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Radar altimeter signals transmitted from the low-orbiting satellite Geos 3 were analyzed for two
selected orbits over high seas associated with hurricane ‘Caroline’ in the Gulf of Mexico and a North
Atlantic storm. The measured values of significant wave height are in reasonable agreement with surface
measurements, provided that the altimeter data are properly edited. The internal consistency of estimated
wave heights for the North Atlantic storm, a standard deviation of 0.6 m or less, and the good agreement
with surface truth lend credence to the method. A statistical analysis of the pulse slope variation gives
estimated values of significant wave height within +1 m of the true values 75% of the time for spatial

averaging over 70 km.

INTRODUCTION

Short-pulse radar altimeters aboard low-orbiting satellites
have the capability of measuring the mean height of the ocean
surface, the geoid, and the roughness of this surface, the wave
height. The mean height measurement uses the round trip
travel time of radar pulses to estimate the distance from the
satellite to the surface. The roughness of the ocean surface
causes stretching of the return pulse leading edge which is a
direct measure of the ocean wave height (see, for example,
Barrick [1972]; Brown [1977]). In the present work the signifi-
cant wave height H,; is inferred from the shape of the average
received pulse. ’

Short-pulse altimeters are aboard two satellites, Skylab S-
193 and Geos 3 [McGoogan, 1975]. Both altimeters have simi-
lar pulse widths, about 15 ns; allowing the measurement of
higher wave heights, whereas the altimeter scheduled for
launch aboard Seasat-A in May 1978 will have a nominal pulse
width of 3 ns, allowing measurement of lower wave heights.

Contributions to the received radar signal occur when the
scattered energy from specular points on the rough ocean
surface is returned to the radar antenna. However, these points
will be received at different delays, since they come from
different depths into the rough surface. Therefore the delayed
signals add randomly, causing stretching of the leading edge of
the return pulse. This scattering process for a short-pulse
satellite altimeter requires that the spherical nature of the
transmitted- wave be considered [Moore and Williams, 1957;
Barrick, 1972]. Thus the received pulse increases in amplitude
after being reflected from the surface up to a peak (plateau)
value. This plateau value is reached when the trailing edge of
the transmitted pulse first intersects the mean surface, for a flat
sea an area about 4 km in diameter for Geos 3, whereas for
high seas it occurs when the trailing edge reaches the lowest
trough, which could be 6-7 km in diameter.

The purpose of the present work is to develop a méthod for
analyzing the Geos 3 altimeter signals in terms of ocean wave
heights. The technique must take into account the peculiarities
associated with the Geos 3 altimeter. Indeed, several altimeter
parameters are observed in order to determine when and if the
altimeter data required to calculate H,,, are reliable. A more
accurate method for analyzing Geos 3 data may evolve in the
future; however, it is believed that the method presented here
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leads to useful results. Data from two orbits were selected for
analysis: overflights of hurricane Caroline in the Gulf of Mex-
ico and a North Atlantic storm.

THEORY

The time evolution of the backscattered signal as recorded
by the receiver is given by the convolution of the incoming
pulse /(t) with the impulse response function H(t):

1) = H@)*I(t) = f " HG - Iy dr )

where H{t) is the convolution of the radar sea surface impulse
response function S(¢), which describes the backscattering of
the pulse and the receiver response function R(¢):

H(t) = S(t)*R(1)

The antenna beam width effects were not included, since they
have a negligible effect on the shape of the leading edge of the
pulse.

For the simplified case, a nearly smooth flat sea surface, the
mean backscattered signal is proportional to the area illumi-
nated by the pulse. For this simplification the signal energy is a
linear function of time if ¢, — 7/2 <t < t, + 7/2 and remains
constant for ¢t > t, + 7/2 [Brown, 1977]. Assuming that the
surface impulse response S(¢) is a step function, the receiver
response R(t) is a delta function, and the incoming pulse is
tectangular, then a linear response is obtained as shown by the
solid line in Figure 1.

If the sea surface is rough, however, specular points are
encountered above and below mean sea level. This causes the
linear rise to be stretched as illustrated by the dashed line in
Figure 1. For a rough sea the surface response function S(¢) is
then the convolution of a step function and the probability
density function Py({, n),-, for specular points having heights
¢ above the mean level (n represents the vector normal of the
specular points). Specular points for a nadir-looking altimeter
are characterized by tangent planes on the ocean waves where
the normals of these planes are vertical to the mean sea sur-
face; i.e., n = (n, n,) = O [Barrick, 1968].

