRCS should adequately represent ocean condi-
tions [Klein and Swift, 1977].

WAVE BRAGG WAVE HPOL or VPOL  DYNAMIC
LENGTH 20 40 60 80 RANGE
2.14 31 16 1.2 11 dual 72 dB

all cm
AZIMUTH ANGLE VARIATION

Ku-band scatterometer sweeps through approx 300 deg every ten minutes,

from 95 through 0 to 30 deg T.

95 min continuous run

INCIDENCE ANGLE VARIATIONS

Recording Period Angle Comment
5 minutes 0 Specular reflections
10 minutes 10 "Calibration" angle

Little wind speed dependence
20 minutes 20 Spec/diffuse (soft) boundary
20 minutes 40 Diffuse (Bragg) scatter
20 minutes 60 Diff/ grazing (soft) boundary
20 minutes 80 Grazing angle scattering

(system noise evaluation)

Figure 3. Characteristics of the 14.0-GHz microwave system.
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Environmental conditions encountered at the tower during
the experiment are summarized in Table 1. The first and
fourth week of data collection were associated with stably
stratified atmospheric conditions (positive air-water temper-
ature differences), while the middle 2 weeks had predomi-
nantly unstable stratification. The relative humidity was
quite variable, ranging from 40 to 100%, which included
several periods of heavy rain. Only moderate wind speeds
were measured. A feature to note is that there were no winds
from the southeast quadrant of the compass (90° to 180°)
during the experiment. Finally, the water temperature range
was only about 4°C, too small to perform a parametric
analysis of water temperature effects on the NRCS.

2.2. The Microwave Scatterometer

A dual-polarized, continuous wave, coherent, Ku band (14
GHz) microwave system, supplied by the Naval Research
Laboratory, was used in the experiment. The system design
was the same as that described by Plant et al. [1994] except
that two horns were used as receiving antennas. The effec-
tive two-way beam widths of the system were 6.24° and
7.33°, with the larger beam width being vertical for VV
polarization and horizontal for HH. This implies a far-field
range for the system of about 6.1 m. The system put out a
reference voltage which was used to normalize the return
signal for calibration. The calibration procedure was the
same as that described by Plant et al. [1994]. The system
was calibrated against both spheres and corner reflectors
before and after the experiment. Because only 48 data
communication channels were available to telemeter data
from the tower, only the amplitude-modulated signal from
the scatterometer was retained. This signal is proportional to
the field received by the antenna averaged over 0.6 ms. Thus
upon squaring and calibration, the signal provides the NRCS
as desired [Colton, 1989], but it does not allow measurement
of surface velocities as can be obtained through analysis of
Doppler frequency shifts in the frequency-modulated signal.
Throughout this experiment, horizontally and vertically po-
larized signals were obtained simultaneously.

The scatterometer was mounted on an antenna rotator at
the end of a 7.6-m boom pointing away from the tower, and
7.6 m above the water surface (Figure 2). The rotator varied
the azimuth angle of the scatterometer in a windshield wiper
fashion, omitting those angles at which the beam intersected
the tower. One 300° sweep was made every 10 min by
stepping 5° in azimuth approximately every 10 s. The inci-
dence angle of the antenna was also varied in the sequence
summarized in Figure 3 in order to cover the range of
incidence angles from 0° to 80°.

2.3. Environmental Sensors

A Gill-type bivane anemometer (R. M. Young Co., 1974),
mounted on the tower mast at 11.5 m (Figure 2) was used to
measure wind speed, wind direction, and momentum flux.
The wind speed sensor is a four-blade polystyrene propeller
with a 1-m distance constant (wind passage for 63% recovery
of a step change in speed), threshold speed of about 0.2 m/s,
and maximum recoverable velocity of 31 m/s. The delay
distance of the vane (wind passage for a 50% recovery from
a step change in direction) is 1 m, and its damped natural
wavelength (distance in which directional oscillations are
reduced by 1/e) is 5.8 m.

The air temperature thermistor, also mounted at 11.5 m,
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had a time constant of 0.2 s and was shielded to minimize
direct solar warming. The relative humidity sensor (a thin
film capacitor) was mounted beneath a plate at the top of the
mast on which the base of the anemometer rests. The
response time of the fast response sensor element is less than
1 s at 20°C, with an accuracy better than +3%. The water
surface temperature sensor was contained in a modified
“‘bucket,”” which was fixed just beneath the water surface
against one of the tower legs and measured a temperature
corresponding to the upper 10 cm of water. Calibration of the
sensors was performed in the laboratory before and after the
experiment (see Tsanis and Donelan [1987] for more details.)

