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Abstract

Space-borne digital elevation models (DEM) are considered as important proxy for canopy surface height and its changes in
forests. Interferometric TanDEM-X DEMs were assessed regarding their accuracy in forests of Germany and Estonia. The
interferometric synthetic aperture radar (InSAR) data for the new global TanDEM-X DEM 2020 coverage were acquired
between 2017 and 2020. Each data acquisition was processed using the delta-phase approach for phase unwrapping and com-
prise an absolute height calibration. The results of the individual InSAR heights confirmed a substantial bias in forests. This
was indicated by a mean error (ME) between — 5.74 and — 6.14 m associated with a root-mean-squared-error (RMSE) between
6.99 m and 7.40 m using airborne light detection and ranging (LiDAR) data as a reference. The bias was attributed to signal
penetration, which was attempted to be compensated. The ME and RMSE improved substantially after the compensation to
the range of — 0.54 to 0.84 m and 3.55 m to 4.52 m. Higher errors of the penetration depth compensated DEMs compared to
the original DEMs were found in non-forested areas. This suggests to use the penetration compensation only in forests. The
potential of the DEMs for estimating height changes was further assessed in a case study in Estonia. The canopy height change
analysis in Estonia indicated an overall accuracy in terms of RMSE of 4.17 m and ME of — 0.93 m on pixel level comparing
TanDEM-X and LiDAR height changes. The accuracy improved substantially at forest stand level to an RMSE of 2.84 m
and an ME of — 1.48 m. Selective penetration compensation further improved the height change estimates to an RMSE of
2.14 m and an ME of — 0.83 m. Height loss induced by clearcutting was estimated with an ME of — 0.85 m and an RMSE of
3.3 m. Substantial regrowth resulted in an ME of — 0.46 m and an RMSE of 1.9 m. These results are relevant for exploiting
multiple global acquisitions of TanDEM-X, in particular for estimating canopy height and its changes in European forests.
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1 Introduction

The climate-driven increase in forest disturbances, such as
fires, wind throws, and insect infestations, in the last decades
affected the vulnerability of European forests reducing their
carbon storage potential (Forzieri et al. 2021; Seidl et al.
B4 Michael Schlund 2014). Furthermore, forests play an important role as carbon

m.schlund @utwente.nl sinks. In this context, the spatial and temporal information
about aboveground biomass (AGB) as a proxy for forest
carbon stocks and its dynamics is relevant for estimating
the global carbon balance (GCOS 2015; Pan et al. 2011),
but also for quantifying forest vulnerability (Forzieri et al.
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changes derived from, for example, global interferometric
synthetic aperture radar (InSAR) digital elevation models
(DEM) have been proposed as an accurate predictor for esti-
mating AGB changes (Solberg et al. 2018; Karila et al. 2019;
Schlund et al. 2021). In addition to AGB, the heterogeneity
of forest canopy heights is assumed to be one of the most
important proxies for ecosystem complexity and for predict-
ing biodiversity (Atkins et al. 2021; Feng et al. 2020; Gatti
et al. 2017). Consequently, canopy height is considered as an
Essential Biodiversity Variable (EBV) that can be estimated
using earth observation techniques (Skidmore et al. 2021).

Light detection and ranging (LiDAR) height measure-
ments are recognised as the most accurate source for esti-
mating forest canopy height as the difference between sur-
face and terrain height. Nevertheless, their limited extent
and high costs are prohibitive for repeated acquisitions over
large areas (Koch 2010; Coops et al. 2021). Airborne or
spaceborne optical stereo imaging systems also have the
potential to create digital surface models (DSM) as a proxy
of forest canopy surface height. For instance, DSMs from
high-resolution optical sensors, such as ALOS/PRISM, Car-
tosat-1, and RapidEye, were regarded as suitable to monitor
the vertical structure of forests (Tian et al. 2017). However,
optical systems are constrained by weather conditions and
cloud cover resulting potentially in temporal inconsistencies
and data gaps (Tian et al. 2017; Ullah et al. 2020).

In contrast, the TanDEM-X InSAR system is able to
deliver large scale gap-free coverages at high resolution
independent from cloud cover. The primary mission goal
was the production of a global DEM, which was finalised
in 2016 and is considered as consistent and very accurate
(Rizzoli et al. 2017; Wessel et al. 2018). The InSAR data to
create this DEM were acquired between the years 2010 and
2014 (Rizzoli et al. 2017). In the years 2017-2020, an addi-
tional global coverage of InSAR data was acquired (Lachaise
et al. 2020; Wessel et al. 2022). These data are used to pro-
duce a new global DEM, the so-called TanDEM-X DEM
2020 (formerly named ChangeDEM), which, together with
the first acquisition period, could provide a basis for forest
canopy height change estimation.

Despite the short wavelength of the X-band sensors and
the corresponding scattering in the higher canopy, vari-
ous studies suggested a high potential of TanDEM-X to
retrieve forest structure information (Karila et al. 2015,
2019; Abdullahi et al. 2016; Sadeghi et al. 2016). This is
based mostly on the assumption that X-band penetrates
little into the vegetation and, therefore, the derived DSM
represents the height of the forest canopy surface. For
instance, the TanDEM-X DEM was combined with ter-
rain height to obtain a canopy height model (CHM) that
could be further related to AGB (Karila et al. 2015; Sol-
berg et al. 2017; Schlund et al. 2020). However, a substan-
tial penetration and resulting negative bias of TanDEM-X

@ Springer

InSAR heights was frequently observed in forests (Kugler
et al. 2014; Sadeghi et al. 2016; Schlund et al. 2019a).
Empirical models using a reference terrain or canopy
height (e.g., from LiDAR), tree cover, or other external
variables were used to estimate accurate canopy height
from TanDEM-X (Sadeghi et al. 2016; Solberg et al. 2018;
Ullah et al. 2020). However, the penetration depth can
also be estimated without the need of external calibration
data (Schlund et al. 2019a). This estimation method can be
used to provide unbiased and more accurate forest canopy
heights (Schlund et al. 2019a, 2021; Wang et al. 2021).