In the analysis of a rough surface we can assume that the
ocean wave field obeys Gaussian statistics and that the back-
scattered energy per unit illuminated area is independent of
height above the mean sea level. Shapiro et al. [1972] have
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Fig. 1. Simplified representation of average received pulse shape.

shown evidence that the radar energy near vertical incidence
increases linearly with increasing distance below the wave
crests. However, these smail effects are unlikely to be detect-
able with the Geos 3 altimeter because of its limited resolution.

The ocean wave field is assumed to be Gaussian distributed
with independent wave heights and the wave normals,

Py(§, n) = Py(§)Pon) @

For a nadir-looking altimeter, (2) can then be represented by
[Brown, 1977]

Py(§, n)y-o ~ exp —{*/20,° 3)
where ¢, is the rms wave height and is related to H,,; by
0y = i )

In this analysis it is implied that the reflected pulse contains
contributions from so many specular points that the statistics
of the returned pulse envelope can be described by a Rayleigh
distribution or, equivalently, its square by an exponential dis-
tribution.

The receiver response function is useful in characterizing the
effect'of pulse jitter on the average received pulse shape. The
altimeter pulse acquisition requires continuous adjustment of
the individual pulse positions. The random portion of this
adjustment is termed pulse jitter and may be assumed to be
Gaussian distributed with an rms value o, [Hofmeister et al.,
1976]. Therefore the receiver response function R(t) is approx-
imately

R(t) ~ exp [~(t — 1,)*/20 2] (5)

and the incoming pulse can also be approximated by a Gaus-
sian shape with rise time a,:

TABLE 1. Geos 3 Satellite Characteristics
Characteristic Value
Orbital
Mean altitude 843 km
Inclination 115°
Eccentricity 0
Period 101.8 min
Satellite velocity ~Tkm/s
Radar Altimeter
Transmitting frequency 13.9GHz
Pulse width (one-half power width)* 14-15 ns
Puls¢ width (g, = e~"/? width )t 6.2ns
Pulse repetition frequency 100 pulse/s
Detector characteristic square law
Antenna beam width (one-half power)  2.6°

Tracking loop jitter (s,)* ~4nsforH,, 2 2m

~9nsforHyy >~ 10m

*Based on electrical tests of the flight model altimeter [Hofmeister
et al., 1976].
tBased on one-half power width of 14.6 ns.
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Ii(t) ~ exp (—£*/20,%) (6)

The average return pulse includes the convolution of three
Gaussian functions:

Py(§ = ct/2, n)yeo 1(1) (7

where c is the speed of light. The resulting Gaussian expression
is G, (1) with rise time

oc = [(2a,/c) + 6,2 + o2

R(¢)

@®)

Therefore the resulting analytical expression for the average
return signal is

I) = fm 0@ — 1, — 1')G, (¢) dr’

= E%’— (l + erf (2)1/, )+ I o ©
where
0t —t)=1. t>1
0t —t)=I, t<t,

and erf ¢t = 2/(x)"? [ife~™ d\ is the error function.
From (4) and (8) we obtain

Hys = 0.6(c — 0.2 —

0.12)1/2 (10)
where H, is in meters and o, o,, and o, are in nanoseconds.
Equations (9) and (10) are used to deduce the significant wave
height in the examples examined.

DESCRIPTION OF ALTIMETER

The Geos 3 satellite was launched on April 9, 1975, into a
circular orbit with each consecutive orbit precessing about 25°
to the west. The principal orbital and altimeter characteristics
are given in Table 1. The tabulated altimeter characteristics
refer to the instantaneous short-pulse (intensive) mode of op-
eration relevant far sea state studies. The altimeter probes the
ocean surface 100 times per second resulting in a spatial period
of 70 m. Each radar pulse is sampled in the radar receiver by
16 sampling gates as illustrated in Figure 2. These gates of a
width of 12.5 ns and uniformly spaced at 6.25 ns intervals
sample the pulse at discrete levels of 8 mV. Furthermore, the
receiver continuously adjusts the position of these 16 gates to
track the leading edge of the return pulse, which gives a
measure of the satellite altitude. This tracking adjustment is
accomplished by a split-gate tracking loop which minimizes
the loop error voltage E = 2I,, — I, where I,y is tpe sampled
energy in gate number 10 and /. is the sampled energy in the
plateau region (see Figure 2). The loop bandwidth is approx1-
mately 4 Hz, which means that any real or apparent changes in
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Fig. 2. Geos 3 sampling gate configuration for intensive mode: T,
= 12.5 ns, Ty = 200 ns. [, is the sampled energy gate 10, [, is the
sampled energy plateau region, and I_, is the sampled energy noise
region.
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altitude slower than 4 Hz will appear as a tracking adjustment.