2.4. Data Acquisition and Processing

All sensors were sampled and recorded in 95-min (nomi-
nal) data records. The 48-channel, analog data were digitized
at 20 Hz on the tower and transmitted to a trailer onshore,
where they were automatically received by a microcom-
puter. The raw voltages were converted to first-order geo-
physical variables (e.g., wind speed and air and water
temperatures) using the laboratory calibration equations.
One-minute running mean averages of the geophysical vari-
ables, evaluated every 10 s, as well as 10-s averages, were
computed for temporal collocation with the rotating scatter-
ometer.

The NRCS was computed for each 10-s azimuth bin,
excluding about 10 points at the beginning and end of the
antenna movement to guarantee accuracy in the azimuth
angle assignment. Thus each average NRCS value was
computed from about 180 samples taken 50 ms apart. Since
Ku band Doppler widths are typically of the order of 100 Hz,
these samples should be uncorrelated. The absolute cross-
section values were obtained via the reference voltages from
an internal calibration cycle at the beginning of each run and
system noise levels from low-wind-speed, 80° incidence
angle data. Normalization was accomplished using an illu-
minated area given by

w
A= T ®2R?%cos 6 0))

where R is range to the surface, 6 is incidence angle, and ®
is the one-way, full, half power beam width of the antennas.

Initial comparisons of the measured NRCS with scatter-
ometer model function predictions as a function of incidence
angle showed a positive 1- to 2-dB bias between the mea-
sured and predicted values at all incidence angles. Before
attributing erroneous physical meaning to these biases, a
further antenna pattern correction was applied to the NRCS
data using the 10° incidence angle data. The 10° incidence
angle data were used as an external ‘‘field”’ calibration point
because they showed little dependence on either wind speed
or wind direction for the environmental conditions encoun-
tered during the experiment. This calibration point may be
more representative of the true calibration, since the radar is
designed to detect Doppler shifts in the radar returns in-
duced by the movement of the sea surface. This situation is
only simulated in the laboratory calibration procedure
through the use of an oscillating or rotating sphere.

It was presupposed that the tower radar cross sections at
10° may be higher than the corresponding predictions from
the model functions which were tuned to airplane or satellite
scatterometers, since the tower radar antenna has a beam



COLTON ET AL.:

NORMALIZED RADAR CROSS SECTION WIND STRESS DEPENDENCE

8795

Ustar vs. Time

0.60
0.50
0.40
0.30 M&J
020
0.10

’\V J“J‘-ﬁ N

g
1000 1500 2000 2500 3000 3500 4000
sec
300 Measured Drag Coefﬁcnent vs. Time
o 25F
g 201 » ”~ w‘
x LSETT g W
8 1.0
0.5
0.0
0 500 1000 1500 2000 2500 3000 4000
sec
Windspeed vs. Time
000 1500 2000 2500 300 4000
sec
Wind Direction vs. Time
280
260 ()
£, 240 & WW o
; 3 e
200
180
0 500 1000 1500 2000 2500 3000 3500 4000
©sec
Rlchardson No. vs. Time
0.06 @©
5 O A AN A
2 om W
&
0.00
-0.02
0 500 1000 1500 2000 2500 3000 3500 4000

sec

Figure 4. Wind and stability parameters as a function of time: (a) friction velocity in meters per second
(mps), (b) drag coefficient, (c) wind speed, (d) wind direction, and (e) bulk Richardson number (data run

49, November 13, 1987, 1725 UT).

width of nearly 7° as compared with 1° or less for the
higher-altitude scatterometers. To estimate the offset that
would arise from the higher beam width, Seasat scatterom-
eter model function predictions (SASS1 [Schroeder et al.,
1982] and SASS2 [Wentz et al., 1984]) at 10° (averaged over
all azimuth angles from 3 to 11 m/s) were ‘‘smeared’’ over a
7° beam width by assuming a Gaussian antenna pattern for
the tower radar. The SASS1 and SASS2 model functions
were chosen for this calibration because they were purely
statistical fits of data from an aircraft scatterometer (1.5°
beam width) and the Seasat scatterometer (0.5° beam width).

For SASS1 the averaged 10° value was 7.73 dB, or 0.73
dB higher than that obtained from the aircraft scatterom-
eter. Similarly, the averaged 10° value was 7.44 dB for the

SASS2 model, or about 1.1 dB higher than the satellite
measurements. Therefore about 1 dB of the bias in the
tower data was attributed to the wider beam width of the
tower radar and was subsequently subtracted from all of
the data plots to allow better comparison to existing model
functions. With this beam width correction, the tower
radar measurements at 10° incidence angle are within 1 dB
of the values predicted by the Sesat scatterometer model
functions.

