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Abstract

This paper presents a methodology to process airborne interferometric SAR data to measure surface velocity fields of
temperate glaciers. First, a solution based on multi-squint is proposed to estimate residual motion errors (inaccuracies of
the navigation system on the order of a few centimeters) in the case of non-stationary scenes. Afterwards, an efficient
methodology to derive surface velocity fields with airborne systems is expounded, where the line-of-sight displacement
is estimated using differential interferometry, and the along-track component by estimating the azimuth coregistration
offsets. The necessary steps to finally obtain the 3D surface velocity field are also presented, as well as the possibility to
combine different acquisition geometries. Airborne interferometric SAR data acquired by the Experimental SAR system
of DLR over the Aletsch glacier, located in the Swiss Alps, are used to evaluate the performance of the proposed approach.

1 Introduction

The monitoring of alpine glaciers is essential to predict
their evolution under the threat of global warming. How-
ever, the data is often scarce covering a few glaciers, given
the difficulties to make field measurements in such high
altitude and remote scenarios. A solution is provided by
remotely sensed SAR data, which offers the possibility to
obtain surface velocity fields (SVF) of glaciers within wide
areas and with high accuracy. This information can be used
within ice flow models to derive the ice thickness of the
glacier [1]. In particular, differential SAR interferome-
try (DInSAR) is a well-known technique to measure sur-
face subsidence/motion for a wide range of applications:
modeling surface deformation, landslides, soil compaction
rate, atmosphere estimation and glacier monitoring, among
others. Spaceborne SAR systems have already proven the
possibility to measure SVF [2, 3], but the lack of flexi-
bility in the acquisition configuration as well as the fixed,
and usually too large, re-visit time, can become a limita-
tion in many cases. Airborne SAR systems offer an excel-
lent opportunity to overcome the limitations of spaceborne
sensors given their inherent flexibility in the sense of data
acquisition geometry and used wavelength, not to mention
their higher spatial resolution. However, the processing of
airborne data is not as straightforward as in the spaceborne
case. The fact that the platform does not follow an ideal
linear trajectory does not turn out to be a problem itself,
since efficient motion compensation (MoCo) is possible
[6, 7]. However, the main drawback is the existence of
the so-called residual motion errors (RME): inaccuracies
in the navigation data in the order of a few centimeters.
Such azimuth varying errors can strongly limit the accu-
racy of the obtained interferograms, masking completely

the motion to be measured.

This paper presents SVF derived from airborne SAR in-
terferometry. Section 2 revisits the extended multi-squint
(EMS) approach presented in [8] to estimate RME in non-
stationary scenes. Section 3 focuses on the estimation of
SVF of temperate glaciers using multi-baseline airborne
SAR interferometry. All the necessary processing steps
are discussed, including also the retrieval of the 3D SVF
and the combination of different configurations. Finally,
Section 4 evaluates the performance of the proposed ap-
proach using airborne data acquired by the Experimental
SAR (E-SAR) system of DLR in the frame of the SWISAR
campaign. The data were acquired at X-, C-, L- and P-band
over the Aletsch glacier of the Swiss Alps in the years 2003
and 2006.

2 Extended Multi-Squint

This section describes the retrieval of relative residual mo-
tion errors, i.e. baseline errors, in the presence of a non-
stationary scene. The effects of RME and a real azimuth
displacement of the scene between the acquisitions, from
now on called a true coregistration error (TCE), are simi-
lar, resulting in azimuth coregistration offsets. Therefore,
the separation of these two effects can become problem-
atic. In [8] it was shown that it is possible to decouple both
contributions on a pixel-by-pixel basis with the EMS ap-
proach, whose block diagram is shown in Figure 1. From
the N looks, N — 1 spectral diversity (SD) phases can be
generated. The proposed solution in order to separate the
derivative of the baseline error from the TCE is to take the
difference between two adjacent SD phases. Doing so, the
TCE will be completely removed. The retrieved N — 2 dif-
ferential SD phases are related to the second derivative of



the baseline error, so that after aligning and adding them
in the complex domain a model-based inversion based on
a LS solution as presented in [4] is carried out to retrieve
the second derivative of the horizontal &, (z) and vertical
¢,(x) baseline error. Finally, a two step integration yields
the desired solution.
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Figure 1: Block diagram of the EMS approach

Once the baseline error is estimated, the track of the slave
image can be updated with €, and ¢, so that both images
will have the same RME after re-processing, hence can-
celing out after interferogram generation. Finally, any az-
imuth coregistration error in the scene will correspond to a
TCE, which can be efficiently estimated using SD [5].

