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TanDEM-X: Deriving InSAR Height Changes and
Velocity Dynamics of Great Aletsch Glacier
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Abstract—Great Aletsch Glacier (Grosser Aletschgletscher), the
largest glacier in the European Alps, contains 20% of the entire
Swiss ice mass. Therefore, it has been selected as a super-testsite
for the TanDEM-X satellite mission. Dense time series with a
repeat interval down to 11 d were acquired between 2011 and 2019
using two polarizations (HH and VV) and across-track baselines of
0–1 km. To evaluate the use of interferometric single-pass synthetic
aperture radar mission for glaciological applications, we imple-
mented a processing pipeline in interactive data language (IDL) and
computed 130 digital elevation models (DEMs) from bistatic radar
interferograms. We present a method to circumvent a common pit-
fall during orthorectification of radar DEM differences. Regression
analysis of DEM time series shows a height loss of up to 8 m a−1

on the tongue and 1.5 m a−1 when averaged over the whole glacier
area. In spring 2013, we observed X-band penetration depths of
4±2 m in the accumulation area. For strongly crevassed areas, the
coherence drops already to 0.5 for across-track baselines B⊥ >
200 m. With patch-based incoherent offset tracking, we obtained
an almost complete 200 m resolution velocity map. Velocities reach
up to 0.8 m d−1, show a seasonal variability of ±0.05 m d−1, and
agree within 0.04 m d−1(root mean square error) with field mea-
surements. Copolar phase differences suggest an approximation
of snow accumulation. We demonstrate orthorectification of the
backscatter intensity using simultaneously acquired TanDEM-X
interferograms, which allows for the decoupling of horizontal veloc-
ity estimates from phase-center height changes due to penetration
and ice melt.

Index Terms—Common-band filter, copolar phase
difference (CPD), digital elevation model (DEM), DEM
differencing, geocoding, Great Aletsch Glacier, offset tracking,
orthorectification, single pass radar interferometry, TanDEM-X,
velocity, wave number shift.

I. INTRODUCTION

GREAT Aletsch Glacier (ger. Grosser Aletschgletscher),
the largest glacier in Switzerland, is more than 22-km

long, covers about 80 km2, is up to 800-m thick, and its volume
of 15 km3 contains 20% of the entire Swiss ice mass [1], [2].
Similar to almost all glaciers in the European Alps, Great Aletsch
Glacier has shown a strong retreat with around 3 km since 1880
and 400 m within the last ten years [3], [4]. The glacier has
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been monitored by the bistatic synthetic aperture radar (SAR)
formation TanDEM-X [5], [6] since April 2011. Together with
the Columbia Glacier in Alaska [7], it has been defined as one
of the two alpine super-testsites among other testsites related to
cryospheric applications. Aletsch Glacier has been imaged from
the same orbit by a time series of about 130 bistatic stripmap
acquisitions including 11 pursuit-monostatic acquisitions with
varying across-track baselines. During the TanDEM-X science
phase (2014/2015) [8], the across-track distance between the two
satellites was increased from around 10–100 m and bistatic ac-
quisitions with effective perpendicular baselines of B⊥ = 1km
were acquired.

The main purpose of the TanDEM-X mission is the generation
of a high precision digital elevation model (DEM) covering 97%
of all land masses [9]. This TanDEM-X DEM product, with
specified accuracy [10], is mosaiced from multiple acquisitions
and is available with 12 and 30 m resolution. The advantage
of SAR missions is their weather and daylight independent
imaging capability which makes such systems particularly suit-
able for monitoring snow and glaciers. However, the penetra-
tion of microwaves into dry snow, scene, and orbit-dependent
noise characteristics, limited coverage due to radar shadow and
layover in mountainous terrain, the slant radar view geometry,
and phase unwrapping problems can make the interpretation
of derived DEMs difficult. Therefore, knowledge about these
effects is required for a correct interpretation of radar DEMs
and the derived height changes. As the way of dealing with
these problems depends on area and application, DEMs are
not provided on a per-scene basis. Instead, coregistered single
look slant range complex pairs (CoSSC, specified according
to [11] and [12]) form the basis for interferometric SAR (InSAR)
processing and the generation of per-scene DEMs by the user.

The penetration depends on many parameters such as fre-
quency, polarization, incidence angle, and perpendicular base-
line, but also on the snow structure and the water content [13]–
[17]. To estimate the penetration bias, various methods focus on
correlations among penetration, backscatter signal, and interfer-
ometric coherence [18], [19] or on multifrequency, multisensor,
or multipolarimetric model-based approaches [16], [20], [21].
Regression over multiyear DEM time series can also reduce the
penetration bias, as shown in this study.

Apart from a penetration bias, the accuracy of the generated
DEMs depends on the bistatic configuration and on surface
properties determining the height noise and the level of the inter-
ferometric coherence. In general, the height noise decreases for
a smaller height-of-ambiguity hamb which, in turn, is inversely
proportional to the baselineB⊥. However, for surface structures,
where the vertical variability of the topography approaches
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hamb, e.g., for crevasses, large baselines can lead to significant
decorrelation and frequent phase wrapping errors. This can
make DEM generation impossible as observed, e.g., for glacier
surges [22]. A similar effect is volume decorrelation [13], [23],
[24] which occurs over regions with a strong radar penetration
and volume scattering, e.g., on ice sheets when the penetration
depth approaches hamb [25]. The interferometric coherence is
further impacted by the signal-to-noise ratio of the backscatter
signal which is why DEM generation over wet snow and over
sandy regions is difficult [26], [27].

Many natural and man-made surface properties show a char-
acteristic response of the radar backscatter signal in different
polarizations [28], [29]. Therefore, TanDEM-X has polarimetric
imaging capabilities using either two or, experimentally, all
four polarization channels. Polarimetric applications usually
focus on vegetation characterization (e.g., [30]–[32]) utilizing
polarization-dependent scattering properties. In contrast, the
microstructure of snow causes a characteristic birefringence
which results in significant copolar phase difference (CPD) [33],
[34]. It is noteworthy that the CPD is not a scattering effect
but an effect of signal propagation in a birefringent medium
with negligible absorption. Time series of the CPD can be
difficult to interpret, but recent work explains well the temporal
and stratigraphic variability of the birefringence in the snow
pack [35] and, thereby, the temporal evolution of the CPD.

In this study, we did not rely on external software but imple-
mented a complete processing pipeline to calculate DEMs from
the TanDEM-X CoSSC products. Our algorithm includes scene-
coregistration, topographic phase simulation, phase-to-height
conversion, and orthorectification (often called “geocoding” in
the radar community), including the transformation of slant
height changes measured in radar coordinates to vertical height
changes in map coordinates. In addition, we implemented an al-
gorithm for intensity offset tracking [36] which we used to derive
glacier surface velocities from the orthorectified TanDEM-X
radar images.

The article is structured as follows. First, we describe the
dataset and field measurements. Then, two methods sections
outline the InSAR DEM generation and offset tracking con-
sidering the relevance of InSAR-based orthorectification of the
backscatter intensity. The next section describes the analysis
of the generated DEMs, the velocity maps, and the copolar
data. In Section VI, we first validate the method with field
measurements and compare our results to results obtained from
the GAMMA software. Then, we evaluate the DEMs in terms
of seasonal variability, radar penetration, coherence loss, and
orthorectification problems. Finally, we present a velocity map
of Aletsch Glacier, discuss seasonal velocity variations with
respect to surface height changes, and validate the velocity with
field measurements. In addition, we present the sensitivity of
the HH and VV polarization to snow conditions. In Section VII,
we compare our results to the predicted evolution of Aletsch
Glacier [37], [38] and consider the relevance of our results for
glaciological applications.

II. DATASET

A. TanDEM-X Data

The data set contains over 130 bistatic, dual-pol TanDEM-X
stripmap acquisitions acquired over the Aletsch region of the

Fig. 1. Map of the study area. Red dots indicate locations of meteorological
stations. Blue dots indicate GPS field measurements of the surface velocity and
the surface height. Contour intervals are 100 m at orthometric heights (LN02).
Areas used for height reference are located in the valleys north and south of the
shown area. Source: Federal Office of Topography (SwissTopo).

Swiss Alps (46.50 N, 8.03 E) shown in Fig. 1. All data were
acquired from the same orbit (154) in a descending imaging
geometry (looking west) with an incidence angle of about 32◦.
To explore different bistatic configurations, the effective per-
pendicular baselines B⊥, determining the height sensitivity for
across-track interferometry, were generally small (0–200 m) but
were increased up to 1040 m during the large baseline acquisition
period in spring 2015. In winter 2014/2015, pursuit monostatic
acquisitions with 77 km along-track distance were acquired [8].
Due to the very short temporal baseline (10 s), we also generated
DEMs from these acquisitions. Baselines and the corresponding
ambiguity heights of our dataset are shown in Fig. 2. Two
ascending acquisitions from spring 2011 were not considered
in this study.