Using multi-temporal InSAR acquisitions from SRTM
and TanDEM-X to derive changes in the forest canopy sur-
face height proved to be very useful to detect clearcutting
and other sources of deforestation in European forests (Sol-
berg et al. 2013; Gdulova et al. 2021). Further, the changes
in the canopy surface height in boreal and tropical forests
were related to temporal changes in AGB (Solberg et al.
2018; Karila et al. 2019; Schlund et al. 2021). Note that
the change in canopy surface height is independent of the
terrain information. The information on height change has
to date mainly been used to determine the spatial extent of
forest changes and the relationship to AGB. The quantita-
tive height change itself from TanDEM-X DEMs in forests
has been under-explored so far. In addition, several global
TanDEM-X InSAR coverages have only been available for
a few years, and thus, an assessment of their quality with
respect to the global TanDEM-X DEM 2020 has not yet
been performed.

Consequently, the objective of this study is to evaluate
the quality of the TanDEM-X InSAR heights over forest
recorded during the global TanDEM-X DEM 2020 acquisi-
tion. Furthermore, the potential of combining TanDEM-X
InSAR heights from the two global acquisition periods to
derive forest canopy heights and their changes on regional
scale is assessed. In the first part of this study, we focus our
analysis on three different study areas in European forests.
The InSAR heights’ accuracy with and without penetration
bias compensation is assessed. This is not only relevant for
accurate canopy height estimation, in areas where digital
terrain models (DTM) are available, e.g., from preceding
laser scanning campaigns or other national surveys, but
also in terms of error propagation for a subsequent InSAR
height change assessment. Hence, in the second part of this
study, a case study of the accuracies of the change in forest
canopy height (AH) from TanDEM-X is performed. The
information on changes is evaluated at both pixel and stand
level in an Estonian forest site, distinguishing between dif-
ferent types of changes, such as forest clearcutting, regrowth,
and more subtle changes caused by forest management
operations. Therefore, this study provides relevant find-
ings in the exploitation of multiple global acquisitions from
TanDEM-X.
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The structure of this paper reflects the division of the
study into the aforementioned two parts, the TanDEM-X
DEM 2020 validation and the forest height change use case.
In Sect. 2, we describe the study areas, data, and methods
used for both topics. Section 3 is dedicated to the methods
and results of TanDEM-X InSAR height validation for all
study areas. In Sect. 4, we present the methods focussed
on the forest height change analysis and corresponding
validation results in one of the study areas suitable for this
purpose. The results of the InSAR height validation and its
use for canopy height change applications are discussed in
Sect. 5.

2 Materials and Methods
2.1 Study Areas

Three areas were used for the validation of TanDEM-X
DEMs. The areas represent temperate broadleaf forests in
Germany and hemi-boreal forests in the transition zone
between temperate broadleaf and boreal coniferous for-
ests in Estonia (Fig. 1a). The study area “Hainich” is in
a mountain range in central Germany with rolling terrain
and some steeper slopes. The northern part of the area is
managed and consists of coniferous stands, whereas the
southern part is mainly covered by deciduous trees and
belongs to the “Nationalpark Hainich”. The study area
where all data overlap covered about 700 km?. The study
area “Eifel” is in the northern part of the low mountain
range Eifel in West Germany and covers about 570 km?.
The area consists of a few steep slopes. Similar to Hain-
ich, the major part of the area belongs to a national park
(“Nationalpark Eifel”), where also mixed stands can be
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found. The third study area “Risti” is in Northwest Estonia
and represents a typical moraine landscape with flat-to-
moderately undulating relief. Unlike the two other study
areas, the forest is intensively managed and dominated
by homogeneous single-species stands of uniform age.
Numerous clearcutting activities can be observed in the
study area. Therefore, it is of particular interest to assess
the quality of height change retrieved from TanDEM-X
in this study area. The spatial extent of this study area
was 1500 km?. Non-forest areas like grasslands and crop-
lands as well as herbaceous wetlands have a small can-
opy height, whereas canopy heights within forests range
mainly between 10 and 30 m. The forests in Hainich have
the highest canopy heights amongst the three study areas
followed by Eifel and Risti (Fig. 1b).

2.2 Data
2.2.1 TanDEM-X Data

This study is based on SAR data acquired by the TanDEM-
X mission. We used operational datasets acquired for the
generation of the global TanDEM-X DEM (Rizzoli et al.
2017), and the global TanDEM-X DEM 2020 (Wessel
et al. 2022), focussing on the latter as of 2017 (Table 1).
All data were acquired in StripMap mode with a spatial
resolution of about 3 m and roughly 10-12 m independ-
ent posting for INSAR DEMs. The TanDEM-X data were
acquired in HH (horizontal-horizontal) single polarisa-
tion. Two acquisitions for Risti from July 01, 2012 and
July 28, 2018 and one acquisition for each of the study
areas in Hainich and Eifel July 20, 2018 and May 09, 2018
were analysed (Table 1).
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Fig. 1 Location of the three study areas (a) and relative density plot of their LIDAR canopy height models (b; CHM = DSM-DTM)
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Table 1 Acquisition details of the TanDEM-X data and the LiDAR scans for the three test sites (HoA stands for Height of Ambiguity)

Area Acquisition date HoA (m) Look angle (°) Orbit Acquisition period(LiDAR)
(TanDEM-X)

Hainich, Germany July 20, 2018 52.7 38.4 Descending December 2016-March 2017

Eifel, Germany May 09, 2018 56.5 46.3 Descending February 2016-April 2016

Risti, Estonia (t0) July 01, 2012 334 41.4 Ascending April 25,2012 and May 01, 2012

Risti, Estonia (t1) July 28, 2018 54.9 36.2 Descending May 28 and 29, 2018

2.2.2 Airborne LiDAR Data

The airborne LiDAR data for the German areas Eifel and
Hainich were provided by the Federal States of North Rhine-
Westphalia (Geobasis NRW 2022) and Thuringia, Germany
(©GDI-Th) (Thiiringer Landesamt fiir Bodenmanagement
und Geoinformation (TLBG) 2022). The data accuracy is
specified as + 30 cm horizontally and + 15 cm vertically.
The data in Eifel were acquired from December 2016 to
March 2017 and in Hainich from February 2016 to April
2016 (Table 1). The LiDAR data were classified into ground
and non-ground points, which were further processed into
DTM and DSM. The maximal height value within a grid cell
was used to extract the surface height, as it was frequently
used as reference height for the assessment of InSAR heights
(Kugler et al. 2014; Schlund et al. 2019a) The official Ger-
man geoid GCG2016 was applied to the data for the trans-
formation from normal heights in DHHN2016 to ellipsoidal
heights in WGS84.