The final data set included the Ku band (10 sec) NRCS at
both HH and VV polarizations, wind speed, air and water
temperatures, integrated wave spectral parameters and di-
rectional wave spectra (not discussed here), nondimensional
numbers descriptive of overall environmental conditions
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Figure 5. Neutral drag coefficient as a function of wind speed at 10 m for (a) short (<10 km), (b) long
(>50 km), and (c) all fetch directions. For these plots, z/L was limited to —0.38 to 0.12.
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Table 2. Ku Band NRCS Parametric Dependence on Uy (19.5): Comparison of Lake

Measurements With AAFE RADSCAT Data

Vertical Polarization

Horizontal Polarization

Lake Ocean Lake Ocean
Angle,
deg G H G G H G H
Upwind

0 ce . 1.45 —0.46 cee cee 1.40 -0.36
10 0.57 0.20 0.50 0.0 0.74 0.0 0.55 0.0
20 -1.35 1.33 —1.40 1.05 -1.37 1.30 -1.30 1.00
40 -3.35 2.23 -3.20 1.77 -3.58 2.06 -3.55 1.98
60 —4.11 2.60 vee ce -4.29 1.92 vee oo

Downwind

0 1.22 -0.10 1.45 —0.46 1.22 -0.10 1.35 -0.36
10 0.51 0.24 0.60 0.0 0.57 0.17 0.60 0.0
20 -1.12 1.11 -1.30 0.98 -0.92 0.84 -1.30 0.94
40 -3.94 2.77 -3.10 1.62 —4.59 2.88 -3.75 1.97
60 —4.40 2.84 cee <o —3.88 1.28 cee K

Cross Wind

0 1.43 -0.35 1.50 —0.46 1.43 -0.35 1.35 -0.36
10 0.41 0.16 0.60 0.0 0.55 -0.01 0.60 0.0
20 -1.27 0.81 -1.50 0.98 -1.16 0.65 -1.35 0.75
40 -3.77 2.10 -3.30 1.52 —4.01 1.93 -3.60 1.46
60 _4.53 2‘38 oo “en oo oo oo oo

(defined later), neutral wind speed at several heights, wind
stress, and measured and neutral drag coefficients.

3. Computation of the Wind Stress
and Neutral Wind Speed

When relating the NRCS to environmental measurements,
one must consider the local (microscale) problem of momen-
tum transfer to waves which are small compared with the
longest gravity waves present in the larger, spatially aver-
aged (macroscale) wave field. Momentum transfer from wind
to waves may be quantified by the friction velocity u. in the
growth rates of the short waves. Therefore in scatterometer
studies the wind stress should be evaluated at timescales
comparable to the timescale of the Bragg-scattering waves,
i.e., a timescale of seconds.

On the other hand, the macroscale wave field exerts a drag
on the wind which modulates the wind stress. The stress is
supported by a range of wavenumbers, whereas the scatter-
ometer is wavenumber selective (within a small band about
the Bragg wavenumber). Therefore a different timescale is
needed to quantify sea state effects on the wind stress. With
the assumption of horizontal homogeneity in the surface
wave field and ignoring the microscale, the typical approach
to this problem has been to determine an overall roughness
length z, dependent on the drag coefficient, which parame-
terizes the wave drag on the wind. Wave state and stratifi-
cation have time and space scales much larger than the
microscale; therefore the drag coefficient has inherently
longer timescales, of the order of minutes, and larger spatial
scales, of the order of kilometers.

To separate the microscale effects from the macroscale,
we assume that the friction velocity is proportional to a
long-term drag coefficient Cp and short-term wind speed,
i.e.

ufl O(sec) = CDl O(min)Uz( ) l O(sec) 2

where U, is the wind speed at height z. In this manner, the
observed rapid changes in cross section with wind speed are
accounted for by using a short-timescale wind speed to
compute the wind stress. The variation of stress over longer
timescales is taken into account by using a long-term drag
coefficient. The procedure is to compute u, and the mean
wind at measurement height, U(z), from the wind compo-
nents over the long timescale and then to form the ratio of u .2
to U(z)? to obtain the long-term drag coefficient. This drag
coefficient is used in (1) with the short-term wind speed
average to compute a short-term stress.