The random fluctuations in this error voltage, termed jitter,
are important for sea state studies, since jitter in position of the
individual pulses causes additional stretching of the average
received pulse. The expected standard deviation of tracking
loop jitter is about 4 ns for low sea states and increases to
about 9 ns for high sea states (see Table 1).

The 16 sampling gates are also available through a resis-
tance-capacitance low-pass filter with a I-s time constant.
These average gate values, hereafter designated as analog aver-
ages, are sampled at discrete levels of 2 mV and transmitted to
the earth every 3.2 s.

Several other parameters are used to determine if the altime-
ter was operating properly or might bias the estimates of H,,,.
These parameters include (1) altimeter status, (2) satellite alti-
tude, (3) position of the average received pulse relative to the
16 sampling gates ¢,, and (4) Automatic Gain Control (AGC),
which is a measure of received signal level.

ANALYSIS METHOD

The analysis method is separated into (1) the statistical
analysis of data and (2) the development of criteria for deleting
unreliable data that could bias the estimates of H,,,.

The average pulse shapes were obtained by digitally averag-
ing 320 instantaneous pulses over 3.2 s, defined as one frame of
data. This corresponds to a spatial resolution of about 23 km,
the distance the satellite travels in 3.2 s. Other statistical pa-
rameters, i.c., variance, skewness, kurtosis, intergate, and in-
terpulse correlation coefficients, were calculated, and the re-
sults are given in Appendix A.

The average received pulse shape is represented by the error
function of (9),

t_to

Ity = == 1L== ——) + 1o (11)

— (l + erf 2)"a,
where the parameters /. and I_., are available from the altime-
ter output, average plateau, and noise gate energies, respec-
tively; 1, is the time delay of the transmitted pulse as shown in
Figure 3, and . is a measure of the pulse stretching. The pulse
stretching is given in Figure 3 for 0 < H,,; < 12 m based on
(10) and (11).

The significant wave height (H,,,) is estimated from the
average pulse shape by a standard least square error analysis
using gate 10 and the four adjacent gates. This analysis was
performed for the analog and digitally averaged gates. The
locations of the five points sélected for the analysis are shown
with open circles in Figure 3.

The form of the least square error is

12
e= 2 U —1p (12)
where I, represents the average gate values. The minimization
was numerically performed by selecting successive values of o,
and ¢,.

The justification for selecting only five points is as follows:
The results of intergate correlation analysis for several differ-
ent orbits show an unexpected and consistent decrease in
correlation between gates 13 and 14 and a corresponding
unexpected increase in correlation between gates 12 and 13 as
illustrated in Figure Al. These correlation coefficients show
that the position of gate 13 is mislocated with a delay nearly
identical to that of gate 12. Therefore including gate 13 in the
analysis could bias the estimates,
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Fig. 3. Theoretical shape of received pulse for Geos 3 altimeter.
Open circles indicate the four sampled points (gates) adjacent to gate
10,0, = (6,2 + 0 Io =2,]_ o =0,and , = 0,

The jitter is calculated from the range servo error voltage y,.
The servo error voltage is proportional to the satellite altitude
rate (E. L. Hofmeister, private communication, 1977). There-
fore the random jitter fluctuations are obtained first by calcu-
lating the running sum, z, = 3.,/ y,, where y is given in
centimeters. The resulting values are then detrended and con-
verted to time units by using 7,(ns) = y,(cm)/15 to obtain the
jitter fluctuations. In the present work a quadratic least square
error analysis was used to subtract both altitude rate and
acceleration. Similar results were obtained by using several
slightly different analytic methods.