For the Risti area, bi-temporal LiDAR acquisitions were
available that matched very close the TanDEM-X acquisi-
tion dates. A DTM and a canopy height model (CHM) with
a resolution of 10 m acquired with LiDAR between 25 April
2012 and 05 May 2012 were provided by the Estonian Land
Board (2021). A second scan was acquired between May 28
and 29, 2018. The corresponding CHM data were available
at 4 m resolution, which was also provided by the Estonian
Land Board (2021). For the comparison with TanDEM-X
DEMs, all elevation data given as orthometric heights in
EH2000 height were transformed to WGS84 ellipsoidal
heights with the geoid EST-GEOID2017 that was provided
by Estonian Land Board (Ellmann et al. 2017). The LiDAR
DEMSs were projected and resampled into the exact grid of
the TanDEM-X DEM data (0.4 X 0.6 arc seconds, longitude
x latitude) in geographic coordinates.

2.2.3 Copernicus Data

Copernicus High-Resolution Layers (HRL Forest),
(https://land.copernicus.eu/pan-european/high-resolution-
layers/forests) provide information with pan-European
coverage, for the years 2012 at 20 m and 2018 at 10 m
resolution (European Union 2022). They are generally
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consistent with the TanDEM-X acquisitions and DEM
resolutions. In this study, the Forest Type (FTY) layers
of the respective years were used to distinguish between
forest and non-forest areas. The Copernicus DEM (COP-
DEM_GLO-90) (DOI: https://doi.org/10.5270/ESA-c5d3d
65), which is derived from an edited version of the Tan-
DEM-X DEM named WorldDEM™ based on acquisitions
between 2010 and 2014, was used for the slope calculation
where the slope itself was determined from the vicinity of
3 by 3 pixels.

2.3 TanDEM-X InSAR Height Retrieval
2.3.1 TanDEM-X DEM Processing

The InSAR DEMs of the TanDEM-X mission, the so-
called RawDEMSs (for acquisitions between 2010 and
2014) and Change RawDEMSs (for acquisitions between
2017 and 2020), were explicitly utilised for this study. In
general, (Change) RawDEMs are intermediate products
and the output of the operational Integrated TanDEM-X
Processor (ITP) of the German Aerospace Center (DLR).
For the RawDEM and the Change RawDEM generation,
the ITP processed the Coregistered Single look Slant
range Complex (CoSSC) images to interferograms, which
were further unwrapped and geocoded. For the Risti
study area, the acquisition from 2012 was processed with
the former, single-baseline phase unwrapping approach
(Rossi et al. 2012). An individual height offset of 0.67 m
for that acquisition was applied that was estimated within
the operational TanDEM-X block adjustment over larger
areas within the Mosaicking & Calibration Processor
(MCP) (Gruber et al. 2012). The data from 2018 were
processed with the so-called delta-phase unwrapping
approach that calibrated the used InSAR data to TanDEM-
X heights without the need for further height offset correc-
tion (Lachaise et al. 2020; Schweisshelm et al. 2020). The
number and density of interferometric fringes was reduced
by subtracting an edited version of the global TanDEM-X
DEM from the acquired interferometric phase in the delta-
phase unwrapping approach.
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2.3.2 Penetration Depth Compensation

Despite its short wavelength, it can be assumed that the
X-band penetrates to a certain extent into the canopy of the
forests (Schlund et al. 2019a). This would mean that the pen-
etration affects the accuracy of TanDEM-X InSAR heights
over forests. Furthermore, varying penetration depths of the
individual TanDEM-X acquisitions would result in pseudo-
changes, and thus, inaccuracies in the InSAR height change
estimation. Therefore, a penetration depth compensation for
each InSAR data was applied. It was assumed that the phase
information of the interferometric coherence was related to
the penetration and that the coherence magnitude used to
estimate the penetration depth had a unique relationship to
its phase (Dall 2007; Schlund et al. 2019a). The respective
volume coherence used in this model was calculated as the
division of the estimated interferometric coherence and the
signal-to-noise coherence, assuming that these were the
main contributions (Martone et al. 2012; Rizzoli et al. 2022).
This first-order approximation of the penetration depth was
applied pixel-by-pixel to compensate for its effect on Tan-
DEM-X InSAR heights.

3 Single-Date Analysis of TanDEM-X DEM
2020

The accuracy of InSAR heights processed for the TanDEM-
X DEM 2020 collection is so far unexplored. It can be
assumed that it provides both an indication of the quality of
a single acquisition and a preview of the new TanDEM-X
DEM 2020. Therefore, we first assessed the quality of these
DEM data individually for each study area.

3.1 Methods for the Assessment of TanDEM-X InSAR
Heights

The accuracy of the TanDEM-X InSAR heights was quan-
titatively assessed in comparison to the LIDAR DSM in the
respective study areas. The root-mean-square-error (RMSE),
mean error (ME), and coefficient of determination (R?) were
used to estimate the accuracy. For the visual comparison, the
TanDEM-X heights were normalised with the LIDAR DTM
to TanDEM-X interferometric phase centre heights above
the terrain elevation, called TanDEM-X CHM in the fol-
lowing. Correspondingly, the LIDAR CHM was calculated
by subtracting the LIDAR DTM from LiDAR DSM. The
evaluation of the different elevation models was performed
pixel-by-pixel.

The LiDAR CHMs were further stratified into a non-
vegetation, low vegetation, and forest stratum to provide
more information about the error structure of the TanDEM-
X heights. Non-vegetation was defined as actual LiDAR

canopy height lower than 0.5 m. The low vegetation stratum
was defined as actual canopy height above 0.5 m and below
5 m, whereas forest was defined as actual canopy height
above 5 m.

In addition to the canopy height strata, the accuracy was
assessed in two slope strata, namely above and below 10% of
slope. The slope was calculated from the Copernicus DEM
in 3 arc seconds. Also, elevation values over water bodies
were masked out by the Copernicus water body mask which
was derived from non-coherent InSAR elevation values. In
contrast to the vegetation strata, the InSAR phase centre
should optimally represent the surface height over bare soil
areas, i.e., non-vegetation stratum. Therefore, the accuracy
in non-vegetation with slopes below 10% excluding water
bodies was assumed to provide best results due to the mini-
mal effect of slope, vegetation, and water.

