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Abstract — Along-track interferometric synthetic aperture ra-
dar (along-track NSAR) is a new technology for imaging surface
current fields from airborne or spaceborne platforms with accu-
racies of 0.1 m/s or better, spatial resolutions on the order of 10
to 1000 m, and swath widths of up to more than 100 km, de-
pending on platform and instrument parameters. This is par-
~ ticularly attractive for the mapping and monitoring of current

fields in coastal areas. The SRTM experiment on a Space Shuttle
in early 2000 offered a first chance to demonstrate current
measurements by INSAR from space. Although the SRTM con-
figuration was not well suited for current measurements and the
coverage of the ocean was very limited, some images of coastal
scenes exhibit clear signatures of typical surface current pat-
terns, which have been found to be in good agreement with
theoretical predictions and to resolve current variations on spa-
tial scales of abeout 1 km. The German satellite TerraSAR-X,
which will be launched in 2005, will offer similar current meas-
uring capabilities. Concepts for more specific, further optimized
InSAR missions for oceanic applications are currently under in-
vestigation. We give an overview of these developments.

|. INTRODUCTION

"The concept of direct current measurements from airborne
or spaceborne platforms by along-track interferometric syn-
thetic aperture radar (along-track InSAR) was first proposed
in[1]. The along-track InSAR technique exploits the fact that
the phase of microwave backscatter from a moving target
changes with time at a rate determined by the line-of-sight
{radial) target velocity component. This effect corresponds to
the Doppler shift in frequency. Two complex synthetic aper-
ture radar (SAR) images of a scene which are acquired with a
shert time lag on the order of milliseconds exhibit phase dif-
ferences proportional to the time lag and to the Doppler shift
of the signal. Accordingly, the phase differences can be con-

verted into target velocities, resulting in an image of the sur- -

face current field. To obtain two images with a short time lag,
the InSAR antennas must be separated by some distance in
fiight (along-track) direction. :

Early experiments with an airborne along-track InSAR
system of the NASA Jet Propulsion Laboratory were carried
out during the late 1980s. First InSAR-derived currents from
the 1980 Loch Linnhe experiment were found to deviate sig-
nificantly from in-situ data [2]. This discrepancy could be at-
tributed to effects of surface wave motions and of the hydro-
dynamic modutation of the waves by the spatially varying cur-
rents, which had to be taken into account in the data inter-
pretation. Doing this adequately in later projects, American
and German scientists obtained good agreement of airborne
inSAR-derived current fields with data from an HF radar [3]
and with in-situ data from ADCPs and resuits of a numerical
circulation model {4}, respectively.

0-933957-30-0

Pierre Flament
School of Ocean and Earth Science and Technology
University of Hawaii, Honolulu, Hawaii, USA

Numerical InSAR imaging models, such as the one de-
scribed in [5], permit a theoretical analysis of the dependen-
cies of InSAR signatures of current features on parameters
such as the radar frequency, incidence angle, and the time-
lag between the two SAR images. This time lag, which is de-
termined by the along-track antenna separation and the plat-
form velocity, is a particularly crucial parameter: It must be
sufficiently long to cbtain significant .phase differences be-
tween the two SAR images, but sufficiently short to avoid
decorrelation of the backscattered signal and to avoid ambi-
guity problems it the velocity range of interest is mapped into
a phase interval of more than 2z At X band (about 10 GHz),
ideal INSAR time lags should be on the order of 2-4 ms, cor-
responding to an effective antenna separation of 14-28 m at a
typical spaceborne platform velocity of about 7000 m/s. For
detailed discussions on the theoretical aspects of current
measurements by along-track InSAR, see [5] and [6].

A spaceborne along-track INSAR would provide direct cur-
rent measurements at the high spatial resolution and cover-
age known from conventional SAR systems, such as the ones
on ERS-1/ ERS-2, RADARSAT-1, and ENVISAT. Due to the
limitation to surface current measurements, SAR interfe-
rometry would rather complement than substitute the inter-
pretaticn of altimeter data in open-ocean applications, where
depth-averaged currents at horizontal- resolutions of a few
kilometers can be derived from measured surface elevations
and slopes. Another limitation arises from the fact that single-
beam InSAR systems are sensitive to a single line-of-sight
velocity component only. To obtain fully two-dimensional cur-
rent fields, data from at least two overpasses with different
look directions must be combined. Altogether, along-track in-
SAR measurements appear to be most attractive for applica-
tions in coastal areas, where high resolutions are particularly
valuable, surface currents do not deviate much from depth-
averaged currents, and one-dimensional measurements are
sufficient for many purposes. In contrast, the capabilities of
radar altimetry are very limited in coastal areas. In-situ in-
struments or ground-based remcte sensing systems such as
HF radar may be superior to INSAR for scme applications, but
they require complex infrastructures and cannot be deployed
easily in arbitrary test areas.