Almost all data were acquired in the two polarizations HH
and VV (two in VV/VH). The spatial resolution in the dual-pol
strip map mode was 1.2 × 6.6 m (slant range, azimuth) at a pixel
spacing of 1.75 × 2.3 m on the (horizontal) ground.

The orbit repeat interval of TanDEM-X is 11 d. However,
due to competing interests, acquisitions could not be acquired
in every orbit pass. Therefore, the time series shows gaps of mul-
tiples of 11 d. The blue tick marks in Fig. 2 provide an overview
of acquisition dates. Because the area is mainly considered as
a snow-specific super testsite, most acquisitions are available
between October and May with a few acquisitions available in
summer 2011 and 2012. Still, snow melt was captured, at least
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Fig. 2. TanDEM-X effective across-track baselines (dots) and along-track
baselines (+) with the corresponding ambiguity heights (right axis) of the dataset
containing bistatic (solid dots) and pursuit-monostatic (PM) acquisitions (open
circles). Most data were acquired from October to May (gray shading). Summer
acquisitions are available in 2011 and 2012. The two horizontal dashed lines
indicate an ambiguity height of 20 and 1500 m. The blue ticks visualize the
temporal spacing of acquisitions. Whiskers at small baselines indicate the true
hamb where B⊥ and hamb deviate from the inverse proportionality used to scale
the right axis.

partially, in eight of nine years in total, including acquisitions
from two summer seasons.

B. External DEM and Topography

The alpine topography of the region contains a large elevation
range (600–4200 m a.s.l.) with steep slopes at several locations
resulting in significant radar layover and shadow which compli-
cated the InSAR processing. The processing was simplified by
subtracting a simulated interferogram based on an external DEM
before phase unwrapping. For that, we used the high-precision
elevation model swissALTI3D provided by the Swiss Federal
Office of Topography (SwissTopo). The swissALTI3D is up-
dated at least every six years with data from lidar and optical
stereo-correlation. The version we used was generated in 2013
and contains data mainly from 2009. For ice- and snow-free
areas, the vertical precision is 0.5 m below 2000 m and 1–3 m
above. To speed up the processing, we resampled the horizontal
resolution from 2 to 10 m.

C. Field Measurements for Validation

On April 30/May 01, 2019 and 6 d later on May 06/07,
2019, we conducted two field campaigns to measure the surface
velocity and surface height at the 22 locations, indicated by blue
circles in Fig. 1. For that, we placed 140 cm long bamboo sticks
in the snow and measured the position with a geodetic GPS. The
accuracy of about 2–3 cm was limited by the diameter of the
sticks. Repeated measurements of a reference position showed
a GPS accuracy below 1 cm. The reference was located east of
Konkordiaplatz on a rock next to the Konkordia hut (P. 2850 in
Fig. 1). For each location, we also measured snow depth, limited
by the avalanche probe length of 260 cm. To detect manipulation,
we placed the sticks in north–south oriented pairs separated by a
fixed distance. Coordinates, horizontal displacements, measure-
ment times, and snow depth are listed in Table II.

TABLE I
COORDINATES OF WEATHER STATIONS AND AVAILABLE PARAMETERS.

P: PRECIPITATION, T: TEMPERATURE

Fig. 3. Monthly mean air temperature calculated for 3000 m from the two
meteorological stations at Eggishorn (2892 m a.s.l.) and Jungfraujoch (3571 m
a.s.l.). Monthly precipitation is the mean of the three stations BLA, FIT, and
KSE listed in Table I. The annual mean precipitation (2011–2019) is 1275 mm.

D. Meteorological Data

For the interpretation of our results, we used data of five
different weather stations; names are abbreviated as listed in
Table I; red dots in Fig. 1 indicated the location of the stations.
The station BLA is located 8 km west of the shown map. From
the station data, we generated a climate diagram with monthly
mean temperatures and precipitation for the period January
2011 to August 2020 (Fig. 3). The diagram approximates the
temperature conditions on Aletsch Glacier at 3000 m by the
altitude-weighted mean of the two stations at Jungfraujoch
(3571 m) and Eggishorn (2892 m). Mean monthly temperatures
rise above 0 ◦C in late May and drop below zero mid of October.
Monthly mean temperatures for each year are plotted as colored
dots in Fig. 3.

Precipitation was calculated as the average of the three sta-
tions BLA (2638 m), KSE (2061 m), and FIT (1175 m). BLA,
west of the study area, and FIT, east of the study area, showed
almost equivalent cumulative precipitation despite an altitude
difference of about 1 km. In contrast, KSE, situated vertically in
between but just north of the main alpine ridge, showed about
50% higher cumulative precipitation. Due to this variability,
we did not apply any altitude correction for precipitation. Pre-
cipitation gradients in the Alps vary strongly with topography
and are difficult to generalize [39]. According to [40], a 50%
increase within 1 km height difference is possible. From the three
stations, we found that precipitation is relatively homogeneously
distributed over the year with an average annual precipitation of
1275 mm (Fig. 3).

III. METHOD I: DEM GENERATION

We developed and implemented algorithms for coregistration,
orthorectification, InSAR phase simulation, common band fil-
tering, and DEM generation from TanDEM-X stripmap CoSSC
acquisitions and for intensity offset tracking. All code was
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TABLE II
NAME, GEOGRAPHIC (GPS) COORDINATES, MEASUREMENT TIMES, AND HORIZONTAL SHIFT (IN SWISS COORDINATES) OF THE IN SITU VELOCITY

MEASUREMENTS. THE LAST POINT (KK) WAS MEASURED ON THE ROCK NEXT TO THE FLAG OF KONKORDIA HUT. THE ORTHOMETRIC HEIGHT (LN02) OF THIS

POINT (2848.60 M) IS 53.30 LOWER THAN THE LISTED ELLIPSOIDAL HEIGHT

written in IDL. For phase unwrapping, we used the external
software SNAPHU [41]. The processing follows ideas by [42]
and [43]; details are described in the following sections.

A. Scene Coregistration and Resampling

All single-look complex (SLC) images were coregistered to
a common reference scene “ref” (April 06, 2013) with subpixel
precision [44] using phase correlation on intensity [45] and patch
sizes between 512 and 2048 pixels. The offset field was itera-
tively approximated by a 2-D linear function and outliers of more
than two standard deviations were removed. For resampling, we
used a parametric cubic convolution with α = −0.75 [46] to
approximate a truncated sinc convolution [47].

B. Orthorectification Based on an External DEM

For orthorectification based on an external DEM (cf., InSAR-
based orthorectification in Section III-H), we calculated an initial
lookup table for the reference image in geographic coordinates
by solving the range-Doppler equations given in [48]. The
lookup table contains for each point �P of the external DEM the
corresponding azimuth and slant range coordinate. We simpli-
fied the range-Doppler equations considering that TanDEM-X
stripmap data are zero-Doppler processed (fd = 0 Hz) and that
the orbit state vectors �S are given in the earth-fixed, terrestrial
reference frame ITRF2008 where the earth rotation ω = 0 s−1.
Then, the Doppler equation decouples from the range equation

fd = 0
!
= �Vs ·

(
�P − �S

)
. (1)

Solving this equation iteratively in Cartesian Earth centered
coordinates for each point �P provides the azimuth pixel location
az corresponding to the given orbit state vector �S(az) and

velocity �Vs(az). The slant range R follows directly from

R = |�P − �S|. (2)

To transform the orthometric heights of the national level-
ing network LN02 of the swissALTI3D to ellipsoidal heights
(GRS80), we calculated the height difference using the service
REFRAME [49] and added it to the orthometric heights of the
swissALTI3D. The difference ranges from +46 to +55 m.

C. Calculation of the Simulated Interferometric Phase

To simplify phase unwrapping in any interferometric com-
bination of images i, j selected from a coregistered stack, we
calculated for each image the topography-induced propagation
phase difference with respect to the reference image “ref”

Δϕi,ref =
2π

λ
(ri − rref) . (3)

Here, λ is the radar wavelength and ri, rref are the total
distances from the transmit antenna (TX) to the ground and back
to the receive antenna (RX) of the acquisitions i and “ref.” For
an interferometric pair i, j of two monostatic images, we can
use (2) in (3) to set r = 2R = 2SP and to obtain the simulated
topographic phase

Δϕi,j = Δϕi,ref −Δϕj,ref =
4π

λ
(Ri −Rj). (4)

The phase pattern close to the satellites in Fig. 4 illustrates
the spatial distribution of the “phase-rays” described by (4).
Extended to the surface, these “phase-rays” can be interpreted as
“illuminating” the terrain with the interferometric phase pattern.
The true terrain is “sampled” by the range resolution of the radar
(indicated by the iso-range arcs in Fig. 4) which results in a
measured interferogram in radar coordinates.
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Fig. 4. Visualization of the interferometric phase pattern according to (3)
which “illuminates” the terrain (upper left area); the lower right area shows
the phase pattern where the simulated topographic phase has already been
subtracted. The topographic phase is defined by the illumination phase on the
reference surface (here, the ellipsoid) and is constant on iso-range. Therefore, on
constant range, the phase pattern changes equally fast independent on whether
the reference phase has been subtracted or not. The same holds for hamb. The
phase difference along the vector �E defines the height sensitivity kz . In the
upper right box, a phase wrap occurs within one range resolution cell δr which
defines the critical ambiguity height hamb,crit for terrain of the slope ζ. The radar
incidence angle is given by θ.