3.2 Results of TanDEM-X InSAR Height Validation

The 2D density plots of TanDEM-X CHM and LiDAR CHM
suggested a general underestimation increasing with canopy
height in all study areas (Fig. 2). Nevertheless, the devia-
tion from the 1:1 line of TanDEM-X CHM versus LiDAR
CHM was small at low canopy heights in all three study
areas. After applying the penetration depth compensation,
the TanDEM-X CHM was much closer to the 1:1 line for
larger canopy heights, but resulted in an overestimation of
small or none canopy heights (Fig. 2).

This was confirmed by the quantitative assessment, where
the negative ME indicated a general underestimation of the
the TanDEM-X InSAR heights in vegetation. In general,
the highest errors in terms of ME and RMSE were observed
in the forest stratum for the original heights. This was sub-
stantially improved by applying the penetration depth com-
pensation (Table 2). The ME reduced from around — 6 m for
all three study areas to sub-metre range. Highest accuracies
of the original TanDEM-X InSAR heights were generally
achieved in the non-vegetation stratum. The RMSE and ME
in the non-vegetation and low vegetation strata suggested
that the penetration depth compensation resulted in over-
compensation, with larger errors compared to the original
InSAR heights in these strata (Table 2).

The assessment of slope effects in non-vegetated areas
revealed that the RMSE of the original TanDEM-X InSAR
heights was generally below 2 m when slopes were less than
10%. The RMSE increased on slopes above 10% compared to
the flatter areas. This was the case for both height variants (i.e.,
without and with penetration depth compensation). The RMSE
increase was highest in the Eifel study area, where areas with
a slope above 10% comprised a larger proportion compared
to other study areas (Table 3). In general, TanDEM-X InSAR
heights achieved the highest accuracies in terms of RMSE,
ME, and R? in areas without vegetation and with low slope.
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Fig.2 2D density plots of LIDAR CHM and TanDEM-X CHM without penetration depth compensation (top) and with overall penetration depth
compensation (bottom) in the Eifel (left), Hainich (centre), and Risti (right) study areas

Table2 Accuracy assessment of TanDEM-X InSAR heights compared to LIDAR DSM in different canopy height strata in the three study areas

Area Canopy height Coverage of Original Penetration depth compensation
stratum stratum (%) RMSE (m) ME (m) R2 RMSE (m) ME (m) R?
Eifel All 100 577 —3.85 0.99 4.66 2.08 0.99
Vegetation (> 5 m) 57.0 7.25 —5.74 0.99 4.52 0.84 0.99
Low vegetation (> 0.5 m & <5 m) 18.1 3.30 —1.60 0.99 5.20 3.65 0.99
Non-vegetation (< 0.5 m) 24.9 2.30 - 1.17 0.99 4.56 3.79 0.99
Hainich All 100 491 —3.30 0.99 3.35 1.12 0.99
Vegetation (> 5 m) 394 7.40 —6.15 0.99 4.04 —0.32 0.99
Low vegetation (> 0.5 m & <5 m) 12.5 3.24 —231 0.99 3.43 1.74 0.99
Non-vegetation (< 0.5 m) 48.0 1.57 —1.22 0.99 2.61 2.15 0.99
Risti All 100 5.77 —4.07 0.92 3.72 0.70 0.93
Vegetation (> 5 m) 65.6 6.99 —5.92 0.91 3.55 —0.54 0.92
Low vegetation (> 0.5 m & < 5 m) 13.6 2.66 —0.91 0.96 4.57 3.05 0.92
Non-vegetation (< 0.5 m) 20.9 1.26 —0.30 0.99 3.63 3.07 0.98
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Table 3 Accuracy assessment

. Area Slope Coverage (%)  Original Penetration depth compensa-
of original TanDEM-X InSAR tion
heights in the non-vegetation
stratum (< 0.5 m) for different RMSE(m) ME(@m) R? RMSE(m) ME@m) R?
slope strata in the three study
areas Eifel <10% 909 1.88 - 1.15 099 430 3.78 0.99
>10% 9.1 425 —0.83 099 6.88 4.70 0.99
Hainich < 10%  95.1 1.54 -1.35 099 430 3.80 0.99
>10% 49 1.94 1.21 099 4.8 3.55 0.99
Risti <10% 999 1.34 —0.29 099  4.69 4.10 0.96
>10% <0.1 2.32 0.18 096  5.30 4.15 0.90

Therefore, these accuracies could be assumed to be the highest
achievable accuracies in the respective study area.

4 Use Case: Forest Canopy Height Change
Assessment

The accuracy assessment of the newly collected TanDEM-
X acquisitions, which are the input data for the TanDEM-
X DEM 2020, revealed a high accuracy for the individual
DEMs. It can be anticipated that an important application
of this additional coverage is the combination with accu-
rate TanDEM-X DEMs acquired for the generation of the
first global TanDEM-X DEM. This combination would pro-
vide high-resolution information about height changes in
the last decade. Therefore, we studied the potential of the
InSAR heights from the two global acquisitions to estimate
changes in forest canopy height as a potential use case. For
this analysis, we focussed on the study area Risti as the bi-
temporal acquisition dates of TanDEM-X and LiDAR ref-
erence data fitted best with about two month difference for
each. Furthermore, the Risti area is more dynamic in terms
of canopy height changes due to observed clearcutting and
forest regrowth compared to the other study areas with pro-
tected national parks.

4.1 Methods for the Assessment of Canopy Height
Change Estimates

4.1.1 Selective Penetration Depth Compensation

The model to estimate the penetration depth was only valid
in areas with high vegetation canopy height, i.e., negligi-
ble ground contribution to the signal (Dall 2007; Schlund
et al. 2019a). This was confirmed by our results showing
higher ME and RMSE values for the compensated heights
compared to the original heights in the low and no vegeta-
tion stratum (see Sect. 3.2). A high accuracy over all can-
opy heights is generally desirable and particularly relevant
when assessing canopy height changes, where land cover
changes from forest to non-forest and vice versa. Therefore,

we added an additional compensation variant expecting an
improved performance in the low and no vegetation stratum
compared to the overall penetration depth compensation. For
this variant, called “selective penetration depth compensa-
tion” in the following, the compensation of penetration depth
was restricted to forest areas, whereas the original InSAR
heights without penetration depth compensation were used
in low and no vegetation. Note that the no and low vegeta-
tion stratum form the non-forest class. The non-forest class
of the Copernicus High-Resolution Forest Type Layer (FTY)
2012 was used to mask TanDEM-X InSAR height values
of 2012 to be excluded from penetration depth compensa-
tion. Similarly, FTY 2018 was used for masking TanDEM-X
InSAR heights acquired in 2018. Consequently, the masked
areas retained the original TanDEM-X heights, whereas the
penetration depth compensation was applied to the areas
classified as forest in the FTY layers. Note that FTY forest
definition follows as far as possible Food and Agriculture
Organization (FAO) forest definition (Copernicus Land
Monitoring Service (CLMS) 2021; FAO 2018).

