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Abstract—Digital elevation models (DEM) derived from
TanDEM-X single-pass interferometric SAR data are widely used
for a large vary of applications. One of the main application fields
regards the monitoring of topographic changes, which can be
properly estimated by differentiating two DEM scenes acquired at
different times. In this scenario, a critical aspect is represented by
the precise mutual calibration of the two DEMs, which are normally
affected by residual offsets and tilts caused by uncertainties in the
baseline determination. This calibration is in general performed by
utilizing reference tie-points, whose location and height is known a
priori, or estimated through other reference sensors, such as GPS or
LiDAR data. The manual procedure is time-consuming and can be
jeopardized by the absence of available external reference points.
In this article, we present a novel technique for performing an
automatic selection of reliable natural tie-points from Sentinel-1
repeat-pass time-series, by exploiting persistent scatterers candi-
dates, and we discuss their applicability to TanDEM-X data. We
propose a novel method for retrieving a set of reliable natural cali-
bration targets and for performing an effective mutual calibration
of TanDEM-X time-tagged DEMs. The approach is validated by
considering the estimation of lava field volumes in the test-case
scenario of the volcanic eruptions in the Reykjanes Peninsula,
Iceland, occurred between 2021 and 2023. Thanks to the continuous
global coverage of Sentinel-1, this approach can be applied when
no a priori knowledge on reference tie-points is available, allowing
for the precise estimation of height and volume changes.
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Iceland, lava volume, persistent scatterers (PS), Sentinel-1,

Received 12 June 2024; revised 23 September 2024 and 8 November 2024;
accepted 11 December 2024. Date of publication 23 December 2024; date
of current version 17 January 2025. This work was supported in part by the
ESA EXPRO+ AlpSnow Project under Grant 4000132770/20/I-NB, in part by
the University of Houston under a contract with the NASA Decadal Survey
Incubation Program under Grant 80NSSC22K1096, and in part by Science
and Technology under Grant NNH21ZDA001N-DSI. (Corresponding author:
Carolina González.)

Carolina González, Luca Dell’Amore, José-Luis Bueso-Bello, and Paola
Rizzoli are with Microwaves and Radar Institute, German Aerospace Cen-
ter (DLR), 82234 Wessling, Germany (e-mail: carolina.gonzalez@dlr.de;
luca.dellamore@dlr.de; jose-luis.bueso-bello@dlr.de; paola.rizzoli@dlr.de).

Pietro Milillo is with Microwaves and Radar Institute, German Aerospace
Center (DLR), D-51147 Koeln, Germany, and also with the Department of
Civil and Environmental Engineering and the Department of Earth and At-
mospheric Science, University of Houston, Houston, TX 77023 USA (e-mail:
pmilillo@central.uh.edu).

Gabriele Schwaizer and Thomas Nagler are with ENVEO-Environmental
Earth Observation IT GmbH, 6020 Innsbruck, Austria (e-mail: gabriele.
schwaizer@enveo.at; thomas.nagler@enveo.at).

Digital Object Identifier 10.1109/JSTARS.2024.3521123

synthetic aperture radar interferometry (SAR), TanDEM-X
(TDX).

I. INTRODUCTION

D IGITAL elevation models (DEMs) derived from space-
borne remote sensing sensors are the current state of the

art for mapping the Earth’s topography at high resolution. In
particular, synthetic aperture radar across-track interferometry
(InSAR) is one of the most used techniques for the retrieval of
ground topography [1]. It exploits the phase difference between
two radar images characterized by a certain spatial diversity,
which is generated by the presence of a mutual displacement,
called baseline, between the sensors position in the across-track
direction at the time of the acquisition.

In particular, single-pass InSAR makes use of two simultane-
ous acquisitions which are unaffected by temporal changes on
ground, since there is no time span in between the surveys. This
represents the ideal configuration for topography retrieval, since
it avoids temporal signal decorrelation: a source of noise which
significantly impacts the quality of repeat-pass interferograms
and jeopardize their use [2]. Currently, the TanDEM-X (TDX)
mission, which comprises two twin SAR satellites, namely
TerraSAR-X (TSX) and TDX, flying in a close bistatic con-
figuration [3], [4], is the only spaceborne bistatic mission at
X-band able to deliver single-pass data at variable baselines.
Started in 2010, the main goal of the mission was the generation
of a global DEM at 12 m resolution, which was successfully
delivered in 2016 [5], [6]. The global TDX DEM is the result
of the mosaicking of multiple overlapping acquisitions and was
calibrated using reference IceSAT light detection and ranging
(LiDAR) measurements [7].

Beside the acquisitions used for the generation of the global
DEM product, TDX has also been acquiring a large number
of subsequent bistatic data takes, which can be used to quantify
topographic changes through DEM differentiation. For example,
a new global coverage has been performed between 2017 and
2019 and the data have been used for the generation of a new
global change DEM product [8].

