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The U.K. EODC ERS-l altimeter oceans processing scheme

R. T. TOKMAKIAN, P. G. CHALLENOR, T. H. GUYM ER and
M. A. SROKOSZt

James Rennell Centre for Ocean Circulation, Gamma House, Chilworth
Research Centre, Chilworth, Southampton SOl 7NS, England, U.K.

Abstract. This paper outlines the processing scheme for ERS-I altimeter ocean
products at the U.K. Earth Observation Data Centre (EODC). Central to the
scheme is the use of Maximum Likelihood Estimation (MLE) to derive accurate
geophysical information from the altimeter return waveforms. The output of the
MLE is used, together with other algorithms and external data, to produce wind
and wave, and sea surface topography products. Examples are given, based on
Geosat data, of some possibleapplications of the ocean data that will be obtained
from the ERS-I altimeter.

1. Introduction
This paper describes the processing scheme for ERS-I altimeter ocean products

at the EODC, the philosophy that led to the adoption of that scheme, and some
applications of the oceanographic data obtained from radar altimetry. We will
review briefly what has been done for previous altimetric missions and then show
how the EODC scheme for ERS-I differs. The underlying goal of the approach is to
extract the maximum amount of geophysical information from the radar altimeter
return over the ocean surface.

One of the primary reasons for flying radar altimeters in space is to make global
measurements of the ocean surface topography, from which, under the assumption
of geostrophy, the surface currents can be calculated. Additionally, information on
the significant wave height and sea surface wind speed can also be derived from the
radar return. How this is done is described in more detail below. Clearly such
measurements are important to studies of the global climate system, and the role of
the oceans, and to more immediate concerns such as offshore operations and wave
forecasting.

Prior to ERS-I and Topex-Poseidon, four altimeters have been flown in space; an
experimental one on Skylab in 1973, one on GEOS-3 from 1975 to 1978 (which, due
to the lack of an on-board tape recorder only gave limited data coverage), one on
Seasat in 1978 (which failed after 100days of operation) and one on the U.S. Navy
satellite Geosat which operated successfully from March 1985 to January 1990 (the
height data from the first 18months of this mission are classified and not available
for scientific analysis). More details of these missions and results from them may be
found in the special issues of: the Journal oj Geophysical Research, 84 (B8), 1979
[GEOS-3], 87 (C5), 1982 and 88(C3), 1983 [Seasat], 95 (C3), 1990 and 95 (ClO), 1990

tM. A. Srokosz is a member of the NERC/BNSC Remote Sensing Applications
Development Unit.
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940 R. T. Tokmakian et al.

[Geosat]; the I.£.E.£. Journal of Oceanic Engineering, OE-S (no. 2), 1980 [Seasat];
the Johns Hopkins APL Technical Digest, 8 (no. 2), 1987 [Geosat].

For all these missions the estimation of the oceanographic parameters was done
by on-board processing of the radar return, with additional corrections being carried
out once the parameters had been transmitted to the ground. The end result is the
classic Geophysical Data Record (GDR), containing values of the parameters at one
second intervals (corresponding to measurements approximately every seven kilo
metres along the ground track). The GDR data are distributed to users for further
analysis. To achieve on-board (real-time) processing of the radar return with limited
computational capability, some simplifying assumptions have to be made about the
nature of the return. This enables three pieces of information to be derived from the
return: the travel time of the pulse (giving the height of the satellite above the sea
surface), the slope of the leading edge of the return (giving the significant wave
height H,), and the backscattered power ero (related, via the mean square slope of the
waves, to the wind speed near the sea surface). ERS-I has a similar on-board
processing scheme and the data transmitted to ground form the basis of the Fast
Delivery products (available to users within 3 hours of acquisition). The on-board
estimation of the parameters is based on a model of the return due to Brown (1977);
(see also Barrick 1972) which assumes Gaussian statistics for the waves at the sea
surface.

In reality the statistics of the waves at the sea surface are non-Gaussian (Barrick
and Lipa 1985, Srokosz 1986). Therefore the on-board estimates do not give all the
information contained in the return. To obtain the maximum amount of geophysical
information, it is necessary to re-analyse the return signal on the ground. The ERS-I
radar altimeter transmits pulses at 1020 Hz and the on-board processor averages the
returns in groups of 50 to give - 20 Hz waveforms (that is, the return signal
measured in 64 'gates'; see Cudlip and Milnes 1994, this issue), from which it
provides estimates of the geophysical parameters. These, together with the wave
forms, are recorded and later transmitted to the Earth. For Seasat and Geosat,
similar data (at 10 Hz) were transmitted to the ground, but the ocean waveforms
were not re-analysed (except for specific, limited studies; Lipa and Barrick 1981,
Hayne and Hancock 1990).

The processing scheme described in this paper has as its central feature the use of
a Maximum Likelihood Estimation (MLE) method to derive geophysical parameters
from ERS-I waveforms on a routine basis. Use of a technique such as M LE is
necessary as the waveform is noisy due to 'fading noise' affecting the return (Ulaby
et al. 1982). MLE allows the filling of a model return (a function of the parameters
that are to be estimated) to the waveform, taking into account the known statistics
of the fading noise. This leads, firstly, to more accurate estimates of the geophysical
parameters of interest than those that are obtained from on-board processing, and
secondly, to the possibility of estimating extra parameters in addition to those
obtained by the on-board processor. The model return that is fitted to the
waveforms is based on the assumption that the waves at the sea surface have non
Gaussian statistics (see below §§3 and 5, and also Srokosz 1986 b).