A first demonstration of current measurements by space-
barne along-track InSAR could be performed from a Space
Shuttle during the Shuttle Radar Topography Mission (SRTM}
in early 2000 [7]. We present some results in the following
saction. In section lll we discuss the current measuring capa-
bilities of the German satellite TerraSAR-X, which will be
launched in 2005. An outlook to future spaceborne INSAR
concepts with improved sensitivity and spatial resolution and
with the capability to provide two-dimensional measurements
during a single overpass, is given in section |V.
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1. INSAR-DeRIVED CURRENTS FROM SRTM

The main objective of the Shuttle Radar Tepography Mis-
sion (SRTM) in February 2000 was the generation of high-
resolution, high-precision topographic maps of the Earth’s
land surfaces with a single-pass, dual-frequency (C and X
band) cross-track InSAR on the Space Shuttle "Endeavour”
[7]. The cross-track InSAR technigue exploits phase differ-
ences between complex SAR images acquired from different
perspectives for topographic measurements. The cross-track
antenna separation of SRTM was 60 m. For technical rea-
sons, there was an additional along-track separation of 7 m,
which resulted in an effective time lag of about 0.5 ms be-
tween the two InSAR images. An artist's view of the SRTM
configuration in space is shown in Fig. 1.

Fig. 2 shows an X band SRTM phase image (Fig. 2a) and
the corresponding amplitude image (Fig. 2b) of the Dutch
"Waddenzee" area between islands in the North Sea and the
Dutch mainland. The total test area size is 70 km x 70 km;
the pixel size of the phase image is 100 m x 100 m; it was
obtained by averaging over 4 x 4 pixels of a standard SRTM
data product. Due to the combined antenna separations in
cross-track and along-track-direction, the phases can be in-
terpreted in terms of surface elevations and / or line-of-sight
velocities: At an incidence angle of 55° and a platform veloc-
ity of about 7500 m/s, a phase interval of 2z corresponds to a
height range of about 175 m or a horizontal velocity range of
about 38.5 m/s. Assuming that the whole Waddenzee area
was covered with water at the time of the SRTM overpass
(which is confirmed by the homogeneocus signatures in the
SAR amplitude image of Fig. 2b} and that there are no water
level variations by several meters within the test area, a con-
version of the InNSAR phases into horizontal velocities ap-
pears to be appropriate.

After some data processing and masking of land areas,
we obtain the InSAR-derived line-of-sight current field shown
inFig. 3. It exhibits pronounced flow patterns with overall cur-
rent variations by about 2 m/s:

A

Fig. 1. Artist's view of the SRTM configuraticn
{from NASA / JPL website).
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SRTM Phase Image

Fig. 2. X band SRTM phase image (a) and aniplitude image (b) of the

Dutch "Waddenzee" (70 km x 70 kri) acquired on 15 February 2000,

12:34 UTC. The radar look direction is towards northwest; north is at
the top of the images.

‘Reference currents for a validation of the SRTM results
could be obtained from RIKZ / RWS, The Hague, Nether-
lands, where the circulation model KUSTWAD for the Wad-
denzee area has been developed [8]. The KUSTWAD dataset

“which is available to us contains 14 current fields for one tidal
cycle in March 1995. That is, the mode! has not been applied
to the specific scenario at the time of the SRTM overpass, but
to another scenario five years earlier. However, the agree-
ment between measured and simulated current ficlds should
usually be geed at the same tidal phase.
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Fig. 3. Line-of-sight current field in the test area as derived from the
SRTM data of Fig. 2a; only datapoints with valid currents from SRTM
and KUSTWAD (see Fig. 5) are shown.