For the bistatic satellite formation TanDEM-X, consisting of
the two satellites TerraSAR-X and TanDEM-X, several trans-
mit/receive modes exist and each satellite can act as transmitter,
receiver, or both [6], [50], resulting in either bistatic or monos-
tatic images. Considering the bistatic imaging geometry in (3)
gives

Δϕi,ref =
2π

λ

((
Si,TXP + PSi,RX

)− (
Sref,TXP + PSref,RX

))
(5)

with S.,.. being the orbit state vectors of the transmitting and
receiving satellites. The overline indicates the distance between
points. For an interferogram of an arbitrary acquisitions pair
i, j �= “ref,” the phase of the reference cancels out when differ-
encing (5) for i, j like in (4).

For a TanDEM-X single-pass interferogram, formed by two
images i (monostatic) and i′ (bistatic) acquired at the same time,
the simulated topographic phase is

Δϕi,i′ =
2π

λ

⎛
⎜⎝(

Si,TXP+PSi,RX
)

︸ ︷︷ ︸
monostatic two-way range

− (
Si’,TXP+PSi’,RX

)
︸ ︷︷ ︸

bistatic two-way range

⎞
⎟⎠

(6)

with collocated Si,TX = Si,RX = Si’,TX. The computation of (5)
can be done in radar coordinates where the elevation model
represented byP (rg, az) is obtained by inversion of the geocod-
ing lookup table through triangulation and gridding. To avoid
azimuth phase ramps, we shifted the azimuth coordinate of the
orbit state vectors of the coregistered scenes by the azimuth shift
with respect to the reference scene.

D. Residual Topographic Phase

The difference between the measured interferogram
Δϕi,i,′meas and the simulated interferometric phase Δϕi,i′

is the residual topographic phase

ϕres = Δϕi,i,′meas −Δϕi,i′ . (7)

Even though this might be considered as common knowl-
edge [42], [43], we consider it as important here to visualize the
geometry of the residual phase in Cartesian coordinates because
ignoring its geometry during orthorectification seems to be a
frequent pitfall for InSAR DEM generation.

Fig. 4 illustrates that the residual phase ϕres measures the
phase angle between the actual topography (solid line) and the
reference surface (dashed) in the direction along iso-range. The
residual phase describes not a vertical height difference. The
spatial distribution of ϕres in Cartesian coordinates is illustrated
by the colored phase pattern that follows approximately the
curvature of the reference surface in Fig. 4. By definition of (7)
ϕres is zero on the reference surface defined by the external DEM.
The distribution of ϕres in the illustrated geometry is obtained
by the difference between the illuminating phase field (the phase
rays) and the simulated topographic phase field (not shown). The
simulated phase field is constant for iso-range, i.e., orthogonal
to the illuminating phase field and is defined by the value of the
illuminating phase field on the reference surface.

E. Calculation of the Phase-to-Height Conversion Factor kz

The factor kz is used to convert the (residual) topographic
phase ϕres into a height difference Δhres, which could be added
back to the reference surface in order to obtain an elevation
model in radar coordinates. However, the commonly given
equation of the phase-to-height conversion factor

kz =
4π

λ

B⊥
R sin θ

(8)

is an approximation which may deviate by several percent from
the true value (in our data about +7% for baselines B⊥ > 10m
with larger deviations for smaller baselines).

Using approximation (8) can therefore lead to systematic
errors in derived DEMs [a derivation of (8) from (5) can be
found, e.g., in [51, Section 1.8]]. Furthermore, confusion may
arise about the definition of the effective perpendicular baseline
B⊥: for the bistatic mode of TanDEM-X, B⊥ corresponds to the
distance between the monostatic and the bistatic phase centers
which is about half the perpendicular distance between the orbit
state vectors. For monostatic acquisitions, B⊥ corresponds to
the full perpendicular distance between the two orbits. Further
problems arise because kz (as well as θ and B⊥) depends on
height and range as illustrated by the nonparallel iso-phase
planes of φres in Fig. 4. Therefore, kz needs to be calculated
for points as close as possible to the true topography when
not replaced by another higher order method or function; see,
e.g., [52] and also Section III-H.

To avoid systematic errors from approximation (8), we use
(5) to obtain a precise numerical calculation of the phase-to-
height conversion factor kz . For that, we calculate how much
the residual phase at a specific radar pixel location (i.e., with
fixed range and azimuth) changes when its elevation increases
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by a height of 1 m. Under these constrains, we need to shift the
point P by the vector �E as illustrated in Fig. 4. The direction
of �E is determined by the cross section of the iso-range and
iso-azimuth planes. The length of the vector �E must be given
such that �E corresponds to a gain in elevation of 1 m measured
normal to the earth ellipsoid (Fig. 4). Because the direction of
�E is not normal to the earth ellipsoid, the point P ′ defined by
the vector

�P ′ = �P + �E (9)

is located at a horizontal location different from the point P. The
length of �E is defined by the scaling factor kE which can be
determined by the condition

�E ·
�P

|�P |
!
= 1m with �E = kE(�Rref × �Vs,ref). (10)

Recalculating (5) for P ′ results in the desired relation

kz,i =
phase in radian

1 m height difference
=

Δϕi,ref(�P )−Δϕi,ref(�P
′)

1m
.

(11)

This expression is the phase-to-height conversion factor.
Similar to (6), the contribution of the reference scene cancels
out when calculating kz,i,j = kz,i − kz,j for an interferometric
image pair i, j. With that, one can calculate the residual height

Δhres = φres/kz (12)

(in radar coordinates) from the residual phase φres obtained by
unwrapping ϕres, (7). However, when the residual phase does
not show any phase wraps, unwrapping is superfluous.

Due to the curvature of the iso-range planes, (9) describes
a linear expansion for small height differences close to the
reference surface. For large height differences of many hundreds
of meters, kz can be calculated in dependence on, e.g., the
residual phase angle.

F. Height of Ambiguity

Equation (11) can be used to determine the height difference
hamb which corresponds to a phase difference of 2π. Direct
inversion results in the height of ambiguity

hamb =
2π

kz

(
≈ λR sin θ

2B⊥

)
. (13)

The height of ambiguity is often approximated using (8) as
indicated in the parenthesis.

The height of ambiguity remains unaffected when subtracting
the topographic phase from the measured interferogram, (7).
Fig. 4 illustrates that, independent on whether the topographic
phase has been subtracted or not, a phase change of 2π con-
strained to iso-range always corresponds to a height change of
hamb normal to the ellipsoid. The reason is that the simulated
topographic phase field is constant on iso-range and, therefore,
any phase difference measured along iso-range is unaffected by
the topographic phase.

Fig. 5. Illustration of the height change Δhtrue in map coordinates, the height
change Δhres measured in radar coordinates, and the resulting height error
Δherr = Δhres −Δhtrue when the horizontal shift in ground range direction
Δrg is not considered. Left image for terrain slope facing away from the radar
(ζ < 0) and right image for terrain facing toward the radar (slope ζ > 0).

G. Height Calibration and Correction of Residual Phase
Ramps

To correct for possible linear phase ramps in the residual phase
φres, we estimated the ramp by a linear fit in all ice-free terrains
and subtracted the fitted phase plane fromφres. Because the linear
fit can be biased by changes in snow height, we applied a vertical
calibration of the DEM difference Δhres in radar coordinates.
For that, we used nine different locations that were free of snow,
ice, and tall vegetation and that were located in the valleys
northwest and south of the study area shown in Fig. 1. Then
we calibrated Δhres by subtracting the median residual height
of these locations.

H. Orthorectification Based on the Estimated InSAR DEM

An apparently frequently used approach to estimate height
differences over glaciers is to orthorectify the estimated resid-
ual height Δhres derived from the interferogram in slant-range
coordinates using the lookup table obtained from an external
DEM and then to add the orthorectified height difference back
to the external DEM. We like to point out that this approach is
only correct for horizontal terrain and only for elevation changes
which vary relatively slowly in the horizontal direction. For
slopes facing toward or away from the radar, systematic height
errors Δherr appear because the SAR interferogram represents
height differences Δhres measured along the iso-range direction
and not the true height differencesΔhtrue measured in the vertical
direction of the map coordinates. Fig. 5 illustrates the problem.
To avoid such systematic errors, we generated the final DEM
by strict consideration of the slant-range imaging geometry. For
that, we added to every point P of the external DEM (in map
coordinates) the vector �E, scaled by the calibrated residual phase
φres divided by kz

�Pnew = �P + �E
φres(�P )

Δϕ(�P )−Δϕ(�P ′)
= �P +Δhres

�E. (14)

The resulting irregular spaced point cloud �Pnew was then
triangulated and gridded to obtain a regular gridded DEM in
map coordinates. With this method, we obtained a precise esti-
mation of the topography even when the external DEM deviates
significantly from the true topography.



