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he main goal of the TanDEM-X (TerraSAR-X Add-On

for Digital Elevation Measurements) mission is the
generation of a global digital elevation model (DEM) of
unprecedented accuracy and coverage. The global Tan-
DEM-X DEM product became available in 2016, surpassed
all expectations, and became a reference for a wide range
of Earth science, commercial, and geospatial applications.
In addition, new information products, such as DEM
change maps (DCMs), have been developed and are avail-
able to the geoscience and remote sensing community.
Beyond the operational products, new science applications
have been demonstrated and are summarized in this arti-
cle, along with experimental data acquisitions. This article
also aims to provide an overview of science activities with
TanDEM-X data and science data acquisitions planned for
the coming years.

2473-2397 © 2025 IEEE. All rights reserved, including rights for text and

INTRODUCTION
The German TanDEM-X mission is a bistatic synthetic ap-
erture radar (SAR) mission for scientific and commercial
applications [1], [2] and has been in its operational phase,
with two radar satellites in close-formation flight, since De-
cember 2010 [3], [4], [5], [6]. In this article, we focus on the
science activities and review the science applications that
have been conducted mainly for 3D and 4D applications.
TanDEM-X is delivering data in a single-pass interferomet-
ric mode and, with this, providing data in 2D (i.e., range
and azimuth), 3D (i.e., adding the height derived from in-
terferometry), and 4D (i.e., 3D data acquisitions over time).
TanDEM-X is providing a unique data set to a broad user
community and is the only SAR mission to date to deliver
4D data.

The article starts with a short overview of the TanDEM-X
mission to explain the imaging capabilities in order to un-
derstand the information products that are used to derive
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the new applications. Furthermore, a review of the con-
ducted mission phases is provided, being relevant for the
data products to establish a time series. Then, the science
coordination activities are presented, with valuable statis-
tics on the application distribution. In addition, new opera-
tional data products are presented that have been available
for several months. The heart of this article is the “Applica-
tion Domain,” section, “Science Domain” where several 3D
and 4D applications are presented. We have also included
a section on experimental products and applications using
different TanDEM-X operation modes that illustrate the in-
novative character of the mission due to its flexible and re-
configurable imaging capabilities. We close the article with
an outlook and lessons learned.

TANDEM-X MISSION OVERVIEW

On 21 June 2010, the TanDEM-X satellite was launched and
opened a new era in spaceborne radar remote sensing. The
first formation-flying radar system [5] was built by extend-
ing the TerraSAR-X mission [7] by a second TerraSAR-X-like
satellite, TanDEM-X, as illustrated in Figure 1.

Both satellites carry advanced high-resolution X-band
(center frequency: 9.65 GHz; chirp bandwidth: up to 300
MHz) SARs, which can be operated in spotlight, stripmap,
and scanning SAR (ScanSAR) modes [8]. The so-called he-
lix formation combines a horizontal orbital displacement
at the equator (small differences in the right ascension of
the ascending nodes) with a vertical separation over the
poles (different eccentricity vectors), resulting in a helix-
like relative movement of the satellites along the orbit, as
sketched in Figure 2. For a complete mapping of Earth with
homogeneous height accuracy, the helix formation param-
eters are regularly adjusted to achieve adequate interfero-
metric baselines [9].

The resulting large single-pass SAR interferometer en-
ables the acquisition of highly accurate cross-track inter-
ferograms, not impacted by temporal decorrelation and
atmospheric disturbances, as the basis for the global Tan-
DEM-X DEM, which has been defined to meet or exceed the
specifications presented in Table 1 [10]. The height values
are referenced to the World Geodetic System 84 ellipsoid,
and the coverage must reach at least 97% of all land mass.
This primary objective of the mission has been achieved,
with the global TanDEM-X DEM being well within speci-
fication; the achieved absolute height accuracy exceeds the
10-m specification by almost one order of magnitude, and
the coverage is close to 99.9% [11], [12].

The scientific exploitation is not limited to the DEM.
TanDEM-X has unique capabilities, including along-track
interferometry (ATI) and new bistatic and multistatic SAR
techniques that support numerous secondary mission ob-
jectives. Indeed, some of these experiments were directly
performed during the DEM acquisition phase, when suit-
able satellite formation geometries were available. More-
over, regular acquisitions over selected supertest sites
enabled multitemporal analyses. A dedicated science phase
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after the DEM acquisitions included exploitation of up to
4-km horizontal baselines, operation in the so-called dual-
receive antenna (DRA) mode, and a period in a pursuit-
monostatic flight formation.

In 2017, the decision was made to continue the mission,
with a focus on topographic changes. By repeatedly observ-
ing certain areas, a time series of data is generated. The data
set gradually grows and, in addition to the three spatial di-
mensions, contains a fourth dimension - time - revealing
new previously hidden insights. For example, the growth

and degradation of forests can be measured. Repeated

FIGURE 1. The TanDEM-X bistatic single-pass interferometric
mission.

FIGURE 2. The TerraSAR-X (red) and TanDEM-X (green) satellites
flying in a helix formation with horizontal separation at the equator
and vertical separation over the poles.

B EEEEn ..

TABLE 1. SPECIFICATIONS OF THE GLOBAL TANDEM-X DEM.

PARAMETER DEFINITION REQUIREMENT
Relative vertical 90% linear point-to-point 2 m (slope < 20%)
accuracy errorin 1 x 1° cell 4 m (slope > 20%)

Absolute vertical 90% linear error 10m

accuracy

*, Spatial resolution  Independent pixels

Authorized licensed use limited to: TU Delft Library. Downloaded on April 03,2025 at 12:53:06 UTC from IEEE Xplore. Restrictions apply.
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height measurements also allow the observation and quan-
tification of the melting of glaciers and ice sheets caused by
global warming.

Despite being well beyond their design lifetime, both
satellites are still fully functional and have enough con-
sumables for several additional years. Therefore, bistatic
operations continue, with a focus on changes in the cryo-
sphere, the biosphere, and densely populated urban areas.

TANDEM-X MISSION PHASES

In this section, the various DEM and science mission phas-
es since 2010 are presented along with the respective ap-
plication focus.

Figure 3 shows the different mission phases of
TanDEM-X. After the launch of the TunDEM-X satellite,
a six-month commissioning phase was performed in
order to calibrate, verify, and operationalize the mission.

The acquisition of the global DEM started on 11 Decem-
ber 2010. During the next 3.5 years, all land masses were
acquired at least twice [13]. The two coverages were planned
with different spatial baselines in a ratio of about 0.7. This
enabled dual-baseline interferometric processing in order
to resolve phase unwrapping errors [14]. On the other hand,
the two coverages were combined in order to improve the
height accuracy.

Difficult terrains like mountains were acquired several
times. They were especially mapped from two different view-
ing geometries, i.e., in ascending and descending orbit direc-
tions, in order to resolve shadow and layover effects [15].
Dry sandy deserts, which suffer from low backscatter, were

L - Commissioning Phase
s * Calibration and Operationalization

Two Global Coverages
* Two Coverages With Different Baselines
* Allow Dual-Baseline Phase Unwrapping

3rd Year Acquisitions
* Difficult Terrain
¢ Antarctica

2013—
2014

Science Phase, 2014-2016
* Exploitation of the Scientific Potentials
* Demonstration of High-Resolution DEMs

TanDEM-X DEM 2020

o g » Change DEM Acquisitions and

o8 ' Production of a Second Global DEM

o « Provided Also via DEM Change Maps

4o &, Science Phase, 20202022

8 S ¥y . * Main Focus: Forests,

o *  Glaciers/Permafrost, Urban Areas
TanDEM-X 4D Phase

&' = » Continuous Monitoring of Topographic

S Changes on Earth

* Generation of DEM Change Maps
Time Series

FIGURE 3. The different phases of the TanDEM-X mission.

acquired with steep incidence angles in order to achieve the
required height performance [16]. Finally, due to the inclina-
tion of the orbit, the inner area of Antarctica, including the
South Pole, was mapped in a left-looking mode and using
very flat beams for incidence angles up to 60°.

The global DEM phase was followed by a dedicated sci-
ence phase. In the first six months of this phase, the sat-
ellites were separated in an along-track direction by 10 s
(76 km) into a so-called pursuit-monostatic formation.
This enabled two independent monostatic acquisitions
with the same geometry. During this phase, the forma-
tion was not fixed; e.g., the radial baseline experienced
its 104-day natural drift. Thus, radial baselines of around
1 km were made possible all over the globe (at a certain
time period). The main focus of this phase was measure-
ments in the arctic regions with such large baselines. In
addition, the DRA mode was activated, allowing for bi-
static quad polarization (quad-pol) acquisitions with four
phase centers. The active satellite toggles the transmit
polarization between H and V, using the whole antenna.
In reception, the antenna is electronically split into two
parts, and one part receives H polarization, and the other
part receives V polarization. In the pursuit-monostatic
formation, this is done on both satellites independently.
During the bistatic phases, quad-pol products can be syn-
thesized by toggling the transmit polarization of the ac
tive satellite while receiving on one satellite in H and on
the other satellite in V polarization [17], [18].

After that, a very large horizontal baseline of about
3.6 km, instead of the 200-500-m horizontal baseline
in nominal close formation, was established. This allows
accurate monitoring of vegetation growth with decime-
ter accuracy. The baselines were kept stable for about six
months, e.g., during the summer growing season in the
northern hemisphere.

Thereafter, an offset in the along-track, i.e., in-flight, di-
rection of a few hundred meters was established in close
formation in order to allow for ocean current monitoring.
This offset was set such that the along-track separation be-
comes negligible in northern latitudes (in nominal forma-
tions, this is the case only at the poles) in order to avoid
temporal decorrelation of the ocean.

Finally, a phase to acquire data for high-resolution
DEMs was performed [19]. Dedicated demonstration sites
were covered several times with baselines on the order of
1,000 m, enabling products with an independent posting
of better than 6 m (compared to 12 m for the global DEM)
and with the goal of a relative height error of 0.8 m (com-
pared to 2 m for the global DEM).