The stress is estimated directly by forming the covariance
between the fluctuating horizontal (#’, v') and vertical (w')
components of the wind and applying Reynold’s rules of
averaging [Panofsky and Dutton, 1974, p. 88]. The stress
vector T is then

T=(—u'w'i—v'w'j) 3)

where the first term on the right is the longitudinal stress and
the second is the lateral stress. The friction velocity squared
is given by the magnitude of the stress divided by air density
3

u osec) = |7/p| = [(@'w’)? + (v'w’) 2] 4

and the stress direction a, relative to the wind direction, is
given by

a =tan"Y(w'w'lu'w') &)

(a is positive when 7 is to the right of the wind vector).
The turbulent fluxes and covariances were measured using
an averaging time of about 20 min, which is approximately 4
times the period of the largest eddies in the boundary layer
[Geernaert, 1988], and also still within the spectral gap
between the synoptic and turbulent peaks in the wind speed
spectrum [Pierson, 1983]. The choice of averaging time for
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Figure 9. NRCS (pluses) and SASS II model function (solid lines) versus U,(19.5) measured on the

lake.

the wind stress also determines the accuracy of the com-
puted stress. For neutral conditions at a measurement height
z, wind speed U, and specified accuracy &, Wyngaard [1973]
shows that the averaging time T is given by

Ty =20z/e2U (6)

With T, = 20 min, z = 11.5 m, and a typical U of 7.5 m/s,
the accuracy of the covariance computed for illustration is
+16%. Accuracy will rapidly decrease with decreasing wind
speed.

For our data set we used a moving 20-min average
evaluated every 10 s in order to maintain continuity of the
drag coefficient between independent 20-min records and to
allow correlation of the computed drag coefficient with a
particular 1-min (microscale) wind speed. This averaging
method allows each Ku band azimuth bin to be assigned a
unique stress value.

Using the 20-min averaged u, and wind speed values, a
20-min drag coefficient and corresponding 1-min stresses

were computed. These, along with wind direction and bulk
Richardson number, are shown in Figure 4, where stress is
given in terms of u*. In this example the drag coefficient has
a mean value of about 0.0018 and no trend, but significant
temporal variations, which span a range of values from
0.0012 to 0.0026. The short-term friction velocity has the
overall character of the longer-term 20-min drag coefficient,
but it also incorporates the effect of the short-timescale
variations in the wind speed.

We plot the 20-min running mean bulk Richardson number
Rip, a measure of atmospheric stability, in Figure 4e. This
parameter is based on local scaling and is defined as

_ 92(Tyair — Tysea)

(M
TyaiU’

Rip
where ¢ is the gravitational acceleration constant; z is
measurement height, and Ty, is the virtual air or sea temper-
ature (in degrees Kelvin). The atmosphere was stably strat-
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Figure 10. Same as Figure 8, but with regression lines plotted against the ‘‘equivalent’ ocean U 5(19.5),
which produces the same friction velocity as the lake winds.

ified for this data run, as is indicated by the positive value of
the Richardson number.

To obtain the neutral wind speed, we used the measured
20-min drag coefficient and obtained its neutral value using
the following relation:

Cpn=[Cp"* + ¥/k]2 (8)

where « is the von Kdrman constant (taken as 0.4) and
W(z/L) is a stability correction to the wind profile. The
functional form of W(z/L) is the same as those used by
Geernaert et al. [1988]. The relation between Rip and
Monin-Obukhov scaling and stability was obtained from
Donelan et al. [1974]:

Z/[L=7.6Riz  Rig<0
)

Z/L=6.0Riz  Rig>0

The 1-min neutral wind speed is given by

Un(11.5 m) = Cpllu, (10)
where u, in (10) is the 1-min friction velocity. At any other
level z,
Un(z) = Un(11.5) + uy/k In (2/11.5) (11)
For example, the neutral wind speed at 11.5 m is systemat-
ically around 2% larger than the 10-m neutral wind speed.
We have employed the above measurement techniques
and equations to compute neutral drag coefficients during
our experiments for the conditions when the wind direction
produced short fetches and when it produced long fetches.
Fetches longer than 50 km could be produced only when the
wind direction was between 44° and 98°, so we take these
angles as defining long-fetch data. Similarly, fetches less
than 10 km occurred when the wind direction was greater
than 123° and less than 6°. Figure 5 shows the measured Cpy
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Same as Figure 8, but with lake regression lines plotted against the ‘‘equivalent’ ocean

Un(19.5), which produces the same wind speed 2 cm above mean water level as the lake winds.

for these two cases along with the best fit lines to the two
sets of data in the least-squares sense. These lines are
defined by the following equations:

Cpn = 0.001(0.705 + 0.141U(10 m))  fetch < 10 km

(12)

Cpn =0.001(0.707 + 0.073U(10 m)) fetch > 50 km

(13)

Smith [1988] has given the best fit Cpy for winds on the
ocean to be '

Cpn = 0.001(0.837 + 0.048U(10 m)) (14)

Note that C py on the lake for short fetches has a slope about
3 times that of the oceanic drag coefficient. For the long
fetches, however, the lake drag coefficient has a slope only
1.5 times greater than the ocean data.