Moreover, for scientific applications based on DEM differen-
tiation, a precise horizontal and vertical mutual calibration of
the considered DEMs is a crucial step. In some cases, residual
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Fig. 1. Schematic representation of DEM mutual calibration using an external
reference calibration TP (e.g., GPS or LiDAR measurement) to compensate for
residual offsets.

horizontal shifts, vertical offsets, and tilts might be present in
the data, which are primarily caused by uncertainties on the
knowledge of the satellites orbit position and their variations
along the acquisition [3], [9]. One should be aware that TDX
bistatic data takes are not systematically affected by these issues,
nevertheless it is not possible to predict them a priori. This matter
is normally tackled prior to performing DEM differentiation,
on the one hand, by performing a precise spatial coregistration
of the geocoded DEMs, and, on the other hand, either without
performing any mutual vertical adjustment or by identifying
reliable calibration tie-points (TPs), such as ground positioning
system (GPS) or LiDAR measurements, which can be used to
vertically adjust the DEMs through an offset compensation, as
depicted in Fig. 1. The acquisition of these kinds of reference
measurements, which need to be timely consistent with the
TDX acquisitions, is often expensive and problematic, especially
when remote or scarcely accessible regions are considered. Fur-
thermore, the correction for slowly varying tilts and trends is not
possible. Examples in the literature concern different application
fields, ranging from the estimation of volcanic lava fields and
domes [10], [11], glaciers mass balance and surface change
monitoring [12], [13], penetration bias estimation [14], [15],
up to forest height and above-ground biomass changes quantifi-
cation [16], [17], and landslides monitoring [18]. Theoretically,
residual offsets and tilts between two overlapping DEMs could
also be computed by simply differentiating the entire area and
then extrapolating a certain residual calibration surface. This
approach is operationally used within the TDX mission for the
calibration of the interferometric baselines and it is performed
over extremely stable monitoring areas characterized by the
presence of bare soil only [9]. In practice, this approach is highly
unreliable for scientific applications, as it could be biased by
several factors. For example, the presence of volumetric targets,
such as vegetation or snow coverage, causes a certain amount of
penetration of the radar waves, which depends on both the sensor
parameters (such as frequency and incidence angle) and the
characteristics of the target itself (e.g., different penetrations are
expected into canopies depending on vegetation density, pres-
ence of gaps and leaf-on/leaf-off conditions). This could result
in a different location of the topographic height corresponding to
the InSAR mean phase center within the two considered DEMs,

leading to nonnegligible calibration errors. Moreover, further
inaccuracies could be caused, e.g., by temporal changes occurred
in between the acquisition dates of the two DEMs.

In this article, we propose a novel approach for mutually
calibrating single-pass InSAR DEMs using natural TPs, which
are derived from time-series of repeat-pass InSAR data. Such
TPs are used for the estimation of a calibration surface, which
allows for the removal of both, constant vertical offsets and
residual tilts. This approach is fully automatic and does not
require for the availability of external reference measurements,
such as GPS or LiDAR data. The capabilities of the method
are demonstrated using TDX bisatic InSAR data for the gener-
ation of DEMs, while Sentinel-1 time-series are considered as
exemplary repeat-pass InSAR data.

In particular, the Sentinel-1 mission has been specifically
designed for repeat-pass interferometric applications, such
as differential InSAR and persistent scatterers interferometry
(PSI) [19]. It shows an optimal configuration, with two satellites
flying on the same nominal orbit, for the retrieval of repeat-pass
InSAR acquisitions with nominally negligible across-track base-
lines. Moreover, the nominal mission acquisition plan foresees
a revisit time of only six days over Europe and selected test
areas and of 12 days for the rest of the world. At the current
date, only one satellite (Sentinel-1 A) is operational, reducing
the revisit time to 12 days worldwide. This allows for the
continuous acquisition of InSAR time-series at global scale
and, consequently, for the application of the proposed algorithm
worldwide. Differently, the TDX mission, on the one hand, has
the peculiarity of acquiring bistatic InSAR data, which allows for
the generation of high-quality DEMs, on the other hand, is not
designed for the regular acquisition of long InSAR time-series
at large scale, given the limited onboard resources. This aspect
does not allow for the sole use of TDX for the application of
the proposed methodology, necessitating therefore combination
of both missions. This reasoning brought us to the derivation
of calibration TPs from Sentinel-1 data on the basis of PSI
methodological theory, which, under specific circumstances, can
be then used to anchor two single-pass subsequent TDX DEMs
for mutual calibration and differencing purposes. In this article,
we present the developed methodology and we discuss the
different aspects that allow us to consider TP candidates selected
from Sentinel-1 time-series also reliable when applied to TDX
bistatic acquisitions for performing mutual calibration, having
to cope with issues related to the different radar frequencies,
resolutions and acquisition geometries of both missions.

The rest of this article is organized as follows. Section II
describes the theoretical impact of baselines estimation on the re-
trieved DEM height, quantifying expected error ranges for TDX
DEM pairs. Section III describes the proposed methodology and
the necessary precalibration phase. Results and validation are
presented in Section IV. Finally, Section V concludes this article.

II. IMPACT OF BASELINE ESTIMATION UNCERTAINTIES ON THE

RETRIEVED HEIGHT IN TDX DEMS

Together with errors in InSAR DEMs caused by random noise
contributions (i.e., the relative height error [20], [21]), one has
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Fig. 2. Single-pass across-track InSAR geometry, comprising the TSX and
TDX satellites. B represents the across-track baseline, while B⊥ and B‖ are the
projections perpendicular and parallel to the line of sight, respectively.

