
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 94, NO. C10, PAGES 14,575-14,584, OCTOBER 15, 1989 

Observations on Electromagnetic Bias in Radar Altimeter 
Sea Surface Measurements 

EDWARD J. WALSH • AND FREDERICK C. JACKSON 

NASA Goddard Space Flight Center, Greenbelt, Maryland 

ENZO A. ULIANA 

Naval Research Laboratory, Washington, D.C. 

ROBERT N. SWIFT 

EG&G Washington Analytical Services Center, Inc., Pocomoke City, Maryland 

Because the relative radar cross section of the sea surface increases below mean sea level and 

decreases above it, the range measurements of satellite radar altimeters are biased toward the wave 
troughs. Published and unpublished direct measurements of this electromagnetic (EM) bias are 
examined as well as the predictions of theoretical developments. The EM bias is predominantly a 
function of the radar frequency used, averaging 1.2% of the wave height of K a band and 3.3% of the 
wave height at X band. The airborne measurements present a consistent picture of the variation of the 
relative radar cross section as a function of deviation from mean sea level. A technique to measure EM 
bias at the Ku and C band operating frequencies of the TOPEX satellite altimeter is described. 

1. INTRODUCTION 

In 1970, B. S. Yaplee and his coworkers at the Naval 
Research Laboratory (NRL) conducted a milestone experi- 
ment using a nanosecond pulse width radar system operating 
at 10 GHz [Yaplee et al., 1971]. They demonstrated that the 
sea surface radar cross section per unit area varies with 
displacement from the mean water level, being smaller 
toward the crests and larger toward the troughs. They 
pointed out that the varying reflectivity shifted the electro- 
magnetic centroid away from mean sea level (MSL) toward 
the troughs and showed that this electromagnetic (EM) bias 
would affect the range measurements of any radar altimeter 
that did not illuminate an area small enough to resolve 
individual ocean waves [Shapiro et al., 1972]. 

The main goal of satellite radar altimeters is to determine 
the range to MSL. Because the minimum area they illumi- 
nate is several kilometers in diameter, their range measure- 
ments are subject to EM bias. The ability to model and 
predict the magnitude of the EM bias is critical to the Ocean 
Topography Experiment (TOPEX). The TOPEX altimeter 
will be part of a U.S. and French joint mission called 
TOPEX/POSEIDON in which a U.S. satellite will carry both 
U.S. and French instrumentation. The satellite is scheduled 

for launch in 1992 by a European Ariane launch vehicle 
provided by France. The TOPEX altimeter mission requires 
determination of MSL to an accuracy of a few centimeters. 
Because there have been no open-ocean measurements of 
the EM bias at either of the C band or Ku band operating 

ion assignment at NOAA Wave Propagation Laboratory, Boul- 
der, Colorado. 

Copyright 1989 by the American Geophysical Union. 

Paper number 89JC01124. 
0148-0227/89/89 J C-01124505.00 

frequencies of the TOPEX altimeter, this bias is one of the 
major uncertainties in the TOPEX error budget. 

EM bias observations have been made at 10 GHz [Yaplee 
et al., 1971; Shapiro et al., 1972; Choy and Uliana, 1980; 
Choy et al., 1984], at 36 GHz [Kenney and Walsh, 1978; 
Walsh et al., 1984] and at UV [Hoge et al., 1984] and visible 
wavelengths. There have been theoretical studies [Miller 
and Hayne, 1972; Jackson, 1979; Lipa and Barrick, 1981; 
Huang et al., 1984; Barrick and Lipa, 1985; Srokosz, 1986, 
1987; Dudis, 1986; Lagerloef, 1987; Rodriguez, 1988; F. C. 
Jackson, A two-scale model of the altimeter EM bias, 
submitted to Journal of Geophysical Research, 1989]. Infer- 
ences on the magnitude of EM bias have been drawn from 
laboratory measurements of the joint probability density 
function (pdf) of the slope and elevation of the water surface 
[Huang et al., 1984] and from on-orbit measurements from 
radar altimeters such as GEOS-3 and Seasat [Lipa and 
Barrick, 1981; Born et al., 1982; Douglas and Agreen, 1983]. 