Donelan et al. [1982] suggested that the larger Cp values
observed on the lake were due to the younger, steeper waves
associated with short fetch. Over a range —0.38 < z/L <
0.12, their measured Cpy Was given as

Cpn =0.001(0.37 + 0.137U(10 m)) (15)

In the present measurements, over the same z/L range and
all fetches, we obtained

Cpn = 0.001(0.48 + .131U(10 m)) (16)

‘We will return to the fetch-dependent behavior of Cpy in the
next section, where we will use it to investigate the manner
in which the NRCS depends on wind.

4. NRCS Dependence on Wind Speed
Parameters

After obtaining the neutral wind speed at 19.5 m above the
surface of the lake from (11) using our measured values of u



8804

0t @ 7

Height, m
S
N

10}

0 2 4 6 8 10
Neutral Wind Speed, m/s

25 v XXA
ol (®) %
- X
9 15 ***BK*
o Xx XX
210 X**x*‘
=
- | QOOOOOOOO
5 o
%o
0 . . R
0 5 10 15 20 25

Un(19.5) (Lake)

Figure 12. Comparison of lake and ocean winds. (a) Solid
line is a wind profile from the lake. Dotted line is wind profile
on the ocean which has the same friction velocity as the lake.
Dashed line is wind profile on the ocean which produces the
same wind speed 2 cm above mean water level as the lake.
(b) Pluses indicate the ocean Uy(19.5), which produces the
same u, as the lake Uy(19.5). Asterisks and open circles
show the ocean U y(19.5) which produces the same U y(z*)
as the lake Un(19.5) for z* = 0.15 m and 0.02 m,
respectively. Line of equal agreement is solid.

and Upn(11.5), we determined the dependence of the NRCS
for selected azimuth angles on Uy(19.5). The NRCS data
were grouped into azimuth angle ranges corresponding to
upwind, downwind, and cross wind with an allowance of 5°
about each prescribed direction. Data corresponding to
friction velocities less than 0.12 m/s were omitted from the
data set because they were too low for the bivane to measure
accurately. Similarly, points corresponding to relative hu-
midities above 90% were omitted, since they corresponded
to rain with a high degree of probability. Finally two runs of
questionable quality were omitted. One of these was of very
short duration, while the other appeared to contain reflec-
tions from a solid object.

Plots of the resulting data set showing the NRCS in
decibels versus 10(log (Ux(19.5)) where Uy is given in
meters per second are presented in Figures 6 and 7 for
incidence angles of 0°, 10°, 20°, 40°, and 60°. Also shown in
these figures are the best fit linear regression lines for these
log/log plots and the correlation coefficients for the various
fits. Figure 8 shows the polarization ratios measured in this
experiment along with those from Jones et al. [1977]. Note
that the fetch has not been restricted in these figures. If we
represent the NRCS in the manner of SASS1, the Seasat
scatterometer algorithm, we have

% =10(G + H log (U(19.5)) (17)

COLTON ET AL.: NORMALIZED RADAR CROSS SECTION WIND STRESS DEPENDENCE

Values of G and H for our regression lines are given in Table
2 for the various fits.

Also shown in Table 2 are G and H values for ocean
backscatter data collected by the NASA Advanced Applica-
tions Flight Experiment radiometer-scatterometer (AAFE
RADSCAT) system [Jones et al., 1977]. Comparison of the
values of G and H for the present study on Lake Ontario
with their counterparts for the ocean data shows that while
G for the lake seems to be randomly distributed around the
ocean value, H for the lake is generally higher than that for
the ocean. In fact, this is always true at a 40° incidence angle.
The higher values of H at this incidence angle are difficult to
explain on the basis of instrumental errors and may indicate
true differences in the behavior of the NRCS over the lake
and ocean.

This possibility of a stronger wind speed dependence is
further strengthened by Figure 9 where the regression lines
for the lake data for 10°, 20°, 40°, and 60° incidence angles are
plotted on the same graphs as the SASS2 model function
[Wentz et al., 1984]. Again, the slopes of the regression lines
for the lake data are generally larger than those of the model
function, which were derived from ocean NRCS values
collected by Seasat. Note that the one conspicuous excep-
tion to this statement, downwind, HH-polarized NRCS
values at 60°, is probably the most suspect of the lake
regression lines, since the data used in deriving it are
bunched between about 8 and 11 m/s (see Figure 7b).