Fig. 3. Simulation of vertical displacement corresponding to a baseline uncer-
tainty of 1 mm parallel to the line of sight and 1 mm perpendicular to the line
of sight.

also to consider the finite accuracy in the estimation of the
baselineB which reflects in its projectionsB⊥ (perpendicular to
the line of sight) and B‖ (parallel to the line of sight) presented
in Fig. 2. These types of error appear as low-varying offsets and
tilts [3]. In particular, they can be divided into three main contri-
butions: along-track, across-track, and radial uncertainties. The
along-track uncertainty can be sufficiently mitigated during the
coregistration process and are typically negligible. Differently,
across-track and radial uncertainties may cause errors in both the
line of sight (ΔB‖) and perpendicular to the line of sight (ΔB⊥).
In the following, we recall the formulation of each contribution
and we assess the impact in typical TDX-like scenarios. In this
context, we consider that the TDX baseline calibration in bistatic
configuration resulted in a standard deviation of 1 mm, fulfilling
the mission requirement [9].

One of the main parameters which plays a crucial role in the
assessment of DEM uncertainties is the height of ambiguity. This
represents the topographic height corresponding to a complete
2π phase cycle of the interferometric phase and is defined for
the single-pass InSAR case as [3]

hamb =
λr sin θi
B⊥

(1)

Fig. 4. Histogram of the height of ambiguity variation (STD) within TDX
bistatic InSAR scenes.

Fig. 5. High-level concept of the proposed algorithm for the Sentinel-1-aided
mutual calibration of TDX DEMs. White blocks represent operations while gray
boxes identify input, intermediate and output products.

where λ is the wavelength, r is the distance to the satellite or
slant range, θi is the incidence angle, and B⊥ is the baseline
perpendicular to the line of sight.

Baseline uncertainties cause errors in the generated DEMs,
affecting the estimated height. In particular, they result in a slant
range variation δΔR, calculated as the variation of the distance
between the secondary satellite of the bistatic constellation (i.e.,
TDX in Fig. 2) and an illuminated target.

This is directly proportional to the height error Δh in the
DEM through

Δh =
hambδΔR

λ
= r sin(θi)

δΔR

B⊥
. (2)
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The vertical displacements are not only represented by a
constant offset but also by a tilt resulting from the changes in
slant range and incidence angle occurring within an acquisition.
Moreover, baseline uncertainties can be decomposed into their
components parallel and perpendicular to the line of sight, as
detailed in the following.

A. Baseline Uncertainties Parallel to the Line of Sight

Uncertainties in the line of sight yield a variation in slant
range δΔR = ΔB‖ and the corresponding vertical displacement
can be expressed as follows:

Δh‖ = r sin(θi)
ΔB‖
B⊥

. (3)

If we consider a minimum hamb = 35 m with θ0 = 30◦ and a
maximum hamb = 80 m with θ0 = 43◦, we can expect a vertical
displacement in the DEM, which varies from about 1.32 m with
a tilt of 0.16 m up to 3.64 m with a tilt of 0.38 m, respectively.

B. Baseline Uncertainties Perpendicular to the Line of Sight

The slant variation of the secondary satellite caused by a
perturbation in the perpendicular baseline component can be
quantified as follows:

δΔR = ((x−B cos(α))2 + (hsat +B sin(α))2)
1
2

− (x−B cos(α)−ΔB⊥ cos(θ0))
2

+ (hsat +B sin(α) + ΔB⊥ sin(θ0))
2 1

2
(4)

where x is the ground range, hsat is the satellite height, θ0 is the
angle in the line of sight, and α is the relative angle between the
two satellites (radial component, with impact below mm).

If we consider a minimum hamb = 35 m with θ0 = 30◦ and a
maximum hamb = 80 m with θ0 = 43◦, we can expect a vertical
tilts in the DEM which vary from to 0.07 m up to 0.19 m,
respectively.

C. Combination of Errors in DEM Differentiation

The overall expected Δh components for a near-range and
far-range TDX beam are depicted in Fig. 3, by considering a best
and worst case scenario characterized by hamb between 35 and
80 m, respectively. In conclusion, regarding the TDX mission,
uncertainties in the baseline component parallel to the line of
sight have a predominant impact on the vertical displacement
with respect to uncertainties perpendicular to the line of sight,
yielding offsets of the order of several meters. Nevertheless,
both components result in DEM tilts along the swath of compa-
rable magnitude. Moreover, when we consider an entire DEM
scene, it is important to point out that the height of ambiguity
(and, therefore, the baseline) also varies depending on the orbit
formation. This results in an overall azimuth-/range-dependent
vertical displacement. Typical values of Δhamb are depicted in
Fig. 4, which shows the histogram of the height of ambiguity
variations within all bistatic InSAR scenes acquired during the
TDX mission. In fact, if we consider possible Δhamb variations

Fig. 6. Complete flowchart for the selection of suitable calibration TPs.

Fig. 7. Algorithm precalibration scheme for the selection of a suitable thresh-
old on the Sentinel-1 amplitude dispersion index.

between 0.3 m and 10 m, this leads to variations in the vertical
displacement between 1 and 32 cm, respectively.