In 2017, the TanDEM-X DEM 2020 phase (formerly
called the change DEM phase) was implemented with the
aim to perform an update of the global DEM and to reveal
changes in the topography of Earth. This phase lasted for
3.5 years and benefited from the experience gained in the
first global DEM phase. Hence, even with a reduced number
of acquisitions, complete coverage with good performance
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was acquired. The acquisitions from the change DEM phase
resulted in publicly available global DCMs and will be pro-
cessed into the global TanDEM-X DEM 2020 [20], [21].

Starting in 2020, a second science phase was performed.
The goal of this phase was the tight monitoring of forests,
permafrost areas, and cities.

This phase was continued by the TanDEM-X 4D phase
[22]. This phase was planned to last from 2022 until the
end of the mission. Here, a biyearly alternation between ac-
quisitions of changing regions with forest and permafrost
is foreseen to achieve a temporal timeline of the changing
topography of Earth.

Figure 4 demonstrates the interest in the TanDEM-X DEM
data by TanDEM-X science users (as of October 2023). The
areas with the highest demand are central Europe, the Hima-
layas, Greenland, the Andes, and the Antarctic Peninsula.

Figure 5 examines the interest in coregistered single-
look slant range complex (CoSSC) data. The labels pro-
vide the location of exemplary selected supertest sites.
The demand for the science supertest sites clearly dom-
inates the picture, with a large number of downloaded
scenes per site.

SCIENCE ACTIVITIES COORDINATION

The vast majority of the interferometric SAR (InSAR) data
acquired during the mission as well as the DEM products
are available to the international science community;
exceptions are data acquired for mission maintenance,
calibration, and testing, which are available only for the
mission ground segment staff. Although some lower-
resolution data sets (TanDEM-X 90-m DEM, edited 30-m
DEM, DEM 30-m change maps, and polar DEM) and
derived data sets (e.g., forest/nonforest mask and global
urban footprint) are available through simplified down-
load procedures (partly with registration), in contrary
the higher resolution (12-m) global DEM products, and
its underlying InSAR (CoSSC) data, are available through
a proposal procedure at the German Aerospace Center
(DLR) only. The reasons for this are, on the one hand,
German legislation (the German Satellite Data Security
Act) and DLR export controls within the European Union
framework and, on the other hand, the DLR’s partnership
with Airbus Defense and Space, which holds exclusive

FIGURE 4. A heat map of the interest in the TanDEM-X DEM data
by scientific users.
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commercial exploitation rights for the (high-resolution)
DEM and SAR data.

The gateway for international science teams to Tan-
DEM-X science coordination and the interface for Tan-
DEM-X proposal submission at the DLR are offered by
the TanDEM-X Science Service System (https://tandemx-
science.dlr.de) [1]. Since its launch in 2011, during the
commissioning phase, about 6,700 scientists from 130
countries have registered with the TanDEM-X science
team. So far during the mission (as of May 2024), 1,936
project proposals, submitted by 1,439 different principal
investigators, have been approved by the DLR [1,186 DEM
projects, 142 intermediate DEM projects (after one global
acquisition), and 608 CoSSC projects]. With an approved
proposal and an order account at hand, scientists are able
to download global DEM tiles and all kinds of CoSSC data
sets through the DLR's EOWEB interface (https://eoweb.
dlr.de/egp), which includes all systematic acquired data
sets, e.g., for supertest sites, the global DEM (2010-2015),
the global DEM 2020 (2016-2020), and all other acquisi-
tions after 2020 and in the coming years. As the high-reso-
lution DEM products in particular are marketed by Airbus
Defense and Space within the commercial WorldDEM
portfolio, access to these products for scientific applica-
tions is quoted, and the amount of data has to be justified
in the proposal. Throughout the mission (as of May 2024),
about 227,226 products (DEM: 22,355; CoSSC/other SAR
products: 204,871) have been delivered to the internation-
al science community. The majority of the CoSSC data is
connected to application domains, where the detection of
changes of glaciers, urban settlements, forests/vegetation,
and volcanoes (e.g., glacier mass balance, urban growth,
forest height change, and lava volume) are important top-
ics (Figure 6). For DEM proposals (Figure 7), the main
topic is geology, with a strong emphasis on tectonics, e.g.,
to detect and map faults and lineations or to help interpret
other structural geology findings. A second large topic is
hydrology, where the DEM is used to delineate watersheds,
identify a fine flow pattern network, or simulate flooding
(Figure 7). The DEM domain “other applications” includes
many different topics, with archaeology being one of the
main research categories.

FIGURE 5. A heat map of the interest in the TanDEM-X coregistered

single-look slant range complex data by scientific users and the
location of selected supertest sites.
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FIGURE 6. The distribution of the CoSSC data requests throughout the application domains.
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FIGURE 7. The distribution of DEM data requests throughout the
application domains.

Since the launch of the mission, science team meetings
have been organized at the DLR, in Oberpfaffenhofen,
Germany, every second to third year to inform princi-
pal investigators about the mission performance and
to update the intended mission phases. These meetings
are also important to receive feedback from scientists on
mission configurations, science phases, and data perfor-
mance and to trigger exchanges among scientists. The
inputs from the meetings are internally evaluated, and
some of them are transformed into real actions that are
implemented.

In addition to global acquisitions and individual re-
quests for smaller test sites, supertest sites were identified
and established. Supertest sites are selected regions for
certain domains where TanDEM-X acquisitions have been

Cross-Track Ocean New Techniques: Digital
- Beamforming 1%

Superresolution 1%

__ Cross-Track Glaciology

~New Techniques:
InSAR 11%

acquired regularly over the past 13
years and have the size of stripmap
acquisitions (15-30 km in width and
50 km in length), and they are listed
in “Supertest Sites.” The supertest
sites were selected at the beginning
of the mission as a result of scientific
requests and recommendations. In
total, 46 test sites were selected, cov-
ering agricultural, forest, glacier, sea
ice, and volcano test sites worldwide.

TanDEM-X is a highly flexible and
reconfigurable mission with many
different imaging modes and, in ad-
dition to global acquisitions, a large
number of future data acquisition
requests. This provides a unique op-
portunity to demonstrate, develop,
and test new acquisitions for new
and innovative applications, but it
also leads to intense support and interaction between the
science coordination team and scientists to make a proper
selection of the acquisition plan. This circumstance led to
a semiautomated science interface and required manual in-
teraction.

The opportunity to combine data acquisition with
the Spanish X-band satellite Paz has led to cooperation
between Spain’s National Institute of Aerospace Technol-
ogy and the DLR and provides the benefit of requesting
science acquisitions with a shorter repeat time of four,
seven, and 11 days. This is especially interesting for high-
ly dynamic applications, which require a shorter repeat
time, as with, for example, agricultural crop and snow
studies. Performance analysis showed that it is possible
to build up high-performance interferograms between
the missions [23].

New Techniques:

Interferometry 14%

_ Other Applications
13%

Cross-Track Vegetation
Interferometry 12%

NEW TANDEM-X DIGITAL ELEVATION

MODEL PRODUCTS

TerraSAR-X and TanDEM-X have been providing high-
quality and high-resolution SAR data since 2007 and
2010, respectively, for 17 and 14 years. Since 2016, a glob-
al and consistent DEM with unprecedented accuracy has
been available, obtained from interferometric data from
the TanDEM-X mission [12], [24], [26]. Figure 8 summa-
rizes the various products that were generated with data
acquired by the TanDEM-X mission. The DEM and value-
added DEM products are presented in this section, while
some of the value-added products are discussed in the fol-
lowing sections.

The TanDEM-X 30-m edited DEM (EDEM) and Tan-
DEM-X 30-m DCMs are two products that were released
in November 2023. They are globally available for free for
science and noncommercial usage in a 30-m posting. The
TanDEM-X DEM 2020 was planned to be released by the
end of 2024.
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PRODUCTS GENERATED FROM ACQUISITIONS to January 2015. It covers 150 million km? of Earth’s land
BETWEEN 2010 AND 2017 mass from pole to pole and has an excellent vertical height
The TanDEM-X DEM was generated from interferometric error of 1.4-m standard derivation globally. Details of the
DEM data acquired over four years, from December 2010 global TanDEM-X DEM and its quality can be found in [12].

Supertest Sites

TABLE S1. TANDEM-X MISSION SUPERTEST SITES FOR DIFFERENT APPLICATION AREAS.

ID TEST SITE COORDINATES (LATITUDE, LONGITUDE) APPLICATION AREA

i Barrax, Spain, mixed agriculture 39.067181,-2.158813 Agriculture

) Demmin agriculture 53.989766, 13.258538 Agriculture

3 Sevilla, Spain, rice agriculture 37.085858, —6.116638 Agriculture

4 Wallerfing agriculture 48.74527, 12.831 Agriculture

5 Injune —25.295572, 147.65497 Forest

6 Krueger National Park —24.811668, 31.657104 Forest

7 Krycklan 64.22055, 19.897878 Forest

8 La Selva 10.4209, —84.0224 Forest

9 Remningstorp 58.46202, 13.628747 Forest

10 Tapajos —3.1148, —54.955 Forest

1 Tasmania northeast forest —41.679705, 147.854858 Forest

12 Aletsch Glacier 46.502173, 8.033752 Glacier

13 Antarctic Peninsula midwest —64.599004, —60.859433 Glacier

14 Antarctic Peninsula northeast —63.984254, —58.773919 Glacier

15 Antarctic Peninsula south —66.739902, —66.115723 Glacier

16 Antarctic Peninsula southwest —65.436773, —62.890346 Glacier

17 Antarctic Peninsula mideast —64.315565, —59.875401 Glacier

18 Bering Glacier 60.432832, —142.797546 Glacier

19 Columbia Glacier 61.378305, —147.062988 Glacier

20 Hellheim Glacier dual-pol 66.3771,—38.2489 Glacier

21 Jakobshavn Glacier 69.117569, —49.570313 Glacier

22 Jakobshavn Inland Glacier 69.14, —49 Glacier

23 Kangerdlugssuaq Glacier 68.668, —32.853 Glacier

24 Petermann Glacier 80.722458, —60.28164 Glacier

25 Pine Island Glacier mid —75.198609, —99.53626 Glacier

26 Pine Island Glacier north —75.196072, —98.088726 Glacier

27 Pine Island Glacier south —75.243818, 100.563795 Glacier

28 Russell Glacier 67.041,—49.834 Glacier

29 Thwaites Glacier north —75.305306, 106.861204 Glacier

30 Thwaites Glacier south —75.305306, —106.861204 Glacier

31 Wordie shelf ice —69.384747, —66.899792 Glacier

32 Alert sea ice ascending orbit 133 82.656652, —62.731934 Sea ice

33 Barrow sea ice 71.467252, —156.952921 Seaice

34 Asal fault 11.583633, 42.499237 Volcano

35 Bezymianny 55.975924, 160.587021 Volcano

36 Breidamerkurjokull 64.147125,—16.369136 Volcano

37 Colima volcano 19.451053, —103.748971 Volcano

38 El Hierro 27.7431,—18.012772 Volcano

39 Etna 37.740313, 14.983292 Volcano

40 Grimsvotn and Skafta cauldrons 64.433236, —17.510343 Volcano

41 Kilauea east rift zone 19.371721, —155.047302 Volcano

42 Kilauea summit 19.414307, —155.273209 Volcano

43 Merapi volcano —7.636427, 110.425632 Volcano

44 Piton de la Fournaise —21.249702, 55.730896 Volcano

45 Shiveluch volcano 56.653333, 161.36 Volcano
Soufriere Hills volcano 16.740000, —62.187 Volcano
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The TanDEM-X 30-m EDEM is an ed-

