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Abstract: We discuss an airborne experiment aimed to establish the potential of the PARIS concept
(PAssive Reflectometry and Interferometry System) to retrieve small features in the sea surface
topography. The date and location were chosen to coincide with a TOPEX/POSEIDON (T/P)
overflight. The signals of the Global Positioning System (GPS) reflected off the sea surface are
tracked and compared to the directly received ones, to compute the relative delays. The features
detected in the peak tracking are likely caused by topographic and sea roughness variations. While
very promising, these results open the challenge to use additional information to appropriately
separate both contributions.
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Introduction

In 1993 [Martin-Neira, 1993], the PARIS concept was conceived to use the coded
signals transmitted from navigation satellites, such as the USA GPS constellation, to
perform sea surface altimetry. To assess the precision and accuracy of this concept,
experiments have been performed, and recently [Lowe et al., 2002], an altimetric
precision of 5 centimeters, during 150 seconds, with an aircraft flying at 3000 meters
height was demonstrated. Hereafter, we discuss results obtained from data gathered
over a coastal sea area, where the sea surface topography presents features at the 50 cm

level over horizontal scales of 30 Km.

The data model

To obtain a concise formulation we assume a plane mean sea surface in the zone
were the signal is reflected. We ignore the dry hydrostatic and ionospheric delays, which
either could be modeled with sufficient accuracy, or are common, in the case of the
aircraft, to both direct and reflected propagation paths.

Direct signals are received with a zenith-looking antenna, while reflected signals
are gathered with a nadir-looking one. For each reflected link, the reflection will take
place around a specular point. The observable we will consider, is the relative delay Ap

between arrival times of each signal through the reflected p, or the direct p; paths:

Ap = pr — pa (1)



The geometric delay: With the assumptions made so far, the relative delay can
be modeled for each satellite in terms of the height H of the receiver over a reference
ellipsoid, the sea surface height N of the specular point over the ellipsoid, and the

elevation angle e of the transmitter, as seen from the specular point:
Apgeo = 2(H — N) - sin(e) (2)

The scatterometric delay: The reflecting surface is not smooth at the scale of
the GPS L1 wavelength (19 cm), creating a superposition of many signals reflected from
different areas of the glistening surface. These reflections around the specular point will
reach the receiver with a range of positive delays with respect to the idealized smooth
surface reflection case. Figure 1 is a sketch of this overall contribution in the altimetric
model.

Figure 1

This scatterometric induced delay can be numerically computed from the radar
equation [Zavorotny and Voronovich, 2000), as implemented in [Cardellach, 2002].
Following an analytical stochastic model for bistatic reflections [Elfouhaily et al.,
2002], a closed form can also be derived that allows an explicit parameterization of this

scatterometric delay as:
Psca = Apgeo "R (1 + Sin_z(e)) (3)
This simplified formulation has been obtained using isotropic Gaussian statistics for the

sea surface, and does not include effects that are known to impact experimental data

(in particular, the receiving antenna gain pattern). Hence, without loss of generality, we
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retain its functional dependence, reading k as an effective isotropic wave slope variance.

The system delay: We must also consider errors induced by the data extraction
system pgys. One component is produced by the fact that our system uses three time
scales for tagging the data: GPS time, and the two times used for sampling each of the
direct and the reflected signals. All times were later synchronized, using the recorded
GPS signal, to better than 1us. For normal Doppler rates of the order of 1 Hz/s, this
desynchronization leads to effects of 0.2 mm over 1000 s. Therefore, only a bias is
needed to describe this effect.

The noise delay: The noise in the differential observables is the superposition of
the noise through the direct and the reflected path. The direct component is discussed
in the literature [Spilker, 1996]. For the reflected signal, we consider a transmission
through a fading multipath channel [Proakis, 2000] with an assumed coherence time of
10 msec. Each time slot of 10 msec produces estimates of the delays for the satellites on
view. This simple ”time diversity” method allows us to estimate a value of the delay
each 0.1 sec, with a noise level of the order of 3 meter, as shown in Figure 4, compatible
with those shown in [Lowe et al., 2002].

In addition we should consider other sources of noise, like multipath in the aircraft,
actual knowledge of the true height of the aircraft, receiving antenna pattern variations,
shape of the sea surface and other mismodelling and instrumental effects. These effects

could be minimized by avoiding aircraft maneuvers during the experiment.



The altimetric model

Taking all the above terms, the model for the GPS satellite s, writes:
Aps = Apgeo + cha + Apfwise (4)

The geometric term Apj,, is the largest, but an a-priori approximation Apj,, =
2 []:I — N} - sin(e®) can be obtained with an accuracy better than 1 meter. Subtracting

it, leads to:

6ps = ApS_ApAgS;eo

= —20N?-sin(e’®) + pi., + AP, ise (5)

The height above the a-priori expected surface, 0 N*®, and the effective wave slope

variance x are thus the parameters to be estimated.

The experiment and the data acquisition system

The experiment was performed on September 25, 2001. An aircraft, equipped with
GPS-reflection instruments and a GPS-aided Inertial Navigation System, over-flew a
segment of the T/P pass number 187, at ~1000 m altitude and ~ 70 m/s speed. This
area shows topographic gradients associated with bathymetric canyons (see Figure 2),
perfectly detectable in the T/P altimetric profiles. The configuration of specular points
around the aircraft nadir during the experiment is shown in Figure 3.