Moreover, when differentiating two overlapping DEMs, one
has to be aware that the above-mentioned offsets and tilts sum
up in an either constructive or destructive way depending on
the sign of the error. This corresponds to a low-varying vertical
displacement that needs to be properly estimated and compen-
sated for before DEM differentiation. In light of the numerical
examples presented previously and considering a worst-case
scenario where errors constructively sum up when considering
an uncalibrated overlapping TDX DEM pair, one can expect
absolute vertical displacements on the order of a few cm up to
about 5 m and relative low-varying vertical displacements in
range and azimuth up to about 1.5 m.

III. METHODOLOGY

The flowchart in Fig. 5 presents the high-level concept of
the proposed algorithm. Given the availability of two time-
tagged TDX bistatic acquisitions (TDX1 and TDX2) and their
respective DEMs (DEM1 and DEM2) the first step concerns
the selection of suitable calibration TPs by combining Sentinel-
1 interferometric time-series, TDX SAR, and InSAR-derived
quantities and precalibrated settings. The second step refers to
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Fig. 8. (a) Multitemporal average backscatter of a TDX bistatic time-series
surrounding the Aletsch Glacier, CH. (b) Exemplary DEM (color hill-shade)
from a single bistatic acquisition of the considered time-series. The red square
identifies the area depicted in Fig. 9. (c) 2-D normalized histogram of the
amplitude dispersion index DA for C-band Sentinel-1 (on the horizontal axis)
and X-band TDX (on the vertical axis).

Fig. 9. Example of TPC for the considered precalibration scenario. The
depicted area corresponds to the red square in Fig. 8(b). The different colors
correspond to values in the quadrants A, C, and D in Fig. 8(c): Common TPC
to both TDX and Sentinel-1 (blue, quadrant C), TPC detected in the considered
TDX time-series only (pink, quadrant D), and TPC detected in the Sentinel-1 a
time series only (orange, quadrant A), respectively. The TPC are superimposed
to an optical image from GoogleEarth.

Fig. 10. (a) Flowchart for the estimation of the calibration surface and final
mutual calibration of TDX DEMs. (b) Example of fitted calibration surface.

the estimation of a proper calibration surface, fitted to minimize
the difference between DEM1 and DEM2 over the selected TPs.
Finally, the last step consists in the proper mutual calibration of
two DEMs.

A. Selection of Calibration TPs

In order to be used for mutual DEM calibration, natural targets
need to be characterized by a high stability in time within the time
interval between the two time-tagged DEMs and to assure a good
quality on the corresponding DEMs. These aspects translate in
the requirement of selecting highly coherent scatterers.

The flowchart for the selection of suitable calibration TPs
is presented in Fig. 6. Here, we first consider a time-series
of co-registered Sentinel-1 images covering the same area of
the TDX DEMs to be mutually calibrated. Regions affected by
geometric distortions, such as shadow and layover, caused by the
side-looking nature of SAR, are discarded, as well as with pixels
classified as permanent snow and ice within an external reference
land cover map (for the results in Section IV we consider the
Copernicus Land Cover Map [22]). This second aspect is nec-
essary to avoid the selection of calibration targets which might
show a relatively high coherence but whose topographic height
might be affected by penetration effects of the radar waves into
the snow pack [23], [24], [25]. Moreover, we only consider pixels
characterized by the presence of low-relief local topography,
by setting a threshold at 10◦ on the predominant local slope,
evaluated by computing the 2-D gradient of an external reference
DEM (such as, e.g., the global TDX edited DEM [6]). This step
is important to avoid the use of TPs affected by inaccuracies
caused by residual errors during the interpolation of the DEMs
on the same output grid (especially over high-relief terrain).

Afterward, we select calibration tie-point candidates (TPCs)
from the time-series of Sentinel-1 data on the basis of classical
PSI methodology [26], [27]. In particular, persistent (or perma-
nent) scatterers are stable natural reflectors which can be iso-
lated from long co-registered temporal series of InSAR images,
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Fig. 11. Example of mutual DEM calibration using two time-tagged TDX DEMs over Japan (DEM1 AID: 1705863, DEM2 AID: 1521912). From left-to-right,
(a) shows the two input DEMs as colored hill shade image, (b) the calibration surface, (c) the uncalibrated DEM difference (left) and the mutually calibrated DEM
difference (right) of the overlapping areas identified by the orange boxes in (a), and (d) the corresponding forest/non-forest map, generated using the algorithm
in [28]. The red lines in (c) identify two transects which are depicted in Fig. 13.

by exploiting their high temporal and geometrical coherence,
and by compensating for atmospheric variations. Typically, a
time-series with at least 20 images has to be considered, to
allow for the reliable selection of persistent scatterers (PS), by
considering their temporal stability. In particular, the first step of
the proposed procedure in [26] consists in identifying possible
persistent scatterers candidates (PSC) by setting a threshold on
an amplitude dispersion index DA, defined as follows:

DA =
σ

μ
(5)

where for each pixel of the co-registered InSAR time-series,
μ represents the temporal mean value of the amplitude and σ
the corresponding standard deviation. Targets are considered to
be stable in amplitude for values of DA lower than a certain
threshold. In our case, the optimal value of this threshold is
selected during an algorithm precalibration phase which allows
for minimizing false alarms between scattering responses ac-
quired by two different sensors, i.e., Sentinel-1 and TDX. The
reasoning behind the threshold selection is presented later on in
Section III-B.