The major concerns with respect to EM bias are to 
determine, for each radar frequency of interest, (1) the mean 
value, (2) the standard deviation from that mean value, (3) 
the possibility of parameterizing the variation of the bias 
(especially in terms of quantities measurable by a satellite 
altimeter or other space sensor), and (4) the residual uncer- 
tainty in the bias after parameterization. 

The main points of this paper are that (1) it is not possible 
to eliminate EM bias in satellite altimeter measurements 

solely on a basis of return waveform processing, (2) EM bias 
shows a strong dependence on the wavelength of the inci- 
dent radiation, (3) all theoretical analyses of EM bias to date 
have obvious limitations since they fail to predict the fre- 
quency dependence, (4) theoretical developments based on 
the Gram-Chadier series expansion fail to predict anything 
more sophisticated than a linear variation of relative radar 
cross section with deviation from mean sea level, (5) the only 
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Fig. 1. Schematic representation of EM bias measurement. 

tower measurements to date exhibit peculiarities which raise 
questions as to whether such near-surface measurements 
can be used to predict the EM bias effects in satellite 
altimeter measurements, and (6) measurements at C and K, 
band are needed to resolve the EM bias problem for the 
TOPEX altimeter. 

2. EM BIAS EFFECT ON RADAR RETURN WAVEFORMS 

To determine the EM bias at a given radar frequency, it is 
necessary to make simultaneous high-spatial-resolution mea- 
surements of the elevation and backscattered power. The 
illuminated spot must be small compared with the dominant 
ocean wavelength and the range resolution must be high 
compared to the significant wave height (SWH), taken to be 
equal to 4 times the sea surface height standard deviation 
(rr). From the measurements, two distributions are devel- 
oped whose abscissas are elevation. 

Figure 1 illustrates the measurement situation schemati- 
cally. Suppose that an airborne radar with a narrow beam 
profiles the waves below it. For each range measurement 
made by the radar the "surface height" distribution in- 
creases by one unit at the observed elevation. This is 
indicated by the six X marks, three corresponding to obser- 
vations near the crests and three near the troughs. The 
"return power" distribution also increases at the observed 
elevation bin, but by the amount of the measured backscat- 
tered power. Statistically, the three observations of power 
near the troughs would have a higher average than the three 
observations near the crests. This is because rr•e l, the sea 
surface relative radar cross section per unit area, is higher 
near the troughs than it is near the crests. 

Figure 2 demonstrates how the average radar return power 
would be affected for different linear variations of Cr•e 1 with 
distance from MSL. This assumption, first employed by 
Miller and Hayne [1972], simplifies the computations and 
gives insight into two important points. First, the EM bias is 
approximately proportional to the slope of the Cr•e 1 curve. 
Second, without prior knowledge it is not possible to deter- 
mine and eliminate the EM bias by using waveform process- 
ing on the altimeter return. The only way to eliminate EM 
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Fig. 2. Return power distributions (dashed curves) correspond- 
ing to the same sea surface height distribution (solid curve) assuming 
that O'•e 1 varies linearly with deviation from MSL for various values 
of EM bias. 

bias from a satellite altimeter range measurement is to have 
already determined it independently through airborne or 
tower measurements or by theory. 

The return waveform of a satellite radar altimeter resem- 

bles a cumulative normal distribution whose plateau droops 
[Brown, 1977; Hayne, 1980]. Figure 2 shows four approxi- 
mately normal distributions that can be considered to be the 
result of taking a satellite altimeter return waveform and 
deconvolving the effect of the antenna pattern. If the antenna 
pattern were broad enough for there to be no plateau droop 
in the return waveform, the procedure would be equivalent 
to differentiating the leading edge of the return. The result is 
the variation of return (backscattered) power as a function of 
distance from MSL. 

The four curves in Figure 2 representing radar return 
power distributions were arrived at from a single sea surface 
height distribution. The solid curve represents both the 
backscattered power distribution for the case of no EM bias 
and the sea surface height distribution. It is a Gaussian curve 
with zero skewness and 1 m standard deviation correspond- 
ing to a 4-m SWH. When Cr•e 1 does not vary with distance 
from MSL, the radar return power distribution is identical in 
shape and position to the sea surface height distribution and 
the radar will determine the position of MSL. 