4804 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

The expected height error Δherr = Δhres −Δhtrue can be
derived from Fig. 5. With tan θ = Δhres/Δrg and tan ζ =
Δherr/Δrg, we obtain a relative height error of

hr,err =
Δherr

Δhtrue
= Δhtrue

tan ζ

tan θ − tan ζ
. (15)

I. Loss of Interferometric Coherence

Radar interferometry requires a sufficient similarity of the
two radar images from which the interferogram is calculated.
The similarity can be estimated using the complex normalized
cross-correlation coefficient (the interferometric coherence)

γi,j = |γi,j | exp(ıΔϕi,j,meas) =
〈AiA

∗
j〉√〈|Ai|2〉〈|Aj |2〉

(16)

where Ai, Aj are the SLC pixel values of the radar images
i and j, 〈·〉 is a spatial averaging operator, ∗ denotes the
complex conjugation, and ı =

√−1 is the complex unity. The
phase of the coherence Δϕi,j,meas corresponds to the measured
interferogram.

To avoid coherence loss due to strong phase gradients, we
subtracted the simulated interferometric phase, (6), by replacing
the nominator 〈AiA

∗
j〉 in (16) by 〈Aie

−ıΔϕi,jA∗
j〉 so that the

coherence returns the residual phase ϕres. To reduce phase noise
in acquisitions with small baselines, we used a relatively large
spatial window of 11×11 px (full width of half maximum of a
2-D Gaussian smoothing kernel) in 〈·〉.

The coherence can be significantly reduced for terrain which
shows a vertical variability close or larger than hamb which
was not “flattened” by the simulated topographic phase or for
materials where the volume scatters over a similar large height
range. Hence, coherence loss can occur already for much smaller
baselines than the critical baseline (Section III-J).

The TanDEM-X data over Aletsch Glacier were acquired
in two polarizations (HH and VV) because the HH-VV phase
difference provides information about the snow structure [33],
[35]. However, we expect no significant penetration difference
between the two different polarizations. To benefit from both
polarizations for DEM generation, the complex coherence was
calculated for each polarization separately and was then av-
eraged. Despite the fact that the HH and VV polarization are
not completely statistically independent (the magnitude of the
HH-VV coherence ranges between 0.5 and 0.7 for snow over
soil [34]), averaging helped for phase noise reduction. An anal-
ysis of differences between the two polarization is described in
Section V-D.

J. Critical Baseline

The effective critical baseline [23], [53], [54] is given by

Bcrit =
fbwλR tan(θ − ζ)

c
(17)

where ζ > 0 is the terrain slope facing the radar (ζ > 0 facing
off the radar), fbw is the frequency bandwidth of the radar, and
c the speed of light. For our bistatic data (fbw = 150 MHz, θ =
32.2◦, andR = 580 km), the effective critical baseline isBcrit =
5.7 km corresponding to a perpendicular distance of 2Bcrit =
11.4 km between the satellites [50].

Fig. 6. Illustration of the used method for range common-band filtering. (a)
Range spectra of two SLCs (in gray and black) and spectra of two halves of the
topographic phase ± 1

2Δϕref (in blue and cyan). (b) After topographic phase
removal, the range spectra of the SLCs are misaligned. (c) Range spectra of
the common-band filtered SLCs show a reduced bandwidth and are reweighted
according to the wave number fs of the topographic phase. (d) After topographic
phase removal, the spectra of the common-band filtered SLCs show an optimal
overlap.

At the critical baseline, the interferometric coherence is
completely lost because the interferometric phase wraps al-
ready within a single slant-range resolution cell of length δr =
c/(2fbw). This follows directly when inserting (17) into (13)
resulting in the “critical height of ambiguity”

hamb,crit =
c

2fbw

sin θ

tan(θ − ζ)
= δr

sin θ

tan(θ − ζ)
. (18)

As illustrated in the inset of Fig. 4, the terrain of slope ζ
captured by the resolution cell of length δr is then illuminated
by a radar beam which has the angular width corresponding to
an interferometric phase difference of exactly 2π. The elevation
gainhamb,crit along the illumination arc length of δr/ tan(θ − ζ),
which is parallel to �E, follows by multiplication with sin θ.

K. Range Common-Band Filtering

When subtracting the simulated topographic phase from the
large baseline interferograms, as described in Section III-I, a
significant wave number shift [55] can occur. The reason is that
the large phase gradients of Δϕi,j misalign the range spectra
of each interferometric SLC pair by the corresponding fringe
frequency fs (units: phase cycles per pixel) as illustrated in
Fig. 6(a) and (b). The misaligned spectra result in a reduction
of the interferometric coherence. To obtain fully overlapping
range spectra and to improve the coherence of the large-baseline
acquisitions, we implemented a fringe-adaptive range common-
band filter [56]–[58] based on patchwise processing of the SLC
pairs before coherence calculation. As shown in Fig. 6(d), our
common range filter ensures an optimal overlap of range spectra
after the phase ramps of the synthetic phase have shifted the
SLC spectra. Furthermore, our filter preserves the original shape
of the range spectra which avoids sidelobes or blurring of the
images.
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For implementation, we first estimated the global spectral
weighting function from the range spectrum of an SLC pair and
also the excess bandwidth fex originating from the oversampled
SLC data [Fig. 6(a)]. To locally estimate the wave number shift,
the coregistered image pair was split into overlapping blocks of
100 × 100 pixels weighted by a Gaussian window to provide
smooth transitions between the blocks. For each block pair, the
wave number shift fs was calculated from the fringe frequency
of the corresponding simulated phase (optionally also directly
from the measured interferogram). After FFT of the blocks, all
frequencies are given in wave numbers per pixel (px−1); no
information about system frequency or pixel spacing is required.
To apply the wave number shift to each block pair, we first flat-
tened the spectrum by removing the global weighting function.
Then, we computed identical spectral weights by scaling the
bandwidth bw = 1− 2fex of the global weighting function to
the width bw,filtered = 1− fs − 2fex of the overlapping spectrum.
Then, the new spectral weighting functions were shifted against
each other by fs and were multiplied with the flattened spectrum
of the two corresponding blocks. No frequency or phase shifts
were applied to the range spectra during filtering as we only
reweighted the spectra. During calculation of the residual phase,
the multiplication with the simulated topographic phase shifts
the filtered spectra such that after filtering, the spectral overlap
is optimal and follows the original spectral weighting function
(e.g., a hamming window), however, with a reduced bandwidth
[Fig. 6(d)].

IV. METHOD II: OFFSET TRACKING

Our velocity estimation is based on patchwise incoherent off-
set tracking [36] implemented by cross-correlation of intensity
images in dB. To reduce radar speckle, the intensity images
were obtained by averaging the backscatter intensity from the
four SLC images contained in a dual-pol CoSSC TanDEM-X
pair. Offset tracking was performed in map coordinates of 2 m
resolution using a patch size of 96×96 pixels (200×200 m).
To obtain a denser sampling of the velocity vectors, we used
an overlap of 75% resulting in a spatial sampling distance of
32× 32 pixels (50 m) of the velocity maps.

The peak position of the 2-D cross-correlation function was
determined with subpixel accuracy [44] and converted to veloc-
ity. The quality of the cross-correlation function follows from a
combination of factors but is mainly determined by the height
of the correlation peak above the noise floor. The quality factor
q ranges between 0 and 1 and velocity estimates with q > 0.5
are usually reliable.

As illustrated in Fig. 2, acquisitions are not equally spaced
due to some missing acquisitions. To obtain more complete time
series of velocity estimates, we run offset tracking for all pairs
with 11, 22, and 33 d time difference and for 44 d where larger
gaps exist between the acquisitions. In total, we obtained 89
pairs with Δt = 11 d, 87 pairs with Δt = 22 d, 77 pairs with
Δt = 33 d, and 5 pairs with Δt = 44 d.

A. InSAR-Based Orthorectification of Backscatter Intensity

The seasonal and long-term mass dynamics of glaciers make
external DEMs almost always outdated. As a consequence,
the DEM heights can deviate many tens of meters from the

true topography resulting in horizontal orthorectification shifts
of the same order of magnitude as the vertical errors which
can strongly affect velocity estimates. To date, TanDEM-X is
the only SAR mission which provides a high-resolution DEM
and high-resolution radar images for exactly the same acqui-
sition time. Therefore, the satellite formation can provide 3-D
backscatter point clouds which can be projected into any desired
geometry.

To demonstrate the feasibility of the InSAR-based orthorec-
tification and to analyze the influence on velocity estimates, we
generated two different time series of orthorectified backscatter
images. For the first series, we used the common way of orthorec-
tification based on the external DEM (swissALTI3D). To avoid
distortions due to a strong local micro-topography like crevasses,
we applied a Gaussian low-pass filter with a full width of half
maximum of 50 m to the orthorectification lookup table. For
the second series, we applied an InSAR-based orthorectification
of the backscatter intensity using (14) which corresponds to
orthorectification using the TanDEM-X DEM generated for the
associated acquisition date. In this case, the backscatter signal
is orthorectified to the depth of the interferometric phase center
which is, by definition, the location where the most backscatter
return originates from. With this method, changing penetration
depths do not appear as a range-displacement. To reduce dis-
tortions due to phase noise of the interferograms as much as
possible, we smoothed the residual height Δhres with a 200 m
low-pass filter, corresponding to the size of the cross-correlation
window.