Moreover, it was demonstrated in [26] that, in addition to am-
plitude stability, low values ofDA are also a good approximation
of phase stability in presence of high signal-to-noise ratio (SNR).
This condition is of crucial importance and it is considered later
on when setting proper thresholds on TDX data.

At this point, a set of calibration TPCs, derived from Sentinel-
1 repeat-pass data, is available. This needs to be further refined
in order to get calibration TP that are appropriate for the mutual
calibration of single-pass TDX DEMs. For this purpose, we
now consider the pair of bistatic TDX acquisitions, from which
the two DEMs to be mutually calibrated are derived. First of
all, regions affected by shadow and layover are filtered out,
as already done for the Sentinel-1 acquisition geometry. This
step assures that no selected targets are affected by geometric
distortions in both Sentinel-1 and TDX data. Then, a threshold

is set on the bistatic InSAR coherence of both TDX bistatic
acquisitions, in order to assure a good quality of the TDX
DEM in correspondence of the selected calibration TP. For the
specific case of TDX, we selected a quite conservative coherence
threshold value of 0.7. Indeed, the coherence is defined as the
absolute value of the normalized cross-correlation coefficient
between the interferometric image pair as follows:

γtot =
|E[u1u2]|√
E[|u1|2|u∗

2|2]
(6)

where u1 and u2 represent the primary and secondary images,E
is the expectation value and ∗ is the complex conjugate operator.
γtot quantifies the amount of noise in the interferogram and rep-
resents therefore the key quantity for assessing the quality of the
generated DEM. Note that the spatial coherence is not sufficient
per se for assuring the selection of reliable TPs (skipping the
TPC set estimation). Indeed, if we only considered the spatial
coherence of the two TDX DEMs, the risk would be to include
targets affected by temporal changes as TPs. One could think
about an urban scenario, an open-pit mine, or even a volcanic
eruption. In all these cases, a target could be highly coherent
in the first DEM, then change, and then appear highly coherent
again in the second DEM. For this reason, a condition on the
temporal stability of the target is necessary to drastically reduce
the probability of including these kinds of targets in the mutual
calibration process.

Finally, a further threshold is applied on the SNR of both
TDX bistatic acquisitions, in order to assure the selection of
stable natural targets with respect to the phase, as phase stability
is assured by amplitude stability in presence of high SNR [26].
The SNR is computed as follows:

SNR =
β0 − βn

βn
(7)

where β0 identifies the temporal mean radar brightness and
βn is the temporal mean of the noise equivalent β0, which
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Fig. 12. (a) Histograms of the noncalibrated and calibrated DEM difference
with a plane and offset for the TPs. (b) Histograms of the noncalibrated and
calibrated DEM difference with a plane and offset for nonvegetated areas,
masked out using the TDX-derived forest/non-forest map depicted in Fig. 11(d).

represents the system noise floor. In order to ensure that this
second condition holds, we constrained the selection of valid TPs
to those pixels where the SNR is higher than a certain threshold.
Moreover, this condition allows us to significantly simplify the
procedure for the selection of stable TPs with respect to classical
PS selection, since it is based on the selection of PSC only and
does not require for the computation of the temporal coherence.
Also in this case, considerations on the proper setting of the SNR
threshold are drawn in Section III-B.

Finally, it is important to consider that the accuracy of the
proposed method is impacted, on the one hand, by the spatial
distribution of the TPs for the regression of the calibration sur-
face, and, on the other hand, by the overall number of available
TPs. Indeed, an adequate spatial distribution on the horizontal
plane of the TPs reduces potential biases in the estimation of
the calibration surface, while the number of TPs impacts the
robustness of the method, since it mitigates the impact of random
noise in the data (i.e., the relative height accuracy [20], [21]) and
reduces the effects of remaining outliers.

B. Thresholds Precalibration Procedure

a) Threshold on the amplitude dispersion index DA:The most
crucial aspect of the proposed algorithm is to ensure that the
TPC, a section of the PSC, derived from Sentinel-1 time-series at
C-band under the above-mentioned conditions, are also suitable
TPs for the mutual calibration of TDX DEMs, derived from
bistatic data at X-band and with different acquisition geometries
with respect to Sentinel-1. To this purpose, we focus on the
specification of proper settings which allow for achieving a good
compatibility between Sentinel-1 and TDX data. Indeed, when
considering SAR sensors at different frequencies, a different
behavior in terms of backscatter levels, as well as interferometric
performance, i.e., coherence, is expected.