3 Methodology to Retrieve SVF with
Airborne Interferometric SAR

The previous section dealt with the particularities of air-
borne systems in repeat-pass scenarios, where RME must
be compensated. This section presents the methodology
to retrieve the 3D SVF using multi-baseline airborne SAR
interferometry, as several steps must be carried out in or-
der to retrieve reliable displacement information in the air-
borne case. In particular, the classical three image DInSAR
approach is used to retrieve the LOS displacement, where
two images are acquired the same day and a third one (the
long-term slave) is acquired after the event. In addition,
the along-track displacement is retrieved by estimating the
azimuth offsets between the master image and the long-
term slave using the spectral diversity (SD) technique. The
different steps to retrieve the 3D SVF are commented next:
Pre-processing: In order to ease the forthcoming inter-
ferometric processing several issues should be considered.
On the one hand, the reference tracks should be parallel
and with the same azimuth sampling for the three acquisi-
tions. Doing so, the images will be automatically aligned
along the azimuthal dimension, but for the existence of
RME and TCE. On the other hand, the strong topogra-
phy present in the scene must be considered during motion
compensation (MoCo). The assumption of a constant ref-
erence height, which is the standard approach when focus-
ing SAR data using Fourier-based processing algorithms
[6], can introduce severe phase and azimuth coregistra-
tion errors in repeat-pass scenarios. Therefore, an external

DEM is mandatory, taking into account that its accuracy
and resolution will have a direct impact on the accuracy of
the retrieved SVF. There are several possibilities in order
to take into account the topography, from time-domain ap-
proaches until topography- and aperture-dependent (TAD)
MoCo algorithms [7]. With the use of the reference tracks
the external DEM is back-geocoded to the azimuth/slant-
range plane.

SAR Processing: The raw data are focused using the Ex-
tended Chirp Scaling (ECS) algorithm with the integrated
two-step motion compensation [6], while the sub-aperture
topography- and aperture-dependent (SATA) algorithm
and the precise topography- and aperture-dependent (PTA)
algorithm have been selected as TAD algorithms to accom-
modate the strong topography of the scene [7].
Estimation of the Baseline Error: The conventional MS
approach is used with the short-term interferogram, while
the EMS algorithm is used with the long-term one. After-
wards, the slave tracks are updated with their correspond-
ing baseline errors and re-processed.

Interferometric Processing: A conventional interfero-
metric processing is carried out. First, the range coreg-
istration offsets computed from the external DEM are used
to carry out the range interpolation for both slaves. The in-
terferogram can now be generated for the short-term pair,
as no TCE is present. However, SD is applied in both di-
mensions to estimate the TCE in the long-term interfero-
gram. The retrieved offsets are used to further correct the
coregistration values of the long-term slave. Finally, the
long-term interferogram is generated, and a classical three
image DInSAR approach is performed in order to estimate
the LOS displacement. Together with the along-track dis-
placement estimated before with SD, the 2D SVF of the
glacier in the azimuth/slant-range plane is retrieved. It
should be stressed that due to the azimuth-varying base-
line of airborne systems, the real track deviations should
be used to compute the height sensitivity, which is used to
scale the residual interferometric phases during the DIn-
SAR processing [9].

Retrieval of the 3D SVF: Once the 2D SVF has been esti-
mated, it is then possible to retrieve the 3D one after mak-
ing some assumptions, since for every pixel only two mea-
surements are available, but there are three unknowns for
the displacement. This can be solved by assuming that the
glacier flows in the direction of the maximum slope, and
that there is no emergence/submergence subsidence (sur-
face parallel flow assumption) [2]. With the external DEM
it is possible to estimate the depression angle and orienta-
tion of the slope, yielding the direction of the movement,
so that only the magnitude of the displacement M is un-
known. The solution can be retrieved via weighted least-
squares (WLS) estimation.

A last step involves converting the retrieved 3D SVE,
which is in the azimuth/slant-range plane, to a global refer-
ence system, e.g. WGS-84 or Universal Transverse Merca-
tor (UTM). It is worth commenting that the intrinsic flexi-
bility of an airborne platform allows acquiring multiple ac-



quisitions in a short time frame. Therefore, several tracks
can be flown in order to retrieve different projections of the
displacement, and consequently obtain a better estimation
of the SVE. In fact, with one more pair of measurements,
e.g. acquired in a track perpendicular to the previous one,
it is possible to avoid any assumption concerning the di-
rection of the glacier motion, hence estimating directly the
three components of the displacement vector using also a
WLS estimation.