e G P e ey oAl (L i) ited version of the TanDEM-X global
>
w3 . . .
e TanDEM-X DEM S 8 TanDEM-X DEM 2020 DEM with a pixel spacing .Of 1 arcsec
. ond (arcsec), corresponding to ap-
23 i
/s TanDEM-X PolarDEM 90 m of Antarctica S 2 proximately 30 m at the equator. The
- . T8 editing process was fully automated.
#Taoen - TanDEM-X 30-m Edited DEM § § TanDEM-X 30-m DEM Change Maps First, overlapping pixels between ad-

jacent geocells, which showed some

/Z0a % TanDEM-X Forest/Nonforest Map ‘§ ! ¢ .
3 inconsistencies, were properly cor-
G GUF - Global Urban Footprint vi g rected and homogenized. A consis-
(= World Settlement Footprint (WSF) 3D g tent water body layer was generated
/e TanDEM-X Coastline -Gloval S0 E to distinguish between voids and
HydraSHEDS HydroSHEDS S https://geoservice.dIr.de/web/maps water bodies [27]. Water bodies were
classified as oceans, lakes, and rivers.
FIGURE 8. The TanDEM-X products for acquisitions from 2010 to 2017 and 2017 to 2021. Voids were grouped into gaps and
also classified to select the param-
2.000 eters for the filling process. Geocells
were merged to process gaps corre-
1,750 sponding to more than one geocell.
L 1,500 Each gap was then filled using an ex-
ternal reference DEM, and each water
==t E body was flattened, mainly using the
-1,000 £ height of the shoreline as a reference.
© Finally, an editing mask was gener-
r750 * ated to identify the editing algorithm
L 500 used, and, finally, the external refer-
. ence map was used to fill the gaps. An
24 d 250 example of colored hill shade DEMs
0 before and after editing is given in

Figure 9. The details of the DEM edit-

FIGURE 9. A colored hill shade DEM of the Patagonia region: the (a) unedited version (invalid ~ ing process can be found in [28], and
values appear as black pixels) and (b) edited version. the globally edited version has been
published in [29].
Specifically, for polar regions, the
60°S 30 (?W 0° 39 0 60°S TanDEM-X PolarDEM framework
r4 " provides derivatives of the TanDEM-
] k X DEM [26]. These derivatives in-
clude EDEM products, single-year
coverages, and penetration bias-
corrected DEMs over ice caps world-
wide. The edited and reprojected
DEM of Antarctica in the universal
polar stereographic coordinate sys-
tem is publicly available at 90 m and
is shown in Figure 10 [30].
For ice mass balances, the applica-
bility of amean DEM overseveral years

60 °W
60 °O

60°S 90°W 60°S
60 °S 90 °O 60 °S

is limited. Therefore, especially over
Greenland, time-tagged DEMs cover-
ing only one winter season are gener-
ated (Figure 11). Additionally, these

Height (m)

120 °W
120 °O

I:- : \ DEMs are corrected regarding the ef-
" X 0 500 1,000 km 1 3 3

0 ~4.000 i o fect of 51gnal. penetration to provide

60 °S 150 °W 150 °O 60 °S a topographic reference for change

monitoring in conjunction with op-

FIGURE 10. The edited 90-m TanDEM-X PolarDEM of Antarctica in color-coded elevations. tically generated DEMs [31], [32].
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To achieve this, a multiple linear regression model is ap-
plied to each individual raw DEM before mosaicking. It was
shown that the corrections can vary by a few meters per raw
DEM, and therefore, this extended procedure significantly
improves the estimation of mass changes using TanDEM-X
DEMs and reduces under- and overestimation of elevation
and mass changes.

PRODUCTS GENERATED FROM ACQUISITIONS
BETWEEN 2017 AND 2021
From 2017 until mainly 2021, data for the so-called Tan-
DEM-X 2020 DEM were acquired. The TanDEM-X 2020
DEM is a new and independent DEM covering global land-
masses. Hence, it delivers an updated topographic data set
and enables monitoring topographic changes on a global
scale by comparing the TanDEM-X DEMs from 2010 to
2014 and 2017 to 2021. Thanks to a new phase unwrap-
ping technique originally developed for high-resolution
DEMs [33], one coverage will be sufficient for the genera-
tion of the TanDEM-X DEM 2020. This goes in line with
the reduced possibilities of the overdue mission’s satellites.
Around 19,780 data takes have been successfully acquired
and processed to approximately 200,000 change raw DEMs
and CoSSC data [34]. The final mosaicked TanDEM-X DEM
2020 follows technically the same product format specifica-
tions as the global TanDEM-X DEM. It has a 12-m posting
and similar absolute horizontal and vertical specifications
[35]. The absolute height accuracy is comparable to the Tan-
DEM-X global DEM, i.e., on the order of a 1.4-m root-mean-
square error (RMSE).

Besides the second global TanDEM-X DEM 2020, a new
product, the DCMs, which were released late 2023 in a

30-m (1-arcsec) posting version, have been generated with
these acquisitions [36]. The TanDEM-X 30-m DCMs were
created to provide global terrain change information that
is particularly useful for various fields, including mining,
glaciology, and forest monitoring. Hence, they show DEM
changes with respect to the first global TanDEM-X DEM in
its edited version (TanDEM-X 30-m EDEM) reference for
new data collected between 2016 and 2022 (yet, most of
the data were taken between 2017 and 2021).

Since these new data are calibrated over stable areas
against the TanDEM-X 30-m EDEM, their absolute height
accuracy is also in the order of 1 m. The DCMs are anno-
tated with precise time stamps on a pixel basis to enable
multitemporal analyses [20]. This product is a first step
for visualizing temporal changes in glaciers, ice sheets,
coastlines, and forests on a global scale, which is impor-
tant for understanding the impacts of climate change.
Therefore, it is planned to extend the TanDEM-X 30-m
DCMs locally to provide detailed information on changes
to Earth’s surface over time in the form of a stack, or times
series, containing all available and future TanDEM-X
DEM acquisitions. Figure 12 depicts the height variations
in the Kaingaroa Forest, the second-largest forest planta-
tion in the southern hemisphere, on the north island of
New Zealand. Acquisitions from mid-2018 and mid-2019
enable not only long-term comparison with respect to the
first global DEM (with data collected between 2011 and
2014) but also the monitoring of the plantation within
one year. Harvested parcels are shown in darker red, in-
dicating a height change of over 29 m, which is compli-
ant with the height of the planted trees that are Douglas
fir (20-100 m high) and radiata pine (15-30 m high).
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FIGURE 11. Time-tagged DEMs covering winter in (a) 2010-2011, (b) 2011-2012, () 2015-2016, and (d) 2016-2017 in color-coded elevations.
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This example emphasizes the possibility of using the
global DCMs for forest monitoring.

SCIENCE DOMAIN

TanDEM-X has triggered the development of a variety of
new applications. In this section, we provide a selection
of applications that were developed at the DLR, some with
contributions from outside the DLR, that showcase how
important the bistatic single-pass interferometric missions
are for 3D and 4D applications. The selection is highlighted
for different domains, and each section contains a descrip-
tion of the purpose, the methodology, the accuracy, and the
needs of the applications.

ANTHROPOSPHERE

URBAN MORPHOLOGY

Characterizing the 3D extent of building stock is crucial
for evaluating the efficiency and sustainability of urban
development and human activities. The volume and avail-
able floor space of buildings significantly impact residents’
well-being by influencing their access to housing, produc-
tive jobs, and services. Additionally, the 3D density of built
spaces affects critical aspects such as the urban climate,
emissions, the carbon footprint, transportation, mobility,
and the capacity to adapt to natural hazards and climate
change. Despite the importance of the building stock for
global sustainability and resilience of the built environ-
ment, there is limited knowledge about the variations in
building area, height, and volume across different coun-
tries, cities, and neighborhoods. To address this data and
knowledge gap, the DLR developed and processed the glob-
al World Settlement Footprint (WSF) 3D data set .

The WSF 3D data set offers measurements of the build-
ing fraction, total building area, average building height,
and total building volume at a 90-m resolution [37]. It is
produced using an enhanced WSF 2019 [38] mask from Sen-
tinel-1 and Sentinel-2 satellite imagery, combined with digi-
tal elevation data and radar imagery from the TanDEM-X
mission. The WSF 3D framework involves three main pro-
cessing workflows: estimating mean building height from

height differences along potential building edges, deter-
mining the building fraction and total area within each
90-m cell, and combining this information to calculate
average height and total built-up volume. Additionally,
global data on skyscrapers and high-rise buildings from the
Emporis database are integrated to refine building height
and volume measurements. The accuracy of the data set has
been validated using high-resolution 3D building models
from 19 regions worldwide, covering an area of 85,878 km?
[37]. The results indicate a mean estimation error of 2.78%
for the building fraction, 2.85% (0.22 m) for the building
height, and 14.38% for the building volume.

