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ABSTRACT

Glaciers in polar regions are sensitive to climate and ocean changes and can thin rapidly as a consequence of
global warming. Digital Elevation Models (DEMs) from remote sensing observations have been widely used to
detect changes in polar glaciers. DEMs from Terrestrial Radar Interferometer (TRI) have recently been used for
high frequency glacier change and glacier-ocean interaction studies. However, it is unclear whether TRI DEM
over a large study area can be combined directly with remote sensing observations to investigate glacier changes
as well as the accuracy of TRI DEM at far range. In this study, we deployed a TRI close to Helheim Glacier, East
Greenland and generated DEMs using TRI and satellite laser altimetry. We analyzed the accuracy of the TRI DEM
using theoretical calculations, comparisons based on repeat observations, and comparisons with a high accurate
ArcticDEM. The validation results suggest that for stable ground surfaces, the uncertainty (standard deviation) is
<5 m at range < 9.8 km. Averaging across time (e.g. one hour) decreases the uncertainty almost linearly with
range, over 0.5 m to 1.2 m when the range increases from 7.0 km to 10.0 km. Increasing the correlation coef-
ficient threshold for phase unwrapping does not significantly reduce uncertainty. TRI DEMs are influenced by
systematic error at far range primarily due to coarse azimuth resolution and phase unwrapping difficulties in
discontinuous interferograms. As the absolute accuracy of TRI DEMs is not uniformly distributed in the range
direction (farther points have worse uncertainty), our findings indicate that TRI DEMs within range of 10 km can
reach <5 m uncertainty, which can be compared with DEMs obtained from remote sensing satellites to detect
glacier thinning.

1. Introduction

(SRTM) (Paul, 2008; Brown et al., 2005; Rodriguez et al., 2006), Euro-
pean Remote-Sensing Satellite (ERS)-1/2 (Sandwell and Sichoix, 2000),

The cryosphere of the Earth is changing rapidly due to global climate
(Oppenheimer, 1998; Cox et al., 2000) and ocean changes (Holland
et al., 2008) and as a consequence, glaciers in Greenland and Antarctica
are melting and retreating (Rignot et al., 2011; Velicogna, 2009;
Pritchard et al., 2012; Paolo et al., 2015; Shepherd et al., 2018; Joughin
and Alley, 2011; Joughin et al., 2020; Smith et al., 2020) significantly.
During the retreat of a glacier, the glacier thins gradually resulting in
decrease of the ice thickness. Thus, one sign to tell whether a glacier is in
retreat is to detect the thinning of the glacier (Howat et al., 2005; Kehrl
et al., 2017). Since a glacier in thinning leads to decreased elevation,
Digital Elevation Models (DEMs) obtained on different observation dates
are usually required to detect glacier thinning.

Radar interferometry, such as the Shuttle Radar Topography Mission
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Environmental Satellite (Envisat) (Yu et al., 2014; Wegmiiller et al.,
2009), RADARSAT-1/2/Constellation (Gelautz et al., 2003), TerraSAR-
X, TerraSAR-X add-on for Digital Elevation Measurements (TanDEM-
X) (Rizzoli et al., 2017), COnstellation of small Satellites for the Medi-
terranean basin Observation (COSMO) (Nitti et al., 2013) have been
used to generate DEMs when the coherence coefficient of land features
between primary and secondary images remains high. SRTM provided a
high-quality global DEM, but lacked good coverage over polar regions
because it reached a maximum latitude of about 60°N. The recently
released TanDEM-X global DEM (Zink et al., 2014) extended the global
coverage to 85° N and the entire southern hemisphere. The other sat-
ellites mentioned above can be used to generate DEMs over polar ice
sheets and glaciers by using primary and secondary images obtained
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nearly from a similar same orbit and observation geometry (e.g., ERS-1/
2, Envisat, RADARSAT-1/2, Constellation, and Sentinel-1A/B). Using
two satellites from the same track shortens the revisit time and con-
tributes to better coherence and topographic interferogram quality for
DEM production. The accuracy of DEMs generated from SRTM and
TanDEM-X can reach 7.6 m (Gorokhovich and Voustianiouk, 2006) and
2 m (Zink et al., 2014) at the global scale respectively.

