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Ocean waves become visible in SAR 
images because of their periodic modu-
lation of the local incidence angle and 
surface roughness as well as a SAR-
specific imaging artifact called velocity 
bunching. This is relatively well under-
stood, and robust techniques for deriving 
wave information from SAR images have 
been developed. Similarly, convergent 
and divergent regions in the surface 
current field modulate short-scale 
surface roughness in such a way that 
pronounced bright and dark signatures, 
respectively, can become visible in a SAR 
image. As an example, Figure 1 shows 
signatures of underwater sand dunes 
off the coast of China in an ERS-1 SAR 
image. Other current features whose 
signatures are frequently observed in 
SAR images are oceanic internal waves 
and fronts (see Jackson et al., 2013, in 
this issue). While many of these signa-
tures are very clear and as nice-looking 

as those in Figure 1, their quantitative 
interpretation in terms of current gradi-
ents can be very difficult, and absolute 
current velocity retrievals are not possi-
ble at all. Calkoen et al. (2001) proposed 
a procedure for estimating bathymetric 
maps by a combined analysis of SAR 
images and echosoundings.

Chapron et al. (2005) pioneered cur-
rent retrievals from SAR data by Doppler 
centroid analysis. With this approach, 
differences between observed mean 
Doppler frequencies (Doppler centroids) 
and nominal values corresponding to 
the relative speed between satellite and 
rotating Earth in radar look direction 
are interpreted to be the effect of surface 
currents and mean contributions of wave 
motions. Within the last few years, oth-
ers have demonstrated the soundness of 
this approach for a variety of test sites 
and SAR data from different satellites 
(mostly Envisat [e.g., Hansen et al., 2011] 
and TerraSAR-X [e.g., Romeiser et al., 
2013]). Because the method does not 
require any special data recording, it can 
be applied to newly acquired SAR data 
sets as well as archived ones. A drawback 
is that the extra Doppler information 
is obtained at fairly low spatial resolu-
tion, usually on the order of kilometers, 
because Doppler centroids need to be 
estimated from raw data amounts cor-
responding to clusters of hundreds to 
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Abstr ac t. Since the Seasat mission in 1978, an impressive amount of information 
on oceanic and atmospheric features over the ocean has been derived from the 
thousands of images provided by spaceborne synthetic aperture radars (SARs). 
One important quantity that cannot be derived easily from conventional SAR data 
is the velocity of objects—current features and waves are visible in SAR intensity 
images because they modulate ocean surface roughness and slope, not because of 
direct sensitivity to their motions. Because of this indirect imaging mechanism, 
the quantitative interpretation of SAR signatures of spatially varying currents is 
challenging, and absolute current velocity retrievals are not possible at all. This 
situation can be improved by implementing operational along-track interferometry 
(ATI) capabilities on future SAR satellites. The ATI technique permits direct velocity 
measurements with spatial resolutions on the order of 100 m, which would be 
attractive for many applications. The ATI concept was developed more than 25 years 
ago, and its potential has been demonstrated in a number of experiments with 
airborne and spaceborne systems. This article provides an overview of the state of the 
art, promising applications, and expected further developments.

Introduc tion
Radar signals scattered by moving 
objects experience a Doppler shift in 
frequency, which can be exploited to 
measure their speeds. Synthetic aper-
ture radars (SARs) record the Doppler 
spectrum of received signals, but the 
special data processing that enables the 
high spatial resolution of SAR images, 
called “aperture synthesis,” is based on 
the assumption that all Doppler shifts 
are due to the relative motion between 
the radar platform (satellite or aircraft) 
and scatterers that are at rest on the 
ground plane. As a result, processed full-
resolution SAR images do not contain 
Doppler information that would permit 
direct velocity estimates for individual 
pixels for ocean surface current or 
wave motion retrievals.

Traditionally, information on current 
features and waves has been derived 
from SAR image intensity variations. 
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thousands of full-resolution pixels.
More than 25 years ago, Goldstein and 

Zebker (1987) presented the concept of 
SAR along-track interferometry (ATI), 
which permits velocity measurements 
at full SAR resolution. To achieve this, 
an ATI system uses two antennas that 
are separated by some distance in flight 
direction and that receive the same 
backscattered signals from the ocean 
or land surface with a small time lag on 
the order of milliseconds. After process-
ing the data from each antenna into a 
full-resolution SAR image and keeping 
track of amplitude and phase of the sig-
nals mapped into each pixel, combined 

interferometric processing of the two 
images reveals phase differences whose 
expectation values can be shown to be 
proportional to Doppler frequencies and 
thus to line-of-sight scatterer velocities.