In what follows, we outline the processing scheme and the products in § 2. Then,
in §3, a description of the MLE is given, together with the results from studies in
which it was applied to simulated waveform data. Section 4 discusses the algorithms
used to produce the wind and wave information and their physical basis. This is
followed, in §5, by a similar description of the sea surface topography algorithms.
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ERS-l and the Earth Observation Data Centre 941

Finally, in §6, we discuss example applications of the oceanographic data that will
be obtained by the ERS-l radar altimeter and some issues related to the calibration
and validation of that data. A discussion of the products available from the EODC
are given in a paper by Peters et al. (1994).

2. Processing scheme and products
At an early stage it was decided to produce, routinely, a number of parameters

that had been developed since the launch of Seasat in 1978. These are mainly wave
parameters and will be described in §4. It is hoped that these will make the altimeter
wave data accessible to a larger applications community. One consequence of this is
that the number of variables per record became too great for a single Geophysical
Data Record (GDR) as produced for Seasat and Geosat (see, for example, Cheney
et al. 1987) and proposed for Topex-Poseidon. The decision was taken to split the
data into three products each of which would contain a subset of the full parameter
set. These are the Basic Wind/Wave Product, the Advanced Wind/Wave Product
and the Sea Surface Topography Product. Each is designed to serve a different
section of the user community. We will now describe each product and suggest which
communities they are particularly useful for.

The Basic Wind/Wave Product is intended to be used by the non-research wave
user, the off-shore industry, for example. In addition to quality flags, time and
position data, it contains the values of significant wave height (H,), wind speed at
10metres above the sea surface (assuming neutral stability) (U 10), mean square slope
of the sea surface (S2), friction velocity (u*) derived from the bulk formula (Large
and Pond 1982) and normalised radar cross-section (UO). All these data are at a
sampling frequency of I Hz (equivalent to a ground track spacing of - 6·6 km) and
the standard deviation and the number of good data points in the last second are
included as measures of accuracy and for quality control purposes. The two
parameters included here which were not on either of the Seasat and Geosat GDR's
are the mean square slope and friction velocity (the Geosat GDR did not contain
wind speed because of the difficulty in deciding on a suitable algorithm). The
processing chain for this product is shown in figure I (a).

The Advanced Wind/Wave Product is designed for the research user or those
requiring more detail than is given in the Basic Product. Figure I (b) shows the
processing chain. The data are given at 20 Hz (the frequency at which data are
transferred from the satellite). The parameters given are H, and its standard
deviation, mean square slope, UO and its standard deviation, sea surface skewness ().)
and its standard deviation, U 10' the fourth spectral moment (1/1 4 ) , wave period (TA ) ,

percentage of waves breaking, minimum swell height (Hm;n) and friction velocity
derived directly from a", as opposed to the u* in the Basic Wind/Wave Product
which is derived via the bulk formulae. These new parameters will be described in
greater detail in §4. The standard deviations given in this product do not come from
the variation of the measured values as in the Basic Product, but are obtained from
the maximum likelihood algorithm which is used to estimate the parameters. The use
of maximum likelihood estimation is described in greater detail below (see §3).

The Topography Product is for those users (oceanographers, geophysicists, and
others) who are interested in the height signal from the satellite. The processing
chain is shown in figure 2. Apart from the satellite height relative to the sea surface
which is produced by the MLE, a number of other parameters and corrections are
included. The first of these is the height of the satellite relative to the Earth
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942 R. T. Tokmakian et al.

ALTIMETER BASIC WINDIWAVE PRODUCT

Waveform Foundation Product

Determination ofocean-like waveform

Apply waveform corrections

Maximum likelihood estimator (MLE)
(estimates 00. h, Tn, Hs)

Estimates lor significant wave height.
windspeed, friction velocity (bulkformula)
mean square slope

Output BasicWindfWave Product

(a)

ALTIMETER ADVANCED WINDIWAVE PRODUCT

Waveform Foundation Product

Determination ofocean-like waveform

Apply waveform corrections

Maximum likelihood estimator (MlE)
(estimates 00. A, h, Tn, Hs)

Estimates forsignificant waveheight,
windspeed. mean square stope, 4th
spectral moment. waveperiod, %waves
breaking, friction velocity (direct), and
minimum swell

I Output Advanced WindlWave Product

(b)

Figure I. Schematic of the processing chain for the (a) Basic and (b) Advanced Wind/Wave
Products.

ALTIMETER TOPOGRAPHY PRODUCT

Maximumlikelihood estimator(MlE)
(estimates 00, )., h, Tn,Hs)

Estimate seaslatebias

Estimaterelined lidalmodel

Compute inverse barometer correction

Append corrections:
-geoid
- orbit
· seastate bias
· tides
· inverse barometer
· tropospheric correction
- ionospheric correction

Output Topography Product

Figure 2. Schematic of the processing chain for the Topography Product.
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ERS-I and the Earth Observation Data Centre 943

(essentially, its orbit) derived by tracking. This will be the best available value when
the data are processed. The height of the sea surface relative to the reference
ellipsoid is calculated from these two values. This is the parameter which, together
with geoid information, is used by oceanographers. There are three corrections to
account for the effects of the atmosphere on the radar travel time, the dry
tropospheric, the wet tropospheric and the ionospheric correctons (Cudlip et al.
1994). A sea state bias correction, which corrects for the effect of non-linear surface
waves on the ocean, is also calculated. Additionally, there are a number of
corrections for sea level changes due to external forcing. There are three tidal
corrections, one for the solid earth tide, one for the elastic ocean tide (which includes
the ocean loading tide) and the ocean loading tide itself. The final correction is for
the so-called inverse barometer effect which is caused by the oceans' response to
atmospheric pressure. Details of the processing for the Topography Product is given
in §5 below.