The three dashed curves represent the backscattered 
power when the O•rel variation corresponds to the three 
dashed straight lines. The backscattered power curves were 
obtained by multiplying the surface height distribution (solid 
curve) by the value of Cr•e 1 from the corresponding dashed 
straight line. As the slope of the straight-line Cr•e 1 variation 
increases, it induces EM biases (shift of the centroid of the 
radar return away from MSL toward the troughs of the 
waves) of 1%, 3%, and 6% of the SWH. Along with the shift 
in the centroid (4, 12, and 24 cm), it is also apparent in Figure 
2 that the amplitude of the radar return increases slightly as 
the EM bias increases. 

There are also more subtle changes in the radar return, 
which are indicated in the table in Figure 2. The standard 
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Fig. 3. The four return power distributions of Figure 2, after 
they have been normalized to their peak values and plotted with 
respect to their centroids. 
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Fig. 5. The four return power distributions of Figure 4, after 
they have been normalized to their peak values and plotted with 
respect to their centroids. 

deviation of the radar return decreases slightly as the EM 
bias increases, and the skewness of the radar return becomes 
slightly negative. Figure 3 shows how the radar would 
present the four returns, normalized to their peak values and 
their ranges adjusted to their respective centroids. The slight 
differences in the parameters of the four distributions are 
more apparent in this representation. But one could not hope 
to use these slight changes in shape to determine the EM 
bias. This is demonstrated by Figures 4 and 5. 

Figure 4 appears to be very similar to Figure 2. But in 
Figure 4 the parameters of the sea surface height distribution 
were changed slightly for each different o%1 variation. The 
result was that the centroids of the three dashed distributions 

were still shifted approximately 4, 12, and 24 cm away from 
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Fig. 4. Return power distributions corresponding to slightly 
different sea surface height distributions so that the return power 
distributions have the same standard deviation and skewness. 

MSL towards the troughs, but the shape parameters of the 
resulting backscattered power distributions were identical 
(zero skewness and 1-m standard deviation). This effect is 
more apparent in Figure 5, which is similar to Figure 3 
except the four waveforms overlie almost exactly. The radar 
would think it was seeing the same return although the bias 
in the range measurement could be anywhere from 0 to 24 
cm. The kurtosis of the backscattered power distributions 
also varies slightly as the EM bias changes, but it was not 
included in the parameterization. Had it been, the curves in 
Figure 5 would have agreed even better. Rodriguez [1988] 
has also pointed out the practical impossibility of trying to 
determine the EM bias directly from a satellite altimeter 
return waveform. 

Figure 5 indicates that one has to know a priori the 
magnitude of the EM bias and apply a correction for it 
accordingly. The skewness and kurtosis of the return wave- 
form may offer some clues to the EM bias correction, as may 
the altimeter measurement of the wind speed in comparison 
with the wave height (is it a developing sea or is it swell?). 
But the magnitude and parameterization of EM bias must be 
established by an independent airborne or tower measure- 
ment program. 

The surface contour radar (SCR) operates at 36 GHz 
[Kenney et al., 1979]. Walsh et al. [1984] observed that EM 
bias data acquired on the same day tended to cluster and 
suggested that EM bias might be parameterized to reduce the 
effect of its variability. Figures 6, 7, and 8 show scatter plots 
of EM bias as functions of SWH, surface height skewness, 
and wave steepness for 36-GHz and 10-GHz observations. 
The data points are a composite of the information of Walsh 
et al. [1984] and Choy et al. [1984] with additional observa- 
tions under steep wave conditions added to the earlier 
36-GHz data set. The previously unpublished SCR observa- 
tions were both made offshore of Wallops Flight Facility 
(37.8øN, 75.6øW) in April 1978. On April 14, there was a NW 
wind at 10 m/s developing fetch-limited waves. When the 
waves had grown to a SWH of 1.56 m (0.077 surface height 
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Fig. 6. EM bias versus wave height for airborne observations. 
Circles indicate 36-GHz observations [Walsh et al., 1984]; triangles 
indicate 10-GHz observations [Choy et al., 1984]. The solid symbols 
show observations from the same flight; the half solid symbols show 
observations made from different aircraft on the same day. 

skewness, 2.92 kurtosis, 44-m wavelength) the EM bias was 
measured to be 1.17% of SWH (hereinafter EM bias will be 
referred to simply as a percentage with the understanding 
that it is referenced to the SWH). On April 27 a northeaster 
was blowing, with the wind speed at the time of flight being 
16 m/s although it was 21 m/s only 8 hours before the flight. 
The SWH was 5.45 m (0.140 surface height skewness, 2.93 
kurtosis, 157-m wavelength) and the EM bias was measured 
to be 1.79%. 