The Geos 3 overflight (orbit 2024) of hurricane Caroline was
selected to illustrate the method of analysis. This includes the
least square analysis described above to estimate H, s, to, and e.
In addition, the altimeter status and the satellite altitude were
monitored in an attempt to determine when the altimeter data
should be edited. Figure 4 shows the result of this analysis.
Figure 4a shows the variation of ¢, the mean square error
which is a measure of the goodness of fit to the error function.
Figure 4b shows the variation of ¢, which is a measure of how
effectively the altimeter receiver is positioning the incoming
pulses. Figure 4c shows the standard deviation of the jitter o,
which is a measure of the random time shifts between instanta-
neous pulses. This jitter is expected to increase with increasing
H,;s and decreasing signal level. Figure 4d shows the variations
of the satellite altitude with four values of altitude averaged to
obtain altitude values every 0.4 s. Finally, and most impor-
tantly, Figure 4e gives the estimates of H,,5. The solid circles
represent the H,,, values based on an effective pulse width o,’
= (o;* + ¢//)* = 7.8 ns, whereas the open circles represent
Hy;5 values based on measured values of ¢, from the method
described above using (10). Both methods of calculating H,,,
use (10) with o, = 6.2 ns. The dashed lines refer to portions
along the ground track where the data were deleted by using
the editing criteria described below.

The principal features of Figure 4 are the large negative
spikes in satellite altitude (see points A, B, and C); these spikes
are directly correlated with large values of ¢,. The estimates of
H,,5 without jitter correction exhibit less deviation from adja-
cent values than estimates with jitter correction exhibit for the
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orbit 2024 in the Gulf of Mexico near hurricane Caroline, August 31,
1975. Solid circles represent H,,, based on o,' = 7.8 ns. Open circles
represent ¢, = 6.2 ns with ¢, correction. H,,; values using o, correction
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negative spike associated data The smaller values of ¢, appear
to correlate with these negative spikes.

A similar analysis was undertaken for orbit 4546 with data
over a much larger area and range of sea states. The results
from this North Atlantic orbit are shown in Figure 5. First, the
satellite altitude output did not exhibit the large negative
spikes present for orbit 2024. Therefore continuous unbiased
estimates of Hy,; are available except for a small area near
frame 15 where the signal level dropped below the minimum
threshold. The parameters selected for display in Figure 5 are
to, 04, and H,,. The values of H,,; were computed by using a
three-frame running average resulting in a spatial resolution of
about 70 km; the other parameters are based on one-frame
averages or 23-km resolution. The pulse position ¢, appears to
decrease with decreasing sea state from approximately ¢, = 2
ns to | ns as is illustrated in Figure 5a. Figure 5b illustrates
typical values for jitter ¢, of about 8 ns for high sea states.
These values gradually decrease with decreasing sea states to 4
or 5 ns. These results are in agreement with tests on the flight
model altimeter. The estimates of H,,; using analog-averaged
pulse shapes exhibit wider scatter than digital averages with or
without jitter correction. Therefore only the digital-averaged
values are used here.

The following criteria were applied to edit data that might
bias the H,,, estimates. First, and most important, data associ-
ated with large negative spikes in satellite altitude were edited
when the peak values of the spikes were greater than2 m, e.g.,
see frames 140, 150, 151, and 160 of orbit 2024.
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Two other parameters that have indicated bias are ¢, and a
nonmonotonic shape for the average pulse in the plateau re-
gion. The values of ¢, that bias H,,, are taken as t, < 1 ns or ¢,
> 3 ns as described in Appendix B. Deleting data based on
pulse shape may seem somewhat arbitrary; nevertheless, useful
results were obtained after carefully analyzing the data, lead-
ing to the criterion to delete data when |Ipay — Iin| > 10mV
in the plateau region where the average values of I, are
usually located near gates 12 or 13 and I,;, near gates 15 or 16.
The values of I,ax and Iy, were calculated every 3.2 s,

The criteria | Iy — Imm| > 10mV and ¢, < 1 nsor 7, > 3 ns
may delete valid data occasionally. For example, the standard
deviation of Ipex OF Iy is 1/(320)'72 = 5.6% of the mean value
which for typical plateau values of 90 mV implies a standard
deviation of about 5 mV. Therefore if one gate is greater than
one standard deviation high and another is less than one
standard deviation low, valid data would be deleted.