Fig. 4 shows the bottom topography of the KUSTWAD
model in the test area. Some similarities between the flow
patterns of Fig. 3 and the bathymetric layout are aobvious. Fig.
5 shows the component in SRTM look direction of the
KUSTWAD current field with the shortest time lag from the
tidal phase at the time of the SRTM overpass, which took
place 3:16 hours before high water in West-Terschelling: The
KUSTWAD current field corresponds to a tidal phase 20 min-
utes earlier. The actual and the KUSTWAD-derived SRTM
line-of-sight current field appear to be well correlated.

<

KUSTWAD Botiom Topography

Fig. 4. Bottom topography of the circulation model KUSTWALD in the
- 70 km x 70 km "Waddenzee" test area.
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Fig. 5. Same as Fig. 3, but showing the current field as derived from
KUSTWAD model results for the tidal phase 20 minutes before the
SRTM overpass.

This impression is confirmed by resuits of a statistical
analysis. Fig. 6 shows a scatter plot of the SRTM-derived cur-
rents of Fig. 3 vs. the KUSTWAD-derived currents in the
SRTM line-of-sight directicn of Fig. 5. The correlation coeffi-
cient between the two datasets is 0.558, the regression coef-
ficient is 1.011, the rms difference is 0.24 m/s, and the mean
difference is 0.02 m/s. In view of the fact that the KUSTWAD
mode! run was not carried out for the particular scenario of
the SRTM overpass and that there is a time lag of 20 minutes
between the two tidal phases, this is a good result.

To compare spatial variations in the two current fields
gquantitatively, we have computed correlation and regression
coefficients of differences within the two current fields on dif-
ferent length scales. For example, differences between pixels
in the SRTM current field which are separated by 1 km were
correlated with the corresponding differences between pixels
in the KUSTWAD current field to obtain regression and cor-
relation coefficients for vasiations on a length scale of 1 km.
This analysis was performed for distances of 100 m (1 pixel
length) to 10 km (100 pixel lengths) parailel and perpendicular
to the look direction of SRTM. Results are shown in Fig. 7:
They indicate that the correlation and regression coefficients
are almost constant down to spatial scales an the order of 1
to 2 km, i.e. spatial scales on the order of the {spatially vary-
ing) resolution of the KUSTWAD model grid.

We conclude from these results that the SRTM configura-
tion is basically capable of resolving alt variations in the line-
of-sight current component in the test area which are relevant
to KUSTWAD. This is a quite surprising and encouraging re-
sult, since the SRTM configuration was purely designed for
topographic mapping over land. To some experts, it did not
appear to be suited for current measurements at all. We have
access to some more SRTM images of ocean scenes which
exhibit interesting signatures. We will try to analyze and pub-
lish these data in the near future in order to exploit the poten-
tial of SRTM for a demonstration of current measurements by -
along-track SAR interferometry from a spaceborne platform
as much as possible. .
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Fig. 7. Correlation (a) and regression coefficient (b) of variations in
the SRTM and KUSTWAD currents at different spatial scales parallel
{solid) and perpendicular {dashed) to the SRTM look direction.

lli. THE TERRASAR-X Mission

Fig. 8 shows an artist’s view of the German satellite Ter-
raSAR-X, which is scheduled for iaunch in tate 2005. The X
band (9.65 GHz) SAR antenna of TerraSAR-X can be elec-
tronically divided into two segments of 2.4 m length to obtain
separate receiving antennas for fully- polarimetric measure-
ments and, experimentally, for along-track interferometry [9].
The effective along-track InSAR time lag will be 0.17 ms, i.e.
1/3 of the effactive time lag of SRTM and only about 1/20 of
the ideal InSAR time lag at X band {see section [}. Accord-
ingly, the sensitivity of TerraSAR-X to small current variations
will be quite low. Furthermore, the normalized radar back-
scattering cross section (NRCS) of the ocean surface at low
wind speeds can be below the relatively high instrument noise
level of about —19 dB. However, TerraSAR-X will have a rela-
tively high single-lock resolution of 3m x 3 m in stripmap im-
aging mode (swath width: 30 km), which permits averaging
over many pixels to reduce noise at reasonable spatial reso-
lutions. We will show by an analysis of simulated data prod-
ucts that the current measuring capabilities of TerraSAR-X in
split antenna mode will be similar to the ones of SRTM in the
"Waddenzee" test case discussed in section |,