The symbols in Figure 6 indicate the average of the 
observations on a given day, and the calculated 1-or error 
bars on each average value are indicated by the horizontal 
and vertical lines. No wave height error bars are shown for 
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Fig. 8. EM bias versus wave steepness for airborne observa- 
tions. Circles indicate 36-GHz observations [Walsh et al., 1984]; 
triangles indicate 10-GHz observations [Choy et al., 1984]. 

the 36-GHz observations, since they were generally smaller 
than the symbol size. There was one day when the NRL 
radar was the NASA aircraft along with the SCR; the 
corresponding symbols are solid. In another instance the two 
instruments were on different aircraft but flew off Wallops 
Flight Facility on the same day. The left sides of those 
symbols are shaded. 

Neither frequency shows any significant trend of EM bias 
with wave height. That should not be surprising since a given 
wave height could correspond to a sea state that was either 
steep wind-driven waves or a gentle swell propagating in a 
region of low wind. 

Figure 7 shows a scatter plot of EM bias versus the 
skewness of the surface height distribution for 36 GHz and 
10 GHz. There is a significant amount of scatter in the data 
and no clear trend. 

Figure 8 shows a scatter plot of EM bias versus crk0, a 
measure of the steepness of the waves at the spectral peak. 
With k0 being the wave number at the peak of the spectrum, 
crk0 would be the root-mean-square sea surface slope for a 
narrow band swell system. Wave steepness is generally 
assumed to be a measure of the nonlinear characteristics of 

a wave system, with developing seas being steeper than fully 
developed sea states, which in turn are steeper than swell. 
The wave steepness parameter used here is a factor of 
larger than the "significant slope" term defined by Huang 
and Long [1980] and shown by Huang et al. [1981, 1983, 
1984, 1986] to be highly correlated with many statistical 
properties of the wave field. The SCR data exhibit a slight 
increase of EM bias with wave steepness. 

The trend in the SCR observations in Figure 8 is small 
compared with the difference in the mean values of the 
10-GHz and 36-GHz data sets. At 36 GHz the average EM 
bias is 1.2%, whereas at 10 GHz it is 3.3%. 

The EM bias measurements at the two frequencies are 
almost disjoint. It is unfortunate that the one observation out 
of six at 10 GHz which was comparable to the 36 GHz 
measurements occurred when both instruments were on the 
same aircraft. But this must be viewed as coincidence. The 

t test of significance for the 20 EM bias values of the 10-GHz 
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and 36-GHz observations is 1.97, indicating that there is only 
about a 5% chance that they could have been samples from 
the same distribution. 

But the case for frequency dependence in EM bias is made 
even stronger when it is noted that the range of wave heights 
covered by the 36-GHz observations exceeds that of the 
10-GHz measurements, as do the range of wave steepness 
values and the range of wind speeds. That means that the 
range of EM bias values at 36 GHz should have exceeded 
those at 10 GHz if there were no frequency dependence. 
Even so, none of the 36-GHz observations exceeds 1.8%. 
The standard deviation of the 36-GHz EM bias values is 

0.36, so that five of the six observations at 10 GHz are more 
than 5 standard deviations from the mean of the 36 GHz 

observations. The conclusion that must be drawn is that the 

most significant characteristic of EM bias is that it increases 
as the radar frequency is decreased from 36 GHz to 10 GHz. 

3. THEORETICAL RADAR CROSS SECTION VARIATION 

Present theory of EM bias is based on the geometrical 
optics approximation to backscatter [Barrick, 1972], accord- 
ing to which the average radar return power ,/(z) is propor- 
tional to the joint probability density function of wave height 
and slope, where the slope satisfies the specular condition 
for backscatter, namely, slope = 0. There is an inherent 
problem in the geometric optics approach in that it considers 
all of the horizontal facets in the wave field to be perfect 
reflectors and therefore cannot account for the pronounced 
radar frequency dependence seen in the preceding section. 
This limitation brings into question the quantitative predic- 
tive value of these developments and indicates the need for 
a more sophisticated approach to this scattering problem. 
We will also see that the Gram-Charlier approach used in 
many of the theoretical developments produces nothing 
more subtle qualitatively than the linear variation of Cr•e i 
assumed in Figures 2 and 4. 