The WSF 3D standard layers (building fraction, total
building area, average building height, and total building
volume) are accessible for free via the DLR’s GeoService of
the Earth Observation Center, at https://geoservice.dlr.de/
web/maps/eoc:wsf3d. All data sets are provided as Lempel-
Ziv-Welch-compressed GeoTIFF files, with each tile cover-
inga 1 x 1° geographical latitude/longitude at a 2.8-arcsec
resolution (~90 m at the equator). The latitude resolution
decreases in steps toward the poles to account for Earth’s
reduced circumference.

For the first time, the novel WSF 3D data offer scientists,
planners, and policy makers globally consistent wall-to-wall
empirical evidence of the key spatial characteristics of the
world’s building stock. For example, Figure 13 is a 3D repre-
sentation of average building volumes calculated for concen-
tric rings from the center to the outskirts of the cities of New
York (United States), Beijing (China), and Munich (Germa-
ny), derived from the WSF 3D data set. This enables a more
accurate assessment and deeper understanding of the 3D
morphology of the built environment and horizontal and
vertical patterns of the megatrend of global urbanization.

BIOSPHERE

FOREST MAPS

The TanDEM-X bistatic interferometric coherence represents
a valuable feature for a large variety of applications, being
sensitive to the changes in volume scattering. This aspect
can be exploited to map forested areas at high resolution
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FIGURE 12. TanDEM-X 30-m DCMs over the Kaingaroa Forest on the north island of New Zealand: the (a) DCM from data acquired in mid-
2018 overlaid on the EDEM and (b) DCM from data acquired in mid-2019 overlaid on the EDEM.
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since radar waves can penetrate into the canopy, leading to
volumetric decorrelation [40], [41]. This principle was at the
basis of the clustering-based machine learning algorithm
developed for the generation of the global TanDEM-X forest/
nonforest map [42]. To monitor the temporal evolution of
forested areas, a deep learning (DL)-

based model was trained, yielding

the generation of reliable forest maps

for all different bistatic InSAR ac- ()

quisition geometries. An example is
presented in Figure 14, which depicts
forested areas as well as deforestation
spots in the Amazon rainforests cov-
ering the state of Rondonia, Brazil,
generated by differentiating the de-
rived forest maps from the TanDEM-
X global coverages of 2012-2013 and
2016, respectively [43].

FOREST HEIGHT

Contrary to initial expectations,
TanDEM-X has made a significant
and unique contribution in a range
of forest applications. The sensitiv-
ity of the interferometric coherence
to the vertical forest structure when,
unaffected by temporal decorrela-
tion, combined with the high spatial
resolution proved to be valuable for
forest applications, compensating in
many cases for the limitations im-
posed by the confined penetration
capability into and through vegeta-
tion due to the high attenuation rates
at the X band.

The most prominent example in
this context is forest height, where
TanDEM-X initiated a large number
of studies on forest height estimation
from TanDEM-X InSAR data in all
possible forest types and conditions
[44], [46], [47], [48], [49], [50], [51].
Model-based approaches proved in
general to be more robust and with
performance that is remarkably good
as long as forest conditions allow suf-
ficient penetration to ensure the “vis-
ibility” of the whole (vertical) forest
extent and as long as the forest (and
terrain) heterogeneity can be matched
by a simplified parameterization of
the vertical reflectivity. While the lim-
ited penetration at the X band is phys-
ical and has to be accepted as long as
the underlying topography is un-
known [45], the parameterization

IEEE GEOSCIENCE AND REMOTE SENSING MAGAZINE

of the vertical reflectivity profile is constrained only by the

number of available measurements in order to obtain a bal-
anced inversion problem.

However, the conventional observation space of
TanDEM-X is rather limited. In the global DEM mode, it
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FIGURE 13. The WSF 3D building volume layer for (a) New York City, NY, USA; (b) Beijing,
China; and (c) Munich, Germany, with 3D perspective views of the average building volume
calculated for concentric rings around the city center. The color coding of the rings displays
the bivariate relation between the average volume (MeanV) and the total area of built-up pix-
els (SumA). The urban boundaries are taken from the Global Human Settlement Layer Urban
Center Database of the Joint Research Center of the European Commission.
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consists of a single interferogram (at one polarization and a
single spatial baseline) per year. The motivation to explore
this unique data set triggered approaches based on strong
simplifications in the description of the vertical reflectivity
and/or relying on the use of external information, such as
the use of an external digital terrain model as well as syner-
getic approaches with other sensors.

In the latter case, the use of lidar measurements to sup-
port the model-based inversion of TanDEM-X interferomet-
ric data has been investigated in a number of studies [45],
[49], [52], [53], [54], [55]. The similarity of the lidar and
TanDEM-X measurements, induced by the high sensitiv-
ity to the geometrical attributes/architecture of the canopy,
high attenuation rates, and high spatial resolution common
to both configurations, supports such approaches. The

i ~ SN
FIGURE 14. Deforestation monitoring in the Amazon rainforest
using high-resolution TanDEM-X images over the state of Rondonia,
Brazil. Forest maps are derived using a DL-based convolutional
neural network for semantic segmentation. Deforested areas (in
red) are identified by differentiating time-tagged forest maps
generated from the TanDEM-X global coverage of 2012-2013 and
2016, respectively.

Forest Nonforest
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FIGURE 15. A forest height map over the Amazon basin with a spa-
tial resolution of 25 m as derived from the combination of TanDEM-
X and GEDI mission measurements. The map extends between
70°W and 45°W in longitude (the horizontal axis) and 15°S and 0°
in latitude (the vertical axis).

use of lidar waveforms to directly approximate the verti-
cal reflectivity in TanDEM-X interferograms proved to be
particularly powerful [55], [56], [57], [58], [59]. This paved
the way for combining TanDEM-X and measurements per-
formed by NASA’s Global Ecosystem Dynamics Investiga-
tion (GEDI) mission, which has operated a waveform lidar
on board the International Space Station since the end of
2018. Figure 15 shows a forest height map derived from the
combination of TanDEM-X and GEDI measurements with
a spatial resolution of 25 m over the Amazon basin. A total
of 60 million GEDI measurements and 12,000 TanDEM-
X images were combined to produce this map. Such maps
are relevant as stand-alone products, recognizing that their
relative accuracy is significantly higher than their absolute
accuracy, or relevant for filling the spatial gaps in a high-
er-resolution GEDI product line. Although the accuracy
of the results obtained is rather moderate due to the lim-
ited observation space, their significance goes well beyond
the ability to use TanDEM-X data to produce forest height
maps. On the one hand, it demonstrates the potential of
single-pass across-track interferometry to characterize con-
sistent 3D forest structure at large scales, even at frequen-
cies where this seemed impossible in the pre-TanDEM-X
era, and on the other hand, it allows defining a framework
for combining continuous SAR and sparse or even punctual
lidar measurements of forest structure [54].

CROP HEIGHT

The monitoring of agricultural crop development and stages
isvery important for farmers to identify fast disturbances that
may appear within the short growing period and to quan-
tify the productivity of crops. Due to global warming, the
growing period and soil water availability are changing. One
indicator of change can be the crop height change mapped
over fields. The primary objective of the TanDEM-X mis-
sion was to generate a high-resolution global DEM of Earth.
These baselines, however, are not optimal for agricultural
applications, where larger baselines are more appropriate

FIGURE 16. A crop height change map between 25 May and
30 July 2015 over the Wallerfing test site in Germany, overlaid on
a Google Earth image. The data were acquired during the long-
baseline and fully polarimetric phase of the TanDEM-X mission.
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for monitoring agricultural vegetation with interferometric
techniques. During the experimental phase, in 2015, large
baselines with a height of ambiguity of around 5-10 m could
be achieved, allowing a sensitivity to crop height changes of
50-100 cm (Figure 16). In addition, fully polarimetric data
were acquired in this science phase. The polarimetric and in-
terferometric information was combined to detect changes
in different fields and to monitor the crop phenology and
evolution over large areas from space. As a main result, plant
growth and harvests can be clearly detected, and even height
changes of maize crops on the order of 1 m can be properly
detected (Figure 17) [60], [61].

CRYOSPHERE

GLACIER DYNAMICS

TanDEM-X elevation models are of great value for monitor-
ing dynamic changes over glaciers and ice caps to reveal spe-
cific local dynamics. An example is the

multitemporal study performed over

the Thwaites Glacier, West Antarctica,

the dynamics of glacier volume change and mass balance
as well as broader implications for climate change, water
resources, and sea level change. We employed the geodetic
method to measure glacier height changes over time using
DEMs collected by the TanDEM-X mission. The TanDEM-X
DEMs were generated using the CoSSC product with the In-
SAR technique. Figure 19 demonstrates the height change
of the Great Aletsch Glacier, in the Swiss Alps, and its height
loss over the last decade [63], [64]. The figure shows differ-
ent selected regions, one at a higher altitude (Konkordia-
platz) and one at a lower altitude (the glacier tongue). It is
evident that the average height loss is significantly higher at
the lower altitude.

GLACIER MASS BALANCE

The glacier-wide mass balance rate is a key variable to
characterize the state of health of glaciers, their contribu-
tion to river runoff, and sea level rise. The comparison of

where changes in the ice surface eleva- 06 May |

tion were measured with millimeter 17ty 25 ey
accuracy, thanks to precise calibra- 2:;:21 | 88
tion using NASA Operation IceBridge 16 Jun
(OIB) measurements [62]. Figure 18

depicts the obtained elevation changes 11l

of the ice surface, derived from a time

series of TanDEM-X DEMs acquired be- Ghug IZ(;J::
tween 2011 and 2017. This unique ca- 51 g
pability of TanDEM-X makes it possible 01 sep
to accurately observe changes in surface &

topography and thus provide in-depth & (a)
analyses of melt processes in the po-

lar ice caps. In combination with esti- —

mations of the grounding line retreat 17 May|

measured using Constellation of Small 28 ay| 2
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nels at tidal frequencies leading to more
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Such complexities in ice-ocean inter-
action are not currently represented in
coupled ice sheet/ocean models.