In contrast to the approach adopted for previous altimeter missions, the EODC
decided to 're-track' the ERS-I altimeter data. This means that the parameters
normally estimated on the satellite (H s , hand (10) are re-estimated on the ground
using a 'better' algorithm to analyse the return waveform. There are a number of
advantages in this approach. The on-board algorithm is designed to keep the sea
surface within the tracking window of the altimeter and thus needs to satisfy two
criteria. It needs to be robust and computationally fast. An off-line algorithm on the
other hand can be relatively slow computationally, and if a return pulse differs
greatly from the expected shape, failure to converge to a solution is a useful quality
control tool. Given the removal of computational constraints it is possible to use a
much more powerful algorithm than that used on board the satellite. The algorithm
chosen for use in the EODC is Maximum Likelihood Estimation (MLE). The
algorithm used on board is the SMLE, which stands for Sub-optimal Maximum
Likelihood Estimation. The background to the MLE method is given in Challenor
and Srokosz (1989) and the implementation is described in §3 below. The MLE is
central to the EODC altimeter processing over the ocean. It enables us to produce
estimates of the parameters of the waveform that we believe to be satistically optimal
and to fit a non-linear version of the Brown model (Srokosz 1986b). For the Basic
Wind/Wave Product and the Topography Product a linear model of the sea surface
waves is used, whereas for the Advanced Wind/Wave Product a non-linear wave
skewness term is introduced.

The processing scheme has been chosen with the idea of implementing research
ideas which have appeared in the literature since the demise of Seasat in 1978. The
additional parameters that are being estimated routinely for the first time are mean
square slope, wave period, fourth spectral moment, friction velocity, minimum swell
height and percentage waves breaking. The aim has been to increase the usefulness
of altimeter data to the non-specialist oceanographic user rather than simply to the
remote sensing expert.

3. Maximum Likelihood Estimation (MLE)
The maximum likelihood method is a statistical technique of estimating the

unknown geophysical parameters from an altimeter return pulse. If a set of noisy
data can be described by a model plus a known statistical distribution (Gaussian or
otherwise) for the noise, then a maximum likelihood estimator can be used. In
certain cases, it can be proved that maximum likelihood is the optimal technique.
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944 R. T. Tokmakian et al.

The method estimates the parameters by determining which values maximise the
probability of obtaining the recorded waveform shape. This maximum is located by
difTerentiating the likelihood function (the product of the probability densities
evaluated at each data point) with respect to the unknown parameters and setting
the derivatives to zero (Challenor and Srokosz 1989).

From the shape of the return pulse, various geophysical parameters can be
determined, significant wave height, normalized radar backscatter, the altitude of the
satellite and two non-linear wave parameters, ), and i5. Brown (1977) shows that the
average return power as a function of delay is a convolution of the radar system
point target response with the average surface response. The average surface
response is represented by a convolution of the probability density function of the
height of the specular points on the surface with a quantity which depends on the
antenna gain and the range from the radar to any point on the scattering surface,

(I)

where Pdl) is the flat surface response, q(O is the probability density function of
the height of specular points, and PPT(I) is the point target response.

Ulaby et at. (1982) have shown that the altimeter radar return power has a
negative exponential distribution due to fading noise. If it is assumed that individual
pulses are statistically independent, then the average of N pulses will have a gamma,
or chi-squared, distribution with N degrees of freedom. Equation 2 shows the
likelihood function for an altimeter radar power return (Challenor and Srokosz
1989).

f (N In N +(N -1)lnui-In(N -1)!-NlnUi-N~)
i=O : Uj

(2)

where u represents the observed radar power signal, II represents the model radar
signal «I) plus thermal noise) and is a function of H" aO, 10' i5, )" and T" (the
thermal noise), N is the number of pulses averaged (1000 for I Hz sampling or 50 for
20 Hz; for ERS-I, the on-board processor averages 50 returns to give 20 Hz data and
any further averaging is done during ground processing), and II is the number of
'gates' defined for the instrument (64 for ERS-I). The geophysical parameters for the
altimeter are estimated by maximising this expression. The results are described
below. It was thought that the mispointing angle of the altimeter instrument, if!,
might be estimated also. Challenor and Srokosz (1989) show that it is not possible to
estimate if! from a single radar return.

The implementation and testing of the M LE required the creation of a set of test
data whose characteristics were known. A simulator was developed using (I) to
calculate the return power signal delayed over time. Random noise, with the correct
statistics, was then superimposed on the signal and the distribution scaled to
represent the number of pulses averaged (smaller noise for large N). The test
environment can be changed by altering the values of any of the five geophysical
parameters or thermal noise.

The M LE was tested with three forms of the return power model. The first
contained both non-linear wave parameters, i5 and ).. The second estimated the
linear terms plus only one non-linear term, )., with i5 set to O. The last used the linear
form with both), and i5 equal to O. The MLE was run 1000 times for each case, each
time changing only the random noise. Table I shows the percentage of times each
estimated parameter fell within its standard deviation. The theoretical deviation is
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ERS-I and the Earth Observation Data Centre 945

Table I.

% within I theor. % within I "real".
std. dev. std. dev.

Hz H, 0'0 to ). c5 TN H, 0'0 to ), c5 TN

6 Parameter Fit
20 5 39 I 17 65 I 66 67 57 65 67 55

I 10 62 6 19 66 8 58 71 57 54 68 59

5 Parameter Fit
20 13 67 24 21 67 56 71 63 58 68

I 15 64 22 22 66 68 70 67 66 68

4 Parameter Fit
20 33 66 38 69 67 71 85 84

I 35 65 37 67 68 70 85 84

the deviation determined from the Fisher information matrix for the input values
(Challenor and Srokosz 1989) and the real standard deviation is determined from
the observer Fisher Information matrix (that is, the inverse of the matrix of second
derivatives calculated from the MLE estimates). As can be seen in table I, the
percentages are high, over 68 per cent for all four parameters in the linear case. As
might be expected, the fits become progressively worse as the model incorporates
more non-linear wave parameters; for instance, the percentage of H, within one
theoretical standard deviation drops to 15 per cent when the wave skewness, ),. is
added. If both non-linear wave parameters are added, the percentages are even
lower.