Figure 2
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The system for gathering the direct and the reflected signals consists in two
TurboRogue receivers, modified to output the IF signals, and two SONY-2000 high
speed digital recorders. The two receiver-recorder sets were respectively connected to an
up-looking right circular polarized antenna (RCP) (i.e. normal GPS operation) and to
a down-looking left circular polarized one (LCP) installed in the airplane.

Redundant GPS receivers were deployed along the coast for an accurate retrieval
of the aircraft trajectory. The navigation data were processed independently by the
Institut Cartographic de Catalunya using their standard procedures, and by us using the
US National Geodetic Survey KARS package [Mader, 1996]. The positioning results

were consistent to the decimetric level.

Data processing

We have chosen a section of the complete data set, which was free of aircraft
maneuvers, to minimize undesired effects due to the changing geometry.

The two L1 signals, down-converted and 1-bit sampled at 20.456 MHz, have been
complex cross-correlated, in blocks of 20456 samples, against models of the signals
corresponding to the satellites selected. The models are phasors, obtained from the
available C/A codes, and an interpolation of the phase obtained each second from the
TurboRogue connected to the RCP antenna.

The complex correlation function was integrated coherently up to 10 msec, and
the correlation amplitude for each 10 msec interval has been computed using a least

squares fitting procedure to extract the delay corresponding to the maximum. Using



sets of ten consecutive peak delays, the median of the delay value is obtained. We
further subtracted the geometric part based on the retrieved aircraft trajectory using a
GPS kinematic navigation solution, and an a-priori mean sea surface height estimation
[Wang, 2001)].

Figure 4

The 6p® quantities after removing a constant bias, obtained for four selected
satellites are shown in Figure 4. These data show that a) the differential process has
removed the signature of the 20 meters peak-to-peak changes in the aircraft height, b)
the noise level is of the order of 3 m for 0.1s, ¢) mean variations are detected for all
satellites and, d) for satellites PRN28 and PRNO02 there is a linear trend, reflecting the

mismodelling effects, which has been later removed for further processing.

Altimetry and scatterometry

From the altimetric model, the residual embedded signals are related to the
scatterometric delay and the differential height  N°. Using peak tracking estimates,
and given the small variation in elevation for each satellite during the experiment, both
contributions cannot be extracted independently.

Figure 5 shows the solution obtained neglecting p? ., i.e. the observable residuals
would be exclusively related to the sea surface topography (topographic interpretation).
In Figure 6, we assume as perfectly known the geometry of the problem, and only the
variation of x° in Equation (3) is inferred from p%,, (scatterometric interpretation). The

a-priori geometry is taken from the mean sea surface profile, which shows a maximum
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variation of 30 cm [Wang, 2001]. In both cases we applied a horizontal filtering of 15

km.

Figure 5 Figure 5

Figure 6 Figure 6

The sea level profile obtained under the topographic interpretation, compared to
the T/P estimate, shows differences larger than one meter. This might result from the
use of an adjustment of the altimetric solution at both ends of the analyzed track.
Consequently, true differences might be smaller than reported. On the other hand, the
variations Ax® of the estimated x* and the variations Acy of the T/P radar cross
section are shown to both follow an apparent increase in local sea surface roughness.
This suggests that the information contained in the effective £° can efficiently be related

to the sea surface roughness changes over this local region.

Conclusions

The processing of the airborne gathered GPS reflected data yields altimetric
observables with a precision level of the order of 3m for 0.1 sec, a value compatible with
the retrieval of the sea surface topographic signature of 50 cm in 30 km. This study,
solely considering a peak tracking measurement, highlighted the expected impact of sea
surface roughness. Following a reduced formulation of this scatterometric component,
the effective wave slope variance x* tracked local T /P radar cross section measurements.
In principle, the observed features must be interpreted as combined altimetric and

scatterometric effects. Future research should then be performed to take full advantage
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of complete GPS reflected waveform analysis, to further complement peak tracking

measurements and to better assess the accuracy and precision of the concept.
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Figure 1. Sketch of the geometric and scatterometric contributions to the observables.
The roughness of the surface increases the peak to peak delay beyond the geometric

amount.

Figure 2. Map of the experiment. The flight path along the T/P track. The circles
indicate the resolution of the T/P Radar Altimeter. The reference stations are marked,

and the processed segment is highlighted.

Figure 3. Specular point position relative to the aircraft nadir. The circles represent
the relative gain of the nadir-looking antenna. The arrow indicates the direction of the

flight.

Figure 4. Raw observables: dp® for each selected satellite, in meters vs. time in seconds
of the day. There is a point each 0.1 s. Solid line: scatterometric extra delay as computed
with the implementation of the radar equation assuming the sea surface roughness given

by the Ku band of the T/P radar altimeter.

Figure 5. Topographic interpretation: Variations of the sea surface height  N* obtained
for each satellite vs. latitude.The long-term averaged topographic profile according to

[Wang, 2001] and the measured in this pass by T /P are also shown.

Figure 6. Scatterometric interpretation: variations of the effective covariance x* of
the sea slopes for each satellite vs.latitude (left scale).The variation of the T/P o%, is

overplotted with inverted triangles (the empty one is less reliable, right scale).
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