In the plots of Figures 6-9 and the numbers of Table 2, the
neutral wind speed at 19.5 m against which the NRCS values
from the present study have been plotted are those that
actually exist on the lake, i.e., wind speeds inferred from
(11) using u* and Up(11.5) as measured on the lake. The
large values of H for the lake data may be interpreted to
imply that this is not the proper wind parameter to hold
constant when comparing lake and ocean data. In other
words, the data indicate that Upy(19.5) is not the wind
parameter upon which the NRCS actually depends. This
leads us to examine the possibility that another parameter of
the wind should be held constant in comparisons of lake and
ocean data.

Two possibilities have been suggested in the literature.
Many authors have suggested that the NRCS depends on the
friction velocity, or wind stress, rather than on the wind
itself [Durden and Vesecky, 1985; Plant, 1986; Weissman et
al., 1990]. If this is true, then the proper comparison
between lake and ocean NRCS values is at the same friction
velocity rather than at the same Uy (19.5). Alternatively,
Donelan and Pierson [1987] have suggested that the NRCS
responds to the wind speed very close to the surface; they
chose a very small height equal to one-half the Bragg-
resonant wavelength, or about 1 to 2 cm for Ku band. They
interpreted this to mean the wind that would be present 1 to
2 cm above the mean surface if the logarithmic profile were
extrapolated to levels below the crests of the surface waves.
This suggestion may be generalized by holding the wind
speed at an arbitrary height z*, to be constant when com-
paring lake and ocean NRCS values. We now examine these
two possible alternatives by computing ‘‘equivalent’’
Un(19.5) wind speeds in the sense that they produce the
same friction velocity or Up(z*) on the lake and on the
ocean. The NRCS regression lines will then be plotted
against these ‘‘equivalent’’ winds to see if the agreement
between lake and ocean data is improved.



COLTON ET AL.:

NORMALIZED RADAR CROSS SECTION WIND STRESS DEPENDENCE

8805

5 r T T T T
L Ku NRCS (20 deg, v-pol) vs. Wind Speed ]
°F X "‘x S xE
C % ]
: % *}K &* *)( % K 8() < X o © :
9 s KoX 7 o M -
n & ]
C * ]
10} 7
-15C L . : . ]
2 4 6 8 10 12
mps
5 L Ku NRCS (20 deg, v-pol) vs. Neutral Wind Speed ]
o K %]
r X 9K % ’3& X o o ]
C & X Ko : KoX goo "o ]
8 5k ok X T 0 S h
B 00 i
C * ]
10 :
-15LC . A A L ]
2 4 6 8 10 12
mps
5 B Ku NRCS (20 deg, v-pol) vs. Friction Velocity
0 i— % " x ¥ X © _:
- * N
: * K ok 0o ° ]
m -5 r % ° S o < 1
o L 00 < 4
L * ]
op ¥2L<0 1
- ©z/L>0 ]
-15C , .
0.0 0.2 0.4 0.6
mps

Figure 13. Azimuthally averaged, 20° incidence angle, vertically polarized Ku band NRCS as a function
of measured wind speed, neutral wind speed, and friction velocity. Diamonds correspond to NRCS values
where z/L > 0 (stably stratified atmosphere), whereas asterisks correspond to z/L < 0 (unstable).

We first derive an expression for the U y(19.5) which will
produce the same u* values on the lake and ocean. From
(10), we have

12
CDN_Lake

UN_Sea( 10) = UN_Lake( 1 0) (18)

CDN_Sea

where U(10 m) is used because the oceanic drag coefficient
is typically regressed against wind speed at this height.
Using this expression along with (11), (14), and (16), we may
obtain a set of Uy _gea(19.5) values which are equivalent to
those used for the plots in Figure 9 in the sense that they are
ocean winds which produce the same u* as the lake winds
used in Figure 9. We may therefore replot the regression
curves for the lake against these new equivalent wind speeds
for the ocean.

One problem is encountered in computing the equivalent
wind speeds: the ocean drag coefficient given in (14) is
specified in terms of ocean winds. Thus an iterative process
is necessary in which lake winds are first used to obtain the
ocean drag coefficient, the equivalent ocean wind is com-
puted, and it is then used to reestimate Cpy se,. When

CpnN_sea Stops changing, the process has converged, and
equivalent ocean winds have been obtained. The result of
plotting our lake regression lines against these equivalent
winds is given in Figure 10. In most cases, the lake regres-
sion curves are now closer in slope to those obtained over
the ocean.