The precalibration procedure hereby described refers to the
empirical approach developed for setting a proper threshold on
the amplitude stability index DA, computed from the Sentinel-1
time-series, which can assure the selection of stable natural
targets when considering the same area acquired with TDX
bistatic acquisitions. For this purpose, we selected a dedicated
precalibration test site, where a Sentinel-1 InSAR time-series
and a TDX InSAR time-series are available. Both time-series
must be accurately co-registered and referred to the same coordi-
nates system and spatial grid (see Fig. 7). Specifically, we chose
two time-series surrounding the Aletsch Glacier in Switzerland,
which are characterized by the presence of different kinds of
terrain, ranging from steep mountains to flat valley floors, from
vegetated areas to snow/ice covered ones or to bare soil. The
multitemporal mean backscatter of the considered TDX time-
series and an exemplary DEM generated from a single bistatic
InSAR acquisition are depicted in Fig. 8(a) and (b), respectively.
After the application of the first three filtering steps presented
on the left-hand column of Fig. 6, the amplitude stability index
DA can be computed for both time-series using (5). We select
all reasonably stable values in both time-series characterized by
DA ∈ [0, . . . , 0.5] for computing the 2-D normalized histogram
of DA, as in Fig. 8(c). Here, the shift of the histogram from
the bisector of the quadrant is related to the different responses
of the targets when illuminated by either TDX or Sentinel-1,
caused by different acquisition geometries as well as different
radar frequencies. By setting a certain threshold on DA for each
of the considered sensors (horizontal and vertical black lines
for Sentinel-1 and TDX, respectively), the 2-D space of the
histogram can be divided into four quadrants: A—TPC selected
only in Sentinel-1 data, B—discarded targets in both time-series,
C—common TPC, D—targets selected only in TDX data. Once
a satisfying threshold value on DA is selected a priori for the
TDX data (in this case we set it at 0.25) assuring a good stability
of the selected targets, the optimal threshold for Sentinel-1 is
then chosen as a tradeoff between assuring a good stability of the
selected targets and minimizing false positives candidates with
respect to TDX. False alarms correspond to targets selected in
Sentinel-1 data, which do not satisfy the stability requirement
in TDX data (quadrant A), while the selected targets are the
common TPC (quadrant C). For the considered precalibration
scenario, setting a threshold on the TDX DA at the maximum
value of 0.25, as proposed in the literature [26], and considering
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Fig. 13. DEM1 DEM2 and DEM difference for the red transects in Fig. 11(c). Each column refers to a different transect: Top row—transect without calibration,
second row—transect with calibration considering an offset, third row—transect with application of the proposed DEM mutual-calibration algorithm with a plane,
bottom row—DEM difference considering the transects previously.

an acceptable rate of false alarms equal to 1% of all considered
targets results in a maximum threshold value on the Sentinel-1
DA of 0.19. An example of TPC for the considered precalibration
scenario is presented in Fig. 9. The depicted area corresponds
to the red square in Fig. 8(b). The different colors correspond to
values in the quadrants A, C, and D in Fig. 8(c): common TPC to
both TDX and Sentinel-1 (blue, quadrant C), TPC detected in the
considered TDX time-series only (pink, quadrant D), and TPC
detected in the Sentinel-a time series only (orange, quadrant A),
respectively. Overall, over this area, only few TPC belonging to
Sentinel-1 only are present, which ensures a good match with
the TDX data.

b) Threshold on the SNR: From PSI theory, the threshold on
the SNR should be set on the temporal mean of the SNR of the
entire time-series of PSC, in order to assure a high-temporal
coherence. It is important to highlight again that, even if TPC
are selected as a subset of PSC from Sentinel-1 time-series, such
a threshold needs to be applied to TDX SNR values, in order to
assure high stability of the selected calibration TPs in the TDX
DEM acquisitions. From the literature, the overall minimum
SNR to be consider is 4 dB [26], nevertheless we empirically
set a more conservative target SNR value to be over 12 dB with
a minimum of 1% of TPCs. One should be aware that a lower
value could also be chosen depending on the scenario and the
distribution of TPs within the considered scene.

C. Estimation of the Calibration Surface and Mutual DEM
Calibration

The overall concept for performing mutual DEM calibration
is presented in Fig. 10(a). Once the calibration TPs are selected,
the corresponding TDX DEMs values from both acquisitions
(DEM1 and DEM2) to be calibrated are used to estimate the
calibration surface. First of all, the difference Δ between DEM1

and DEM2 over the selected calibration TPs is evaluated as

TABLE I
ESTIMATED ACCUMULATED BULK LAVA VOLUMES IN MILLIONS OF M3 FOR

THE CONSIDERED ERUPTIONS OCCURRED IN THE REYKJANES PENINSULA,
ICELAND, BETWEEN 2021 AND 2023 WITHOUT MUTUAL CALIBRATION OF

TDX DEMS (SECOND COLUMN), BY CALIBRATING WITH AN OFFSET ONLY

(THIRD COLUMN) AND BY APPLYING THE PROPOSED DEM CALIBRATION

TECHNIQUE (FOURTH COLUMN)

follows:

Δ(TP) = DEM1(TP)− DEM2(TP). (8)

A defined calibration surface ΔCal can now be fitted to the
Δ(TP) values. As surface we consider a plane and as fitting
method the least squares. Higher order polynomial surfaces were
also considered during the method design phase. Since they
did not bring any significant improvement in the calibration
performance, we selected a plane as a good compromise between
final accuracy and computational load. One should note that, in
order to perform the fitting, the spatial location of the consid-
ered DEMs values has clearly to be preserved. An example of
calibration surface is presented in Fig. 10(b).
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Fig. 14. Lava accumulation thickness maps of the four eruptions in the Reykjanes Peninsula, Iceland between 2021 and 2023. The zoom-in in the top-left corner
shows a detail of the TDX global DEM for the considered area (red square) in the Reykjanes Peninsula and the location of the Blue Lagoon geothermic area.

Let us now assume that DEM1 represents the reference DEM
and DEM2 the one that has to be calibrated with respect to
DEM1.ΔCal is then used to perform the mutual DEM calibration
by calibrating DEM2 with respect to DEM1 as follows:

DEMCal
2 = DEM2 +ΔCal. (9)

By doing so, DEM1 and DEMCal
2 are now properly mutually

calibrated and can be correctly used for applications based on
DEM differentiation.