RESULTS

Two orbits were selected for estimating H,,; during high sea
conditions. The subsatellite tracks for these orbits are shown
in Figure 6. Figure 6a illustrates the track for orbit 2024 at
0100 UT on August 31, 1975, near hurricane Caroline. The
point of closest approach to the eye (point A) is about 40 km.
Figure 6b illustrates the track for orbit 4546 when it passed
near a low-pressure system associated with a North Atlantic
storm at 0800 UT on February 25, 1976.

The variation in H,,5 along the ground track for hurricane
Caroline shows the following general variations provided the
data are properly edited (see Figure 4¢). The values are nearly
constant for distances of 300 to 100 km (frames 140-150) from
the eye; beyond this point, however, there is a gradual trend
for H, to increase up to a maximum (frame 156) about 40 km
beyond the point of closest approach. The motion of the
hurricane toward the north and west is consistent with an
asymmetry in H,,, around the point of closest approach based
on wind-driven waves, since the counterclockwise circulation
causes larger winds in the northeast quadrant (hurricane winds
are known to increase up to a maximum corresponding to a
radius typically 25 km). For orbit 2024 the ground track passes
close to the radius of maximum winds at the point of closest
approach. These results are in agreement with expected values
based on wave model analysis of similar hurricanes [Cardone
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Fig. 5. Plots of altimeter parameters from orbit 4546 in the North
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et al., 1976]. No ship reports were available near the satellite
track.

The estimates of Hy,, for orbit 4546 are shown in Figure 7,
where less data editing was required. Therefore a continuous
plot is available, illustrating a definite trend: At the beginning
of the orbit the wave heights are near 9 m, increasing to about
10 m before gradually decreasing to about 4 m. The scatter in
the values is considered to be internally consistent and reason-
able. The standard deviation is calculated to be about 0.6 m or
less over the entire ground track. It was based on a quasi-linear
regression analysis, the data being separated into three linear
segments.

Ship reports and surface weather maps (available from
NOAA/EDS, National Climate Center, Asheville, North Car-
olina, 28801) are compared with orbit 4546. The (0600 UT)
northern hemisphere surface chart was analyzed for February
25, as well as the charts from the 2 previous days, along the
subsatellite path. Both the isobar contours and the ship reports
were used to estimate the magnitude of the wind. The winds
near the northern coast of Scotland had been blowing for 50
hours with velocities of about 20 m/s. Therefore the waves
were considered to be fully developed or nearly fully devel-
oped; see, for example, Kinsman [1965]. Wave heights for a
fully developed sea correspond to a nondimensional peak fre-
quency v = 0.13 as given by Hasselmann et al. [1976] and

adjusted by Pierson [1977]:
H”s(m) = 9.4 X lO"V"o/’Um’ m/S

(13)

| |
40° o

Fig. 6. Surface maps of subsatellite tracks. (@) Orbit 2024, Gulf of
Mexico. Point A indicates the location of the hurricane eye (frame 154
corresponds to point of closest approach). (b) Orbit 4546, North
Atlantic. Flags indicate surface winds. Points A, B, and C indicate
location of ship weather reports.
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where Uy, is the wind speed referred to a height of 10 m. The
surface winds taken at a 10-m height are assumed to be equal
to the winds reported in the surface charts. Hasselmann’s
parametric model defines the wave height in terms of two
parameters, » and Uy,; however, his model considers only
wind-driven waves. When wind wave heights are small, swell
wave heights may be dominant. Ship reports were used in
conjunction with wind wave heights based on the parametric
model to determine that the swell probably did not contribute
significantly to the wave height for the ground track consid-
ered here.

The estimated values of the surface winds along the satellite
track are given in Figure 7. The corresponding wave heights
for the wind-driven sea are given using (13) for three values of
peak frequency, » = 0.13, 0.14, and 0.16. The fully developed
case implies a 20-m/s wind blowing over a long fetch for
approximately 36-48 hours. That is consistent with the
weather maps off the northern coast of Scotland. In contrast,
v = 0.14 and v = 0.16 represent lower wave heights and shorter
duration winds. The dotted lines in Figure 7 refer to the
portion of the analysis when the wind waves are small and the
H,,s measurements deviate from the model values. On the
basis of the available surface truth and the results of Figure 7,
the wave height is overestimated when H,,, < 4 m; this dis-
crepancy is thought to be caused by bias error which is known
to be more sensitive to the lower wave heights. Other analysis
methods and/or a slight adjustment of ¢, could decrease this
discrepancy.