ATI Achievements and 
State of the Art
Goldstein and Zebker (1987) explained 
the basic concept of ATI and presented 
example results from a first experi-
ment with an airborne system. A more 
systematic experiment was carried out 
over ship-generated internal waves 
at Loch Linnhe (Scotland) in 1989. 
A comparison between ATI-derived 

velocities (called “Doppler velocities” 
if no further corrections have been 
applied) and surface currents measured 
by in situ instrumentation revealed 
significant differences. Thompson and 
Jensen (1993) explained this discrepancy 
as the effect of mean contributions of 
subresolution-scale wave motions to the 
ATI signatures. Romeiser and Thompson 
(2000) proposed a simplified numerical 
model for the computation of the wave-
induced contributions to Doppler veloci-
ties; Romeiser (2005) demonstrated an 
automatized iterative correction of data 
from an airborne ATI experiment for the 
spatially varying wave contributions that 
can occur as a result of hydrodynamic 
wave-current interaction. The numerical 
Doppler models use parameterizations 
of the wave spectrum that depend on 
the wind vector relative to the radar look 
direction, so the wind speed and direc-
tion in the test area must be known in 
order to do the computations. It is pos-
sible to estimate the wind field from the 
radar image itself. Furthermore, it has to 
be taken into account that the standard 
wave parameterizations may be inap-
propriate where the local wave field is 
not at equilibrium with the wind, which 
may be the case, for example, in coastal 
areas with strong swell waves propagat-
ing towards the coast or in rivers. The 
resulting current field is always supposed 
to be the surface current field, and it 
may include contributions of wind drift 
and Stokes drift.

In February 2000, Space Shuttle 
Endeavour became the platform of the 
first spaceborne SAR system with ATI 
capability. For the joint USA-German-
Italian Shuttle Radar Topography 
Mission (SRTM), the Endeavour was 
equipped with antennas in the cargo bay 

Figure 1. ERS-1 synthetic aperture radar (SAR) image of the Xinchuan Gang Shoals along the east coast 
of China, north of Shanghai, acquired on July 8, 1995, 02:34 UTC. Area size = 100 km × 100 km. The 
signatures in the upper right half of the image result from modulation of tidal currents and surface 
roughness by underwater topography. Source: European Space Agency (ESA)
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and on the end of a 60 m long antenna 
boom. Optimized for topography mea-
surements over land, the antenna boom 
was oriented perpendicular to the flight 
direction to create a long cross-track 
“baseline” between the antennas. An 
additional effective along-track baseline 
of 3.5 m that occurred for mechanical 
reasons was sufficient to demonstrate 
current measurements over the Dutch 
Wadden Sea (Romeiser et al., 2005) and 
over the Elbe River, Germany (Romeiser 
et al., 2007). Figure 2 shows the result 
obtained for the Wadden Sea, together 
with a corresponding reference current 
field from the numerical circulation 
model KUSTWAD. Due to suboptimal 
system parameters, the interferogram 
had to be averaged over many pixels to 
reduce phase noise. The effective spatial 
resolution of the resulting SRTM-derived 
line-of-sight current field was found to 

be on the order of 1 km, with a remain-
ing rms uncertainty for the currents of 
about 0.1 m s–1. Aside from the relatively 
low resolution, the qualitative and quan-
titative agreement between the SRTM- 
and model-derived current fields was 
found to be good and consistent with 
theoretical expectations. Similar results 
were obtained for the Elbe River case.