The focus on forest canopy height change required a more
detailed look at the error of the non-forest class in case of
forest removal as well as a more detailed analysis of the for-
est class and the effectiveness of the selective penetration
depth compensation. To gain a better understanding of the
error structure of the TanDEM-X InSAR heights in forest
areas, the LIDAR CHM from 2012 was stratified into six
height strata in 5 m intervals for the accuracy assessment.
The accuracy of the original TanDEM-X InSAR heights
from 2012 as well as 2018 and the corresponding penetration
depth compensation variants were compared to the respec-
tive LIDAR DSMs.

Table 4 Change type classification based on LIDAR CHMs

Change type Definition Area (ha)
Forest loss CHM,(;, =5 m CHM,;3 <5 m 4171
Standing forest CHM,(;, =5 m CHM,;3 >5 m 49,351
Regrowth CHM,;, <5 m CHM,;3 >5 m 1750
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4.1.2 Change Type Classification

For assessing canopy height changes, the forest of the study
area Risti, Estonia was classified based on height changes
between the LIDAR CHM from 2012 and 2018. Three
change types were distinguished: forest loss, regrowth, and
standing forest changes (Table 4). The latter included smaller
variations in mostly stable forested areas potentially induced
by natural forest growth or forest management operations
like thinning or selective harvesting. Note that the change
types regrowth and forest loss were defined as stand replac-
ing changes involving a change from forest to non-forest or
vice versa in the time interval between 2012 and 2018. For
this purpose, canopy heights of more than 5 m were defined
as forest. It can be assumed that the dominant form of stand
replacing forest loss in the Risti study area was clearcutting
and seed tree harvesting.

4.1.3 Pixel-Wise Assessment of Canopy Height Changes

The pixel-wise height change (AHp ),ixes between 2012 and
2018 was defined as the difference of TanDEM-X heights of
the new (Hrpx)a0;5 and TanDEM-X heights (Hyppx )02 from
the first global acquisitions

(AHTDX)pixel = (Hrpx) 2015 = (Hrox) g2 (H

The temporal difference was calculated for all TanDEM-
X InSAR height variants: (a) the original InSAR heights,
(b) the InSAR heights with overall penetration depth com-
pensation, and (c) the InSAR heights with selective pen-
etration depth compensation. The pixel-wise height change

(AH|ipaR)pixel Of the reference LIDAR DSMs was computed
in the same manner

(AHLipAR ) iyt = (HLipar ) y01 — (FLipaR ) 5012 2

Consequently, height increase or forest growth over time
resulted in positive values and height decrease or forest loss
was reflected by negative values. The TanDEM-X canopy
height change error (AHg,,, )i Was defined as the differ-
ence between TanDEM-X (AHqpy )i and LIDAR height
change (AHyjpar)

pixel
(AHEWOT) pixel = (AHTDX ) pixel - (AHEYTOT ) pixel” (3)

The quality measures RMSE, ME, and R? were computed to
assess the accuracy of TanDEM-X canopy height changes.
The accuracy analysis was performed for all pixels and sepa-
rately for each change type (regrowth, standing forest, and
forest loss) to discriminate between substantial positive and
negative as well as low magnitude changes (see Sect. 4.1.2).

4.1.4 Stand-Wise Assessment of Canopy Height Changes

Due to considerable errors in InSAR heights in forests
(Table 2), the height estimates need to be further aggre-
gated to improve the estimation of small variations. For
this purpose, we intended to use the spatial unit of forest
stands, which is commonly used in forestry. Stand borders
were approximated from the LiDAR data to retrieve homog-
enous forest areas. The conducted change type classification
provided the areas of forest loss and regrowth stands (see
Sect. 4.1.2). However, most of the area was classified as

Table 5 Accuracy assessment
of TanDEM-X InSAR heights
from 2012 and 2018 with
different levels of penetration
depth compensation in different

stratum (m)

Year Canopy height Coverage of

stratum (%)

Penetration depth compensation

None Overall Selective

RMSE ME R? RMSE ME R? RMSE ME R?

canopy height strata in the Risti

study area 2012 All 100
<5 28.0
>5-10 15.5
>10-15 25.0
>15-20 253
>20-25 5.8
>25 0.4

2018 All 100
<5 34.5
>5-10 13.4
>10-15 19.2
> 15-20 245
>20-25 10.6
>25 1.9

418 —228 0.79 331 121 084 358 024 0.78
208 —054 097 318 203 096 270 039 095
402 —285 094 323 097 093 365 022 091
500 —393 093 305 047 093 340 023 091
585 —448 0.89 357 032 091 377 023 0.90

785 —537 077 553 —0.08 0.79 569 —0.16 0.78
1194 —721 050 954 —1.75 051 9.69 —1.84 0.51
525 —326 079 3.89 126 081 372 049 0.80

193 —054 098 402 3.06 096 299 028 095
414 —322 095 347 1.27 093 403 039 0.89

566 —499 095 287 0.07 094 348 —0.27 091
718 —649 093 314 —091 093 357 —1.06 091
959 —870 0.88 457 —238 0.89 500 —2.53 0.86
1292 —11.69 0.77 7.07 —4.49 0.78 7.68 —4.72 0.74
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standing forest with small canopy height changes (Table 4).
Consequently, a further subdivision into forest stands with
homogenous heights was necessary to support a stand-wise
assessment. To create homogenous areas of standing forests,
the initial heights of LIDAR CHM from 2012 were strati-
fied into the same six height classes of 5 m intervals listed
in Table 5. Finally, a minimum mapping unit of 0.5 ha was
applied to remove very small stand polygons. This resulted
in 683 stands for the regrowth change type with an average
size of 2.56 ha and standard deviation of 2.27 ha. For the
forest loss change type, 2624 stands with an average size of
1.59 ha and standard deviation of 1.55 ha were available. As
mentioned, the largest part of the area was covered by stand-
ing forest with 28,482 stands with an average size of 1.75 ha
and a standard deviation of 1.55 ha. The mean height change
estimates from LiDAR and TanDEM-X were extracted for
the stand polygons. The stand-wise forest height change
accuracy (AHpg,,o)sang Was assessed using the difference in
mean delta heights between TanDEM-X and LiDAR for each
forest stand, similar to the pixel-wise assessment.