Theoretically, the M LE should estimate the unknowns fairly well (asymptotically
the percentage falling within one theoretical standard deviation should be 68 per
cent). The difference in the results for the theoretical and real standard deviations
shows that we are a long way from the asymptote. Unfortunately, the numerics of
the model equation introduce further complications. To handle the problem numeri
cally, the parameters being estimated need to be scaled to the same order. Given a
simple equation such as y =ax" +b, estimating a and b, the two terms can be scaled
to the same order and fitted. But, in a non-linear problem, such as y=abx2

, a and b
will need to keep the same relative relationship and cannot be scaled to the same
order necessarily. Such is the problem with the return power function, the non-linear
terms, ). and ii, are very small compared to the other terms which we are estimating.
Examples of these fits are shown in figures 3 (six parameter), 4 (five parameter) and 5
(four parameter, linear) for 20 Hz data. The estimated curve for the non-linear fit
shows that the amplitude of the curve matches that of the true curve (determined by
tr° estimate, 6·34dB estimate and 6·31 dB true), but the corner has a very bad fit
because the skewness term A, affects the slope of the leading edge. This term is very
sensitive to the shape of the noise at this point. Better results are obtained for I Hz
data when the noise is reduced. Although the percentage of estimates that fall within
the standard deviations for a parameter are roughly the same for the 20 and I Hz
data, the standard deviation range is much smaller for the I Hz data. For example,
for the radar backscatter, tr°, the standard deviation is ±0·15 for the 20 Hz data and
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Non-Linear (6 para.) 50 pulse overage

Gate Number

Figure 3. Results for the six parameter MLE fit to a simulated pulse with noise, showing the
true solution, the input noisy pulse and the output estimated pulse.

±0·03 for I Hz data. The difference in the error becomes important with ITo, from
which the wind speed is derived, because at high wind speeds (low ITO), small errors
in the ITo value translate to large errors in the wind speed.

Cross-correlation between the six parameters can also be determined. From this
information, ii and II are always highly inversely correlated, thus when one is well
estimated, the other is incorrectly estimated. In figure 3, ii has a value of -0'56 (true
value 0) while 10 (related to II) is equal to -0·06 nanoseconds, shifting the true curve
to the left only slightly. Similarly H, and J. have a large negative correlation. From
our simulations if correlations between parameters are high, then one of the two
estimates for the correlated parameters is incorrect.

The results from the six parameter MLE fit described above affect the method of
computing the sea state bias using the cross-skewness parameter, ii, and the
significant wave height, H, suggested by Guymer et al. (1985) (see § 5). It has been
shown that the cross skewness ii parameter cannot be deconvolved from the height
term. Therefore, it will not be possible to compute the sea state bias in this manner.

From the above tests, it has been shown that the 20 Hz data does not produce as
accurate results as when averaging the waveforms to I Hz. The availability of 20 Hz
data will allow narrow features, such as seen by Scott and McDowall (1990) in the
Iceland-Faeroes region to be examined in greater detail. An assessment of (i) the
degree to which geophysical parameter estimates are degraded, and (ii) whether the
20 Hz data can be used reliably, still awaits the evaluation of the ERS-I radar
altimeter waveform data.
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ERS-l and the Earth Observation Data Centre 947

Non-Linear (5 para.) 50 pulse average
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o

Gate Number

Figure 4. Results for the five parameter MLE fit to a simulated pulse with noise, showing
the true solution, the input noisy pulse and the output estimated pulse.

It is not possible to consistently estimate the six parameters from the non-linear
model. This is especially true of 20 Hz data. From the figures, the linear model
estimates the four parameters, h, H., o", and the thermal noise, well. Of the two
nonlinear wave parameters only the wave skewness, A., can be estimated with the
MLE technique, with best results being obtained from the I Hz data. (However, for
the Advanced Wind/Wave Product it has been decided to process the data at the full
resolution of 20 Hz.) The cross-skewness term, D, cannot be estimated accurately
because of its high correlation with h. This concurs with the conclusion found by
Rodriguez and Chapman (1991) who estimated A., from Geosat waveform data, by
deconvolving the signal and using a least squares fitting technique. They found that
it was necessary to average data for 33 seconds to produce a standard deviation in A.
of 0·1. We find slightly better results of a standard deviation of 0·063 for the I Hz
data. The difference is that Rodriguez and Chapman (1991) used real altimeter data,
while we have used simulated data for which, theoretically, the MLE technique
should be optimal (Challenor and Srokosz 1989). With a realistic number of pulses
used in the average, the MLE technique for the estimation of the geophysical
parameters is successful with the linear model, but cannot accurately estimate all the
parameters if the non-linear model is used.

4. Wind and wave algorithms
The derivation of significant wave height and wave skewness from the altimeter

signal has been described above and in the papers by Brown (1977) and Srokosz
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948 R. T. Tokmakian et al.

Linear (4 para.) 50 pulse average
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Figure 5. Results for the four parameter (linear) M LE fit to a simulated pulse with noise,
showing the true solution, the input noisy pulse and the output estimated pulse.

(1986b). This section will describe the derivation of the other wind and wave
parameters in both the Basic and Advanced Wind/Wave Products. The philosophy
adopted in the processing of data for the EODC has been wherever possible to use
algorithms which have a physical basis rather than those which rely simply on
empirical relationships.

The M LE produces estimates of H" .,.0, and for the Advanced Product, }" The
estimates of significant wave height and sea surface skewness need no further
processing. A correction is made to .,.0 at this point to account for attenuation of the
radar signal by liquid water in the atmosphere.

