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In contrast to conventional imaging radars, along-track inter-
ferometric synthetic aperture radars (ATI) are directly sensi-
tive to scatterer motions, which makes them a promising tool
for oceanic surface current measurements. In this paper we
present some new model developments and theoretical pre-
dictions. We discuss the capabilities and limitations of current
measurements by ATI, and we compare advantages and dis-
advantages of this method with those of techniques based on
conventional radar imagery.

INTRODUCTION

Several groups in Europe and North America have recently
developed airborne along-track interferometric synthetic ap-
erture radar (along-track INSAR, ATI) systems, i.e. imaging
radars with a capability to measure scatterer motions. This ca-
pability is achieved by using two antennas separated along
flight direction. The expectation value of the phase difference
between backscattered signals received by the two antennas
with a short time lag T is proportional to the mean Doppler
shift in frequency and thus to the line-of-sight target velocity
[1][2]. ATI systems are particularly promising for the assess-
ment of surface current variations over oceanic features like
underwater bottom topography in coastal waters. Signatures
of such features are visible in conventional radar images
(backscattered intensity images) due to a hydrodynamic
modulation of the surface roughness, but the imaging mecha-
nism is quite complex and cannot be inverted easily. Direct
detection of currents and current gradients by ATI would thus
be a great improvement for practical applications such as the
operational monitoring of bathymetric changes.

Consistent with theoretical predictions, early ATI experi-
ments have shown that ATI phase images acquired over the
ocean do not simply reflect mean line-of-sight velocities of
the surface in each resolution cell but mean line-of-sight ve-
locities of the scatterers, weighted by the contribution of each
scatterer to the backscattered power [2]. The following effects
must be taken into account in the data interpretation:
¢ The backscattering of microwaves at the ocean surface at
moderate incidence angles (say, 20° to 70°) is dominated by
resonant Bragg scattering [3]. The negative and positive phase
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velocities of the two Bragg wave components propagating to-
wards and away from the radar, weighted with the corre-
sponding power spectral densities, enter into the mean Dop-
pler shift and thus the ATI phase.

¢ Another wave-induced contribution results from the orbital
motions of waves that are long compared to the Bragg scat-
tering facets. These motions lead mainly to a broadening of
the Doppler spectrum, but the correlation between orbital mo-
tions and tilt and hydrodynamic modulation of the backscat-
tered power can also result in an additional Doppler shift.

e Finally, the whole Doppler spectrum and thus the phase dif-
ference detected by ATI is shifted due to the presence of a
mean current; this is the actual contribution of interest.

These three contributions to ATI phase differences can be
of the same order of magnitude. In order to determine actual
surface currents from ATI data, contributions of wave motions
must be accurately estimated and subtracted. Furthermore, ar-
tifacts of the synthetic aperture radar (SAR) imaging mecha-
nism like an azimuthal displacement of targets with nonzero
line-of-sight velocity must be taken into account. We have de-
veloped a numerical model for a very time-efficient simula-
tion of SAR intensity images and ATI phase images of ocean
scenes [4][5]. In the following, we review some basic ideas of
the proposed model and present some key expressions in their
final form. We discuss capabilities and limitations of current
measurements by ATI, and we compare signatures of a known
surface current field in simulated intensity and phase images
obtained with parameter settings that appear to be favorable.

THEORY

The theory of the proposed composite surface model was
first discussed in [5]; a more comprehensive presentation will
soon be available in [6]. Key elements can be summarized as
follows: Starting with Fourier representations of basic Bragg
scattering expressions and of the line-of-sight velocity of
wave facets at the ocean surface, and considering terms up to
second order in surface slope, we obtain for the mean (ensem-
ble averaged) Doppler spectrum of the backscattered signal
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where fp is the Doppler frequency,
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are the center frequencies of the two Gaussian Doppler spec-
tra that correspond to the backscatter from the two Bragg
wave components and that include zeroth-order contributions
resulting from the Bragg waves’ phase speed and the mean
surface current,
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are variances determining the Doppler bandwith, and (g,) are
normalized radar backscattering cross sections (NRCS) as
given in [4]. Furthermore, D is a linear modulation transfer
function (MTF) that relates wave slopes to Doppler shifts re-
sulting from orbital motions, M;, are MTFs that describe the
variation of the local NRCS with wave slope, k is the two-
dimensional wavenumber of modulating waves, and ¥ is the
spatially varying ocean waveheight spectrum. In our numeri-
cal model, ¥(k,x) is computed from given current and wind
fields according to the approach described in [4] and [7].