The theoretical developments of Jackson [1979], Barrick 
and Lipa [1985], and Srokosz [1986] are all based on 
Longuet-Higgins' [1963] statistical theory for free gravity 
waves, all truncate the Gram-Charlier (G-C) series expres- 
sion for the joint pdf at the third degree, and all yield an 
identical form for the radar return power, namely, 

O -ø 

r/(z) (2rr) 1/2or exp ( - Z2/2) ß h(Z) (1) 
where Z = z/o', z being the vertical displacement relative to 
MSL, and 

h(Z) = 1 +- ß (/3 _ 3Z) - ,• 2Z/2 (2) 
6 

where ,Xl and A 2 are the height and the "height and slope 
squared" skewness coefficients, respectively. The conven- 
tional surface radar cross section is given by 

a ø= n(z) dz (3) 

Consistent with the truncated form of (1), the height pdf is 

1 

f(z) = (2r r)1/2-•• exp ( - Z2/2) * g(Z) (4) 

where 

g(Z) = 1 +- * (/3 _ 3Z) (5) 
6 

Since these expressions are referenced to MSL, the EM 
bias in absolute units is just the centroid of the return power 
distribution. 

EM bias (absolute units) 

cr ø r/(Z) Z dz = - A 2cr/2 (6) 

and the value normalized by SWH and referenced toward 
the troughs is 

EM bias (normalized by SWH) = h 2/8 (7) 

The normalized conditional or relative cross section versus 

deviation from MSL is given by 

n(z) h(Z) 
O'•el(Z ) = • = (8) 

o 'ø *f(z) g(Z) 

Cr•el(Z ) -- 1 -- ,•2Z/2 + ... (9) 

Equation (9) indicates that to a first approximation the 
relative cross section varies linearly with deviation from 
MSL and, combined with (7), shows that the fractional bias 
is determined by the slope of O'}e 1 at z - 0 [Jackson, 1979]. 

For the case of a one-dimensional unidirectional Phillips 
wind-sea spectrum, Jackson [1979] found ,X 2 = 2,X•; for a 
pure swell, Jackson's [1979] theory gives A 2 = ,•l [Dudis, 
1986]. For the Phillips spectrum case, ,Xl = 0.20, in which 
case the bias predicted by Jackson is 5% of SWH. Barrick 
and Lipa [1985], on the other hand, found a bias of about 3% 
of SWH for a two-dimensional Joint North Sea Wave Project 
(JONSWAP) spectrum; however, they did not report their 
results for the relationship between ,Xl and ,X2. Generally, 
according to these theories, one cannot predict the relation- 
ship between ,Xl and ,X 2 without a priori knowledge of the 
directional wave spectrum. If one could, then in principle 
one could predict the bias from the measured skewness of 
the return waveform [Jackson, 1979; Rodriguez, 1988]. 

Figure 9 shows plots of g(Z) and f(Z). It is seen in (8) that 
the expression for rr•el(Z) contains g(Z) in the denominator, 
and therein lies a problem. Figure 9 shows that f(Z) is not 
actually a pdf because the factor g(Z) becomes and remains 
negative at some point below MSL for nonzero skewness. 
The result is that Cr•el(Z) will contain a singularity where f(Z) 
goes through zero. 

Figure 10 plots •el(Z) calculated from (8) for a fixed 
nominal value of EM bias of 3% (,X 2 = 0.24) for several 
values of ,Xl. For the parameter values given, all the curves 
are approximately linear between z - -2rr and z = 2rr. 
Above 3rr the relative cross section increases slightly; below 
-3or it rises rapidly as the singularity is approached. To the 
left of the singularity the curves are negative until h(Z) 
become positive again because the backscattered power and 
the height distribution are both negative, neither of which is 
physically realizable. Clearly, nothing to the left of the 
singularity means anything. The question arises whether the 
curves turning up outside the linear region (-2rr to 2rr) are 
physically realistic or also merely an artifact of the trunca- 
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tion of the G-C series. We postpone discussion of this matter 
until section 4. Figure 11 shows that the G-C development 
predicts a virtually linear variation of •½1 between -2tr and 
2tr even for a 6% EM bias. 