4.1. Wind algorithms
Unlike the case of significant wave height, we still lack a physical model for the

relationship between the mean square slope of the sea surface (or equivalently the
normalised radar backscatter cross-section) and the wind speed. This means that we
have to base our algorithm on simultaneous measurements of wind speed and
altimeter return. Numerous empirical algorithms have been proposed (Brown 1979,
Chelton and McCabe 1985, Chelton and Wentz 1986, Witter and Chelton 1991). The
algorithm used at the EODC will be based on work by Carter (1990), Carter et al.
(1991) using Geosat and US NDBO buoy data. Figure 6 taken from Carter et al.
(1991) shows three different algorithms used for Geosat (.,.0 against wind speed). The
point to note here is the close correspondence between Witter and Chelton's and
Carter's algorithms. This is quite surprising as they were produced from totally
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ERS-I and the Earth Observation Data Centre 949

VARIOUS WIND ALGORITHMS
25 -,--------------------,

...... Witter & Chelton
- Carter et al.
--- Smoothed-Brown

-1--'----'-'--'-1' , , , I '--'--.LJ_I~'-'--'+-'1'---'-'-.'-1
5 10 15 20 25

10 m Wind speed (rns-")

I:t1 20
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0

0

Figure 6. Three algorithms used to derive wind speed from Geosat rIo data; x x x Witter
and Chehon, -- Carter, - - - smoothed-Brown.

ditTerent data sets. Witter and Chelton compare the wind speed climate from Seasat
with Geosat uo,s, while Carter uses the comparison with buoy data shown in figure
7. Note, from figure 6, that the smoothed-Brown algorithm recommended for use
with Geosat (Goldhirsh and Dobson 1985) ditTers considerably from the other two
and gives poorer estimates of wind speed (Carter et al. 1991).

There are two ditTerent algorithms to calculate friction velocity. The first, used in
the Basic Wind/Wave Product, is to use the 'bulk' formula of Large and Pond
(1982). Friction velocity is given by the formula

u*=~UtO

where CDN is the neutral drag coefficient appropriate to a height of 10m

=1·14x 10- 3 O<Uto<IOms- t

=(0-49+0·065U 10)x 10- 3 10~UlO<25ms-l

The second (for the Advanced Wind/Wave Product) uses an algorithm similar to
that used for wind speed derived from co-incident measurement of wind stress and
altimeter uO. Unfortunately to date no such measurements have been made. A joint
Remote Sensing Applications Development Unit-James Rennel! Centre cruise took
place in September 1991 on the RRS Charles Darwin, which made such measure
ments. When these data have been analysed, an algorithm will be calculated and
installed at the EODC. In the mean time, both versions of the friction velocity
algorithm will use the bulk formula.

4.2. Wave algorithms
The largest increase in the number of parameters produced comes from the field

of ocean waves. This is possible because of the scientific advances made in this area,
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950 R. T. Tokmakian et al.

mostly based on results from Seasat. A brief explanation of each new parameter will
be given with its derivation and references.

The mean square slope of the sea surface is related to the normalised radar
backscatter cross-section by the formula

2 IR51
s = (Jo

where IR51 is the Fresnel reflection coefficient at normal incidence (= 0,617). This
expression was first derived by Barrick (1974).

By transforming the wave spectrum and assuming that the directional spreading
function is independent of frequency and has the form {cos(O)y', it is possible to
relate the moments of the frequency spectrum to the moments of the wave number
spectrum. Transforming the wave spectrum in this way shows M 2 (the second
moment of the wave number spectrum) to be equivalent to the fourth moment (m4 )

of the frequency spectrum (an early version of this transformation is given in
Challenor and Srokosz 1984). The second moment of the wave number spectrum is
related to the mean square slope and thus it is possible to compute m4 from the
mean square slope. The formula is

where r is the parameter in the directional spreading function of the wave spectrum
(Longuet-Higgins et al. 1963). Large r implies a narrow spectrum, that is, all the

GEOSAT & NOAA BUOY DATA
25 -,--------------------,

D
I

'"8
bJ1

(I)

20

15
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5

Figure 7.

o ... I'-I---L...'-'-'-~'-'-t-'-L-'--'--I
o 5 10 15 20 25

Buoy wind speed (ms-")
- Carter et a l.

The Carter algorithm --, plotted together with data from Gcosat and from
N DBO data buoys (+; Gcosat lTD versus N DBO wind speed).
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ERS-l and the Earth Observation Data Centre 951

waves moving in the same direction. In practice, r will vary with both space and
time, however for the EOOC, a value of r= 8 has been chosen as a reasonable
average.

Given the fourth moment of the wave frequency spectrum and the zeroth
moment (m o=H;/16), it is possible to compute a wave period parameter. The value
of the period parameter is given by:

JH.
TA. = 1! , c:-

~,n4

The form of the parameter is different from those normally used in wave work and
its value will be smaller than the commonly used zero-upcrossing period, 1;,. For
details see Challenor and Srokosz (1984, 1991).

The percentage of waves breaking can also be derived using 11I4, The theory
behind this parameter is given in Srokosz (1986 a). The percentage is obtained from
the formula

(

_ K
2
9

2
)Percentage Waves Breaking e exp 2m

4

A wave is assumed to break when the downward acceleration at the crest is given by
Kg. In the EOOC implementation of this algorithm K =0-4, as suggested by Srokosz
(1986a).