The statistical significance of the H,,, estimates, analyzed in
terms of the regression slope variance, is discussed in Appen-
dix C. When H,,; $ 4 m, the estimates of H,,; are within £1 m
for 75% of the data. For this analysis, three frames were
averaged for each data point which corresponds to spatial
averaging over 70 km.

CONCLUSIONS

A method of analyzing the Geos 3 radar altimeter pulses has
been developed which gives estimates of H,, with sufficient
accuracy for global measurements, provided H,;; S 4 m. How-
ever, this method requires that the altimeter data be properly
edited to ensure this accuracy.

The small scatter in H,, standard deviation of 0.6 m or less,
is in reasonable agreement with the statistical analysis, £1 m
of the true values 75% of the time.

The bias errors in significant wave height are more sensitive
to the analysis method including transmitter pulse width for
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the lower wave heights. The sensitivity to these errors should
be improved with narrower pulse altimeters such as the one
scheduled for launch on Seasat-A in May 1978. Indeed, the
method employed here may be useful in developing techniques
for analyzing altimeter pulses from the Seasat-A satellite
scheduled for launch in May 1978.

APPENDIX A. STATISTICAL ANALYSIS OF INDIVIDUAL PULSES

The purpose of this work has been to infer significant wave
height from average pulse shape. However, additional infor-
mation related to sea state and the validity of the theory is
available from the statistical fluctuations of the individual
pulses. Furthermore, these fluctuations can indicate when the
altimeter is operating properly. The statistical analysis is sepa-
rated into two categories: (1) the correlation analysis between
individual pulses and gates and (2) the moments of the ampli-
tude statistics of the individual gates.

The interpulse and intergate correlation analyses are useful
in assessing the validity of theoretical assumptions and in
checking on the spacing of the 16 sampling gates, respectively.
The interpulse correlation analysis is useful, since one would
expect that the amplitudes of the square law detected return
pulses are uncorrelated from pulse to pulse. Normally, many
specular points in the illuminated footprints contribute to the
backscattering, causing uniform distributed phase between
many instantaneous pulses [Berger, 1972]. However, an ex-
ception to this could occur in the gate, which measures the
backscattered energy when the pulse first intersects the top of
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the sea surface, i.e., when it has encountered only a few specu-
lar points. Theoretically, one would expect a detectable corre-
lation in this one gate only for a sea with very long dominant
waves, where the distance between specular points is large. But
with the Geos 3 altimeter such a correlation may not be
detectable, because even after correcting for jitter of the posi-
tion of the gates, the 1.56-ns quantization level results in an
indeterminacy of the illuminated area of 1.18 km? from pulse
to pulse. Even for large swell the pulse most likely illuminates
at least 5-10 specular points, which assuming uniform distrib-
uted phase is usually sufficient to approach Gaussian statistics.

The intergate correlation analysis is one method of estimat-
ing the relative location of the individual gates. Indeed, an
abnormally low intergate correlation coefficient would imply a
larger than normal spacing between adjacent gates. The nomi-
nal altimeter design specifications are gates 12.5 ns wide,
spaced 6.25 ns apart.

The correlation, for example, between gates 1 and 2 is
calculated by using

V1Y
Ry = =
820 320 1/2
{Z n Z yzf’}
I= J=1
where
yy=hL;—n Yoy =1y — v
l 320 l 320
b il Ty

L), I, are the instantaneous energies in gates 1 and 2,
respectively. A similar procedure was used to calculate other
intergate and the interpulse correlation coefficients.