Besides radar interferometry, spaceborne photogrammetry satellites
have also been used to produce DEMs over polar ice sheets and glaciers,
such as Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER) (Tachikawa et al., 2011), Panchromatic Remote-
sensing Instrument for Stereo Mapping (PRISM) onboard the
Advanced Land Observing Satellite (ALOS) (Tadono et al., 2014),
WorldView-1/2/3, GeoEye-1 (Howat et al., 2019; Noh and Howat,
2015) and SPOT 5 (Shean et al., 2019). Currently, freely-available
continental-scale DEMs are primarily ASTER Global DEM (GDEM)
(Tachikawa et al., 2011), ALOS Global Digital Surface Model (Tadono
et al., 2014), the ArcticDEM (Porter et al., 2018), the Greenland Ice sheet
Mapping Project (GIMP) (Howat et al., 2014), and the Reference
Elevation Model of Antarctica (REMA) (Howat et al., 2019). Because
visible or near infrared bands are usually used for acquisition of stereo
images, clouds can degrade the DEM. Relatively larger errors or data
gaps exist in the ASTER GDEM, especially close to coastal regions of ice
sheets due to clouds (Wang et al., 2018). Similar to ASTER GDEM, the
ALOS PRISM global DEM contains large data gaps over Antarctica, but
has good coverage over the Greenland Ice Sheet, with an accuracy of
around 5 m (Takaku et al., 2018). High resolution DEMs such as GIMP,
REMA, and the ArcticDEM have relatively high accuracy, + 24 m (when
surface slope reaches 2°), ~ 1 m, and ~0.2 m (internal accuracy)
respectively (Howat et al., 2014; Howat et al., 2019; Noh and Howat,
2015; Dai et al., 2018).

Another widely adopted method for DEM generation over polar
glaciers uses radar and laser altimetry or light detection and ranging
(Lidar), such as ERS-Radar Altimeter (RA), Envisat-RA2, Cryosat-2, the
Geoscience Laser Altimeter System onboard the Ice, Cloud, and land
Elevation Satellite (ICESat/GLAS) (Zwally et al., 2002; Fricker et al.,
2005; Wang et al., 2011), ICESat-2/ Advanced Topographic Laser
Altimeter System (ATLAS) (Smith et al., 2020), Ice-Bridge Airborne
Topographic Mapper (ATM) (Krabill et al., 2002; Wang and Holland,
2018; Wang et al., 2018), Leica ALS50-II Airborne Laser Scanner from
Natural Environment Research Council (NERC) Airborne Research &
Survey Facility (ARSF) (Everett et al., 2021) and National Center for
Airborne Laser Mapping (Telling et al., 2017). However, altimeters can
only provide accurate point measurements along ground tracks with
large data gaps between adjacent tracks, which are infilled using spatial
interpolation. Because of the larger footprint of radar altimetry, its
performance depends on surface slope. Laser altimetry or Lidar, how-
ever, such as ICESat/GLAS, ICESat-2/ATLAS and Ice-Bridge ATM can
provide more accurate data for glacier change studies, ~15 cm (Zwally
et al., 2002; Brunt et al., 2019; Smith et al., 2019; Krabill et al., 2002).

Although radar interferometry, photogrammetry and altimetry have
provided high accuracy and long time-series data, they are not able to
measure fast flowing outlet glaciers. The accuracy of coastal DEMs from
photogrammetry is still a challenging problem (Wang et al., 2018)
because of rapidly changing atmospheric conditions (e.g. clouds) and
strong ocean-ice-atmosphere interactions. Altimetry relies on point
measurements rather than plenary observations and leaves large DEM
data gaps over coastal glaciers. Spaceborne sensors have long revisit
time and can not satisfy the requirement of high frequency change
studies such as interactions of tidewater glaciers with surrounding
oceans, so some high frequency observations from a land-based instru-
ment are required to fulfill this objective.

Recently, ground-based radar interferometer (Noferini et al., 2007;
Pieraccini and Miccinesi, 2019), such as Terrestrial Radar Interferom-
eter (TRI) has been developed (Werner et al., 2009) and deployed to
detect rapid changes at coastal glaciers in Iceland (Dixon et al., 2012)
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and Greenland (Voytenko et al., 2015a, 2017; Holland et al., 2016;
Cassotto et al., 2019, 2021). TRI is especially useful in Greenland for two
reasons. First, most glaciers in Greenland terminate in a narrow and
deep fjord and interact with surrounding oceans (Holland et al., 2016;
Wood et al., 2021) at a high frequency. These rapid changes, such as ice
calving, and ice mélange motion (Cassotto et al., 2015, 2021; Liithi and
Vieli, 2016; Peters et al., 2015; Walter et al., 2020; Xie et al., 2019) are
not easy to detect by remote sensing satellites, but can be done through
long-term TRI deployment. Second, TRI can provide dense and broad
coverage (meter-scale pixels over 10 s of square km area) day and night
with relative insensitivity to weather.