V. ANALYSIS

A. Validation of Generated DEMs

Because of the significant retreat of Aletsch Glacier, the
swissALTI3D, generated from data from around 2009, could
not be used for validation of the generated DEMs. Therefore,
we used the GPS measurements acquired during the field trip
on May 06/07, 2019 and compared the measured heights with
the InSAR DEM generated from the acquisition of May 07,
2019 (hamb = 25 m). During the field trip, snow conditions were
generally dry with temperatures slightly below zero indicating
that penetration into snow can occur. To correct for the penetra-
tion bias, we added the snow depth measured in the field to the
TanDEM-X heights.

In addition, we compared our results from April 06, 2013 with
the DEM difference and kz obtained with the GAMMA software
for the same acquisition.

B. Spatial and Temporal Analysis of DEM Time Series

To evaluate the spatial and temporal variability of elevation
changes of Aletsch Glacier, we applied a pixelwise robust linear
fit [59] to the winter acquisitions (October 1 to April 1) of the
DEM time series. We limited the fit to winter acquisitions to
avoid a bias from the higher availability of summer acquisitions
in the first two observation years (2011 and 2012). Acquisitions
with a very low height sensitivity (hamb > 1500 m; see Fig. 2)
were excluded from the analysis. The slope of the fit represents
the annual height loss of the glaciers in the Aletsch region. As
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Fig. 7. Validation of the InSAR DEM of May 07, 2019 with GPS field
measurements from May 06, 2019 and May 07, 2019. The InSAR DEM was
corrected by field-measured snow heights over ice (blue asterisks). Gray dots
indicate the difference to GPS heights without correction for snow penetration.

Fig. 8. Cross comparison of orthorectification of the scene from October 30,
2019 with features indicated by the white dotted line (lakes, glacier outline)
derived from Sentinel-2 imagery from October 17, 2019. Left: orthorectifica-
tion using the swissALTI3D; right: InSAR-based orthorectification using the
TanDEM-X DEM from October 30, 2019.

the time series span 9 years, the bias from a varying penetration
depth and from a seasonal height variability should be negligible.

For three representative locations, Ewigschneefeld in the ac-
cumulation zone (3350 m a.s.l.), Konkordiaplatz in the cen-
ter of the glacier (2600 m a.s.l., 400 m below the long-
term equilibrium-line altitude [60]), and on the glacier tongue
(1950 m a.s.l.), we selected a square area of 800, 1000, and
600 m side length ( Fig. 9). For these areas, we plotted DEM
time series showing the cumulative average height loss relative
to the height measured in the first observation year (2011). To
obtain an estimate for the height accuracy within each area and
for each acquisition, we calculated the standard deviation of the
difference between each DEM and the temporal mean of all
DEMs. As an indicator for dry and wet snow, we also calculated
for each area the average backscatter signal (both polarizations
HH and VV averaged). The threshold to distinguish between dry
and wet snow was subjectively chosen about 2–4 dB below the
winter backscatter signal.

Fig. 9. Mean annual height change of Great Aletsch Glacier from InSAR-
based orthorectification. Dark areas indicate low coherence due to radar layover
or shadow. Height change time series of the three rectangles are presented in
Fig. 11. In the lower left corner, Oberaletschgletscher is visible whose tongue is
strongly debris covered. The inset in the upper right corner presents an example
of artifacts on steeper terrain (red) originating from the orthorectification of DEM
difference Δhres without considering the correct geometry of Δhres (Fig. 5).

To obtain elevation-dependent height change profiles
for Great Aletsch Glacier and also for the smaller
Oberaletschgletscher, we used the TanDEM-X DEMs between
November 2015 and February 2016 to generate contour bands
of each 10 m height. For each glacier, we generated a mask of
the visible area. Then we calculated for each elevation band the
mean height change and the corresponding standard deviation
based on the data of the above described robust linear fit.

C. Analysis of the Velocity Fields

To generate an almost complete velocity field of Grosser
Aletsch Glacier, we used all velocity maps generated with
Δt = 11d. From these maps, we calculated the componentwise
(x, y) median for velocity vectors with a quality factor q > 0.5.

The success rate of velocity estimates by cross-correlation
depends strongly on the persistence of trackable surfaces fea-
tures. To study for which regions velocity estimates are most
successful, we calculated the percentage of velocity estimates
with a quality factor q > 0.5 for Δt = 11, 22, and 33 d.

To extract a seasonal variability of the velocity, we calculated
monthly statistics over the two regions which showed the highest
success rate of velocity estimates (Eggishorn, ice fall). The
monthly statistics are based on the average acquisition time of
each correlation pair and on the median velocity within each
region of interest. For calculation of the median, we used only
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velocity estimates with q > 0.5 and with time intervals between
22 and 44 d. The median window was 400 × 400 m (ice fall)
and 300 × 300 m (Eggishorn) corresponding to 8 × 8 and 6 × 6
velocity samples.

To estimate a long-term trend in the velocity, we fitted a
robust linear fit to all winter velocities (October 1 to April
1). We excluded summer velocities to avoid a bias as summer
acquisitions exist only for 2011–2013.

To analyze how the two orthorectification methods (constant
external DEM vs. up-to-date InSAR DEM, Section IV-A) affect
velocity estimates, we compared the monthly velocity for each
of the two generated image series.

D. Consideration of the HH and VV Polarization

To assess any possible height differences between the HH
and VV InSAR DEMs, we analyzed for two representative
areas, Konkordiaplatz and Ewigschneefeld (Fig. 9), the phase
differences of the corresponding interferograms. As the mean
phase difference over the two areas never exceeded 1◦, we
considered this difference to be negligible.

However, snow cover can strongly affect the polarimet-
ric response, especially the copolar phase difference CPD =
ϕVV − ϕHH [33]. Therefore, we calculated time series of the
CPD, the copolar coherence γVV,HH, and the HH/VV backscatter
ratio σHH/σVV for the two sites. To obtain a positive correlation
between between γVV,HH and the backscatter ratio, we calculated
the ratio HH/VV instead of VV/HH. For calculation of the
CPD, the backscatter alignment convention causes a 180◦ phase
shift when calculated for the receive-only satellite in a bistatic
acquisition pair [33, Section 3.3]. Therefore, we calculated the
CPD from the data of the bistatic transmitter.

The variability of the CPD can be difficult to interpret, but
recent modeling shows a good agreement with both radar and
computer tomographic measurements [35]. They show that snow
settling after snow fall causes horizontal structures in the snow
pack driving the CPD toward positive values, whereas a vertical
temperature gradient causes metamorphism of the ice grains to-
ward a preferentially vertical orientation driving the CPD toward
negative values. Because of these findings, positive changes of
the CPD can be used as a proxy for snow accumulation. For that,
we calculated the cumulative sum of positive phase differences
from October 1 to end of May

ΣΔCPD+ =
∑

i∈Oct–May

max (CPDi − CPDi−1, 0) (19)

and compared ΣΔCPD+ with the cumulative sum of the
monthly winter precipitation.

VI. RESULTS

A. Validation of DEMs and InSAR-Based Orthorectification

The comparison of the TanDEM-X heights to the GPS mea-
sured heights in Fig. 7 shows that the TanDEM-X heights
underestimate the GPS heights by several meters (gray bullets).
However, the difference is close to zero when the InSAR DEM
is corrected by the snow height measured in the field (blue aster-
isks). The root mean square error (RMSE) between snowdepth-
corrected TanDEM-X heights and field measurements is 1.5 m.

For most of the uncorrected elevations above Konkordiaplatz
(>2700 m), the TanDEM-X heights are up to 10 m below
the GPS heights which we attribute to microwave penetration
into the firn in the accumulation zone. There, the snow depth
exceeded the length of the avalanche probe (2.6 m) and could
therefore not be measured.

For validation of the orthorectification, we compared two
orthorectified radar backscatter images of the glacier tongue
(Fig. 8), acquired on October 30, 2019 with features extracted
from a Sentinel-2 image (October 17, 2019, θ = 4.5◦). As
expected, when using the outdated swissALTI3D from 2̃009,
horizontal shifts of 80–100 m appear. In contrast, the InSAR-
based orthorectification shows only shifts on the resolution level
of Sentinel-2 (10–20 m).

In the comparison to results obtained using the GAMMA
software, we found a systematic (but for our study, negligible)
deviation of 1.3±0.015% for kz . As the source code of the
GAMMA software is not available to us, we can only speculate
that the deviation might result from the fact that we halved the
distance of the orbit state-vector (bistatic receiver and bistatic
transmitter) in the baseline parameter file of our processing
pipeline originally designed for monostatic interferograms. For
the height difference in radar coordinates, we obtained very com-
parable results (RMSE: 1.5 m for height differences reaching
up to 50 m). To avoid horizontal shifts in mountainous terrain
(Fig. 5) causing artifacts like shown in the inset of Fig. 9, it
seems important to us to transform the InSAR-based height
(in slant-range coordinates) correctly into map coordinates by
updating the orthorectification lookup table using the GAMMA
function gc_insar.