Figure Al illustrates typical variations in the correlation
coefficients and statistical moments for four different sets of
data. Two sets, designated as frames 20 and 21, were selected
for low seas, H,,; < 4 m, whereas the remaining two sets of
data were selected at times of higher seas, H,,, = 8 m. Frame
64 is typical, whereas frame 63 is associated with a large
negative spike in satellite altitude. These spikes have pre-
viously been considered to bias the estimates of H,,. Plot a
shows the average pulse shape, first moment, for the four data
sets, whereas plot e illustrates the variation in the interpulse
correlation as a function of delay time or gate number. The
correlation coefficients for the noise gates 1-6 and the plateau
gates 13-16 are smaller than those for the transitionary gates
7-12, which have typical values of 0.2-0.3. However, an ex-
ception occurs at times of large negative spikes in satellite
altitude as illustrated by frame 63, which displays coefficients
0.4-0.6 in the noise gates. Therefore the interpulse correlation
is considered a useful indicator of negative spikes in altitude.
Plot f illustrates the variation in intergate correlation. Again
the larger correlation for frame 63 is evident although not as

TABLE Al. Statistical Moments for Exponential Distribution
Distribution
P(I) (1/a)e-11®
First moment "y a
Second moment = P2/ 1
Third moment L — P/ — DyHy 2 2
Fourth moment  [({ — (D)W — (D)®*] — 3 6
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Fig. Bl. Mass plot showing relationship between changes in wave

height and pulse position.

pronounced. The consistent unexpected decrease in correla-
tion between gates 13 and 14 and the increase in correlation
between gates 12 and 13 are interpreted as a mislocation of
gate 13 such that it is nearly in the same location as gate 12.
The remaining lower plots illustrate the variations in the indi-
vidual gate amplitude distributions. The expected values based
on Gaussian statistics and the square law detector result in an
exponential distribution for the individual gates. The expected
values for the first four moments are given in Table Al. The
second moment is a first indicator of how close the amplitude
statistics can be approximated by exponential distribution,
since the mean equals the standard deviation for this distribu-
tion. The large values of the second moment for the noise gates
should be ignored, since (/) may be =0 for these gates. The
third moment, skewness, and the fourth moment, kurtosis,
give more detailed information about the amplitude statistics.
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These parameters are higher for the high sea state conditions,
which suggests that they may be a measure of sea state,
changes in altitude, or perhaps some other related effect.

APPENDIX B. OBSERVATIONAL BIASES IN H,,; ESTIMATES

Some scatter in the values of H,,, is expected because the
results are only estimates of the true values: The statistical
significance of the estimates can be calculated (see Appendix
C). The purpose of this section is to show that other systematic
factors can bias these H,,; estimates.

The results for orbits 2024 and 4546 were carefully analyzed
in an attempt to determine if a relationship could be found
between the large positive and/or negative excursion from the
trends in H,,; and other altimeter-related parameters. This
analysis showed a definite relationship between both positive
and negative excursions in H,,, hereafter designated AH, s,
and the position of the average received pulse, ¢,. Figure Bl
illustrates the correlation between AH, 5 and ¢, for orbit 4546;
indeed, typical pulse positions are 2 ns, larger delays being
associated with positive excursions of H,,; and smaller delays
with negative excursions. The correlation between AH,,; and 1,
as illustrated in Figure Bl is 0.78 provided that only values
associated with ¢, > 3 ns and ¢, < 1 ns are considered in the
analysis. Therefore the largest and smallest values of ¢, bias the
estimates of H,. The data associated with z, > 3 ns arid ¢, < 1
ns were deleted from the data analyzed here.

APPENDIX C. STATISTICAL SIGNIFICANCE OF H ;3 ESTIMATES

The random variations in the estimates of H,,, are impor-
tant in determining the measurement accuracy of the altimeter.
The estimates of H,,, are obtained by a least square fit of an
error function to five data points defining the pulse shape near
its midrange. The argument of the error function is related to
H, ;5 by (9) and (10). The purpose of this section is to deter-
mine the statistical significance of the estimates. However,
since a direct method using the error function is mathemati-