Romeiser and Runge (2007) studied 
the theoretical ATI performance of the 
German satellite TerraSAR-X, which 
has experimental divided-antenna 
modes of operation that permit ATI 
with very short effective baselines 
on the order of 1 m. ATI data quality 
similar to that of SRTM was predicted, 
again due to a requirement to average 
over many pixels for noise reduction. 
(Compared to SRTM, a larger number 
of TerraSAR-X pixels need to be aver-
aged to obtain the same data quality, 

due to a shorter baseline and a higher 
instrument noise level, but, at the same 
time, the TerraSAR-X pixels are much 
smaller.) Further numerical simulation 
results indicated that effective spatial 
resolutions of 100 m and better could 
be obtained with a longer along-track 
distance between the antennas and a 
reduced instrument noise level. The 
quoted effective resolutions are under-
stood to be those that reach a remaining 
rms uncertainty of 0.1 m s–1. There is 
always a tradeoff between spatial resolu-
tion and remaining uncertainty (i.e., less 
spatial averaging can be used where high 
resolution is needed, or more averag-
ing can be used to obtain particularly 
smooth current fields). However, averag-
ing over large areas makes sense only 
where the current field is sufficiently 
homogeneous. Furthermore, uncertain-
ties in the absolute phase calibration can 

Figure 2. (a) Line-of-sight current field in the Dutch Wadden Sea derived from a Shuttle Radar Topography Mission (SRTM) image acquired on February 15, 
2000, 12:34 UTC. (b) Reference current field from a numerical circulation model. Area size = 70 km × 70 km. Radar look direction = toward northwest. Flight 
direction = toward northeast. From Romeiser et al. (2005)
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cause bias in retrieved velocities that 
cannot be reduced by averaging.

According to Romeiser and Runge 
(2007), an effective along-track baseline 
on the order of 20–50 m, correspond-
ing to a physical antenna distance of 
40–100 m, is optimal for the best ATI 
data quality at X-band, the 9.6 GHz 
frequency band used by SRTM and 
TerraSAR-X. This baseline range cor-
responds to time lags of ~ 3–7 ms 
between the SAR data received by the 

two antennas. In general, data quality 
decreases when there are shorter time 
lags because the ATI phase becomes less 
sensitive to scatterer velocities, so that 
effects of instrument noise become more 
dominant. With longer time lags, data 
quality suffers from temporal decor-
relation of the backscattered signal. 
The ideal time lag/along-track baseline 
range scales with the radar wavelength 
(i.e., ATI systems operating at higher 
frequencies need shorter along-track 

baselines for optimal performance).
TerraSAR-X was launched in June 

2007, and the first ATI images were 
acquired over the Elbe River in spring 
and summer 2008. Romeiser et al. 
(2010b) analyzed these data and found 
good agreement with theoretical expec-
tations (i.e., data quality similar to that 
of SRTM). While this was an encour-
aging result, the ATI performance of 
TerraSAR-X with its suboptimal effective 
baseline is not much better than what 
can be achieved by Doppler centroid 
analysis of conventional SAR data. This 
problem could be overcome for the first 
time when we had a chance to acquire a 
few data sets with near-optimal along-
track baselines using the TanDEM-X for-
mation of two satellites. The TanDEM-X 
formation consists of the original 
TerraSAR-X satellite and an almost-
identical twin that was launched in 2010. 
They orbit Earth together on slightly 
different elliptical orbits, resulting in a 
helical relative motion pattern optimized 
for topography measurements over land 
by cross-track interferometry (see illus-
tration on the first page of this article). 
Most of the time, their along-track dis-
tance is too long for inter-satellite inter-
ferometry over water, but special orbit 
parameters used during a limited period 
in February and March 2012 enabled us 
to acquire very high-quality data over 
selected ocean test sites, such as Pentland 
Firth between the Scottish mainland and 
the Orkney Islands, a region known for 
its strong tidal currents.

Figure 3 shows data acquired at 
this test site on February 26, 2012, 
with an effective along-track baseline 
of 25 m, and a reference current field 
from the numerical tide computation 
system POLPRED. The ATI-derived 