FIGURE 17. A crop growth change analysis with TanDEM-X over a maize and rapeseed field,
produced during the science phase in 2015. The plots are correlation plots between the
different acquisition dates. The red dots in the plots represent the acquisition dates, and the
colors within the plots are a combination of the red HH and green VV channels, where yellow

represents an equal distribution between red and green. (a) An example of plant growth in

GLACIER HEIGHT
Measuring the height changes of gla-
ciers is essential for understanding
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the green-marked region, where an increase of intensity is observed. (b) A decrease of inten-
sity during the crop harvest. The two columns are represented by different time series taken
between May and September 2015.
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multitemporal DEMs, often referred to as the geodetic meth-
od, has been used for decades to produce maps of glacier
elevation changes.

Individual bistatic TanDEM-X acquisitions can be pro-
cessed to time-stamped DEMSs and used to generate time se-
ries of surface elevations at yearly or multiyear intervals over
regions with high mass losses. After division by the time sep-
aration between two surveys, the resulting elevation change
rates (Ah/At) integrated over the glacier area can be converted
into the mass balance using an assumption of the ice density.
A comprehensive description of the method is given in [65].

Compared to early volume change assessments, where
DEMs from different sensors were combined, the TanDEM-X
single-pass interferometer offers a significant improvement
in terms of spatial sampling (typically 5-10 m) and vertical
accuracy. Typically, elevation changes are measured within
+1-m accuracy if ice-free areas are available for proper ad-
justment of the DEMs.

Figure 20 conveys the spatial distribution of the eleva-
tion change rate of the Southern Patagonian Icefield (SPI)
derived from TanDEM-X DEMs acquired in 2012 and 2016
as well as the elevation-dependent Ah/At and area distribu-
tion used to calculate the volume change rate. The estimat-
ed total SPI mass change for the investigated period was
-10.67 + 1.72 Gt/a [66)].

SEA ICE TOPOGRAPHY

The topography of sea ice, encompassing elements like ice
ridges, shear zones, rubble fields, and hummocks, is es-
sential for understanding sea ice’s interactions with the
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atmosphere and ocean [67]. While airborne and space-
borne laser altimeters offer precise measurements of sea
ice topography, with a vertical accuracy of <1 m, their spa-
tial coverage remains limited. In recent decades, SAR has
become a unique remote sensing tool due to its ability to
capture imagery regardless of weather and daylight. SAR
acquires imagery spanning large swaths, ranging from tens
to hundreds of kilometers, while maintaining high spatial
resolutions of meters to tens of meters, depending on the
mode. However, retrieving sea ice elevation from a single
SAR satellite, which requires tens of hours to several days
to acquire image pairs, is impractical. The dynamic nature
of sea ice results in significant temporal gaps between im-
age acquisitions, leading to substantial interferometric
decorrelation and thus impeding the accuracy of height
retrieval. Nonetheless, a single-pass SAR interferometer,
such as on TanDEM-X, offers an unprecedented oppor-
tunity to generate a DEM of sea ice despite its dynamic
nature [68].

On 29 October 2017, a coordinated campaign between
NASA’s OIB airborne mission and the DLR’s TanDEM-X
satellite mission, known as the OIB/TanDEM-X Coordinated
Science Campaign (OTASC), provided a unique opportunity
to measure sea ice topography in Antarctica [69]. This cam-
paign was successfully conducted over the western Weddell
Sea. Nine dual-pol stripmap TanDEM-X images, overlaid
with photogrammetric DEMs from the OIB, were acquired.

In [70], a two-step approach was proposed that integrates
sea ice categorization with DEM generation to retrieve sea
ice elevation across varying ice classes. In the initial step, sea

ice was classified into two categories:
000

small-penetration condition ice and
large-penetration condition ice. A
random forest classifier, incorporat-
ing polarimetric and interferometric
features, was employed to identify
effective features and categorize the
sea ice. In the subsequent step, sea ice
DEMs were generated for each type of
ice. For small-penetration condition
ice, the standard InSAR processing
methodology was utilized to retrieve
the elevation, given the negligible
penetration depth. Conversely, for
large-penetration condition ice, the
established  two-layer-plus-volume
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FIGURE 18. Elevation changes (Ah) of the ice surface of the Thwaites Glacier, Antarctica,
derived from a time series of TanDEM-X digital elevation models (acquired between 2011

and 2017). Grounding line measurements between 2011 and 2017 derived from Constella-
tion of Small Satellites for Mediterranean Basin Observation data are depicted as well (all
corresponding dates are in decimal years). Bold letters T1-T4 identify two transects where ad-
ditional measurements, i.e., the ice surface elevation from the Airborne Topographic Mapper
and ice bottom from the Multichannel Coherent Radar Depth Sounder, were available. Letters
A, B, and F refer to specifically analyzed test sites in [62]. The detailed 2D maps of elevation
changes from TanDEM-X data can significantly improve the modeling of melting processes and
climate change in these sensitive regions.

model [71] was applied to estimate
the InSAR volume decorrelation
and shift the InSAR phase center to
the top surface, thereby generating
an accurate sea ice DEM. The pro-
posed two-step approach was ap-
plied over the test site during the
OTASC campaign. The SAR-derived
DEMs are displayed in Figure 21.
The accuracy of the derived DEM
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was validated against coregistered digital surface models,
with an RMSE of 0.26 m. This method can also be applied
to large regions in Antarctica to retrieve sea ice topography,
enabling the study of sea ice dynamics under changing cli-
matic conditions.

IDENTIFICATION OF RETROGRESSIVE THAW SLUMPS
Permafrost is a common feature of Arctic landscapes, and
it refers to soil that remains at or below 0 °C for a duration
of at least two consecutive years. Permafrost underlies ap-
proximately 15% of the landmass in the Northern Hemi-
sphere and is becoming more susceptible to rapid thawing
as the climate continues to warm. When ice-rich permafrost
thaws, it can alter the surface characteristics of a landscape,
which is commonly referred to as thermokarst. Retrogressive
thaw slumps (RTSs) are emerging as one of the most dynamic
types of thermokarst, varying strongly in shape and thawing
behavior. High-resolution DEMs are a valuable tool for moni-
toring surface characteristics of thermokarst features and
tracking changes over time, which in turn improves our un-
derstanding of large-scale landscape

changes and their implications for hy-

obtain reliable estimates, an accurate mutual calibration
of TanDEM-X time-tagged DEMs prior to differentiation
is crucial, given the possible presence of residual offsets
and tilts caused by uncertainties in the InSAR geometry re-
trieval [75]. Figure 23 presents an example of the detected
lava field extension and corresponding elevation changes
caused by subsequent eruptions of the Fagradalsfjall vol-
cano, Iceland, between 2021 and 2022. The maps were
obtained by mutually calibrating and differentiating two
TanDEM-X time-tagged DEMs acquired prior to and after
the eruptive period, resulting in the estimated volumes of
new lava that are reported.

HYDROSPHERE

HYDROSHEDS

The HydroSHEDS database provides seamless hydrograph-
icdatatosupporthydroecological research and applications
on a regional-to-global scale [76]. The global availability
and high accuracy of the TanDEM-X DEM paves the way for

drology, biochemistry, permafrost sta- (1]¢

bility, and hazard risk management. ﬁ \
The temporal and spatial sampling . -
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metric change rates and, thus, carbon
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sis to detect and quantify volumetric
change rates and potential carbon mo-
bilization of RTSs at several test sites in
the Arctic permafrost region [72], [73],
[74]. In Figure 22(a), a characteristic
RTS is selected, and for each year, the
borders are marked in different colors
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FIGURE 19. The cumulative average height loss over time (2011-2022) [64]: the (a) Konkor-
diaplatz and (b) tongue area. The cumulative average height loss was calculated relative to the
initial measurement on 22 April 2011. Both plots consist of 124 red dots, representing the cu-
mulative height loss at various time stamps between 2011 and 2022. The gray-shaded region
highlights the cold season from 1 October to 31 May. The dotted line in each plot indicates
the linear regression fit, with the slope coefficient providing the annual height loss rate for the
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FIGURE 20. The elevation change rate of the Southern Patagonian Icefield (SPI) (12,800 km2)
between 2012 and 2016. Red indicates elevation loss, and blue represents elevation gain. The
hypsometric graphs were used to obtain the total mass balance. HPS: Hielo Patagdnico Sur.

FIGURE 21. (3) The retrieved sea ice elevation from TanDEM-X imagery on 29 October 2017,
in the Weddell Sea, Antarctica. Zoomed in views of (b) area 1 and (c) area 2. The gray line
shows the area overlaid by the digital surface model (reference data).

a second and refined version of the
existing and well-established suite
of HydroSHEDS products [77]. To
derive hydrographic information in
the HydroSHEDS format, the under-
lying DEM, i.e., the TanDEM-X DEM
for HydroSHEDS v.2, requires edit-
ing. In the preconditioning, voids in
the DEM are filled and outliers re-
moved, open-water surface areas are
treated by generating and applying
a global water mask, and an urban
correction is implemented in order
to reduce the distortion of streams
in built-up areas [78]. The precondi-
tioning is afterward complemented
by hydrological conditioning. To
obtain drainage pathways,
proved stream-burning techniques
incorporating recent high-resolution
terrestrial open-water masks and ad-
vanced methods for tracing center-
lines in drainage paths are applied.
The resulting core product of Hydro-
SHEDS v.2 is a flow direction raster.
From this, other raster products as
well as higher-level vector products
are derived. The provision of the new
HydroSHEDS version will support,
e.g., environmental and biodiver-
sity monitoring as well as catchment
information for water flow predic-
tions. Figure 24 highlights the im-
provement of the TanDEM-X-based
version 2, as it ensures a more
detailed detection of flow paths
and streams.

im-

COASTLINE

While the coast in general describes
the transition zone between land
and ocean, the coastline demarcates
the exact boundary between the two
spheres. As a feature, the coastline is
required in a wide variety of applica-
tions covering coastal, littoral, and
marine areas. During the editing of
the TanDEM-X DEM as a particular
application, the coastline defines
where ocean heights are to be filled
in. For this purpose, a global high-
resolution coastline is tailored to and
derived from the TanDEM-X DEM in
an automatic approach. The method
uses the water body mask quality
layer of the Copernicus DEM as a
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starting point and modifies the orig-
inal position toward land or ocean
based on information from the am-
plitude and the height error map
[26], [79]. To improve the coastline
product, the automatic detection is
augmented with manual corrections. » ITransect
This targets in particular challenging
areas at the transition from inland
water to ocean and improves the
consistency of the product. This al-
lows fulfilling quality requirements
of higher-level applications, such as
HydroSHEDS. The coastline of Ant-
arctica has been published as part of
the PolarDEM [26], while remaining
parts will become available in the
shapefile format soon.