An important element of the SAR imaging mechanism is
the azimuthal displacement of moving targets by an amount
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where R is the distance between radar antenna and target, U,
is the platform velocity, v, the line-of-sight (radial) target ve-
locity, and k, the electromagnetic wavenumber of the radar. In
the proposed model the azimuthal displacement is simulated
by computing the Doppler spectrum at each grid point and
mapping small elements of backscattered power to a pixel
determined by the actual location of the grid point and the
shift given by (4). The power contributions mapped to each
individual pixel can then be integrated to obtain a simulated
SAR intensity image. If the frequency information is kept
during the mapping procedure, the complex autocorrelation
function of the signal assigned to a pixel can be computed as

.
R<r>=5_{ ™78  (fp)df G)

where S, is the Doppler spectrum of power elements assigned
to the pixel (while S in (1) is the Doppler spectrum associated
with an actual grid cell at the sea surface). In case of an ATI
simulation, 7 is the time lag between the two images that are
interferometrically combined. The phase of a pixel of the ATI
phase image is finally obtained as phase of R(t), while the
modulus of R(t) characterizes the theoretical significance of a
phase shift measurement.

MODEL RESULTS

Following our recommendations from [5] and [6], a new
ATI system, which is presently being set up by the German
company AEROSENSING and which will have been tested in
a first experiment in the German Bight by the time of publica-
tion of this paper, will operate at X band (10 GHz), vertical
(VV) polarization, and a nominal incidence angle of 45°, cov-
ering an actual incidence angle range from approx. 25° to 65°
across the swath. Nominal flight altitude will be between 2000
and 3000 m and nominal platform speed will be 100 m/s, thus
an antenna separation of 0.6 m will result in ATI time lags of
3 ms and 6 ms, depending on the mode of operation (using
one or both antennas for transmitting). From a theoretical
point of view, these parameters should be well suited for cur-
rent measurements: Small differences between the intensity
variations of the two Bragg wave components at X band as
well as high incidence angles ensure reasonable linearity of
the imaging mechanism, VV polarization ensures a good sig-
nal-to-noise ratio at high incidence angles, and the autocorre-
lation of the signal at 3 and 6 ms should be good enough to
determine ATI phase differences as well as coherence time
images (see [8]). A nominal phase resolution of 0.5° corre-
sponds to a velocity resolution of about 0.01 m/s at an inci-
dence angle of 60° (with the short time lag) and a velocity
range of 7.20 m/s that can be covered without ambiguities.

0.004

Fig. 1: Current field used as model input (left; positive direction is from bottom to top); simulated ATI-derived current field at
X band (10.0 GHz), VV, and an incidence angle of 60° (center); and simulated SAR NRCS image at P band (0.45 GHz), HH,
and an incidence angle of 45° (right). Further parameters: Test area size = 5 km x 5 km, wind speed = 7 m/s toward 30° counter-
clockwise from top of images, flight direction = from left to right, look direction = from bottom to top, flight altitude = 3000 m,
platform speed = 100 m/s, ATI time lag = 3 ms. The two lines mark the area for which profiles are shown in Fig. 2.
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Fig. 2: Profiles of actual current, simulated X band ATI-
derived (apparent) current, and simulated P band SAR NRCS
along the line marked in Fig. 1; a, for the scenario of Fig. 1;
b, for the same scenario with a reversed wind direction.

Fig. 1 shows a typical surface current field over underwater
bottom topography in the North Sea, as obtained within the
framework of the C-STAR experiment [7], and simulated
ATI-derived apparent currents based on the parameters of the
AEROSENSING system. For this simulation, the wind speed
was assumed to be 7 m/s towards 30° counterclockwise from
the top of the image (i.e. 120° from the x axis of the model
grid). For comparison, Fig. 1 also shows a simulated SAR in-
tensity image at P band (0.45 GHz). Since the linearity of the
relation between surface current and image intensity increases
with decreasing radar frequency, P band is usually preferred
for the retrieval of surface currents from radar intensity im-
ages. Surface current and image intensity profiles along the
line marked in Fig. 1 are shown in the plots of Fig. 2a.

Except for a systematic offset of the ATI-derived currents
from the actual ones by about 0.4 m/s, which results from the
contributions of the surface waves, the two current fields look
very similar. A theoretical calculation of the offset for a cor-
rection is not difficult. Fig. 2a depicts clearly that the shape of
the current field and thus all relative variations and gradients
are well preserved in the uncorrected ATI-derived currents.
The simulated P band intensity signatures, on the other hand,
resemble some features of the current field, but the relation-
ship is obviously more nonlinear, and an inversion would be
clearly more complicated.
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Fig. 2b shows the same set of signatures as Fig. 2a, but for
a reversed wind direction. In this case, the ATI-derived ap-
parent currents are shifted in the opposite direction, since the
waves are now propagating towards the radar, but the rela-
tionship remains basically linear. As indicated above, actual
surface currents can be determined from the ATI-derived ap-
parent currents by subtracting the wave induced contribution
on the basis of model results. Only the wind speed and direc-
tion must be roughly known for this correction. In contrast to
the ATI results, the simulated P band signatures look gener-
ally different after the rotation of the wind vector. Without
detailed knowledge of environmental parameters, their inter-
pretation can be quite difficult and ambiguous.

CONCLUSION

Based on our model results, we conclude that along-track
interferometric SAR systems with the right parameter settings
should be clearly better suited for the remote sensing of sur-
face currents than conventional imaging radars. We are look-
ing forward to a first experiment with the proposed system.
Preliminary results will probably be available at the time of
the conference or shortly thereafter.
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