B. Average Elevation Loss

From the large number of elevation models, we obtained a map
of the mean annual elevation change by pixelwise regression
(Section V-B), shown in Fig. 9 for the period between 2011
and 2019. The figure was overlaid with the mean coherence of
all interferometric pairs. Dark areas indicate regions with low
coherence which are mainly areas affected by layover or radar
shadow. Aletsch Glacier shows the strongest elevation loss of
about 6–8 m a−1 over the very end of the tongue. For the area
average, we obtained an elevation loss of 1.54 m a−1 over the
total observed area of 59 km2, corresponding to a total volume
loss of 91× 106 m3a−1 in this area.

Fig. 10 shows the elevation-dependent height loss of Great
Aletsch Glacier and of Oberaletschgletscher. The height loss
profile of Aletsch Glacier is characteristic for a glacier which
experiences strongly imbalanced conditions due to strongly
increased surface melt at elevations below 3200 m. Reduced
precipitation can be excluded as above 3200 m, the annual mass
balance is close to zero. In contrast to Aletsch Glacier, the height
loss of Oberaletschgletscher on its tongue (between 2150 and
2400 m) is almost half of that of the area area above (between
2400 and 2700 m). From field visits and satellite imagery,
we know that the tongue of Oberaletschgletscher is strongly
debris covered, while the tongue of Aletsch Glacier exposes
mostly bare ice causing stronger melt. Therefore, we attribute
the reduced height loss to the insulating effect of debris covered
on the tongue of Oberaletschgletscher.
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Fig. 10. Elevation-dependent height loss of Great Aletsch Glacier and
Oberaletschgletscher calculated for 10 m elevation bands (solid line) with
standard deviation (thin lines). Oberaletschgletscher (red) shows a reduced
elevation loss below 2400 m due to debris covered on its tongue.

In Fig. 11, we observed a cumulative elevation loss of about
2.5 m in the upper accumulation area (Ewigschneefeld, 3350 m),
about 30 m at Konkordiaplatz, and almost 60 m at the glacier
tongue within the 9 years between 2011 and 2019. The annual
height loss for the three sites, given in Fig. 11, is also indicated
by the dashed line (robust linear fit). All three sites show an
accelerated height loss as indicated by the negative curvature of
the dotted line (second-order polynomial fit).

C. Seasonal Variability

Fig. 11 shows a strong seasonal height variability with an
apparent height loss of over 10 m during summer and a similar
height gain in spring. Interestingly, the minimum height is
reached every year between December and January (vertical
gray dashed lines) which is already in the middle of the ac-
cumulation period (October–May, gray shading in Fig. 11). The
reason is the penetration of microwaves into the snow which
is freezing progressively below the summer surfaces. This is
supported by the abrupt increase of the interferometric phase
center in spring (green elevation dots in Fig. 11) which result
from the negligible microwave penetration depth into wet spring
snow compared to the dry winter snow. Wet snow (green dots)
was detected when the radar backscatter intensity drops below
the winter signal (the dashed line in the lower panels of Fig. 11
shows threshold values).

D. Penetration Depth Into Dry Snow

When a cold, dry snow pack suddenly starts to melt, the
increase of the interferometric phase center can be used to
estimate the penetration depth of X-band microwaves into dry
snow. For example, in April 2013, a series of three TanDEM-X
acquisitions with a sufficiently small hamb of 61, 81, and 133 m
captured the onset of snow melt during which temperatures
increased by +10 K with little precipitation [Fig. 12(b)]. The
two meteostations BLA and FIT measured in average about
30 mm precipitation between each two of the acquisitions,
corresponding to 15 cm of snow at a snow density of 0.2 g cm−1.
As precipitation does not increase significantly with elevation
in the Alps [39], the height bias due to fresh snow should be

Fig. 11. Evolution of the interferometric phase center height at three selected
locations: Ewigschneefeld (3350 m), Konkordiaplatz (2600 m), and the glacier
tongue (1950 m). In the upper panels, the dashed line indicates a robust linear
fit to winter acquisitions (October 1 to April 1); the dotted lines indicate a
second-order polynomial fit. The backscatter signal in the lower panels shows
distinct dips during snow melt for which the phase center reaches the highest
value every season (green dots). Gray dots indicate backscatter values for which
height values are not shown because of a very large HoA > 1600m. The gray
shading indicates the winter season from October 1 to June 1.

negligible compared to the height change of 2–6 m observed in
Fig. 12(c). The height between April 6, 2013 and April 17, 2013
increases with elevation up to a mean height change of 4 m. For
higher elevation above 3300 m, the height change decreases as
the snow surface remained partially dry here. This is indicated
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Fig. 12. In spring 2013, the onset of snow melt was captured by three TanDEM-
X acquisitions (April 6, 17, and 28) indicated by gray bars in (a) and (b). During
the first two acquisitions, the temperature increased by +10 K leading to surface
melt over major parts of the glacier. The elevation difference observed at the
transition from dry to wet snow conditions, blue in (c), can be interpreted as a
change in penetration depth (blue line: mean height change per elevation band;
blue area: standard deviation). The black dashed line indicates a height of 3200 m
below which the backscatter signal dropped by more than 2 dB indicating the
transition from dry to wet snow. The red line indicates the height difference
between the later two acquisitions which both had wet snow conditions.

by the vertical black dashed line in Fig. 12(c) which indicates the
elevation above which the backscatter between April 6, 2013 and
April 17, 2013 remained fairly constant and dropped less than
2 dB. Below the dashed line, the backscatter intensity dropped
up to 8 dB.

For comparison with these results, we also analyzed the later
acquisition pair of April 17, 2013 and April 28, 2013 during
which temperatures remained warm and about 30 mm precip-
itation fell again. The red curve in Fig. 12(c) shows that the
elevation-dependent height change is close to zero (area-mean
of +0.23 m). As snow conditions did not change much between
the second and third acquisitions, we attribute the entire height
change between April 6 and 17 to penetrate into snow.

E. Height Change in Radar Coordinates vs. Map Coordinates

In Section III-H about the InSAR-based orthorectification,
(15) describes the relative height error hr,err which results when
the slant looking geometry is not considered during orthorec-
tification of the height change Δhres measured in radar coor-
dinates. To assess the validity of (15), we calculated hr,err =
(Δhres −Δhtrue)/Δhtrue using, for Δhtrue, the data shown in
Fig. 9 (InSAR-based orthorectification) and for Δhres, the cor-
responding data without considering the slant looking geometry
(shown in the inset of Fig. 9). Fig. 13 shows that relative height
errors hr,err larger than 10% occur already for terrain slopes
|ζ| > 5◦ and that the error increases quickly above 50% for
slopes facing the radar (ζ > 0). The error diverges to infinity
when ζ approaches the radar incidence angle θ (transition to
layover). Fig. 13 highlights the importance of a correct InSAR-
based orthorectification of radar DEM differences.

F. Baseline Dependence of Coherence

For InSAR DEMs, the vertical precision generally increases
when the height of ambiguity hamb decreases. However, when

Fig. 13. Significant height error occurs when the slant-range radar geometry is
not considered during orthorectification ofΔhres measured in radar coordinates.
The terrain slope ζ is measured in the slant-range plane (see Fig. 5).

Fig. 14. (a)–(c) Decay of interferometric coherence (average of γVV and γHH)
for increasing baselines at three different sites with different snow and ice
conditions. For Konkordiaplatz, (a) up to 4 m of snow accumulate over bare
ice in winter. Ewigschneefeld (b) is located in the accumulation zone with deep
firn. The ice fall (c) is dominated by large and deep crevasses covered by a
few meters of snow. Dots are colored according to the backscatter intensity σ0.
(d) Coherence image after range common-band filtering for the large baseline
acquisition on April 24, 2015 (B⊥ = 1032m). (e) Coherence histogram of the
data shown in (d) for unfiltered and range common-band filtered coherence.

hamb is too small, a significant loss of coherence can occur.
Fig. 14 shows the dependence of the interferometric coherence
on the effective baseline for three different sites. At Konkor-
diaplatz [Fig. 14(a)], the coherence is above 0.5 for all baselines
smaller than 500 m (hamb > 9.6 m). Konkordiaplatz is covered
by 2–4 m of snow in winter and is ice-free in summer so that
little volume decorrelation occurs. For Ewigschneefeld, covered
by deep firn in the accumulation area, the surface melts every
summer but refreezes such that cold firn can exist to a depth
of around –15 m [61]. Here, the coherence decays slightly
faster [Fig. 14(b)] and drops below 0.5 forB⊥ > 420 m (hamb <
11.5 m). At the ice fall where the glacier Ewigschneefeld drops
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down to Konkordiaplatz [Fig. 14(d)], very large and deep
crevasses exist. Due to this strong topographic variations, the
coherence in Fig. 14(c) drops already below 0.5 forB⊥ > 220 m
(hamb < 21.9 m). This is much smaller than the critical baseline
Bcrit = 5.7 km [see (17)] for which even perfectly flat terrain
shows a complete coherence loss. These results illustrate that
for DEM generation of glaciers, the amplitude of short-range
topographic variations is very relevant and baselines with a very
small hamb do not provide meaningful height information. In
agreement with [22], we think that hamb less than 20 m are not
of advantage for glacier monitoring.