(a)
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provided in the following sections.
Most of these experiments require

dedicated processing beyond the ca-
pabilities of the operational proces- FIGURE 22. A representative RTS with its height changes from 2010 to 2022. (a) The progres-

sor. For this reason, these data sets Sive height change over the RTS. (b) A profile of the height change over the marked white line.

FIGURE 23. Thickness maps derived from the elevation difference corresponding to the lava fields created by subsequent eruptions of the Fagradalsfiall
volcano, Iceland, between 2021 and 2022, estimated by differentiating two mutually calibrated TanDEM-X time-tagged DEMs. The TanDEM-X DEM pairs
(after-before) were acquired on () 18 June 2021-30 October 2020 (corresponding lava volume: ~68.6 million m3), (b) 19 November 2021-18 June
2021 (corresponding lava volume: ~77.3 million m3), and (c) 20 December 2022-19 November 2021 (corresponding lava volume: ~11.3 million m3).
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FIGURE 24. A comparison of the stream network of Iceland within the same subset between
(@) HydroSHEDS v.1 based on the Shuttle Radar Topography Mission DEM and coarser HYDRO1k
elevation data and (b) the refined HydroSHEDS v.2 derived from the TanDEM-X DEM.

FIGURE 25. The basic configuration of the TerraSAR-X (TSX) and
TanDEM-X (TDX) satellites in the monostatic commissioning phase,
in which the first bistatic SAR acquisitions were performed. The red
cones correspond to the natural zero-Doppler beams, whereas the
blue cones correspond to the beams used in the bistatic acquisitions.

were processed with the experimental TanDEM-X interfero-
metric processor, developed at the DLR Microwaves and Ra-
dar Institute [80]. It is a versatile processing chain for SAR
data, including SAR focusing, interferometry, tomography,
and time-series analysis. This tool has been expanded and
improved through the lifetime of the TanDEM-X mission in
order to accommodate the needs of different experiments.

FIRST BISTATIC SPACEBORNE SYNTHETIC

APERTURE RADAR IMAGE

The first bistatic acquisitions were conducted in midsum-
mer 2010, with both satellites in pursuit-monostatic con-
figuration, while TanDEM-X underwent its monostatic

commissioning phase [81]. As de-
picted in Figure 25, the spacecraft
were separated by about 20 km,
which required squinting the beams
to ensure footprint overlap, as shown
by the blue-dashed cones in the fig-
ure. In the figure, the red cones cor-
respond to the natural zero-Doppler
beams used in the commissioning
phase, whereas the blue-dashed
cones correspond to the beams used
in the bistatic acquisitions, showing
squints of about 2.2°.

Figure 26(a) displays the first
bistatic SAR image of TanDEM-X,
showing the airplane-shaped metro-
politan area of the Brazilian capital
and surrounding areas. The image
shows in yellow tones structured
(e.g., human-made) areas and in gray
tones more homogeneous (e.g., natu-
ral) areas. The radar illumination
came from the left, covering an area
of several tens of kilometers in both
range and azimuth. Figure 26(b) is
an overlay of the bistatic and monostatic images. One can
observe a different scattering response despite the small bi-
static angle of only 1.6°. For example, the city area shows
a dominant monostatic scattering mechanism, whereas
some building areas near the lake show a stronger bistatic
response. The different sensitivity to the scattering and/or
dielectric properties of the scene is just one of the many
possibilities offered by bistatic acquisitions.

Shortly afterward, the first bistatic interferometric ac-
quisitions were made, for which pulse-to-pulse toggling
between the red and blue beams of Figure 25 was neces-
sary. On top of this, the operation of the TanDEM-X satellite
in the toggled transmitter/receiver-only mode was affected,
which resulted in the simultaneous acquisition of two mo-
nostatic and one bistatic images, all with interferometric
consistency, in a dual-baseline scenario, which allowed for
the derivation of the first bistatic topographic maps of the
mission. The toggling of the beams required the use of a
high pulse-repetition frequency (PRF), resulting in narrow
swaths. The first bistatic interferometric acquisitions were
conducted over the Parque Nacional del Volcan Turrialba,
in Costa Rica. Figure 27 presents the DEM derived from the
first bistatic interferogram of TanDEM-X, overlaid with the
interferometric fringes corresponding to the bistatic half
baseline.

The image in Figure 27 gives an elevated perspective
over the geocoded DEM (along track in the horizontal di-
mension), showing the top of the volcano around the cen-
ter-middle-right part of the image. One curiosity of the first
bistatic interferometric acquisitions is that the DEMs were
computed in the absence of data from the synchronization
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FIGURE 26. (a) The first bistatic SAR image acquired by TanDEM-X in summer 2010, over Brasilia, Brazil. The colors represent the structure
in the image, with human-made areas appearing in yellow and natural areas appearing in gray. (b) A close-up around the city of Brasilia,
showing an overlay of the TanDEM-X bistatic image and the TerraSAR-X monostatic image in green and magenta, respectively.

from the first bistatic interferometric acquisition of TanDEM-X over
Parque Nacional del Volcan Turrialba, in Costa Rica.

link between the spacecraft, hence relying on the data-
based synchronization approach AutoSync [81], showing
an early example of synchronization strategies applicable
nowadays to partially cooperative bistatic SAR systems
and concepts, such as the European Space Agency’s (ESA’s)
Earth Explorer mission Harmony.

FIRST TANDEM-X DIGITAL ELEVATION MODEL

The first DEM produced with data acquired by the Ter-
1aSAR-X and TanDEM-X satellites was created shortly after
the launch of the latter, when the satellites were not yet
flying in close formation [82]. At that time, the satellites
were separated by a large along-track distance such that ap-
propriate interferometric acquisitions were feasible only at
high latitudes. Such a configuration resulted in a crossing
angle of the ground tracks, which could be compensated
by acquiring the two monostatic images under different
squint angles. The very large perpendicular baseline of 2
km resulted in an extremely accurate DEM, with a relative
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FIGURE 28. The perspective view of the first TanDEM-X DEM ac-
quired with a crossing-orbit configuration in the monostatic mode
over October Revolution Island, Russia, on 16 July 2010.

vertical accuracy better than 20 cm, which allowed the
observation of fine features over the ice, as in Figure 28.
Further crossing-orbit experiments have been performed
with TerraSAR-X and TanDEM-X over Antarctica in order to
achieve temporal baselines of one, five, and six days in ad-
dition to the 11-day repeat [83].

SUPERRESOLUTION

A demonstration of superresolution imaging with TerraSAR-
Xand TanDEM-X in order to improve spatial resolution is giv-
en in [84], whereby acquisitions were performed during the
pursuit-monostatic phase. The idea is to command different
center frequencies and/or different squint angles for each
satellite such that the two resulting images are processed—
with the goal to align the images and remove the impact
of the spatial baseline—and then coherently combined in
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FIGURE 29. A demonstration of superresolution imaging with TerraSAR-X and TanDEM-X.
(a) Single-channel images and resolution-improved products in the (b) range and (c) azimuth.

The range is horizontal, and the azimuth is vertical.

order to retrieve a product with twice the spatial resolution.
Figure 29 (top) shows an example of a stripmap image with
enhanced range resolution over Sydney, NSW, Australia,
with a final range resolution of 300 MHz by combining two
images with 150-MHz bandwidth each. Figure 29 (bottom)
consists of stripmap images with enhanced azimuth resolu-
tion over Neustrelitz, Germany, with a final azimuth resolu-
tion of 1.5 m after combining the adjacent Doppler spectra.
In this latter case, the satellites were commanded to perform
monostatic acquisitions with 0 and 0.32°, respectively, in
order to obtain contiguous Doppler spectra and achieve a
stripmap image with an azimuth spatial resolution factor of
two or better.

QUAD-POLARIMETRIC SYNTHESIS

The synthesis of quad-pol images by combining interfero-
metric dual-pol data acquired by TerraSAR-X and TanDEM-X
was suggested in [84], based on airborne experiments per-
formed by the DLR [85]. In this experiment, each satellite
received one cross-polar and one copolar channel, and,
similar to the superresolution experiment, the data had
to be processed coherently in order to remove the impact
of the spatial baseline and generate the quad-pol product

[84], [86]. TerraSAR-X offers quad-
pol products only experimentally
and with the limitation inherent to
the DRA mode, i.e., a lower signal-
to-noise ratio and worse azimuth
ambiguities. Figure 30 illustrates the
Pauli decomposition of a portion
of the acquisitions over the Pinyon
Pines test site for fully polarimetric
images for the DRA mode and the
quad-pol synthesis mode. The im-
ages show a similar polarimetric
signature, where the only relevant ef-
fect to be observed is the fact that the
image obtained with the DRA mode
has more accentuated azimuth am-
biguities, which are visible in some
parts of the image (e.g., the top right,
appearing mainly as double-bounce
responses in red around the bluish
image area). Further analyses of this
experimental mode can be found
in [18].

DISTRIBUTED SYNTHETIC
APERTURE RADAR

SIGNAL RECONSTRUCTION

The first spaceborne demonstra-
tion of azimuth SAR signal re-
construction was performed
on monostatic TerraSAR-X data
(DRA mode) acquired before the
launch of TanDEM-X [88], [89].
The availability of the enabled
the demonstration of distributed SAR imaging using
TerraSAR-X and TanDEM-X data [90], [91]. By combining
the data of two or even four phase centers displaced in

second satellite

the azimuth direction, the reconstruction of single high-
resolution SAR images with a low azimuth ambiguity-to-
signal ratio (AASR) is possible.

Figure 31(a) is a TerraSAR-X image over Antarctica, ac-
quired in 2014, with severe azimuth ambiguities highlight-
ed in yellow ellipses. Commands were adjusted to provoke
those ambiguities, which subsequently could be mitigated
by combining TerraSAR-X and TanDEM-X data, as in Figure
31(b). This experiment can be regarded as an important
step on the way toward a distributed satellite system en-
abling high-resolution wide swath SAR imaging, providing
interferometric and possibly tomographic capabilities at
the same time [92], [93].