The conventional and interferometric SAR imaging of
ocean scenes can be simulated by the numerical model suite
M4S of the University of Hamburg [5]. Starting from an input
current field and mean wind vector, M4S computes the spa-
tially varying surface wave spectrum in the test area, converts
the mean current and wave spectrum at each grid point into a
Doppler spectrum, and maps the contributions to the back-
scattered signal with different Doppler shifts to the appropii-
ate pixels in the SAR / InSAR intensity and phase images ac-
cording to SAR / InSAR imaging theory. Also the characteris-
tic noise statistics for given instrument and data processing
parameters and for the computed NRCS of the ocean and
coherence of the backscattered signal can be simulated to
obtain realistic realizations of intensity and phase images as
they would be obtained from a real SAR / InSAR.

For a modei validation and for a comparison of the current
measuring capabilities of TerraSAR-X and SRTM, we have
carried out simulation runs for the scenario of the SRTM
overpass of the "Waddenzee", using the current field from the
KUSTWAD model in combination with a realistic wind speed
of 5m/s from west and instrument parameter settings of
SRTM and of various modes of TerraSAR-X.

Fig. 8. Artist's view of TerraSAR-X (from Astrium website). The SAR
antenna is the light gray panel facing downward; it is 4.8 m long.
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Fig. 9a shows a simulated SRTM-derived current field,
which was obtained by processing a simulated SRTM phase
image with realistic noise statistics with the same methods
that had been applied to the actual SRTM data to obtain the
current field of Fig. 3. Fig. 9b shows a simulated TerraSAR-X
data product for the same scenario and (for comparability) the
same swath. This simulated TerraSAR-X data product is very
similar to the simulated SRTM data product. Results of a sta-
tistical analysis are shown in Figs. 8¢ and 9d.

The agreement between the actual SRTM data product
{Fig. 3) and the simulated one (Fig. 9a) is quite good, indi-
cating that the M4S model produces realistic results. The cor-
relation of both simulated data products with the KUSTWAD
currents is much better than in the case of the actual SRTM
data (Fig. 6). We believe that this can mainly be attributed to
differences between the KUSTWAD current field and the ac-
tual current field at the time of the SRTM overpass, which
have not been taken into ascount in our simulations.
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Fig. 9. Simulated InSAR-derived line-of-sight current fields for the SRTM swath in the "Waddenzee" scenario and statistical diagrams;
(a) SRTM simulation result; (b) TerraSAR-X stripmap mode simulation result; (¢) distribution of SRTM simulation results vs. KUSTWAD cur-
rents and statistical parameters; {d) distribution of TerraSAR-X simulation results vs. KUSTWAD currents and statistical parameters.

1528



Aside from this systematic difference between the actual
SRTM data praduct and the simulated data products, we note
a slightly better correlation between the simulated TerraSAR-
X-derived currents and the KUSTWAD currents than between
the simulated SRTM-derived currents and the KUSTWAD cur-
rents. This indicates that TerraSAR-X in split antenna strip-
map mode will be capable of providing current measurements
at a quality similar to the quality of the SRTM result which has
been shown to be quite reasonable in section ii.

Finaily, we would like to discuss possibilities to obtain two-
dimensional current fields from TerraSAR-X. The restriction to
one-dimensional current measurements in the line-of-sight di-
rection can be a serious shortcoming, since many applica-
tions require the knowledge of fully two-dimensional surface
current fields. In areas like the Waddenzee one can try to de-
rive the missing current component from the measured one
‘and the known bottom topography, using a high-resolution
model such as KUSTWAD. In the general case this will not
always be possible. However, one can combine currents
measured during ascending and descending overpasses of a
test area statistically to obtain, for example, mean two-
dimensional current fields for different tidal phases.
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Fig. 10. Coverage of the tidal cycle in the Waddenzee by ascending
and descending TerraSAR-X overpasses within a period of one year;
(a) total coverage; (b) coverage at different times of the year.