4 Experimental Results

Data acquired by the Experimental SAR (E-SAR) system
of the German Aerospace Center (DLR) are used to vali-
date the proposed approach. The data were acquired over
the Aletsch glacier, located in the Swiss Alps, in the frame
of the SWISAR campaign, in the years 2003 and 2006.
Several data takes were performed in P-, C-, L-, and X-
band, but only P- and L-band were acquired on two con-
secutive days in order to perform differential interferom-
etry. The configuration acronyms stand for Fieschersattel
(FISA) and Jungfraujoch (JUJO).

After applying the processing chain expounded in Sec-
tion 3 to each group of images, several SVF were retrieved.
Figure 2 shows the estimated along-track and LOS dis-
placements with the corresponding 2D SVF for the 2003
campaign in the FISA configuration, while Figure 3 shows
the result for 2006. From the 2D SVF it is clear that the
along-track information is very valuable, since in some ar-
eas the DInSAR measurement cannot yield any estimation
due to the lack of movement in LOS.
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Figure 2: Retrieval of the 2D SVF. FISA configuration,
L-band, 2003 campaign.
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Figure 3: Retrieval of the 2D SVFE. FISA configuration,
L-band, 2006 campaign.

The areas circled in white in the LOS displacement images
of these two figures show a clear example where the acqui-
sition in different configurations allows a better estimation
of the glacier motion. In the 2003 campaign the flight con-
figuration resulted in a LOS vector almost perpendicular to
the motion vector, resulting in an almost zero motion mea-
surement. However, this is not the case in the 2006 cam-
paign, where the movement of the area going away from
the sensor can be clearly observed. Figure 4(left) shows
the retrieved 3D SVF at L-band for the 2006 campaign in
the FISA configuration.
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Figure 4: Estimated SVF at L-band in UTM coordinates
derived from (left) the 2006 FISA acquisition and (right)
the combination of both FISA and JUJO 2006 acquisitions.

The accuracy of the proposed approach can be evaluated
using the positions of the CRs deployed in the scene, which
were measured using differential GPS. For the 2003 cam-



paign the position of the only CR was measured the 22" of
October and the 5™ of November, so that a mean displace-
ment was computed for the motion in ¢m/day. In the 2006
campaign, the measurements were performed within £2
hours of the data acquisitions. The left image of Figure 5
shows the measurements with respect to the GPS ones for
each DInSAR group in the azimuth and slant-range plane,
while the right image shows them in UTM coordinates.
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Figure 5: Estimated motion versus GPS measurement for
the CRs in (left) the azimuth/slant-range and (right) UTM
coordinates. The colors stand for the different configu-
rations: (red) FISA L-band 2006, (green) JUJO L-band
2006, (blue) FISA P-band 2006, (cyan) JUJO P-band 2006,
(magenta) FISA L-band 2003.

As commented in Section 3, the combination of different
acquisition configurations is possible. The FISA and JUJO
configurations of 2006 were combined to obtain the 3D
SVF without considering the slope [see Figure 4(right)].
The combination using only the more accurate DInSAR
measurement from each configuration was also performed
(note that in this case the slope is needed again). Figure 6
shows the measurements in the CRs after combining the in-
formation in these two different ways. Again, results show
a good agreement with the in-situ measurements, and note
that using the DInSAR measurement alone improves the
accuracy of the result mostly in the P-band case.
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5 Conclusion

This paper has shown the possibility to retrieve the 2D
and 3D SVF of a glacier using airborne SAR interferom-
etry. An extended multi-squint approach has been pro-
posed to separate the contribution due to RME and TCE.
The methodology to efficiently retrieve the SVF using air-
borne SAR interferometry has been expounded next. All
the steps, from SAR processing until the reconstruction of
the 3D SVF have been detailed. The presented results to-
gether with the evaluation using the CRs deployed in the
scene, which resulted in an accuracy in the derived SVF
better than 2cm/day rms at L-band, allow to validate the
proposed methodology, hence opening a new possibility to
monitor temperate glaciers. Future work will address al-
ternative approaches to estimate RME, like the use of aut-
ofocus techniques using isolated or point-like scatterers.
Also, the analysis of the derived SVF as input to glacier
flow models will be subject of future studies.
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