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Abstract-This paper examines the distortions in the measured
wave topography caused by sea surface backscatter variation
within the 25 to 50 m antenna footprint of the 1° antenna beam of
the NASA Scanning Radar Altimeter at its typical 1.5 to 3 km
operating altitude and possible corrections to the directional
wave spectra computed from the wave topography.

I. INTRODUCTION

This paper deals with the effects of the finite beamwidth of
a beam-limited scanning radar altimeter on its ability to
measure the properties of ocean waves. Figure 1 shows the
basic measurement geometry of the NASA Scanning Radar
Altimeter (SRA). It swept a radar beam of 10 (two-way)
half-power width across the aircraft ground track within ±220
of the perpendicular to the aircraft wings to produce a swath
equal to 0.8 of the aircraft height, simultaneously measuring
the backscattered power at its 36 GHz (8.3 mm) operating
frequency and the range to the sea surface at 64 positions,
separated by 0.70 in incidence angle.

In realtime, the slant ranges are multiplied by the cosine of
the off-nadir incidence angles (including the effect of aircraft
roll attitude) to determine the vertical distances from the
aircraft to the sea surface. These distances are subtracted from
the aircraft height to produce a sea-surface elevation map,
which is displayed on a monitor in the aircraft to enable real-
time assessments of data quality and wave properties. The
SRA generally operated at 1.5 to 3 km altitude and produced
the raster lines of sea surface topography at about 16 Hz.

This paper examines the distortions of the measured wave
topography caused by the 10 antenna beam and the possibility
of correcting the directional wave spectra computed from the
wave topography. The directional wave spectra are
represented in terms of ocean wave propagation vectors in
wave number space, so the spectral variance densities are
referenced to the directions in which the waves are traveling.

II. WAVE MEASUREMENT GEOMETRY

Figure 2 shows the wave measurement geometry of the
SRA for waves propagating perpendicular to the aircraft track
for two boresight incidence angles. To make this analysis as
general as possible, the transmitted pulse is idealized to be
Gaussian in shape and 6 ns in half-power width for an
effective range extent of 0.9 m. Similarly, the two-way
antenna beam is assumed to be Gaussian in cross section with
a half-power width of 1°.
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Figure 1. SRA basic measurement geometry.

The top panel of Figure 2 shows, in proper proportion for
the SRA at 1.5 km height, circles (nearly straight, horizontal
lines) representing the leading and trailing half-power points
of the 6 ns transmitted pulse approaching the sea surface when
the antenna is boresighted at nadir. The antenna boresight is
indicated by the solid line perpendicular to the pulse and the
energy density varies laterally along the pulse as a function of
the antenna gain. The antenna half-power points (±0.50) are
indicated by the dashed lines and the antenna 0.1 power points
(±0.9 10) are indicated by the dotted lines.

The sea surface wave topography depicted in Figure 2 is an
infinitely long-crested sinusoid of 50 m length and 2 m crest-
to-trough height, propagating perpendicular to the aircraft
track. Even though the sea surface elevation at the antenna
boresight is 1 m above sea level, the centroid of the power
received by the SRA for that geometry will indicate a lower
surface elevation. When the back of the pulse (half-power
width) is still illuminating the crest of the 50-m wave, the
front of the pulse will extend almost to mean sea level. The
centroid range of the backscattered power would be longer
than the range to the crest and the crest height would appear
lower. If a wave trough were at the boresight, the opposite
would be true and the overall wave height would appear
smaller. This spatial filtering effect by the antenna footprint
which will reduce the apparent amplitude of waves at nadir.
The effect would be minimal for waves of 250 m or longer
and severe for wavelengths shorter than the antenna footprint.
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The bottom panel of Figure 2 shows the same SRA pulse
and wave profile, but near the edge of the measurement swath
for an antenna boresight at 200 off-nadir. The transmitted
pulse is shown just interacting the sea surface at the left edge
of the figure (-40 m). The near side of the wave whose crest is
at the boresight has a lower incidence angle than at the crest,
and lower still than for the far side of the crest. The variation
of backscattered power with incidence angle will weight the
shorter ranges on the near side of the crest more heavily than
the longer ranges on the far side of the crest and the centroid
range will be shorter than the range to the wave crest located
at the boresight of the antenna. There is no alternative but to
assign this shorter range to the antenna boresight angle, which
will result in a higher than actual wave crest determination.

The reverse would happen if a wave trough were at the
antenna boresight in the bottom panel of Figure 2. The far
side of the trough would have a lower incidence angle and
more backscattered power than the near side of the trough.
The centroid range would be longer than the range to the
trough at the antenna boresight. But ascribing that longer
range to the boresight angle would indicate a deeper trough
than was actually the case.

The general effect of the finite antenna beamwidth
(compared to the negligible width of a scanning airborne laser
beam) is to reduce the apparent height of ocean waves
propagating across the aircraft track when they are observed at
nadir and to increase their apparent height when they are
viewed off-nadir. The magnitude of the off-nadir distortion
increases with decreases in either the ocean wavelength or the
sea surface mean square slope (mss), which increases the
variation of backscattered power with incidence angle.
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Figure 2. Nadir and 200 off-nadir SRA pulse and antenna geometry with
respect to a long-crested wave of 50 m length and 2 m crest to trough height.

The reduction in the apparent amplitude of waves measured
at nadir is independent of the wave propagation direction. But
waves propagating parallel to the aircraft track are minimally
affected by the tilt-modulation enhancement effect when
observed off-nadir because the cross-track incidence angle
variation would be along the wave crest and change only by
the 1P beamwidth and not be compounded by ocean wave
curvature.

Although it is impossible to apply corrections to individual
wave measurements because the slope of the portion of the
wave within the antenna footprint is not resolved, statistical
corrections can applied to the directional wave spectra
computed from the topography.

III. HURRICANE WAVE MEASUREMENTS

For eight hurricane seasons (1998-2005) the SRA flew
aboard one ofthe NOAA WP-3D hurricane research aircraft to
provide the first and only wave field topographic maps and
directional wave spectrum information throughout the inner
core of hurricanes [1, 2, 3]. The multiple flight directions and
altitudes employed during a flight into Hurricane Ivan on 9
September 2005 provided data to demonstrate the effect of
wave geometry on the SRA measurements.

Figure 4 shows average directional wave spectra computed
from approximately 27 km along-track segments (3000 scan
lines) of SRA wave topography. The centers of the wave
topography segments are indicated by the three circles on the
southwest flight line in the vicinity of 15.6°N, 73.3°W. The
SRA antenna scans perpendicular to the aircraft heading,
indicated by the short, thick radial from the spectral origin.

Figure 5 shows average directional wave spectra computed
from approximately 20 km along-track segments (3000 scan
lines) of SRA wave topography from the southeast flight
segment. The centers of those wave topography segments are
indicated by the three circles in the vicinity of 15°N, 73.1°W.
The same scan line span covered less distance of the southeast
segment because the aircraft was flying crosswind instead of
downwind as was the case on the southwest segment.
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Figure 3. The thick line indicates the track ofHurricane Ivan. The three thick
circles on the hurricane track line in the vicinity of71.8W indicate the

locations of the eye fixes made by the NOAA aircraft during the flight on 9
September 2004. The thin lines indicate flight segments of the NOAA aircraft
and the thin circles indicate the centers of data spans used to generate the data

shown in Figures 4 through 7.