In the Waddenzee area, there will be three ascending and
three descending overpasses within one 11-day repeat cycle
of TerraSAR-X. Fig. 10a shows the corresponding sampling
of the tidal cycle which can be obtained within a period of one
year. The coverage of the tidal cycle is quite dense and uni-
form. it should be possible to obtain good estimates of the
mean two-dimensional current field for each hour of the tidal
cycle from such data. To avoid an aliasing of seasonal effects
such as, for example, a decminant sampling of flood currents
during winter and of ebb currents during summer, aiso the
seasonal coverage of the data at different tidal phases should
be as uniform as possible. Fig. 10b shows that this will be
satisfied. TerraSAR-X data can thus be used, for example, for
the generation of current atlases for coastal areas of interest,
showing two-dimensional current fields for different tidal
phases at spatial resolutions on the order of 1 km

1V. FUTURE DEVELOPMENTS

The along-track InSAR capability of TerraSAR-X in split
antenna mode is a low-cost add-on to a conventional space-
borme SAR mission, which should be considered as an ex-
perimental mode. it will be useful for a demonstration of the
technique, but the short antenna separation and the high in-
strument noise lead to a relatively low sensitivity. Further-
more, the capacities for data acquisition in split antenna
mode will be quite limited. The full potential of along-track
SAR interferometry from space can not be exploited with such
systems. However, we hope that the availability of INSAR-
derived current fields from TerraSAR-X and results of some
pilot studies on the basis of these data will trigger some inter-
est in the oceanographic community and lead to a positive
feedback between a growing demand for INSAR data for oce-
anic applications and an implementation of improved space-
borne InSAR systems. Designs for such future systems exist .
and can be implemented within timeframes of a few years.

A major improvement will result from an increase of the
INSAR time lag, thus the along-track antenna separation. At X
band it can be achieved by mounting one of the two antennas
on a deployable boom. Results of ongeing feasibility studies
indicate that a boom of up to about 28 m length could be in-
stalled on a TerraSAR-X follow-on satellite without major de-
sign changes. This would result in an effective time lag of
2ms and a drastical reduction of the noise level of InSAR
phase images. In stripmap mode (30 km swath width), spatial
resolutions of measured current fields on the order of 100 m
could be obtained. Alternatively, the ScanSAR mode of Ter-
raSAR-X with a swath width of 100 km at a reduced pixel size
could be used to measure current fields with a resotution of
about 1 km and extended spatial coverage. In split antenna
mode, the quality of the ScanSAR data wouid not be sufficient
for current measurements at reasonable resolutions. The im-
provement of the data quality with an increased antenna
separation is depicted in Fig. 11, which shows simulated In-
SAR-derived current fields in ScanSAR mode for the split
antenna setup (Fig. 11a) and the boom setup (Fig. 11b).

At lower radar freguencies, where longer time lags are re-
quired (the ideal INSAR time lag is roughly proportional to the
radar wavefength), a formation flight of two or more inde-
pendent piatforms would be more appropriate. An example of
a proposed formation flight configuration is the “Interfero-
metric Cartwheel” with three small "slave" satellites with re-
ceiving antennas following a conventional "master® sateliite
[10]. Such configurations are particularly attractive for certain
land applications of SAR interferometry, but they can also be
used for current measurements.
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Finally, the problem of obtaining two-dimensional current
measurements with a single overpass could be solved by us-
ing a dual-beam InSAR system with two different look direc-
tions, as discussed in [11]. However, this concept requires
specific hardware components and data processing methods

and is unlikely to be implemented on a spaceborne platform -

- in the near future.
V. CONCLUSIONS

We have presented an overview of the principles, the po-
tential, and the limitations of oceanic current measurements
from space by along-track INSAR. A first demonstration of the
feasibility of this technigque could be performed with data from
the SRTM mission. Despite unfavorable system parameters,
the SRTM data resolve current variations off the Dutch coast
down to scales on the order of 1 km, which is a quite good
and encouraging result. Simulation results indicate that the

German sateilite TerraSAR-X, which will be launched in 2005,

will offer similar current measuring. capabilities. Further im-
provements can be obtained with increased along-track an-
tenna separations. Various concepts of INSAR systems with
-an antenna on a deployable boom or several small satellites
in a formation flight configuration have been propesed for this
purpose and could be implemented within a few years.

At this stage of the development, the dissemination of the
potential of spaceborne INSAR and an involvement of poten-
tial users of operational data products. in upcoming projects
are quite important. We hope that this paper makes a useful
contribution to the promoticon of this promising technique.
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