DEMs from radar interferometry, photogrammetry and laser and
radar altimeters have played significant roles in polar glacier change
studies because of their wide coverage, time saving and economy-
efficient characteristics in data collection. TRI has also played a role in
ice motion detection (Voytenko et al., 2015a, 2015b, 2017; Holland
et al., 2016; Caduff et al., 2015; Cassotto et al., 2019) along with ice
mélange changes (Xie et al., 2016, 2018, 2019; Cassotto et al., 2021) in
Greenland. Long term TRI deployment may be combined with satellite
or airborne observations to investigate glacier changes more efficiently.
However, it is unclear whether DEMs from TRI can be directly compared
with remote sensing observations because the accuracy of TRI DEMs
over a large study area has not been fully validated although some works
have been published by Strozzi et al. (2011), and Xie et al. (2019). Few
researches have been conducted to study the consistency of TRI DEMs
with satellite observations. Therefore, we investigate the accuracy of
TRI DEMs over a large study area and how they are referenced to an
ellipsoid surface, how they are impacted by interferometric correlation,
how the systematic error can influence the final DEM generation, how
averaging can improve the final quality of DEM, and how TRI DEM
compared with other high resolution DEMs.

2. Data
2.1. Terrestrial radar interferometer (TRI) data

The Terrestrial Radar Interferometer (Fig. 1) used in this study was
Gamma Portable Radar Interferometer-2 (GPRI-II), which was pur-
chased from Gamma Remote Sensing (Hereafter, we use TRI to stand for
this equipment). Our TRI is a real aperture and Frequency-Modulated
Continuous-Wave (FMCW) radar interferometer (Werner et al., 2008,
2009), which can be operated on a ground platform to detect rapid land
surface changes. Our TRI is also a Ku-band radar which operates at
center frequency of ~17.2 GHz (Werner et al., 2009), with wavelength
of ~1.74 cm (Werner et al., 2008, 2009; Strozzi et al., 2011; Voytenko
et al., 2012, 2017) and can be operated during both day and night. The
TRI is usually mounted on a solid pedestal (Fig. 1a) and can scan the
ground surface from one side to another with a maximum scanning
angle of 360 degrees. During operation, TRI illuminates the ground
surface using one antenna mounted on top of radar frame and receives
the backscattered radar echoes using another two antennas mounted on
the lower part of radar frame (Fig. 1a). The three antennas are set par-
allel to each other horizontally and the two lower receiving antennas are
spaced apart a 25 cm vertical baseline. This geometry of the receiving
antennas allows us to simultaneously receive the returned signals and
calculate the topographic phase to generate a DEM without time induced
phase coherence loss and atmospheric phase delay (Werner et al., 2008,
2009).

TRI collects data records according to the travel time of the trans-
mitted radar signal and the earlier returned signal is recorded first. For
each scan, line observation in azimuth direction is recorded from near
range to far range and observations from multiple azimuth lines
construct one scanning image. Over Helheim Glacier, we used an 8 ms
FMCW chirp to scan a range of ~16 km and to cover the most important
terminus region. Focused TRI images have a polar projection where the
range and azimuth resolution is not the same. A nominal range
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Helheim Glacier
|

Fig. 1. (a) TRI setup close to Helheim Glacier, Greenland. One computer controlling the operation of TRI was stored in the lower right yellow pelican box. (b)
Schematic map of the TRI observation geometry for ground surface observation. (c) The location of Helheim Glacier in East Greenland (red dot) and the TRI coverage
over Helheim Glacier. An example TRI multi-looked image obtained on August 3, 2017 is shown in grayscale with 50% transparency overlaying an image from
Sentinel-1. The location of TRI is marked with a solid red star. The extent of the TRI scan is outlined by a solid blue polygon and the calving front position on August
3, 2017 is indicated with a blue dashed line. This figure is plotted in UTM projection. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

resolution of ~0.75 m (Werner et al., 2008, 2009) can be achieved while
the azimuth resolution varies with the distance to the TRI (the azimuth
resolution is determined by the physical antenna properties and range).
The azimuth resolution along the slant range direction widens linearly
with range distance (Werner et al., 2009; Strozzi et al., 2011; Voytenko
et al., 2017): the closer it is to the TRI, the finer azimuth resolution. In
our case, the azimuth resolution of our TRI at 1 km distance is about 7.5
m due to a nominal beam width (3 dB) of the transmitting antenna
(Strozzi et al., 2011).