Huang et al. [1983, 1984] developed series expansion 
solutions in terms of ak (where a is wave amplitude and k is 
wave number) for the height and joint height-slope pdf' s of a 
narrowband Stokes wave. To be valid, the combination of 
displacement from MSL and ak must be small. Despite the 
questions raised by Tayfun [1986] on the validity of their 
approximate development, N. E. Huang (private communi- 
cation, 1989) still believes that their expression for tr•el(Z) has 
validity. It is only a function of wave steepness and never 
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Fig. 10. Plots of O'•e 1 calculated from the truncated Gram- 
Charlier series for a 3% EM bias and several values of sea surface 
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Fig. 11. Plots of O'•e 1 calculated from the truncated Gram- 
Charlier series for a 6% EM bias and several values of sea surface 

height skewness. 

goes negative. However, it can still attain very large values 
below MSL, as is shown in Figure 12. The three values of 
wave steepness (irk) were selected to match the slope at 
MSL of the linear irma(z) variations shown in Figure 4 for EM 
bias values of 1%, 3%, and 6%. Figure 13 is a blow-up of 
Figure 12 near MSL. The curve whose slope at MSL 
corresponds to a 6% EM bias for a linear (r•e 1 variation shows 
a significant amount of nonlinearity. 

4. MEASURED RADAR CROSS SECTION VARIATION 

The available nadir observations of EM bias are divided 

between a limited number of tower data at X band and 

aircraft data at X and K a band and optical frequencies. 
Figure 14 shows the variation of tr•e I for two different sea 
states at 36 GHz. The curves, obtained by dividing the return 
power distribution by the surface height distribution, are 
very similar for the two wave heights and indicate that •rei is 
higher for the portion of the sea surface below MSL than for 
the portion above. The curves are very similar out to 2.5 
standard deviations, after which there are relatively few data 
points and the statistical fluctuations become large. The data 
indicate a very smooth variation in •rel- 

Figure 15 shows the normalized radar cross section curves 
measured by Yaplee et al. [1971] in their 10-GHz tower 
experiment. The curves show an impressive similarity even 
though one was for a calm wind and 1-m wave height and the 
other was for a 10.5-m/s wind and 1.6-m wave height. This 
again emphasizes that EM bias is mainly a function of radar 
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Fig. 12. Plots of •el calculated from a narrowband Stokes wave 
series expansion [Huang et al., 1983, 1984] for several values of 
wave steepness. 
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Fig. 13. An expansion of Figure 12 around MSL. 
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Fig. 15. NRL tower measurements of O'•e 1 at 10 GHz [Yaplee et 
al., 1971]. 

wavelength. However, the curves have some disturbing 
characteristics. 

In addition to the basic trend of increasing cross section 
with depth into the waves, the slope of the curves appears to 
change abruptly at MSL, and there are local maxima in the 
vicinity of 1.5tr and -1.5m Beyond 2 standard deviations 
from MSL the cross section drops abruptly, giving an overall 
negative curvature or convex shape to the cross section 
between - 3tr and 3tr. 

The tower data were obtained at a height of 20 m above 
mean water level, and it is possible that near-field effects are 
influencing the data. The entire spot, ---0.7 m in diameter, is 
within the first Fresnel zone, and it is therefore possible that 
coherent returns from flatter portions of the sea surface near 
the crests and troughs are enhancing the tower cross section 
data near 1.5tr and -1.5m LeVine [1982] showed that 
proximity effects can increase the measured cross section 
relative to the far-field cross section, but it is not clear how 
this effect could preferentially enhance crest and trough 
regions. 

Figure 15 should be contrasted with Figure 16, which 
shows the O'•e 1 variations for two airborne data sets collected 

SWH 

5.5 M 

o 

(7rel 

! 
! 

1.9 M 
SWH 
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Fig. 14. Average O•rel variation for SCR measurements made at a 
5.5-m SWH and a 1.9-m SWH [Walsh et al., 1984]. 

by NRL at 10 GHz. One corresponds to a measured EM bias 
of 3% for a 3.1-m SWH, and the other is for a measured EM 
bias of 4% for a 2.4-m SWH. The shapes of these two O'•e 1 
variations are very similar, but they are smoothly varying 
and do not evidence the disturbing features of the tower data 
shown in Figure 15. 