Figure 3. TanDEM-X data acquired over Pentland Firth (Scotland) on February 26, 2012, 06:41 UTC. 
(a) Radar intensity image. (b) Interferometric phase image. (c) Derived line-of-sight current field. 
(d) Reference current field from a numerical tide computation system. Area size = 30 km × 30 km. 
Radar look direction = from right to left. Positive flow direction = from left to right. Flight direction = 
from top to bottom. The black frame outlines the area of the subimage presented in Figure 4.
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line-of-sight current field and the 
model result (Figure 3c,d) were found 
to agree well. In fact, the ATI result is 
believed to be more accurate than the 
model result, because the available ver-
sion of POLPRED suffered from poor 
spatial resolution of 1 km and out-
dated bathymetry for this area. The full 
potential of the TanDEM-X data and 
of spaceborne ATI in general becomes 
visible in Figure 4, which shows image 
intensity and Doppler velocity varia-
tions in a 10 km × 10 km subsection 
of the test area at a higher resolution 
(i.e., with less smoothing) than Figure 3a 
and c. On spatial scales that would be 
dominated by phase noise in SRTM and 
TerraSAR-X divided-antenna mode 
data, the TanDEM-X data set shows 
clear signatures of orbital wave motions 
at wavelengths on the order of 200 m. 

Detailed analysis indicates that the 
effective resolution of the TanDEM-X-
derived Doppler velocities in this 
example is on the order of 33 m (for 
a residual rms velocity uncertainty of 
0.1 m s–1). At this quality level, ATI data 
are suitable for direct measurements of 
wave motion as well as high-resolution 
measurements of surface current varia-
tions over ocean fronts or internal waves 
or in narrow rivers. Romeiser et al. 
(2013) present a complete analysis of this 
TanDEM-X data set and another one 
acquired 22 days later with an effective 
baseline of 40 m.

So far, all spaceborne SAR systems 
with ATI capabilities have been limited 
to one-dimensional measurements of 
the line-of-sight component of scat-
terer velocities. Toporkov et al. (2005) 
demonstrated with an experimental 

airborne ATI system that this can be 
changed if two pairs of antennas with 
different look directions relative to the 
platform motion are used. Combining 
such a setup with system parameters on 
a TanDEM-X-like quality level, future 
spaceborne ATI systems could provide 
fully two-dimensional vector current 
measurements at an effective spatial 
resolution better than 100 m.

Expec ted Further 
Developments
Current measurements by ATI seem to 
be particularly promising for coastal-
area applications that require high 
spatial resolution, such as bathymetric 
monitoring, siting of turbines for tidal 
energy harvesting, and other coastal 
engineering applications. Figure 5 shows 
an example of ATI-based bathymetry 

Figure 4. A 10 km × 10 km subsection of the Figure 3 data set showing signatures of surface waves in (a) the intensity image, and (b) the full-resolution Doppler 
velocity image derived from the interferogram.
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retrieval. Coastal oceanographers may 
want to use ATI data for studies of 
fronts, eddies, and internal waves. 
Another attractive application with many 
potential users is the global measure-
ment and long-term monitoring of river 
discharges into the ocean, as discussed 
by Grünler et al. (2013). In the near 
future, increasing interest is expected in 
along-track interferometry over the open 
ocean, where traditional remote-sensing 
techniques such as altimetry cannot keep 
up with the development of increasingly 
refined numerical circulation models, 

and there are no technological alterna-
tives to satellite-based remote sensing. 
Some users may be interested in wave 
measurements by ATI as well, but the 
advantages compared to conventional 
SAR-based techniques seem to be less 
pronounced than for current measure-
ments, as discussed by Bao et al. (1997). 
Romeiser et al. (2010a) discuss in more 
detail the potential applications of 
satellite-based ATI and Doppler cen-
troid analysis and provide additional 
example results.

Altogether, there are plenty of 

scientific and commercial applications 
that would justify the development of 
a dedicated spaceborne ATI system for 
ocean applications. Such a system should 
have a near-optimal along-track base-
line, which is easier to achieve at higher 
radar frequencies because the optimal 
baseline range scales with the radar 
wavelength (Romeiser and Thompson, 
2000; Romeiser and Runge, 2007). 
Furthermore, it should be a dual-beam 
ATI system with vector current mea-
suring capability, and it should have an 
accessible incidence angle range, swath 
width (possibly left- and right-looking 
at the same time), and duty cycle that 
enable it to access and cover large areas 
of the ocean with short lead and repeat 
times. The European Space Agency 
has sponsored several studies on the 
design of such a system in recent years 
(e.g., Márquez et al., 2010). The chances 
that we will see a dedicated ATI system 
for ocean applications in space within 
the next 10–20 years seem to be good.
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