COHERENT AZIMUTH AMBIGUITIES

TanDEM-X allowed observing for the first time the coher-
ent effect of azimuth ambiguities in SAR interferometry.
Among others, the data set acquired on 30 December
2010 over Franz Josef Land, Russia, showed that azimuth
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FIGURE 30. A quad-pol synthesis demonstration with TerraSAR-X
and TanDEM-X over the Pinyon Pines test site. (a) The DRA mode.
(b) One copolarization and one cross-polarization channel in each
satellite. The reflectivity images are represented using Pauli decom-
position, where the colors correspond to (red: even bounce) HH - VV,
(green: volume scattering) HV + VH, and (blue: odd scattering)

HH + VV. Both images show a similar polarimetric response in all
areas, whereby the DRA image is more prone to azimuth ambigui-
ties (e.g., at the top right, appearing in red around the bluish image
area) due to the wider azimuth antenna beamwidth on receive.
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FIGURE 31. Azimuth ambiguity reduction by exploiting multiple
phase centers on two satellites, demonstrated over Antarctica.

(@) The dominant azimuth ambiguities of the ice shelf in the open-water
area, based on a single channel (TerraSAR-X). (b) The ambiguities are
suppressed by combining the data of TerraSAR-X and TanDEM-X.

ambiguities can be coherent between the primary and sec-
ondary acquisitions and lead to significant biases in the
interferometric phases and modulations of the coherence
magnitude, with visible artifacts in the resulting DEM.
Figure 32(a) is a portion of the interferogram, in which the
azimuth ambiguities of the mountain in the lower part of
the image are seen in the upper part as a bias in the sea
ice region.

Based on these observations, a theoretical model for the
coherent effect of ambiguities was developed, which can
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be used for the design of InSAR systems [94], [95]. More-
over, strategies have recently been proposed to coherently
remove azimuth ambiguities through a postprocessing step
or to decorrelate them through a slight variation of the pulse
repetition interval [96], [97]. The simulation in Figure 32(b)
shows that for the same AASR and partially decorrelated
ambiguities (coherence of the ambiguity = 0.3), the artifacts
become far less visible.

ROTATION OF SEA ICE FLOES

During the monostatic commissioning phase, unique in-
terferometric data sets with very short temporal baselines
could be recorded, allowing for the first time the obser-
vation of sea ice dynamics. Figure 33(a) is an along-track
interferogram obtained in ScanSAR mode near the east
coast of Greenland. The interferometric phase reveals cyclic
fringe patterns along the azimuth specific to individual ice
floes, while areas of land topography produce a less regular
phase pattern with smaller variations. The cyclic patterns
of the ice floes, which typically have a rather flat topogra-
phy, are due to rotation about their vertical axes, whereas
rather stable ice floes are characterized by small constant
phase offsets due to large-scale movement. The fringe pat-
tern can be translated into a measure of horizontal rotation
with very high accuracy. Figure 33(b) shows such a rotation
map, where the color scale represents rotations between
-0.005° (yellow to red) and +0.005° (blue to violet), which
occurred within the 3-s separation of the two acquisitions.
In addition, estimates of instantaneous ice floe drift can be
obtained from the cross correlation of the two images, as
described in [98].

LARGE-BASELINE INTERFEROMETRIC

SYNTHETIC APERTURE RADAR FOR PRECISE
TOPOGRAPHIC MAPPING

During the mission science phase, taking place from Oc
tober 2014 to December 2015, bistatic acquisitions with
across-track baselines up to 3.6 km were acquired. This
provided the opportunity to retrieve DEMs with unprec-
edented vertical accuracy. Special effort was put into in
the interferometric processing, due to the small heights of
ambiguity and the impact of volume decorrelation. This
research resulted in a novel dual-baseline region-grow-
ing algorithm for phase unwrapping, which exploits two
single-pass interferograms acquired with large baselines
[99]. Figure 34 examines the results of an experiment
performed over the Atacama Plateau, Argentina. Two in-
terferograms with baselines of 1,178 m (a height of am-
biguity of 6.9 m) and 1,432 m (a height of ambiguity of
3.15 m) were used. The bistatic acquisitions took place
with a one-month difference. Figure 34 provides a com-
parison to the TanDEM-X DEM in order to emphasize the
better performance in noise reduction of the large-baseline
experiment. By comparing the DEMs to a common refer-
ence, the TanDEM-X DEM shows a standard deviation
of 51 cm, whereas the experimental DEM has a value of
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FIGURE 32. (a) The interferometric phase (left), magnitude of the complex coherence (center),
and DEM (right) of a detail of a TanDEM-X interferogram affected by azimuth ambiguities, ac-
quired over Franz Josef Land. The horizontal and vertical axes represent the ground range and
azimuth, respectively. The azimuth ambiguities of the mountain in the lower part of the image
are seen in the upper part as a bias in the sea ice region. (b) The simulated interferometric
phase (left), magnitude of the complex coherence (center), and DEM (right) for the same AASR
and partially decorrelated ambiguities (coherence of the ambiguity = 0.3). The artifacts of the
azimuth ambiguities become far less visible. (Adapted from [97].)

(b)

FIGURE 33. (3) An interferogram of rotating ice floes (the blue-red color bar is scaled from -7
to 7). (b) The rotation angle of individual ice floes; the angular range of the measurements cor-
responds to a colored scale representing a rotation angle from —0.005° (yellow to red) to +0.005°
(blue to violet).

27 cm, hence demonstrating the
good performance of the approach.
Note that in this particular case, the
TanDEM-X DEM was produced us-
ing two to three coverages, which
results in an improvement factor of
about 1.4-1.5 in terms of noise re-
duction, whereas the experimental
DEM was obtained with a single
coverage.

SYNTHETIC APERTURE RADAR
RAW DATA QUANTIZATION
Efficient SAR raw data quantization
represents an aspect of utmost im-
portance for present and next-genera-
tion SAR systems, which will require
the acquisition of a large volume of
data. The flexibility offered by the
TanDEM-X system allowed for the
assessment of raw data compression
in SAR and interferometric data. For
this purpose, several experimental
bistatic acquisitions have been com-
manded, with full compression (8-
bit analog-to-digital converter) in
both TerraSAR-X and TanDEM-X SAR
instruments. The recorded SAR raw
data were compressed on the ground
into multiple data sets using all avail-
able block-adaptive quantization
rates. The obtained raw data products
were then processed into SAR images,
from which interferograms, coher-
ence maps, and DEMs were derived.
This data set represents the basis for
the detailed assessment of quantiza-
tion effects in TanDEM-X data [100],
together with the demonstration of
noninteger compression rates [101],
also in the frame of performance-
optimized quantization exploiting a
priori information of SAR backscatter
[102]. The implementation of a meth-
od for efficient data rate allocation
for the joint optimization of resource
allocation and resulting performance
degradation based on DL was intro-
duced in [103]. Figure 35(a) shows a
SAR backscatter map over the urban
area of Mexico City, Mexico, acquired
by TanDEM-X, while Figure 35(b) de-
picts the bitrate map derived accord-
ing to the approach proposed in [103]
to achieve a target signal-to-quanti-
zation noise ratio (SQNR) of 15 dB.
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FIGURE 34. A large-baseline experiment over the Atacama Plateau, Argentina. (a) The global TanDEM-X DEM as a reference. (b) The result
of the large-baseline experiment. The second row is a close-up of the first image, indicated by the yellow rectangle in the first image, which
clearly shows the noise reduction improvement of the large-baseline experiment.

The resulting SQNR map appears in

Figure 35(c), demonstrating the ef- 6.0
fectiveness of the method (a rather -
homogeneous distribution of SQNR
values is observed). = 5.0
DETECTION OF MARITIME AND r * z
LAND MOVING TARGETS g 402
The TerraSAR-X/TanDEM-X satellite g . 5
formation is well suited for detecting g
maritime and land moving targets, 3.0
especially if it is operated in the pur- 25
suit-monostatic mode with a large

2.0

along-track baseline on the order of
several kilometers [104]. The actual
geographical positions of a moving FIGURE 35. The (a) SAR backscatter map acquired by TanDEM-X over the urban area of
target and the velocities and mov-  Mexico City, Mexico; (b) bitrate map derived according to the method in [27] to achieve a
ing directions can be estimated with  target signal-to-quantization noise ratio (SQNR) of 20 dB; and (c) resulting SQNR map.
high accuracy.

(0)

The moving target is observed by both platforms at dif- geographical position. For instance, for an X-band space-
ferent times. In each of the focused radar images, the target borne system in low-Earth orbit, the azimuth displacements
may appear several hundred meters displaced from its actual of ships can be in the order of 600 m and for fast moving
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FIGURE 36. The (a) spaceborne dual-platform acquisition geometry and (b) moving target displacements in each of the two images as well

as the range and azimuth displacement differences [104].

land vehicles, up to 2,000 m and more. By measuring the
range and azimuth displacement differences of the detected
targets between both radar images [see Figure 36(b)], the ac-
tual geographical positions of land and maritime moving
targets, the absolute velocities, and the moving directions
can be computed unambiguously with high accuracies.

For automatically measuring the displacement differ-
ences, a 2D cross correlation carried out on a subpixel basis
is used. For extended objects occupying more than a single
resolution cell, as is usually the case for larger ships, a po-
tential target rotation is considered by the implemented
2D correlator [103].

Figure 37 provides a ship detection example over the
Strait of Gibraltar. The detected ships are depicted as colored
symbols on their estimated actual positions. The color cor-
responds to the estimated velocity.

For the TerraSAR-X/TanDEM-X formation in pursuit-mo-
nostatic mode, with a temporal along-track separation of
2.5 s, the achieved and verified position accuracy is on the
order of 11 m, the absolute velocity accuracy is better than 1
km/h, and the moving direction accuracy is 0.55°. Such ac-
curacies allow for precise prediction of the future target po-
sition, which is important for security applications. With a
single spacecraft, even if it is carrying a powerful multichan-
nel SAR system, such accuracies are generally not reachable,
mainly due to the very limited along-track baselines avail-
able on a single spacecraft.