4.2 Results of Canopy Height Change Validation

4.2.1 Results of the Different Penetration Depth
Compensations

In line with the single-date analysis, the original InSAR
heights achieved the highest accuracy in the non-forest
stratum for both acquisition dates. The accuracy generally
decreased with increasing canopy height stratum. The over-
all penetration depth compensated InSAR heights showed
improved results for all forest strata with highest accura-
cies in the 10-15 m stratum. Again, the non-forest stratum
resulted in lower accuracies compared to the original heights
indicating an overcompensation of the penetration depth
in those areas. In contrast, the selective penetration depth
compensation achieved highest accuracy in the non-forest
stratum (CHM < 5 m) with RMSE of 2.70 m in 2012 and

2.99 m in 2018. The overall as well as the selective pen-
etration depth compensation achieved similar accuracies in
the vegetation strata between 5 and 25 m with an RMSE
ranging from 2.87 to 5.69 m and thus showed a consider-
able improvement compared to original TanDEM-X InSAR
heights (Table 5).

4.2.2 Results of Pixel-Wise Change Validation

Table 6 presents the results of the pixel-wise as well as
stand-wise accuracy assessment. The pixel-wise results
obtained by the selective penetration bias compensation
resulted in height change ME values of — 1.12 m for forest
loss, — 0.80 m for standing forest and — 0.56 m for regrowth.
This underestimation of the mean height change (i.e., as
difference between TanDEM-X height change and LiDAR
height change) was relatively small compared to the RMSE
values between 7.31 m for forest loss, 4.56 m for stand-
ing forest and 5.01 m for regrowth. The 2D density plots
of the selectively compensated TanDEM-X height differ-
ences compared to the LiDAR differences confirmed this
observation (Fig. 3). As it can be observed in Table 6, the
RMSE values of the overall and the three change classes
forest loss, regrowth, and standing forest did not differ sub-
stantially amongst the three TanDEM-X height variants. In
contrast to RMSE, the R? improved for the selective pen-
etration depth result. The most evident difference between
the three different penetration depth compensation methods
was the decrease in ME. The ME for the pixel-wise change
estimates was highest for the original TanDEM-X InSAR
heights and lowest for heights with selective penetration
depth compensation (Table 6).

4.2.3 Results of Stand-Level Change Validation
The assessment of canopy height changes on stand level

resulted in substantial improvements compared to the assess-
ment on pixel level. The largest improvement was achieved

Table 6 Pixel- and stand-wise

. Level Change Penetration depth compensation

accuracy of TanDEM-X height

changes between 2012 and 2018 Type None Overall Selective

in forests with different levels of

penetration depth compensation RMSE  ME R? RMSE  ME R RMSE  ME R?

Zihcil;‘ffafgggilffﬁ CRhi  Pixel  Overall 417 093 029 401 009 033 406 —053 038

study area Clearcut 7.61 2.78 0.11 745 2.49 0.14 7.31 —-112 0.15
Standing forest  4.90 —1.81 0.01 447 =0.79 0.02 4.6 —0.80 0.03
Regrowth 5.31 —242 003 496 —-154 004 504 -0.56 0.03

Stand  Overall 2.84 —148 074 2.16 -055 081 214 -0.83 0.84

Clearcut 4.12 2.90 047 3.88 2.62 0.51 3.28 -0.85 0.51
Standing forest  2.69 -186 0.12 193 -082 0.18 201 -0.83 0.19
Regrowth 2.81 —-231 0.06 2.19 —143 0.06 1091 —046 0.06
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Fig.3 2D density plots of pixel-wise LiDAR and TanDEM-X height changes with selective penetration depth compensation differentiated in for-
est height change classes, Risti (left = regrowth, centre = standing forest changes, and right = forest loss)

in the forest loss class with a decrease in RMSE from 7.31
to 3.28 m for the selective penetration compensation. The
RMSE also improved for standing forest and regrowth from
4.56 and 5.04 m to 2.01 and 1.91 m. The highest improve-
ment for the ME was achieved with the selective penetration
bias compensation compared to without or overall compen-
sation methods. The ME values improved from — 1.86 and
—2.31 m without compensation to — 0.83 m and — 0.46 m
with selective penetration compensation in the standing for-
est and regrowth class. The R? of the overall accuracy analy-
sis increased substantially from 0.74 for the original InSAR
heights to 0.81 for overall, and to 0.84 for the selectively
compensated heights (Table 6).

The effect of the penetration depth could be observed
by deviations from the 1:1 line comparing TanDEM-X
to LiDAR height change on stand level (Fig. 4). Original
TanDEM-X InSAR heights generally indicated an underes-
timation of height changes between 0 and 5 m (Fig. 4 left),
which was improved by the overall as well as the selective

without penetration depth compensation
RMSE = 2.84 m & ME =-1.48 m

overall penetration depth compensation
RMSE =2.16 m & ME = -0.55 m

penetration bias compensation resulting in values closer to
the 1:1 line (Fig. 4 centre and right). Larger negative changes
of — 20 to — 10 m were substantially improved by the selec-
tive penetration depth compensation.

The 2D density plot of TanDEM-X and LiDAR change
at stand-level confirmed the observations on pixel-level that
a slight underestimation of height change in the forest loss
stands compared to LiDAR were indicated by TanDEM-X.
This was improved with the selective penetration compensa-
tion (Figs. 4 and 5). Furthermore, the different clusters in
the standing forest class suggested a high heterogeneity of
changes in those stands (Fig. 5). These details were not vis-
ible in the pixel-wise 2D density plot (Fig. 3).

Beyond the accuracy measures, the spatial distribution
of the TanDEM-X height change variant with selective
penetration depth compensation was compared to the
LiDAR height changes (Fig. 6). The visual comparison of
stand height changes across the study area revealed similar
spatial patterns for TanDEM-X and LiDAR. In particular,

selective penetration depth compensation
RMSE =2.14 m & ME =-0.83 m

R?=0.74 R?=0.81 R?=0.84
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Fig.4 2D density plots of stand-wise LiDAR and TanDEM-X height changes without penetration depth compensation (left), with overall pen-
etration depth compensation (centre) and selective penetration depth compensation (right) for all forest stands in Risti
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the height changes in the forest loss class indicated by
negative values corresponded well in the TanDEM-X and
LiDAR maps. However, more forest growth areas in the
range of 2.5-5 m were represented in the LiDAR com-
pared to the TanDEM-X changes (Fig. 6).