IV. RESULTS

A. DEM Mutual Calibration

A first example of TDX DEMs mutual calibration is presented
in Fig. 11. Here, we consider two overlapping single-scene
DEMs acquired over Japan [see Fig. 11(a), DEM1: acquisition
date 2020.04.04, Acquisition ID (AID) 1705863; DEM2 : ac-
quisition date 2018.08.19 and AID 1521912]. The calibration
surface, estimated by considering the overlapping area identified
by the orange boxes in Fig. 11(a), is depicted in Fig. 11(b),
while the DEM differences, without (left) and with (right) the
application of the proposed mutual calibration algorithm, re-
spectively, are displayed in Fig. 11(c). One can note that several
extended areas present residual differences in the order of 2–4 m.
These regions are characterized by the presence of vegetation, as
visible from the corresponding forest/nonforest map depicted in
Fig. 11(d), which is derived from the interferometric coherence
of the first acquisition (DEM1) by applying the classification
method published in [28]. Consequently, since the TDX DEMs
were acquired at different seasons (DEM1 at the beginning of
spring and DEM2 in midsummer), we expect the vegetation to
show different kinds of interactions with the illuminating radar
waves (leaf-on versus leaf-off condition). This yields different

Fig. 15. TDX DEM differences with respect to the first reference acquisition
over the infrastructure of the Blue Lagoon for the estimation of the calibration
offset. The zoom-in on the top-right shows in pink the area used to estimate the
offset.

amounts of penetration of the radar waves into the canopy and,
subsequently, to different vertical locations of the mean radar
phase center within the vegetation vertical profile. Differently,
the DEM difference maps over nonvegetated areas show residual
offsets in the order of about –1 m in the uncalibrated DEM differ-
ence, while these effects are almost negligible in the calibrated
one. This is clearly visible when considering the histograms in
Fig. 12 and the transects in Fig. 13. In this example we consider
two variants of calibration surface: offset, where the same cali-
bration value is applied to the whole scene, and plane, which also
considers possible tilts. In Fig. 12 the histograms of the DEM
difference for the TPs (a) and the nonforested areas (b) are shown
considering the uncalibrated DEM pair (orange), the mutually
calibrated DEM pair with an offset (blue) and the mutually
calibrated DEM pair with the proposed technique (green). One
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Fig. 16. Histograms of the DEM differences (in logarithmic scale) with respect
to the reference DEM for all the considered TDX acquisitions over Iceland.
(a) Without any mutual calibration, (b) with offset compensation only, and (c)
with the proposed mutual calibration.

should note that, in this particular case, we estimated the offset
as the mean height of all TPC detected within the scene. This
approach was necessary due to the fact that no external reference
GPS or LiDAR measurement was available. As it can be seen, the
DEM difference calibrated using the proposed approach (green)
achieves the best performance, showing insignificant remaining
bias and the lowest standard deviation. The latter is confirmed by
the highest peak of the green distribution, given the exact same
number of input pixels for all different histograms. The DEM
transects in Fig. 13 correspond to the red lines in Fig. 11(c).
Each column of the figure corresponds to a different transect,
while the rows show, from top to bottom, the pair of DEMs
without mutual calibration, calibrated with an offset only, and
calibrated with the proposed technique, respectively. The plots
at the bottom of Fig. 13 depict the DEM difference for all the
considered calibration scenarios. Here, the impact of a precise
mutual calibration can be appreciated, with the uncalibrated
DEM difference (orange) and the proposed calibration technique

(green) resulting in the highest and lowest remaining bias,
respectively.

B. Lava Fields Volume Estimation

The proposed mutual calibration of single-scene TDX DEMs
can be utilized for precisely measuring height and volume
changes in time. An example is the monitoring of lava fields,
which build up during a volcanic eruption. Four different erup-
tions in the Reykjanes Peninsula, Iceland, took place between
2021 and 2023. Three of them concern the Fagradalsfjall vol-
canic system, occurring in 2021 (03.19–09.18), 2022 (08.03–
08.21), and 2023 (06.10–08.05), and the last one belonging
to the Svartsengi volcanic system in 2023 (12.18–12.21) [29].
We consider a set of 11 TDX DEMs derived from acquisitions
with different InSAR geometries, covering a time span from
2020.10.30 up to 2023.12.23, with at least one DEM acquired
prior to and one after each of the eruptions.1

We selected the first DEM from 2020.10.30 as reference DEM
and calibrate all other ten DEMs to this reference with the
proposed technique. Fig. 14 shows the estimated lava thickness
maps of newly formed lava fields for each considered eruptions,
superimposed to the reference TDX DEM (in green hillshade
scale). For comparison purposes, we also consider the same
DEMs with no a priori mutual calibration and calibrated with a
pure offset only with respect to the reference DEM, equivalent to
the method considered in [11]. The offset is derived in this case
by considering the mean elevation difference between overlap-
ping DEMs in correspondence of the infrastructures to the Blue
Lagoon geothermal area (centered around 63◦52’49.05”N lati-
tude, 22◦ 26’52.13”W longitude, between 3 and 10 km west from
the eruption sites), which is the closest manmade settlement to
the eruption fields and common to all TDX acquisitions. Fig. 15
shows the DEM difference histograms over the considered area
and its location.