Conventionally, the ocean wave spectrum can be considered as being divided
into two parts corresponding to sea and swell. The sea is that part of thc wave
spectrum that is generated locally by the wind and in general consists of waves at
higher frequencies, whereas swell, which has a longer wavelength, has been gener
ated some distance away and has propagated to the measurement position. If H, is
the total significant wave height then Hsea and Hswell (the sea and swell heights
respectively) are related by

As H s is a measure of the variance of the sea surface elevation (in fact, it is defined as
4 times the standard deviation of the sea surface elevation), this formula represents
the total variance as the sum of the variance due to sea and that due to swell (which
can, in theory, be related to the wind speed). In a series of papers Mognard (see
Mognard 1983, 1984) has generalized maps representing minimum swell in the
altimeter measurements of H, by means of the formula

H,well=JH;-aU10

where a=6·25. The term involving the wind speed is the significant wave height for a
fully-developed sea. This is when the amount of energy being input by the wind is
balanced by dissipation so no more energy can be put into the wave spectrum and
thus the waves have ceased to grow. It is therefore the maximum wave height that
U 10 can sustain. H,well is the minimum swell height since we have assumed that the
wind sea is at its maximum possible value, which is rarely attained in practice.

5. Ocean topography algorithms
The shape of the sea surface (topography) contains information on currents,

tides and bottom features related to solid Earth geophysics. The actual parameter
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952 R. T. Tokmakian et al.

required from radar altimetry is the elevation of the mean sea surface across each
footprint, measured relative to an Earth coordinate system, usually the reference
ellipsoid. In addition, for oceanographic studies, it is necessary to know the geoid
well, as it is the departure of the sea surface from the geoid that provides
information on ocean currents and tides.

To obtain the sea surface topography, it is necessary to measure both the height
of the altimeter above the sea surface (range) and the height of the altimeter above
the reference ellipsoid (from a precise determination of the orbit). The first is related
to a quantity measured by the altimeter itself, that is, the time delay between
transmission and reception of pulses, which can be converted to range once the
velocity of the pulses is known. However, a number of corrections must be applied
to retrieve accurate oceanographic information. These can be divided into three
types:

(i) Propagation corrections which take into account the fact that the velocity of
the pulse through the atmosphere differs from that in a vacuum. These are
known as the dry tropospheric, wet tropospheric and ionospheric
corrections.

(ii) Corrections for the effect of a non-linear surface wave field, known as the
sea state bias.

(iii) Sea level response corrections, including tides and inverse barometer effect.
These are the changes in the sea surface topography induced by physical
effects other than the presence of geostrophic currents.

At the EODC, the insertion of the ellipsoid, the geoid and the orbit information into
the data stream, and the calculation of the propagation corrections are carried out
earlier in the processing, before geophysical parameters are derived (Cudlip et al.
1994 this issue). This philosophy contrasts with other altimeter missions, and has
been adopted because these quantities are also needed in the processing of ice and
land topography at the EODC. The remaining processing steps, (ii) and (iii), are
specific to the ocean topography product and are described below.

5.1. Sea state bias
An effect known as sea state bias has been identified from previous missions (see,

for example, Born et al. 1982, or Fu and Glazman 1991). When fitting model
altimeter returns to actual pulses it has usually been assumed that the sea surface is
Gaussian. In general this is not the case and a bias results owing to the on-board
tracker following the median of the specular points rather than the mean sea level.
For Seasat and Geosat empirical determinations of the bias correction of 7 and 2 per
cent of H, were made and recommended for use by users. (The larger value for
Seasat was caused by additional errors in the tracker algorithm itself.) However, this
assumes that the bias, tih is related solely to waveheight by a constant, k:

tih=kH,

A theoretical approach by Srokosz (1986 b) suggests that the bias also depends on
two nonlinear wave parameters, (j the cross-skewness and to a lesser extent )., the
skewness, which are both indicative of sea state development [that is, k= (}.j3 + (j)j8).
Thus the correction will vary from pass to pass. Attempts have been made to
quantify the effect from analysis of collinear track altimeter data (Guymer and
Srokosz 1986, Minster et al. 1991). Results show that in wind-wave dominated seas,
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ERS-I and the Earth Observation Data Centre 953

k is 2% higher than the values recommended, whereas in swell the values of k are
somewhat lower. This uncertainty in sea state bias coefficient would contribute an
error of ~ 10cm to the computation of sea level for waveheights of 4m. Although
the MLE is capable of providing estimates of A, accurate determination of <5 has not
proved possible (see § 3 above).

A correction procedure based on multi-pass data is not appropriate in Level 2
processing but could be implemented in higher level processing as part of the
estimation of mesoscale variability. The method adopted here is to use the
relationship between sea state bias and wave age developed by Glazman and
Srokosz (1991) and applied to Geosat data by Fu and Glazman (1991). The wave
age ~ characterizes the degree of wave development due to the wind. An estimate of
~ can be made from the altimeter measurements of H, and U 10 using (following Fu
and Glazman, 1991)

where

then tJ.h is given by
Llh=0-013(mm)-0-88 H,

where ~m (= 2-3) is the globally averaged value of ~ (Llh measured in centimetres). It
should be noted that the values of the constants in the correction Llh are applicable
to Geosat data, being empirically derived (Fu and Glazman 1991), and are in the
process of being re-calculated from ERS-I data to ensure that they are correct.

5.2. Tides
Just as tidal components must be eliminated from current meter measurements

when using the data to study ocean circulation, so corrections must be made to
altimeter data when inferring geostrophic currents from the measurement of sea
level. Neglect of tides in the open ocean will lead to errors of a few tens of ern in
ocean topography. There are several different contributions to the tidal signal:

(i) The body tide, which is the response of the solid earth to the lunar and solar
gravitational fields (amplitude ~ 20ern),

(ii) The ocean tide which is generally the largest component (~ 100em) and is
the result of the sun and moon's attraction on the oceans themselves. It can
be calculated from quasi-empirical models, in which tide gauge data are
used to improve coefficients obtained from hydrodynamical models, or from
altimeter data themselves,

(iii) The loading tide, which arises from the effect of the ocean's loading on the
solid Earth and is a few per cent of the ocean tide,

(iv) Geocentric polar motion which contributes a few centimetres (at present no
agreed model exists for this so it is neglected in the correction scheme).