TABLE C1. Statistical Analysis of Regression Line for H,,, Orbit 2024
Standard Standard
Deviation Deviation
of Slope of Hy) 75% Confidence Limits
Slope Estimate  Estimate S(b), Estimates
Frame b, mV/ns mV/ns Constant d S(H,;5), m Lower Upper H,;,m
138 3.26 0.34 1369 2.18 -23 6.72 2.21
139 3.37 0.24 1436 1.40 -0.59 5.21 2.31
140 3.02 0.30 1402 1.52 0.48 6.76 3.62
141 3.05 0.23 1380 1.10 1.38 5.94 3.66
142 333 0.25 1425 1.39 -0.38 5.37 2.49
143 3.02 0.25 1425 1.18 1.52 6.40 3.96
144 3.45 0.26 1391 3.05 -5.27 7.35 1.04
145 3.23 0.21 1414 1.03 0.95 5.21 3.08
146 2.35 0.20 1380 1.08 4.82 9.28 7.05
147 323 0.21 1391 1.07 0.71 5.13 2.92
148 2.90 0.20 1369 0.90 2.61 6.33 4.47
149 3.14 0.23 1391 1.13 0.96 5.64 3.30
150 2.87 0.22 1380 1.02 242 6.64 4.53
151 2.87 0.24 1380 1.14 2.08 6.80 444
152 2.96 0.20 1369 0.94 2.08 5.97 4.03
153 2.46 -0.15 1369 0.76 4.98 8.12 6.55
154 2.76 0.17 1406 0.79 3.55 6.81 5.18
155 2.32 0.15 1376 0.83 5.49 8.93 7.21
156 2.25 0.21 1421 1.21 5.28 10.3 7.78
157 2.19 0.15 1440 0.94 5.94 9.82 7.78
158 2.49 0.15 1428 0.76 5.02 8.16 6.59
159 2.50 0.19 1325 0.96 4.07 8.04 6.06
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cally complicated, for simplicity a linear regression analysis is
applied and shown to be a good approximation.

If two variables can be corielated linearly, the regression
coefficient is the slope of the line used to correlate the vari-
ables. We are interested in the estimated deviations of this
slope which can easily be related to H,s. If higher-order corre-
lation is required (i.e., terms of order higher than linear can be
obtained by using a series expansion of the error furction},
then a least square error analysis would give regression coeffi-
cients for each of the higher-order regression coefficients, a so-
called curvilinear regression analysis. The curvilinear method
is useful, since it permits the stepwise removal of each succes-
sive lower degree of the error function series expansion such
that the calculation can be terminated at any level when the
regression is adequate. Therefore in practice one need show
only that the.first few higher-order terms are small in com-
parison with the first-order (linear) term to establish that the
linear regression is a valid method of determining the con-
fidence bounds.

The curvilinear regression analysis was applied to selected
frames of data from orbit 2024 by using a method described by
Voik [1969]. The results showed that second-degree and third-
degree terms may be removed with negligible error. Therefore
a linear regression analysis is deemed sufficient to determine
the statistical significance of the H,,, estimates. The error bars
are obtained by applying a standard regression analysis, in
terms of the least squares line I = g + bt, over the range of the
five data points, where b is the slope estimate or regression
coefficient. The results of this analysis give a correlation coeffi-
cient between 0.98 and 0.99, which is in agreement with the
curvilinear regression result that only linear regression is re-
quired. The regression analysis gives the standard deviation of
this slope estimate, S(b). However, a transformation is re-
quired to convert to the standard deviation of H,s, S(Hy).
Using (10) in a slightly different form we have

Hy;5 = 0.6[d/b* — (0,']'? (Cl)

where d = [(I- — I_.)*)/2x and ¢, = 7.8 ns. Then, using
S(H,,3) = (dH,,3/db)S(b), we obtain
0.364

S(Hys) = m

Table C1 shows the relevant statistical parameters for each
frame of orbit 2024. The confidence limits are given as H,,y +
tS(H,,3), which for a 75% chance of being within the range H,/s
+ tS(H,,5) gives t = 2.069. The results in Table C1 illustrate
the high percent of change in the confidence limits for the
lower sea states. Furthermore, the lowest values of H, s, such
as the value for frame 140, which are normally deleted from
the analysis using the editing criteria discussed above, give the

S(b) (€2)

OCEAN WAVE HEIGHTS

most unreliable estimates of H,,5. The estimates of H,,, can be
considered to be statistically significant within about £2 m for
75% of the data when H,,; S 4 m for spatial averaging over 23
km.

The H,, estimates are statistically more significant for orbit
4546, since a running average of three points (frames) was
used. Indeed, S(H,,») will be smaller by a factor (3)"2, i.e.,
Si(Hy;5) = 0.5778,(H,;s), or in other words the confidence
interval will be reduced by a factor of about 2 from the values
of Table Cl. When H,,; S 4 m, the estimates of H,,; can be
considered to fall within £1 m for 75% of the data for spatial
averaging over 70 km.
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