The results of the estimated bulk lava volumes for all dif-
ferent calibration techniques are summarized in Table I. As
reference values for validation, in the last column we report
the bulk lava volumes for the considered eruptions obtained
with nearly real-time photogrammetric aerial DEMs [29]. A
good agreement can be found between the photogrammetric data
and the estimated bulk lava volumes obtained after applying
the proposed mutual calibration technique (DEM difference
mutually calibrated column), with an overall mean difference
of only 1.3%, corresponding to a lava volume of about 1.3
million m3. A slightly higher mean offset of 2.4% is present
when calibrating with an offset only (DEM difference offset
calibrated column), yielding an error of 1.6 million m3. Finally,
the estimation without performing the mutual calibration at all
leads to an error in the order between 1.7% and 21.6% of the
total volume, which corresponds to 8.4 million m3.

1The exact acquisition dates and AIDs (in brackets) of the considered
TDX DEMs are: 2020.10.30 (1757314), 2021.06.18 (1826269), 2021.11.19
(1839959), 2022.12.20 (1976545), 2023.02.24 (2004130), 2023.04.09
(2024202), 2023.08.13 (2048610), 2023.09.04 (2044261), 2023.09.15
(2044268), 2023.12.01 (2078074), 2023.12.23 (2085545)
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Finally, Fig. 16 depicts the histograms of the computed DEM
differences (in logarithmic scale) with respect to the reference
DEM (oldest acquisition) for all the considered TDX DEMs
over Iceland. From top to bottom, they are evaluated without
any mutual calibration, with offset compensation only and by
applying the proposed mutual calibration, respectively. One can
appreciate that no residual bias is visible after the application
of the proposed mutual calibration algorithm, as the histogram
peaks are correctly aligned, which is not the case when cali-
bration is performed by simply correcting for a single offset.
Interestingly, the histogram tails spotted up to about 30 m are
caused by the accumulation of new lava volumes. Moreover,
one should note that the histograms are not normalized and that
the total numbers of pixels correspond to the different overlaps
between the acquisitions.

V. CONCLUSION

In this article, we presented a novel approach for a precise
mutual-calibration of DEMs derived using across-track SAR
interferometry. Specifically, we considered the calibration of
time-tagged TDX DEMs by solely relying on natural calibration
targets derived from PSC using Sentinel-1 data, as well as
from additional considerations on the InSAR acquisition geom-
etry, radar frequency and scene characteristics. The algorithm
delivers highly accurate results at the advantage of a limited
computational complexity. Indeed, the use of sole PSC, selected
on the basis of the amplitude dispersion index, and the additional
constraints on the SNR and the spatial coherence allow for
the selection of reliable natural calibration targets, without the
need, e.g., for implementing an entire PSI processing chain. This
should also allow users from diverse communities, who are not
particularly familiar with the details of PSI processing, to prop-
erly perform a mutual calibration of single-pass InSAR DEMs
for their higher level scientific applications. Interestingly, the
method can also be applied to other sensors operating at different
frequencies, by simply performing a dedicated thresholds pre-
calibration procedure. Moreover, it is also worth mentioning that
no recalibration of the algorithm setting is normally necessary
when considering the same sensors (i.e., TDX and Sentinel-1)
over different scenarios. This was demonstrated by the real-case
validation performed over Iceland, since the algorithm settings
were derived using a test site surrounding the Aletsch Glacier
in the Swiss Alps and no changes were applied to the Iceland
scenario. Nevertheless, we plan to further validate this aspect
in the future by considering additional test sites characterized
by different land cover, topography, and acquisition geometries.
The proposed approach can be completely automatized and does
not require the availability of external reference measurements,
such as GPS data, being well suited for large-scale deployment
or application over remote scenarios where the acquisition of
reference measurements might be unfeasible. Moreover, we
analyzed the importance of a precise mutual calibration of
DEMs prior to differentiation for the quantification of height
and volume changes, which, if not correctly performed, could
lead to the presence of nonnegligible errors in the downstream
applications. We demonstrated the effectiveness of the proposed

methodology by considering as test-case scenario the estimation
of new lava fields volumes from the volcanic eruptions occurred
in the Reykjanes Peninsula, Iceland, between 2021 and 2023.
The obtained results showed a very good agreement with ref-
erence high-resolution measurements obtained from aerial pho-
togrammetric DEMs, with an overall mean estimation difference
of only 1.3%. In light of these findings, it becomes apparent how
a mutual DEM calibration based on offset compensation only
is not sufficient for a precise estimation of height and volume
changes through DEM differentiation. This aspect clearly im-
pacts a large variety of downstream scientific applications and
should be carefully considered.

Finally, it is important to mention that in this work we
strictly considered scenarios, which are not affected by severe
penetration effects of the radar waves into volumetric targets,
such as, e.g., vegetation or snow and ice-covered areas. In these
cases, the correct compensation for the elevation bias caused
by penetration is of crucial importance to retrieve the height
of the surface and to correctly perform DEM differencing, as
this strongly impacts possible subsequential applications such
as glacier mass balance and seasonal snow height retrieval. This
aspect will be addressed in future works.
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