The zoomed area confirmed that substantial changes
classified as regrowth and forest loss (delineated by blue
and red outlines, see also Sect. 4.1.2) were well captured as
regions of growth (positive values above 2.5 m) and forest
loss (negative values below — 10 m), respectively (Fig. 7).
The difference of LiDAR and TanDEM-X changes sug-
gested that regrowth areas differed less than 1 m in many
stands (blue outline). In contrast, natural forest growth in
the standing forest class (no outline) was often underesti-
mated indicated in light blue (negative differences of — 1
to — 2 m, Fig. 7 bottom right).
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and LiDAR height changes (bottom right). Regrowth, forest loss, and
non-forest stand polygons as overlay

5 Discussion
5.1 Assessment of TanDEM-X DEM 2020 Data

We evaluated TanDEM-X InSAR heights processed in
the frame of the new TanDEM-X DEM 2020 with spe-
cial focus on InSAR heights over forests. We assessed
the InSAR height accuracy of individual acquisitions
of the newly acquired and processed TanDEM-X DEM
2020 data using LiDAR as a reference data source for
the accuracy analysis. It was assumed that vertical and
horizontal accuracy of airborne LiDAR DEMs was
substantially higher than that of TanDEM-X DEMs.
Therefore, it can be considered as a suitable reference.
Another important prerequisite for the investigation was
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the temporal correspondence of the TanDEM-X acquisi-
tions and LiDAR reference data. Here, the maximum dif-
ference between acquisition dates was about 2 years in
Eifel and Hainich. However, both areas are mostly covered
by national parks, so that it is expected that substantial
temporal differences, e.g., caused by clearcut harvesting
between the acquisitions, were minimal.

The TanDEM-X InSAR heights of the 2020 collection
generally resulted in ME values between — 3.3 and — 4.1 m
and RMSE values between 4.91 and 5.77 m for all heights.
The highest inaccuracies could be attributed to the forest
stratum (canopy height > 5 m). In this stratum, we found an
underestimation (negative ME) of heights between 5.74 and
6.15 m in the three temperate and boreal study areas. These
biases are in line with findings of previous studies where
a systematic underestimation of forest canopy height was
attributed to the signal penetration (Perko et al. 2011; Kugler
et al. 2015; Schlund et al. 2019a). A higher penetration of
up to 12 m was found in boreal and temperate forests in
TanDEM-X data acquired in winter (Kugler et al. 2014). To
overcome this deficiency, a model-based approach to com-
pensate this height bias has been proposed, that achieved
considerable improvements in the determination of forest
canopy heights in temperate and tropical latitudes (Schlund
et al. 2019a, 2021). The potential to compensate for the pen-
etration was confirmed for all TanDEM-X InSAR heights
that were evaluated in this study. However, the assessment
of the penetration compensation was so far focussed only on
forests (Schlund et al. 2019a, 2021; Wang et al. 2021). We
found that the penetration depth compensation decreased the
accuracy considerably for non-vegetated areas, but also for
low vegetation with canopy heights below 5 m. It could be
assumed that this is based on the fact that some of the model
assumptions, such as infinite canopy height, were not valid
and the signal had a considerable ground contribution (Dall
2007; Schlund et al. 2019a). This resulted in a substantial
overcompensation of the penetration depth in the non-forest
strata. Overall, the lowest RMSE of 1.26 m and smallest
bias of 0.30 m was found in the non-vegetation stratum in
Risti. It is a well-known fact that the accuracy also depends
on the terrain slope and thus local incidence angle (Wessel
et al. 2018; Sadeghi et al. 2016; Gdulova et al. 2021). The
RSME over the non-vegetated stratum increased for slopes
above 10% by 0.4 m to 2.4 m depending on the study area.
Hojo et al. (2020) also suggested that canopy height models
retrieved from TanDEM-X InSAR achieved highest perfor-
mance at small slopes and suggested that slope is one of the
most influential factors on the performance in a subsequent
AGB estimation.

In general, the quality of TanDEM-X DEM 2020 indi-
cated a high potential to estimate the absolute height of
forest canopy surfaces with high accuracy. It can be used
to calculate the forest canopy height (CHM) by subtracting

the terrain height (DTM), preferably measured by LiDAR.
These findings are consistent with other studies analysing
TanDEM-X InSAR heights for canopy height estimation
(Sadeghi et al. 2016; Ullah et al. 2020; Hojo et al. 2020).
In addition to subtracting a DTM from TanDEM-X InSAR
heights for canopy height estimation, several studies esti-
mated the canopy height using coherence-based inversion
models with TanDEM-X with and without the support from
DTMs (Kugler et al. 2014; Olesk et al. 2016; Schlund et al.
2019b; Gomez et al. 2021). For instance, canopy height
estimations supported by a DTM achieved RMSE values
of 1.58 m in a boreal forest and 3.3 m in temperate forest
(Kugler et al. 2014). These approaches are generally limited
to areas where a highly accurate DTM is available. However,
in Europe, LiDAR-derived DTMs are widely available today
(European Commission and Joint Research Centre et al.
2021), allowing a potential application of such information
to estimate CHMs based on TanDEM-X DEM 2020 acquisi-
tions at large scale. The LIDAR-based DTM may even be
outdated, assuming that terrain height remains relatively
stable over time.

5.2 Canopy Height Change Application

The quantification of canopy height changes can assist forest
monitoring as well as carbon accounting. Therefore, Tan-
DEM-X InSAR height changes were assessed to support the
quantification of canopy height changes. It can be argued
that the two global acquisitions of TanDEM-X from 2010
to 2014 and from 2017 to 2020 are an unprecedented data
source to estimate canopy height changes on large to even
global scale. For the change assessment, the study area with
most consistent acquisition dates of the bi-temporal LiDAR
reference data and TanDEM-X acquisitions was selected.
For the other investigated sites, we expected that the tem-
poral disagreement between reference and TanDEM-X data
would lead to many uncertainties in the change assessment,
as it was observed for example in the study by Gdulova et al.
(2021).