On Seasat and Geosat GDRs only (i) and (ii) were considered. In both cases a
Schwiderski-based model (Schwiderski 1980) was used for the'ocean tide; that for
Seasat had seven constituents (three diurnal and four semidiurnal), while the Geosat
scheme included an additional four (one diurnal and three long periods). The
Schwiderski model appears to have problems on the U.K. continental shelf (Thomas
and Woodworth 1990).
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954 R. T. Tokmakian et al.

Within the EOOC provision has been made for calculating tides at two stages in
the processing (Level 1·5 and Level 2; see Cudlip et al. 1994, this issue) so that an
approximate correction can be included in the Waveform Product for general
applications, with a refined, 'state-of-the-art' correction available for the ocean
topography product.

Waveform Product Tides. The philosophy used is similar to that for Seasat and
Geosat, with the l l-constituent version of Schwiderski being preferred. However, a
loading correction has also been incorporated primarily for the altimeter trans
ponder processing. This has been assumed to be 6 per cent of the ocean tide. The
algorithm for the Body Tide is similar to the one used for Geosat, with minor
modifications for the K I constituent and its sidebands as proposed by Woodworth
(1990).

Ocean Topography Product Tides. The aim is to provide a tidal correction which
is as accurate as possible and which is consistent with procedures adopted for
processing of the Topex altimeter data (Woodworth 1990). Thus, the loading tide
has been added to the ocean tide to give an Elastic Ocean Tide. Tidal models derived
from altimeter data automatically include both the loading and the ocean tide so
that, if such an approach is selected, the implementation is straightforward.
Currently the EOOC uses a model based on Geosat data (Cartwright and Ray
1990). In addition to the elastic ocean tide, the loading tide is given separately, based
on the work of Cartwright and Ray (1991).

It is worth noting that the ERS-I altimeter data are not of great use for
improving tidal models because its orbit is Sun-synchronous and the choice of
35 days for its main repeat period leads to severe aliasing of the most important tidal
constituents.

The algorithm for the Body Tide is identical to that used in the Waveform
Product processing (see Cud lip et al. 1994, this issue).

5.3. Inverse barometer effect
Atmospheric pressure acting on the surface of the ocean causes changes in sea

level additional to those caused by currents. 1f the response of the ocean is full and
instantaneous then the sea level change, !'J.h (in centimetres), caused by a change in
pressure, p, from its mean values, Po, is given by the relationship:

!'J.h= -lXo(p-Po)

(It should be noted that for the same change in surface pressure this effect is a factor
of five larger than that of the dry tropospheric correction.) In general, the ocean is
not in equilibrium with atmospheric pressure changes, particularly on short time
scales, and its response depends on the speed with which energy can be radiated
away from the region of imposed change (Wunsch 1972). This in turn is affected by
the bottom topography.

For EOOC processing it has been decided to calculate the full correction using
values of pressure passed through from Level 1·5 (Cublip 1994, this issue). The
values of lXo and Po will be obtained from a look-up table. Wunsch (1972) gives
lXo= 1·0I and Po = 1013 mbars; while the recommended values for Geosat (Cheney et
al. 1987) differed slightly, with lXo=0'9948 and Po= 1013·3mbars. In the EOOC
processing scheme, Po is interpolated from a look-up table containing the mean
pressure, in 5° in latitude and 10° in longitude boxes, over the globe (the Po value of
1013·3 mbars, used for Geosat, being an estimate of the globally averaged mean
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ERS-J and the Earth Observation Data Centre 955

pressure at sea level). This allows for variations in the mean pressure over the surface
of the Earth.

6. Applications
6.1. Wind and wave data

Since the launch of Seasat a large amount of work has been done with altimeter
wind and wave data. Reviews of this work and some of the possibilities are covered
in papers by Carter et al. (1988) and Challenor and Srokosz (1991). Here some of the
major points are described and some possible directions for the future research are
indicated.

Probably the most dramatic use of the Seasat wind/wave data was the article by
Chelton et al. (1981) which gave a consistent instrumental picture of the global wave
climate for the very first time. Previous estimates of the wave climate had relied upon
visual observations from ships, with the occasional addition of limited wave buoy
data. Challenor et al. (1990), Carter et al. (1991) and Carter (1990). Carter et al.
(1991) have extended this work using the Geoset data. Carter et al. (1991) have
produced monthly c1imatologies for each year of Geosat's life (1985- I989). Figure 8
shows the contrast between four year for December-January. The variations are
dramatic showing drastic changes in the Northern Hemisphere wave climate. By
fitting a model of the form

Hsi = A +B cos (2ni/12 +IJ)+ C cos (2ni/6 + </J)

where i is an index identifying the month (i = 1- no. of months of data), to each 2°
square, estimates of seasonal effects can be calculated.

On a more local level Tournadre and Ezraty (1990) have shown that it is possible
to derive design heights for off-shore structures from altimeter data. Although
Tournadre and Ezraty work in the North Sea, where there is instrumental data to
validate their analysis, use of their method with the global wave data from ERS-I
and Geosat will enable design heights to be produced for remote areas of the world
without the expense of deploying buoys. Challenor (1982) and Challenor et al.
(1986) have looked at spatial and temporal scales in the wind and wave fields over
the Atlantic Ocean.

Other uses of the data are with wave models. Recently global wave forecasting
models have been developed. There are already plans to assimilate altimeter wave
height and wind speed data from ERS-I into such models (Francis and Stratton
1990, Hasselmann et al. 1988). Since altimetry provides us with the only global wave
data set, it is the only way that these models can be validated on a large scale.