SYNTHETIC APERTURE RADAR TOMOGRAPHY: FOREST
SAR tomography is emerging as a revolutionary technique
for future spaceborne missions. It allows one to retrieve the
3D structure of intricate volumetric scatterers like forests
and ice, where multiple contributions occupy in layover the
same resolution cell, [105], [106].

However, a major obstacle lies in temporal decorrelation
since changes among data acquisitions can distort the final
image. To combat this, interest in designing missions with
multiple radar sensors operating quasi-simultaneously has
exponentially grown in recent years. In this context, the
TanDEM-X constellation, being the first spaceborne single-
pass SAR interferometer in formation flight, has already
provided a first demonstration of tomographic imaging
over forested areas. In particular, coherent mapping based
on the Van Cittert-Zernike theorem, which offers a partial
solution to the temporal decorrelation problem, can be ex-
ploited [107]. This approach relies on a set of single-pass
interferometric coherences acquired at nearly the same
time. Preliminary results of coherence-based tomography
have been shown in [108]. The limited tomographic resolu-
tion of the prescience phase of TanDEM-X hinders a full
demonstration of the technique’s potential. However, the
beginning of the TanDEM-X science phase has provided in-
valuable data in several fields and allowed developing and
analyzing coherence-based tomography [109]. As an exam-
ple, to demonstrate the tomographic capabilities, data were
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FIGURE 37. A Google Earth image of the Strait of Gibraltar overlaid with a TerraSAR-X radar image and color-coded symbols representing the
actual geographical positions of detected ships. The popup window on the right shows the estimation details of a particular ship, including the

differences to the automatic identification system (AIS) ground truth data.

acquired with TanDEM-X over boreal forests. As shown in
Figure 38, it is possible to retrieve volumetric information
of forests by exploiting data in the quasi-monostatic acqui-
sition mode and processing with coherence-based tomogra-
phy. As a reference, a tomogram obtained with the Capon
superresolution method [110] is also reported, showing
that both coherence-based and Capon methods rely on the
same interferometric information. As can be observed due
to the sparse nature of forests, it is possible to clearly re-
trieve contributions from both the ground and the canopy.

TanDEM-X has demonstrated the feasibility of space-
borne SAR tomography for volumetric targets like for-
ests at the X band. Analysis of the retrieved data using
coherence-based tomography highlights their crucial role
in equipping future space missions to address upcoming
challenges.

BIDIRECTIONAL SYNTHETIC APERTURE

RADAR IMAGING

A further experimental imaging mode that was demon-
strated with TanDEM-X is the bidirectional SAR (BiDiSAR)
imaging mode [111]. It allows for simultaneous imaging in
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two or more directions using only one antenna and one re-
ceiving channel, and by this, it enables the acquisition of
short-term time series of images and interferograms with
different squint angles. The underlying principle lies in the
exploitation of grating lobes that arise in array antennas for
large steering angles in combination with a PRF selection
that separates the spectra of the different directions.

The example in Figure 39 presents a short time series
of interferograms of the Upsala Glacier that was acquired
with the TerraSAR-X and TanDEM-X satellites in the pursuit-
monostatic configuration. The forward and backward im-
ages were obtained by steering the main lobe by 2.2° in
the azimuth direction, which caused a grating lobe at -2.2°,
with the same array factor as the main lobe. Figure 39(b)
was acquired by an interleaved acquisition block with the
boresight antenna beam, i.e., a steering angle of 0°. In the
pursuit-monostatic mode, such an acquisition scheme
could be exploited to measure surface currents or sea ice
velocities since the different squints are sensitive to differ-
ent projections of the motion vector, hence allowing the re-
trieval of 2D velocity fields (see the “Bistatic Bidirectional

Synthetic Aperture Radar for Ocean Applications” section).
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FIGURE 38. A tomographic reconstruction over boreal forest by means of TanDEM-X data.
(a) The region of interest near the village of Vindeln, Sweden. The green line depicts the
considered profile. (b) A coherence-based tomogram. (c) A Capon superresolution tomogram
based on single-look complex images.

FIGURE 39. A short-term interferogram time series of the Upsala Glacier acquired by a
combination of bidirectional and boresight antenna steering.

It can also be used to increase the
number of acquisitions for the de-
tection and velocity measurement of
ground and maritime moving targets
(see Section “Detection of Maritime
and Land Moving Targets” and [94]).

BISTATIC BIDIRECTIONAL
SYNTHETIC APERTURE RADAR
FOR OCEAN APPLICATIONS
Another experiment with BiDiSAR
was performed in the bistatic mode
in order to retrieve 2D wind and total
surface current vectors [39] as a test-
bed for potential future missions ad-
dressing ocean applications, like the
ESA’s Earth Explorer 10 Harmony
mission [39]. In this case, the two
satellites were flying in close forma-
tion with an almost-zero cross-track
baseline and an along-track baseline
of about 50 m, hence having an op-
timum configuration to perform ATI
by combining the images acquired
by the two satellites. In the BiDiSAR
mode, the corresponding fore and
aft images were combined to obtain
the fore and aft along-track inter-
ferograms. Figure 40 gives the ob-
tained results over the tip of Novaya
Zemlya, Russia [87]. These results
demonstrate the potential to obtain
high-resolution characteristics of
upper-ocean dynamics by exploiting
InSAR data acquired with azimuth
angular diversity.

CONCLUSIONS AND

LESSONS LEARNED

The TanDEM-X mission is a unique
mission with 3D-to-4D data acquisi-
tion capability and is currently deliv-
ering invaluable data for operational,
science, and experimental informa-
tion products. This is possible only
due to the highly reconfigurable and
flexible mission concept, which was
one of the main requirements for
the implementation of the bistatic
mission. New and innovative ap-
plications were developed and dem-
onstrated based on the capabilities
provided by TanDEM-X. The main
highlights of the TanDEM-X mission
are summarized in the following.
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One of the major achievements
of the TanDEM-X mission is that the
TanDEM-X DEM became a standard
for geospatial applications and is
today the basis for the Copernicus
DEM for a variety of scientific appli-
cations, while WorldDEM is widely
used for a variety of commercial ap-
plications.

The bistatic SAR mission concept
in close-formation flight was in 2010
far beyond the state of the art in
spaceborne SAR and is the only op-
erational bistatic single-pass inter-
ferometric mission in space to date.
Furthermore, TanDEM-X was the
first radar mission to demonstrate
innovative imaging modes (super-
resolution, a large across-track base-
line mode, an along-track baseline
mode, polarimetric SAR interferom-
etry, tomography, double differen-
tial SAR interferometry, the Terrain
Observation by Progressive Scans
(TOPS) mode now implemented on
Sentinel-1, and so on).

The immense interest of the scien-
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FIGURE 40. An experimental bistatic BiDiSAR demonstration for the retrieval of wind and
total surface current vectors over Novaya Zemlya, Russia. The (a) normalized radar cross sec-
tion (in decibels), (b) aft interferogram (in radians), (c) retrieved wind field at a roughly 10-km
resolution (in meters per second), and (d) retrieved total surface current vector at a 250-m

tific community, with approximately
6,500 registered principal investiga-
tors on the TanDEM-X science server, is by far greater than
expected. TanDEM-X continues to provide unique bistatic
data even after 14 years of mission operation. The main fea-
ture is the innovative mission concept and interferometric
data provision with three data request streams: operational
DEM products, selected science products with orders on
demand, and experimental products with demonstration
character.

Several new information products have been generated
from the TanDEM-X data sets, which were not foreseen be-
fore: the DCMs, forest/nonforest global map, HydroSHEDS,
water mask, EDEM, global urban footprint, coastline map,
and so on.

The DEM editing is a challenging task, depending on
the required level of accuracy. Many new algorithms have
been developed for the TanDEM-X 30-m DEM edited ver-
sion, and further developments will significantly improve
the EDEM. In a next step, artificial intelligence methods
will also play an important role in improving the DEM
editing quality.

The 4D data (i.e, DEM time series) became, in the
course of the mission, much more important than ex-
pected. Due to the fast-changing processes on Earth's sur-
face, some of which are triggered by global warming, a
new TanDEM-X mission phase was established in 2022,
the so-called 4D mission phase, which will continue in
the coming years.
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resolution (in meters per second).

At the last TanDEM-X science team meeting, in Oc
tober 2023, in Oberpfaffenhofen, we received demand-
ing requests for the generation of a new and improved
DEM data set that will drive a follow-on mission(s) to
TanDEM-X:
> There is a request for a global DEM with similar height

accuracy (i.e., with a relative height accuracy of 2 m,

with a 90% confidence interval) but with 4-m sampling

in order to keep pace with the spatial resolution im-

provement of future remote sensing sensors. For exam-

ple, Sentinel-1 New Generation will provide data with

25-m? spatial resolution and a swath width of 400 km.
) There is a need for a continental-scale DEM with deci-

metric height accuracy for ice/snow/permafrost changes,

with 50-100-m posting. This DEM product specifica-

tion was derived from the science requirements of a

mission proposal for permafrost at the Ka band, with a

single-pass interferometric formation submitted to pre-

vious ESA Earth Explorer calls.

» A need for multibaseline SAR concepts has been identi-
fied to fulfill user requirements for improved accuracy
and spatial sampling as well as for the robustness of the
interferometric processing to solve the phase unwrap-
ping problem. As an example, the MirrorSAR concept
was developed, which allows the implementation of
multibaseline interferometry with reduced costs and
complexity [25].
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With the TanDEM-X mission, several challenges associ-
ated with bistatic imaging and formation flying have been
successfully overcome. The advantage of an increased ob-
servation space and the associated increased information
space makes bistatic and multistatic mission concepts very
attractive. In 2022, the ESA Earth Explorer mission Harmo-
ny (Cband, with a launch planned for 2029) was selected as
the first European multistatic SAR mission. The ESA is also
planning a phase 0 study to investigate companion satellite
concepts for the Copernicus Radar Observing System for
Europe at L-Band mission, and the DLR has started a phase 0
study for an X-band follow-on mission to TanDEM-X,
considering multibaseline interferometry as an option.

In many ways, the TanDEM-X mission can be regarded
as a pioneering radar mission. It paves the way for future
bi- and multistatic missions and for innovative 3D and 4D
applications.
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