G. Range Common-Band Filtering

To improve the coherence of the large baseline acquisitions in
spring 2015, we applied the range common-band filter described
in Section III-K. The large effective baselines of B⊥ = 1034m
are at 18% of Bcrit, (17), resulting in a strong reduction of
the coherence. Fig. 14(d) shows a coherence image of Konkor-
diaplatz after range common-band filtering; Fig. 14(e) shows the
corresponding histogram of the unfiltered and filtered coherence.
Over Konkordiaplatz, we obtained an coherence increase by
+0.15 from 0.68 to 0.83 with the topography-adaptive filtering
method described in Section III-K.

H. Velocity Maps

The median velocity of Great Aletsch Glacier for the period
2011–2019 is shown in Fig. 15 on top of the backscatter in-
tensity. The shown velocity was derived from backscatter data
orthorectified with the swissALTI3D. At the steepest part of the
glacier, at the ice fall, the velocity reaches up to 0.8 m d−1. Below
Konkordiaplatz, the maximum velocity is 0.4 m d−1, and near
Eggishorn, the velocity is 0.29 m d−1. Contour lines indicate
velocity intervals of 0.05 m d−1.

The success of intensity tracking depends on the visibility
of trackable features. Fig. 16 shows that for Δt = 11d, only
the glacier tongue near Eggishorn and the ice fall, where large
crevasses are present, could be tracked with almost all of the 89
available image pairs. In contrast, in the accumulation area at
Ewigschneefeld, where deep smooth firn is present, only 5%–
10% of image pairs lead to successful velocity estimates. In
average, we obtained for 86% of the entire area, reliable results
with a quality q > 0.5. When increasing the time interval to
Δt = 22 and 33 d, we still obtained in average 81% and 77% of
successful velocity estimates.

Of the entire analyzed time series, the image pair of November
17, 2011 and November 28, 2011 showed, by far, the best
correlation and a coverage of 92%. November 2011 was the
driest November since over 150 years and no precipitation fell
in entire Switzerland between November 9, 2011 and November
30, 2011 [62]. This image pair even has a reasonable 11-d
repeat-pass coherence (not shown) over several parts of the
glacier which could even allow for coherence tracking or speckle
tracking [36] in the accumulation zone above the ice fall.

I. Validation of Velocity Measurements

The validation of the annual median velocity field (2011–
2019), Fig. 15, with the field data from May 2019 shows a good

Fig. 15. Median velocity of Great Aletsch Glacier and adjacent glaciers from
offset tracking using 89 TanDEM-X intensity image pairs with 2 m resolution,
Δt = 11 d, a patch size of 96 × 96 pixels, and a quality threshold q > 0.5.

correlation with an RMSE of 0.04 m d−1. Summer acquisitions
show a stronger scatter, but only a few summer acquisitions were
available. Shows a good correlation with an RMSE of 0.04 m
d^{-1} (Fig. 17)

J. Seasonal Velocity Analysis

For the two locations, the glacier tongue near Eggishorn and
the ice fall, almost all image pairs achieved successful velocity
estimates (black boxes in Fig. 16). Therefore, we used these two
locations to analyze the two generated sets of velocity times
series, once obtained from backscatter images orthorectified
using the swissALTI3D (gray dots in Fig. 18) and once using
the InSAR-based orthorectification described in Section IV-A
(black dots in Fig. 18). At first glance, both datasets show very
similar results [Fig 18(a)]: At the ice fall, we observe a mean
velocity of 0.61± 0.04 m d −1. At Eggishorn, the mean velocity
is 0.29± 0.04 m d−1. At the ice fall, a robust linear fit to the
9 years of winter acquisitions (October 1 to May 1) indicates a
velocity decrease of –5.0 mm d−1 a−1 and for Eggishorn, we
obtain a velocity decrease of –5.9 mm d −1 a−1.

At second glance, when looking at the monthly mean veloci-
ties [Fig. 18(b) and (c)], both locations show that the summer ve-
locity is about 0.1 m d−1 higher than winter velocities. However,
the speedup in spring is less pronounced for the InSAR-based
orthorectified image series (black symbols), compared to the or-
thorectification using the constant swissALTI3D (gray symbols)
for which the lowest velocities are observed in March and April
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Fig. 16. Probability p (in %) for successful velocity tracking using 89 image
pairs with Δt = 11 d. In contrast to the ice fall and the glacier tongue,
where crevasses are visible all year, the velocity of the accumulation area at
Ewigschneefeld can only by tracked by 5%–10% of all image pairs.

Fig. 17. Validation of the median satellite velocity data from Fig. 15 (Δt =
11d) using GPS data acquired between April 30, 2019 and May 7, 2019 at the 23
locations shown in Fig. 1 and listed in Table II. Gray lines indicate the velocity
standard deviation.

(at the onset of snow melt) and the highest velocity in June/July
during snow melt. The reason for this discrepancy is the dynamic
of the observed surface height (i.e., of the interferometric phase
center) which appears closer to the radar at the onset of snow
melt (transition from dry snow to wet snow) resulting in an
apparent velocity bias toward the radar. During snow and ice
melt in summer, the observed height moves away from the radar

Fig. 18. (a) Velocity time series for Eggishorn and for the ice fall. Gray data
points are velocity estimates using the constant swissALTI3D for orthorectifi-
cation; black data points are velocity estimates using dynamic InSAR-based
orthorectification. (b), (c) Seasonal velocity variations at the two locations.
Numbers indicate the number of acquisition pairs used to compute the monthly
mean velocity; error bars indicate the standard deviation.

causing an apparent increase of the velocity in the ground range
direction (toward west for our descending acquisitions). The
lowest velocity for the ice fall are observed in October. The com-
parison of the two velocity datasets in Fig. 18(b) and (c) high-
lights that variations of the microwave penetration and surface
height can significantly bias monthly SAR velocity estimates,
whereas InSAR-based orthorectification using TanDEM-X data
can provide trackable 3-D backscatter point clouds that allow
for generation of unbiased velocity estimates. The bias is only
significant when the height variations of the phase center are not
negligible compared to the horizontal displacement. Therefore,
phase center height variations affect mainly monthly velocity
estimates but little annual mean velocities.

K. Correlation Between Snow and HH and VV Polarization

Fig. 19 shows time series of the CPD, the copolar coherence
γVV,HH, the backscatter ratio σHH/σVV, and the cumulative CPD
according to (19) together with monthly and seasonal mean
temperatures and precipitation. As already observed in [33] and
[34], the CPD is close to zero in summer [Fig. 19(a)] when mi-
crowaves do not penetrate the wet snow cover (Ewigschneefeld,
red) or the bare ice (Konkordiaplatz, black). In winter, the CPD
increases with snow fall and peaks during or after months with
the most intense precipitation. Temperature gradient metamor-
phism [35] and snow melt decrease the CPD signal. As an
increasing CPD correlates with fresh snow [34], we plotted
the cumulative CPD ΣΔCPD+ [see (19)] together with the
cumulative precipitation (scaled by a factor of 0.15) and obtain
similar trends at least in seasons where the acquisition time series
do not show large temporal gaps (e.g., winter 2013/2014). These
reasonably similar trends provide a simple mean to estimate
the snow accumulation, even though we did not consider any
underlying processes of snow metamorphism [35] which depend
mainly on the temperature gradients in the snow pack. Also, we
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Fig. 19. Sensitivity of dual-pol data to snow conditions in winter (October1
to June 1, gray shading) and summer (no shading) for Ewigschneefeld (red
dots) and Konkordiaplatz (black dots). (a) CPD increases temporarily with
snowfall but decreases during periods of dry and cold weather due to temperature
gradient metamorphism [35]. (b) Copolar coherence γVV,HH decreases every
winter due to increased penetration into snow and firn where volume scattering
occurs. (c) HH/VV backscatter ratio is very close to unity (0 dB) but shows
some correlation with γVV,HH. (d) Cumulative, positive temporal changes of
the CPD roughly correlate with the cumulative amount of dry precipitation
(dotted blue line) in winter. (e) Monthly mean air temperature and (f) monthly
precipitation; horizontal bars indicate the summer (June–September) and winter
(October–May) mean air temperature and precipitation.

did not consider CPD changes due to varying penetration which
could provide a considerable potential to improve estimations
of snow accumulation based on the CPD. For example, the CPD
close to zero in spring 2013 [Fig. 19(a)] for Ewigschneefeld
results from the transition from dry to wet snow analyzed already
in Section VI-D. This transition is indicated in Fig. 19(b) by the
peak in copolar coherence indicating low penetration and also
by drop of the absolute backscatter in Fig. 11(b) indicating wet
snow.