Next consider the U 5(19.5) on the ocean which produces
the same Uy(z*) as on the lake. Using (11) to compute
Un(z*) on both the lake and ocean and setting them equal

yields
Usx_Sea 19.5
In|{—| + KCDN_Sea (19)
K 10

In (Z*/IO) + KCDN Lake

u
In (Z*/lO) + KCDIIV/ZSea *-Lake

Un_sea(19.5) =

(20)

Ux_Sea =

Using the iterative procedure with these equations, we
related Uy 5e2(19.5) to Upn_pake(19.5), assuming that
Un(0.02 m) is constant. When we plot the lake NRCS
regression curves versus this new Uy s.,(19.5), we obtain
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Figure 14. Azimuthally averaged, 20° incidence angle, horizontally polarized Ku band NRCS as a
function of measured wind speed, neutral wind speed, and friction velocity. Diamonds correspond to
NRCS values where z/L > 0 (stably stratified atmosphere), whereas asterisks correspond to z/L < 0

(unstable).

the curves shown in Figure 11. In this case, the slopes of the
regression lines are even larger than in Figure 9. Indeed it is
easy to show using (10) and (11) that this will always be the
case as long as z* < 19.5 m. As z* decreases or as
Un_Lake(19.5) increases, the NRCS regression curves even-
tually become nonsense when plotted against Uy _g,(19.5)
because they double back on themselves producing double-
valued cross-sections at a constant wind speed.

Figure 12 makes the reason for this behavior clear. Figure
12a shows wind speed profiles on the lake and on the ocean
under the two different assumptions. As these figures show,
Un_sea(2) differs from U y | ,.(z) in a very different manner
if the wind speed at z = z* is held constant (dashed line) than
it does if u, is held constant (dotted line). Figure 12b plots
Un_sea(19.5) against Uy | 4.(19.5) for u, constant (pluses)
and for U y(z*) constant when z* is 0.02 m (circles) and 0.15
m (asterisks). The curvature of the constant Uy (z*) curve
becomes more negative as z* decreases and eventually
yields two U y_g.,(19.5) values for each Uy | 4.(19.5) value.

S. NRCS Dependence on Atmospheric
Stratification

The results of section 4 suggest that u, is the primary
parameter upon which the NRCS depends. If this is true,
then most dependence of the NRCS on atmospheric stability
should be removed if u, is held constant. To investigate
whether this is indeed the case, we stratified our data set
according to atmospheric stability as represented by z/L for
the cases of constant U(11.5), constant u,, and constant
Un_1ake(19.5). This procedure was complicated by the fact
mentioned earlier that on Lake Ontario, atmospheric stabil-
ity and wind direction are highly correlated. Since the fetch
depends on the wind direction, this implies a correlation
between stability and dominant wave slope. Since it is
known that the dominant wave slope influences the NRCS in
stable situations, we attempted to analyze our data in a
manner that would hold the wind direction relatively con-
stant.
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Figure 15. Azimuthally averaged, 40° incidence angle, vertically polarized Ku band NRCS as a function
of measured wind speed, neutral wind speed, and friction velocity. Diamonds correspond to NRCS values
where z/L > 0 (stably stratified atmosphere), whereas asterisks correspond to z/L < 0 (unstable).

Binning the data on wind direction quickly reduced the
number of situations we were able to examine for stability
effects. In order to increase the statistical significance of the
data, we decided to investigate only the dependence of the
NRCS averaged over all azimuthal angles on atmospheric
stability. Since our data contained a 60° gap in azimuth angle
due to the influence of the tower, we fit the dependence of
our measured NRCS values on azimuth angle to a truncated
Fourier series in azimuth angle, x:

NRCS=Ay+ Ay cos y + A, cos 2x (21)

Using (21) in the azimuthal data gap and the actual data
outside of the gap, values of NRCS could be averaged over
the full 360° range.

Figures 13 through 16 show the results of plotting these
averaged NRCS data against wind speed, neutral wind
speed, and friction velocity for incidence angles of 20° and
40° and the two polarizations. The open diamonds in these
figures correspond to data collected with z/L values between

0 and 0.12, that is, for slightly stable stratification. The
asterisks indicate data collected with z/L between —0.38 and
0, or unstable conditions. In all four figures the stable data
fall below the unstable data when plotted against the mea-
sured wind speed at 11.5 m. This is in agreement with the
results of Keller et al. [1989], where the C band NRCS
decreased under stable conditions.

When the same data are plotted against either u, or
Un 1ake(19.5), our results indicate that the stratification
dependence is rather well removed for the 40° and 60° (not
shown) incidence angles but not for the 20° angle. The reason
for the failure of the data to converge for the 20° incidence
angle was not obvious to us. One reason may be that the 20°
data represent a mixture of Bragg and specular scattering
and so are more dependent on long-wave slopes than the 40°
data. Thus small changes in long-wave slope caused by the
slower wave growth under stable conditions may have a
greater effect on 20° backscatter than on 40°; we have not
attempted to remove long-wave slope effects.
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Figure 16. Azimuthally averaged, 40° incidence angle, horizontally polarized Ku

mps
band NRCS as a

function of measured wind speed, neutral wind speed, and friction velocity. Diamonds correspond to
NRCS values where z/L > 0 (stably stratified atmosphere), whereas asterisks correspond to z/L < 0

(unstable).