The extra parameters being calculated at the EODC will enable similar analyses
to be produced for wave skewness (which tell us about wave non-linearity and
whether seas are growing or decaying), wave period, minimum swell and percentage
waves breaking (which may give information on gas transfers between the ocean and
atmosphere).

6.2. Oceanic mesoscale variability
One of the most successful uses of sea surface topography data obtained by the

altimeter has been to calculate the mesoscale variability of the oceanic current
systems. Due to the uncertainties in our knowledge of the orbit and the geoid, it has
not proved possible to obtain absolute measurements of surface geostrophic
currents. This requires a measurement of sea surface slopes with an accuracy of a
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Figure 8. Mean values of the significant waveheight for the months December and January
in 1985-6, 1986-7, 1987-8, 1988-9; obtained from Geosat altimeter data.
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958 R. T. Tokmakian et al.

taking place to the south of Africa. The limitations of this form of analysis are also
evident from the figure as there is no direct indication of the presence of the
Antarctic Circumpolar Current which has been absorbed into the mean topography.
Indirect evidence for the presence of the current is the high variability which then
trails ofT to the east; also the region of somewhat higher variability at 30° E, 50° S
shows where the current flows through a gap in the bottom topography, leading
again to current fluctuations and, hence, to sea surface variability.

By combining this type of altimetric measurement with other types of data (both
in situ and remotely-sensed), and with ocean models it is possible to gain a better
understanding of the circulation of the world's oceans. The global coverage of the
altimeter measurements means that the ocean can be observed in a much more
systematic manner than is possible by using ships. In the longer term, assimilation of
altimetric data into ocean models may lead to an improved predictive capacity for
those models similar to that presently available from atmospheric models.

To conclude this discussion, it is worthwhile to briefly mention some other uses
of the altimetric topography measurements over the ocean. These include calculation
of the tides, which may be problematical with ERS-I data due to the satellite's sun
synchronous orbit, (Woodworth and Cartwright 1986) and studies of the marine
geoid (Berry et al. 1988). The data also allow the use of alternative techniques for
extracting information on currents (for example, the cross-over technique; Tai 1988).

6.3. WOCE
The World Ocean Circulation Experiment (WOCE), a part of the World Climate

Research Programme, is the largest international study of the physics of the ocean
and its role in the Earth's climate (WCRP 1988(a),(b». It is the first attempt to
make a coherent, quasi-synoptic survey of the circulation of the world ocean. The
U.K. is one of 43 nations participating in WOCE and is planning a substantial
contribution, concentrated mainly on the North Atlantic and Southern Ocean (U. K.
WOCE 1991).

The 10-year programme has been timed to coincide with a number of satellite
missions, particularly ERS-I and 2 and TOPEX/Poseidon because their payloads
include radar altimeters. Maps of the mesoscale eddy field will be obtained using
altimeter data, supported by infra-red sea surface temperature measurements. These
will provide a context for ship and buoy measurements. The latter will give only
intermittent coverage of portions of ocean basins, but the satellite data will allow
spatial and temporal variations over a wide range of scales to be studied. Eddy
statistics derived from altimeter data will also be used to validate dynamical models
of the ocean and to guide their future development.

The geoid contained within the EO DC ocean topography product is not accurate
enough to permit determination of the mean ocean circulation, an important
quantity required in the estimation of ocean heat transport. However, during the
1990s, there is the prospect of a satellite mission to determine independently the
surface gravity field and geoid. Once this has been achieved, the improved geoid can
be applied retrospectively to the ERS-I altimeter data.

The WOCE data set will benefit ERS-l by providing high quality in situ data for
validation purposes. In the altimetric context, the important measurements are those
related to sea level/currents from CTD, current meter and bottom pressure recorders
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and surface wind velocity and stress estimates from ship and buoy meteorological
packages.

6.4. Calibration and validation
Clearly, those who will make use of the data products, for various applications,

will want some assurance as to the quality of the data. For this reason, associated
with each of the three products described in this paper will be validation products
that compare the altimetric data with in situ measurements. Such data will come
from a variety of sources (too varied to be fully described here), and will enable the
accuracy of the geophysical parameters to be assessed. A major contribution to the
calibration and validation of the products will come from data collected for other
purposes; for example, wave data obtained by offshore operators, or data from
oceanographic experiments such as WOCE (see § 6.3 above). Additional data will be
obtained from the ESA wind/wave calibration/validation experiment that took place
off the coast of Norway in the autumn of 1991, and other dedicated measurements.
These data are being processed and compared with the ERS-I altimeter oceans
products, so that the quality of the products can be assessed.

The authors of this paper, along with other colleagues, were involved in a
research cruise which took place in September 1991, near the Faeroes, on the RRS
Charles Darwin. The aim being to obtain in situ data for the calibration and
validation of ERS-I measurements. Using a combination of buoy and ship-based
measurement techniques, data on waves, winds, surface stress, currents, sea surface
temperature and the hydrography of the region were obtained, mostly along the
satellite ground tracks in the region. These are now being analysed and are being
compared to ERS-l data, as they become available.

Summary
This paper has given an overview of the oceans processing scheme for ERS-I

altimeter data at the U.K. EODC. In contrast to the processing philosophy adopted
for previous altimetric missions, a single product (the Geophysical Data Record or
GDR) has not been produced. Instead, three products (the basic and advanced
wind/wave products, and the topography product) are being produced, with the aim
of serving a wider user community. Central to the processing scheme is the use of
MLE to analyse the altimeter waveforms to derive accurate geophysical data.
Additionally, the derivation of a number of new geophysical parameters is included
in the processing, again the overall aim being to provide the user with the maximum
amount of useful geophysical information.
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