The shown CPD was derived from the monostatic satel-
lite (active transmitter of TanDEM-X). For the CPD from the
receive-only satellites (bistatic, passive receiver), we observed
the expected 180◦ phase shift (Section V-D) but surprisingly only
for acquisitions between 2011 and 2016. In 2017, the expected
phase shift between both satellites disappeared.

The copolar coherence is around 0.6,...,0.8 during summer
and snow melt where mainly surface scattering occurs, but it
decreases to 0.3 in winter by increasing volume scattering. The
HH/VV backscatter ratio is small. It increases in early winter by
0.5–1 dB but decreases during the remaining winter.

VII. DISCUSSION

A. Ice Loss in a Warming Climate

Like all glaciers in the European Alps Aletsch Gletscher is
strongly retreating while air temperatures are rising especially

in the higher mountains. The annual area mean temperature
for northern Switzerland above 1000 m a.s.l. [63], [64] were
2.3 ◦C above preindustrial temperatures during our study period
(2011–2019). In our TanDEM-X dataset, we have observed an
elevation loss between –8 y−1 on the tongue at 1700 m a.s.l.
which gradually decreases to –1 y−1 on 3000 m indicating a
strongly imbalanced state. For all elevation zones, we observed
an accelerated ice loss based on elevation models from nine
winter seasons. A study from 2011 [37] provides simulations
of the future evolution of Great Aletsch Glacier which show
different height loss rates depending on the chosen climate
scenario. However, a more recent study from 2019 [38] found a
remarkable agreement between simulation results of the median,
the most, and the least glacier friendly climate scenario until
2050; however, they also found a strong spread afterwards until
2100 ranging between 60% and almost complete loss of the
entire ice mass. Due to the remarkable agreement between
simulations, we consider our observation period 2011–2019 as
too short to draw substantial conclusions which of the used
scenarios matches best.

B. Optimal InSAR Acquisitions for Glaciological Applications

SAR missions like TerraSAR-X can provide high-resolution
imagery well suited for velocity tracking. Flying in a bistatic
formation, the TanDEM-X InSAR mission can additionally pro-
vide time series of elevation models allowing for observations
of the dynamics of surface elevation changes. However, varying
surface properties resulting in different penetration depths make
interpretation of DEMs acquired on a single date difficult. In
this study, we observed penetration depths of 2–6 m in the accu-
mulation zone at about 3300 m a.s.l. Several methods have been
proposed to estimate this penetration depth based on correlations
between penetration, backscatter signal, and interferometric co-
herence; see, e.g., [18] and [19]. In our polarimetric dataset, we
observed that also the copolar coherence γVV,HH shows a sea-
sonal dependence which could provide an additional parameter
to estimate the penetration depth. The copolar phase, in contrast,
varies strongly with snowfall and temperature [35] and seems
not to be useful for penetration estimates. Nevertheless, it can
be used as a proxy for snow accumulation when dense enough
time series with repeat interval not much larger than 11 d are
available [33].

For estimation of the multiyear trend of surface height
changes, single-pass InSAR DEM time series can provide pre-
cise estimates when a sufficient number of acquisitions is avail-
able. Despite penetration, in our DEM time series analysis, the
surface height seems to be most stable in winter. Therefore, we
think that multiyear time series consisting of winter acquisitions
could provide the most reliable long-term radar height change
estimates, whereas acquisitions in spring, which would better
agree with the end of the ablation period, are most strongly
affected by snow-melt related height changes.

Winter acquisitions over glaciers have the additional ad-
vantage that the snowpack is very likely dry. Therefore, the
backscatter signal is higher above the noise floor which increases
the interferometric coherence and therefore simplifies DEM
generation. To avoid coherence loss due to a strongly vari-
able topography (e.g., crevasses), ambiguity heights larger than
hamb ≈ 20 m are favorable (for TanDEM-X: B⊥ < 200 m). For
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the best height precision, baselines should not be much smaller
because a phase noise of 2◦ would correspond to an height noise
of 11 cm at hamb = 20 m. While our study benefits from the
large variety of baselines, DEM generation and estimation of
imaging-geometry dependent height bias would benefit from
relatively constant baselines [25].

C. Slant Geometry for DEM Difference Orthorectification

Even though correctly explained in [42] and [43], it seems to
be a common misunderstanding that InSAR DEM differences
measured in radar coordinates can simply be orthorectified using
an external reference DEM. However, the observation of DEM
differences with respect to the external reference DEM directly
indicates that distortions will occur during orthorectification.
These distortions can be calculated explicitly as suggested by
(14). In Fig. 5, we have illustrated how to correctly update an
existing point P on the reference DEM by a new point Pnew.
The inset of Fig. 9 shows how height artifacts (in red) appear at
terrain slopes, especially when facing the radar, in comparison
to the main figure where such artifacts are absent. In Fig. 13,
we have shown a quantitative analysis of the relative height
error which occurs when the slant geometry of DEM difference
observed in radar coordinates is not correctly considered during
orthorectification. In this work, we provide a method to cor-
rectly consider the DEM difference geometry. Artifacts in height
changes can not only lead to wrong conclusions when analyzing
DEM difference but can also propagate into glacier models
when incorrectly processed InSARs are used as input data.
We, therefore, strongly suggest to validate InSAR processing
chains, e.g., by reconstructing artificial height changes added to
reference DEMs on nonhorizontal terrain.

D. Velocity Bias Due to Height Changes

For velocity estimates, the slant imaging geometry of SAR
sensors can provide a significant problem when the DEM used
for orthorectification is outdated. Because of the seasonal dy-
namic of the glacier surface height, any DEM that was not ac-
quired instantaneously with the SAR images is outdated—even
for a glacier with a stable mass balance. Due to the slant viewing
geometry of SAR sensors (and possibly others), surface height
variations result in horizontal shifts in the orthorectified images
which can be misinterpreted as a velocity signal. For example, in
our case, the DEM time series indicate an elevation loss of about
10 m within 6 months (April–September). For the data acquired
from a descending orbit and an incidence angle of θ = 32◦, this
elevation loss could be misinterpreted as a horizontal shift of
20 m toward west resulting in a velocity bias of 0.11 m d−1

during summer. Similarly, the transition from dry to wet snow,
appearing as a positive elevation gain of several meters, could
be misinterpreted in our first dataset (orthorectified with the
external DEM) as a shift toward east resulting in a negative
velocity bias in spring. Using the InSAR-based orthorectifica-
tion for our second velocity dataset, we were able to observe this
velocity bias in Fig. 18 and found velocity shifts in the expected
range of 0.05–0.1 m d−1. Our monthly velocity analysis shows,
in agreement with the DEM time series (Fig. 11), that winter
velocities can be most reliably measured because, in winter, the
height of the interferometric phase center appears most stable.

VIII. CONCLUSION

In this article, we presented and analyzed a large TanDEM-X
data set acquired of the Great Aletsch Glacier that was defined
as a TanDEM-X super testsite for glaciological applications.
Using our own code for DEM generation, we calculated time
series of elevation models from the provided CoSSC data. We
highlighted a common pitfall for InSAR DEM generation and
provide a method for explicit DEM generation avoiding time-
consuming iterative methods to improve an auxiliary reference
DEM. We implemented an InSAR-based orthorectification to
generate 3-D radar backscatter point clouds from interferometric
TanDEM-X acquisitions. With that, we demonstrated that the
derived TanDEM-X DEM of each acquisition can be used to
generate orthorectified radar images which are not distorted by
an outdated DEM.

We analyzed the spatial and temporal loss of ice height,
analyzed the penetration depth into dry snow, and suggested an
optimal height of ambiguity for DEM generation over glaciers.
We interpreted dual polarimetric time series (HH and VV) with
respect to seasonal snow metamorphism, snow accumulation,
and radar penetration.

We generated an almost complete surface velocity map of
Great Aletsch Glacier and observed that the seasonal surface
velocity derived from SAR data can be significantly biased by
seasonal surface height changes caused by penetration change or
ice melt. The suggested InSAR-based orthorectification avoids
such a velocity bias.

We conclude that InSAR time series of glaciers are most
useful when acquired in winter. Reasons are the higher signal-to-
noise ratio and the slower vertical dynamics of the height of the
interferometric phase center compared to spring where a vari-
able penetration depth makes surface height change estimates
difficult. In summer, the surface elevation changes much faster
due to ice melt, whereas, in winter, the surface elevation appears
relatively stable as microwaves penetrate the fallen fresh snow.
Similar to [33] and [34], we found that positive changes of the
copolar phase can be used as a proxy for snow accumulation.
The copolar coherence could help to improve estimates of the
radar penetration depth. We further conclude that seasonal height
changes can significantly affect SAR velocity estimates when
the height changes are not considered during orthorectification.
With this study, we like to point out the uniqueness and the
importance of bistatic InSAR mission like TanDEM-X and
presented therefore a collection of results which are applicable
for glaciological applications world wide.
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