In an attempt to further define stability influences on the
angular dependence of the NRCS as well as its average
value, we examined the dependence of Ay, A, and A, of
(21) on stability. If (21) is rewritten as follows

NRCS = Ay[1+ A /Ay cos x + A,/A, cos 2x] (22)

then A reflects the upwind NRCS wind speed dependence
averaged over all azimuthal directions, while the ratios
Aj/Ay and A,/A  reflect the downwind/upwind and cross-
wind/upwind differences, respectively. The coefficients re-
sulting from fitting the lake data with (21) are shown in
Figures 17-20, in which the RADSCAT values are plotted as
circles [Donelan and Pierson, 1987, Table 2].

At 20°, the A values for vertical and horizontal polariza-
tion (V-pol and H-pol) (Figures 17a and 18a) are comparable,
and the stable values are generally less than the unstable
values at a given wind speed. The A, V-pol and H-pol values

(Figures 17c and 18c) also have similar magnitude and
slopes, but the stable values are now higher than the
unstable values. The ratio A,/A, (Figures 17¢ and 18¢)
clearly shows an atmospheric stratification effect, with the
greatest values associated with the stable data. Note that
while the (only) two RADSCAT A, and A, values at 20° are
significantly less than the lake values, the ratio A,/A is
comparable. The A; values are not similarly stratified by
stability and are of similar magnitudes to the RADSCAT
values.

The 40° vertically polarized A, data (Figure 19a) show a
much stronger windspeed dependence than either the RAD-
SCAT or H-pol data (Figure 20a). There is no apparent
dependence on stability as was true at 20°. The same
behavior holds for A,, and A,/A,, (Figures 19¢c, 19¢, 20c,
and 20e). However, the A, and A /A values now exhibit a
stability dependence. Again, while the individual coefficients
are higher on the lake than the RADSCAT data, the ratios
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Figure 17. Azimuthal angle Fourier expansion coefficients and ratios for 20° incidence, vertically
polarized data. Unstable data correspond to bulk Richardson number Rip = —0.01; neutral, —0.01 <
Rig = 0.01; and stable, Rip > 0.01. (a) Ay, (b) Ay, (c) A, (d) Ay/Ay, and (e) Ay/Ay.

bracket the aircraft data, indicating that the basic sinusoidal roughened water surface which were made on Lake Ontario.
shape of the azimuthal curves is preserved. Simultaneous measurements of the NRCS at HH and VV
polarizations from a rotating Ku band scatterometer, along
with friction velocities, wind speeds, and air-water temper-

We have reported measurements of the normalized radar  ature differences, were obtained from the same platform.
cross section for microwave backscatter from a wind- The measured drag coefficients confirmed the previously

6. Summary and Conclusions
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reported fact that drag coefficients on the lake are larger than
those on the ocean at moderate to high wind speeds.
Under these conditions, we found the NRCS on the lake to
increase with the 19.5-m neutral wind speed more rapidly than
it does on the ocean for intermediate incidence angles. We

showed that this behavior is more consistent with a depen-
dence of the NRCS on wind stress or friction velocity than it is
with a dependence on neutral wind speed at any height at or
below 19.5 m. We found that the azimuthally integrated NRCS
was nearly independent of stability when plotted against either
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Figure 19. Azimuthal angle Fourier expansion coefficients and ratios for 40° incidence, vertically
polarized data. Unstable data correspond to bulk Richardson number Riz = —0.01; neutral, —0.01 =<

Rip = 0.01; and stable, Rig > 0.01. (2) Ay, (b) Ay, (c) A,, (d) A, /A, and (e) A2/A0

Un_Lake(19-5) or uy for 40° and 60° incidence angles. We did not
obtain such stability independence at a 20° incidence angle,
possibly owing to the involvement of long waves in the

scattering process at this angle.

These results indicate that the NRCS is more closely
related to the friction velocity than to the wind speed. The
conversion to neutral wind speeds requires a knowledge of

8811

the drag coefficient, which, as the lake/ocean differences
indicate, depends on surface wave conditions. Thus uncer-
tainties in the drag coefficient are propagated to uncertainties
in the reported neutral wind speed. Therefore we suggest
that the output of satellite scatterometers should be in terms
of wind stress, or friction velocity, rather than neutral wind

speed.
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polarized data. Unstable data correspond to bulk Richardson number Rip <
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