Figure 17 shows four curves that were developed from 
laser profile data taken on October 8, 1984 in the vicinity of 
(55øS, 80øW), approximately 400 km off the coast of Chile. 
The airborne oceanographic lidar (AOL) was using a pulsed 
frequency doubled Nd:YAG laser operating in the blue- 
green portion of the spectrum (532 nm). The wind was from 
the west at about 25 m/s at the 800-m altitude where the data 

were taken, but it would not be reliable to attempt to 
extrapolate the wind speed at that altitude to a value at the 
sea surface. The indications are that the sea surface wind 

was considerably lower. Analysis of NOAA 7 cloud imagery 
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Fig. 16. NRL airborne measurements of O'•e 1 at l0 GHz. 
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Fig. 17. AOL airborne measurements of O•rel in the visible. The 
surface height distribution for all the points is shown at the bottom 
with its peak normalized to 0.8. 

indicates no significant weather fronts near the data collec- 
tion area on that day. There was certainly some swell 
present, and the total wave height measured by the AOL was 
only 4.2 m, which could have been generated by a wind 
speed as low as 14 m/s. The Fleet Numerical Oceanography 
Center (FNOC) global spectral ocean wave model 
(GSOWM) indicated that at the time of the data collection, 
the wave height at (55øS, 77.5øW) was 4.4 m and the wind 
speed was 12.6 m/s from 236 ø. 

The laser pulse repetition frequency (prf) was 100 Hz, and 
each of the four curves was developed from contiguous, 
nonoverlapping data sets of approximately 1 min duration. 
Each of the surface height distributions contained approxi- 
mately 5800 points. The surface height distribution for all the 
points in the four data sets is shown at the bottom. As was 
the case with the other frequencies of observation, these 
curves show a remarkable consistency. However, in this 
instance the bias is toward the crests of the waves instead of 

the troughs, as was the case for the microwave observations. 
For comparison, the slope corresponding to a 0.5% bias 

toward the crests is indicated by a dotted straight line. Also 
indicated is the predicted G-C variation (equation (8)) for the 
same bias and the measured 0.14 height skewness. Where 
the G-C curve deviates from a straight line it deviates in the 
wrong direction compared with the observations. This was 
also the situation for all the aircraft microwave observations 

as well (see Figure 10 and Figures 14 and 16). The data 
shown in Figure 17 are typical of the AOL observations on 
that day. But in one 2-min segment the EM bias was zero and 
Cr•e 1 was virtually a horizontal straight line with no curvature 
at all. 

From the 800-m altitude of the AOL data acquisition, the 
illuminated spot was ---2 m in diameter. At the 190-m to 
564-m altitude range where the 36-GHz aircraft data were 
obtained, the illuminated spot varied from approximately 4 
m to 12 m, increasing with the dominant ocean wavelength. 
The 10-GHz aircraft data were acquired at 150 m to 230 m 
altitude, and the illuminated spot varied from 11 m to 17 m in 
diameter. Considering the dominant ocean wave lengths 
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Fig. 18. Average behavior of the airborne measurements of O•rel at 
visible frequency, 36 GHz, and 10 GHz. 

involved (44 m to 256 m for the SCR, 60 m to 250 m for the 
10 GHz measurements), Choy et al. [1984] have shown that 
none of the airborne o%1 observations was corrupted by 
spatial filtering from the footprint. 

The curves in Figure 18 are the averages of the airborne 
observations shown in Figures 14, 16, and 17. Before being 
plotted in Figure 18, the data of Figure 16 were smoothed by 
a three-point moving average to reduce the fluctuations. To 
first order, one could consider the O'•e I variation to be 
perfectly linear, and increasing EM bias would simply result 
from steepening the slope of the straight line. But these 
curves seem to indicate that the o%1 variation deviates from 
a straight line in a fashion that is nearly independent of 
operating frequency and that higher EM bias simply means a 
higher mean slope for the same shaped curve. 