The forest height change assessment demonstrated that if
the compensation of signal penetration depth is only applied
to forest areas the height bias of the contributing DEMs sub-
stantially reduced. In addition, the underestimation of loss
and gain found in the change results of the original Tan-
DEM-X InSAR heights decreased by applying the compen-
sation. The two individual TanDEM-X datasets have been
acquired in the same season in our study. However, Schlund
et al. (2019a) demonstrated that also acquisitions from
different seasons with differing dielectric properties were
comparable after penetration depth compensation. To benefit
from the high accuracies of the original InSAR height over
non-vegetated surfaces and compensated heights in forested
surfaces, the compensation approach was selectively applied
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to forest areas using a forest map provided by the Coper-
nicus Land Monitoring Service (European Union 2022). It
is worth noting that the accuracy of the forest map propa-
gates to the selective penetration compensation and height
estimation, potentially decreasing their accuracy in cases of
forest omissions. However, it can be anticipated that many
applications require high accuracy of the InSAR in forests as
well as non-forested areas. For instance, bare ground where
clearcutting has taken place or regrowth on bare land is of
high relevance when monitoring canopy height.

The change results at pixel resolution (12 m) provide a
spatially detailed overview of changes induced by substantial
forest loss and gain with low overall bias. Therefore, pixel-
wise height change detection can provide an input to accu-
rate deforestation, disturbance, and growth extent mapping
by simple height change thresholding (Solberg et al. 2013;
Tanase et al. 2015; Tian et al. 2017). For example, Tian
et al. (2017) achieved a Kappa value of 0.7 for storm damage
detection using TanDEM-X DEMs compared to WorldView
DEMs with a kappa value of 0.78. Nevertheless, the pixel-
level estimation bears high uncertainties for loss and growth
in the quantification of canopy height changes. A pixel-
wise comparison at the scale of tree crowns is particularly
impacted by differing viewing properties when compared to
LiDAR. This is also the case for a change assessment using
bi-temporal TanDEM-X acquisitions, where tree crowns
identified at each step in time have to be matched with each
other. Here, the change of orbit direction between ascend-
ing at the first and descending at the second TanDEM-X
DEM acquisition campaign (for the northern hemisphere)
can potentially introduce an additional error source. It was
assumed that these effects should decrease when estimates
are derived over forest stands. In general, random noise and
other potential error sources were reduced when aggregating
at stand level.

Overall, the stand-wise change assessment resulted in a
considerable improvement of R? from 0.38 on pixel to 0.84
on stand level and a decrease of RMSE from 4.06 to 2.16 m.
A minimum polygon size of 0.5 ha was chosen as a trade-off
between spatial detail and estimation error. Further, the FAO
(2018) defines forests with a minimum area criterion of 0.5
ha. The achieved accuracies for forest loss stands (RMSE
= 3.3 m), regrowth (RMSE = 1.91 m), and the low bias
expressed as ME ranging between 0.46 and 0.85 m indicate
the potential of the stand-wise height change for biomass
change estimation. Solberg et al. (2014) stressed the fact that
the use of surface models for carbon monitoring is very sen-
sitive to height bias, since a small bias in height changes over
large areas translates in considerable bias in AGB change.
Despite the low RMSE of 2.01 m for changes in standing
forests, the stand-wise 2D density plot suggests that further
subdivisions by thinning, selective logging, and mainly natu-
ral forest growth might be distinguishable (Fig. 4). However,
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due to their magnitude of change, it was considered to be too
small and thus was summarised in one class. Nevertheless,
the magnitude of disturbances caused by bark beetle in the
Bohemain Forest seems to cause changes substantial enough
to be detected by TanDEM-X height change analysis, even
using lower quality SRTM as pre-event DEM (Gdulova
et al. 2021). Regarding error propagation, the forest loss and
growth estimation are mainly driven by the accuracies of the
stratum of each input DEM. Considering the high accuracies
for bare ground, it can be assumed that the accuracy depends
mainly on the stand height and structure before disturbance
or cutting. Compared to backscatter-based approaches,
which normally suffer from saturation effects (Araza et al.
2022), larger canopy heights above 25 m still indicated a
high correlation between TanDEM-X and LiDAR height
changes with R? between 0.51 and 0.74 despite increased
RMSE and ME.

6 Conclusion

In this study, we evaluated the potential exploitation of the
TanDEM-X DEM archive for large-scale three-dimensional
forest monitoring with special focus on TanDEM-X DEM
2020 acquisitions and processing.

The single-date analysis provided information on the
error structure of the TanDEM-X InSAR heights. A pen-
etration depth compensation approach was applied to reduce
the underestimation of TanDEM-X heights typically found
in forests. The effectiveness of this height bias compensa-
tion when stratified into non-vegetation, low vegetation, and
forest was evaluated. Major findings were that both the bias
and RMSE increased with vegetation height at the original
TanDEM-X heights. The bias compensation was only effec-
tive for forests but overcompensated non-forest heights. The
resulting selective compensation of penetration depth was an
attempt to mitigate overcompensation of penetration depth
in non-forest areas whilst achieving adequate compensation
in forest areas. This approach demonstrated a decrease of
the bias and RMSE over all heights. The case study over
the managed forests in Risti, Estonia demonstrated that for-
est canopy height changes can be retrieved with low overall
bias for 12 m pixel spacing over the whole range of changes.
However, it was found that the quantitative change infor-
mation was not very precise. At stand level with a mini-
mum stand size of 0.5 ha, a decrease of RMSE of around
50% was achieved compared to pixel level. The study sug-
gested that stand replacing changes such as clearcutting and
regeneration with bare ground at one point in time can be
quantified with low ME and RMSE. Future studies could
confirm the high potential of TanDEM-X DEM 2020 and
derived composited products for estimating canopy height
and change in other areas. In comparison to backscatter or
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reflectance-based estimation of carbon stock change proxies,
saturation effects were not observed for TanDEM-X InSAR
heights. Thus, the study demonstrated the effectiveness of
the proposed approach for the measurement of actual for-
est canopy height in temperate and boreal areas and retro-
spective forest canopy change analysis over the last decade.
Future bi-static or even multi-static InSAR missions could
expand the potential of the TanDEM-X mission by enabling
both regular consistent coverage and on demand tasking.
This would allow canopy height monitoring with regular
revisits and near-real time quantification of damages caused
by natural or human disturbances.
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