All three curves in Figure 18 have about the same amount 
of curvature, and they show a steepening slope above MSL. 
It appears that the observations are consistent enough to be 
used as a standard to compare the theoretical predictions 
against. Since the curvature of the G-C development was 
opposite to the aircraft observations in all cases, it appears 
that where the G-C development deviates from a straight line 
outside the interval from -2or to 2or it is not physically 
realistic and is simply an artifact of the truncation of the G-C 
series. The G-C development is essentially just predicting 
the slope of the straight line within the -2or to 2or interval 
and not describing any higher-order characteristic of the 
variation of the radar cross section. These preliminary data 
show great promise, but they are inadequate for sorting out 
the EM bias effects in the TOPEX altimeter measurements. 

Figure 19 shows that if the variation of EM bias were 
linear with operating frequency, then the average value at 
the TOPEX operating frequencies would be about 3% at 13.6 
GHz and 3.6% at 5.3 GHz. But if the variation were 

inversely proportional to frequency, then the biases would 
be about 2.7% at Ku band and almost 7% at C band. Figure 
2 indicates that a 6% EM bias would require the radar signal 
returned from the wave troughs (-2or) to be almost 3 times 
greater than that from the crests (2or). That is quite a 
disparity and suggests that the biases will be closer to the 
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Fig. 19. Average EM bias values for the 10-GHz (square) and 
36-GHz (circle) airborne observations, and extrapolation curves 
assuming linear (dashed curve) and inverse (solid curve) variation 
with frequency. 

linear variation in Figure 19, with K u band near 3% and C 
band near 4%. The magnitude of the Ku band bias is 
consistent with inferences obtained from on-orbit satellite 

altimeter range measurements [Douglas and Agreen, 1983; 
C. Koblinski, private communication, 1989]. 

5. MULTIFREQUENCY MEASUREMENT TECHNIQUE 

In trying to develop a complete picture of EM bias by 
comparing measurements from different experiments, there 
is a corrupting influence of errors in the characterization of 
the measurement circumstances (such as wind speed and sea 
state), in addition to errors in the measurement of the bias 
itself. The optimum situation would be to measure the EM 
bias simultaneously at several frequencies that illuminated 
the same spot on the sea surface. Then if there were an error 
in determining the wind speed it would not affect the relative 
agreement between the EM bias values for the various 
frequencies as it would if they were measured in separate 
localities or even in the same region at different times. This 
technique would also allow a point-by-point comparison of 
the variation of the backscattered power from one frequency 
to another instead of just a comparison of mean results. This 
capability might be an important aid in investigating the 
causes of the tr•½ 1 variation and in improving theoretical 
models of the EM bias effect. 

Although the determination of EM bias requires the simul- 
taneous measurement of elevation and backscattered power, 
the two measurements do not have to be made with the same 

instrument. The SCR could measure the ocean surface 

topography in two dimensions while the backscattered 
power was being measured simultaneously at other frequen- 
cies by instruments which would not even need to measure 
range. This means that existing instruments such as the 
13.9-GHz radar ocean wave spectrometer (ROWS) [Jackson 
et al., 1985a, b] and the University of Massachusetts C band 
scatterometer could be combined with the high-quality top- 
ographic measurements from the SCR or the AOL to pro- 
duce simultaneous multifrequency measurements of EM 
bias. 

In addition to the basic measurements of EM bias, such a 
collection of simultaneous measurements would answer the 

important question of whether the variability in EM bias is 
correlated between K• and C band. Because of the way the 
ionospheric range correction is made, if the EM bias vari- 
ability is correlated between the two frequencies, the overall 
variability would be reduced to almost half of what it would 
be if they were uncorrelated. 

6. CONCLUSIONS 

Airborne observations at 10 GHz, 36 GHz, and optical 
frequencies indicate that EM bias is predominantly a func- 
tion of frequency. The bias is toward the troughs for the 
microwave observations, with a magnitude of about 3.3% of 
the SWH at 10 GHz and 1.2% at 36 GHz. At optical 
frequencies the range measurement can be either unbiased 
or biased toward the crests by about 0.5% of the SWH. The 
indications are that the TOPEX altimeter will experience an 
EM bias near 3.0% at its K• band operating frequency and 
near 4% at its C band frequency. The present theoretical 
developments are inadequate to predict the observed tr•e • 
variation with deviation from MSL. Simultaneous measure- 

ments of EM bias at the TOPEX operating frequencies are 
needed to establish optimum corrections for the TOPEX 
range measurements. 
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