In this study, we deployed TRI near Helheim Glacier, East Greenland
(Fig. 1) on August 3, 2017 and operated it continuously for one hour
with a two-minute observation interval. A total number of 29 pairs of
images from the upper and lower receiving antennas were obtained.

ATLO6 (2019-2020)
GLA12_09 (2003)
GLA12_10 (2003-2008)ff ——

2.2. ICESat/GLAS data

The Ice, Cloud and land Elevation Satellite (ICESat) is the first
spaceborne laser altimeter launched by NASA in 2003 with Geoscience
Laser Altimeter System (GLAS) onboard (Zwally et al., 2002). Compared
with traditional radar altimeters, ICESat/GLAS had smaller footprint, ~
70 m in diameter on the ground. ICESat/GLAS transmitted continuous
laser pulses at a wavelength of 1064 nm to measure the distance to the
ground resulting in an accuracy of ~15 cm (Fricker et al., 2005; Shuman
et al., 2006). Because of the high accuracy of altimetry data covering
most ice sheets in Greenland and Antarctica, ICESat/GLAS data has been
used to study changes in glacier elevation and ice mass balance
(Pritchard et al., 2012; Wang et al., 2016, 2018). In this study, we use
the ICESat/GLAS GLA12 data, which corresponds to ice sheet elevation

Effective
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Fig. 2. (a) Two time-tagged stripes of ArcticDEM (images collected on July 1, 2017 and September 7, 2017 respectively) close to the TRI scanning period, ICESat/
GLAS GLA12 data from September and October and ICESat-2 ATL 06 data from July to September 2019-2020 covering Helheim Glacier. GLA12_09 (2003) indicates
the GLA12 data obtained from September 2003 and GLA12_10 (2003-2008) indicates the GLA12 data obtained from October 2003 to 2008. (b) Processing flowchart
of TRI measurements. “SLC_U” and “SLC_L” indicate SLC measurements from the upper and lower receivers of TRI respectively. The indexes in brackets correspond to

steps mentioned in Section 3.1.



X. Wang et al.

collected in summer (from May to October), 2003 to 2009 (Fig. 2a) as
reference points to control and evaluate the accuracy of TRI DEMs.

2.3. ICESat-2 data

The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) was
launched on September 15, 2018 (Smith et al., 2019) with the Advanced
Topographic Laser Altimeter System (ATLAS) as its primary sensing
instrument. ICESat-2/ATLAS uses green laser light (532 nm) and
photon-counting techniques to measure the surface elevation along
tracks (Markus et al., 2017). Unlike ICESat/GLAS, which had only one
single beam for land surface detection, ICESat-2/ATLAS has six beams
(three pairs) providing high-density photon clouds for elevation mea-
surement. In this study, we use ATL 06 data (land ice along-track data
product) over Helheim Glacier (Fig. 2a) from July to September since
2018 to evaluate DEM accuracy because it averages elevation data along
40 m segments of ground track, spaced 20 m apart for six different
beams with an accuracy better than 3 cm (Brunt et al., 2019).

2.4. Landsat ETM+ data

The Landsat 7 satellite used the Enhanced Thematic Mapper Plus
(ETM+) as the primary optical sensor (Goward et al., 2001) relying on
eight band measurements to study changes in polar regions, land use and
land cover classifications (Choi and Bindschadler, 2004; Crawford et al.,
2013). The green and near infrared (NIR) bands corresponding to
wavelengths of 0.52-0.60 pm and 1.55-1.75 pm respectively are usually
combined to identify snow and ice and rock outcrops (Hui et al., 2013).
In this study, rock outcrops around Helheim Glacier are classified using
one Landsat ETM+ image (Supplementary Table 1) obtained in July of
2002. Because of atmospheric warming and rapid retreat of Helheim
Glacier, some rock outcrops covered by snow and ice before 2003 (the
start time of laser altimetry measurements used in this study) may have
become exposed later. Thus, the rock outcrops extracted from summer
2002 can be considered unchanged, and with consistent elevation since
2003.

2.5. ArcticDEM data

The ArcticDEM (Porter et al., 2018) is generated by applying stereo
auto-correlation techniques (Noh and Howat, 2015) to overlapping pairs
of high-resolution Geoeye-1, WorldView-1, WorldView-2, and
WorldView-3 images (Howat et al., 2019). The ArcticDEM project
currently has ~260,000 total timestamped DEMs (Porter et al., 2018)
with a spatial resolution of 2-m covering all Arctic, land area north of
60° (Porter et al., 2018). In this study, we use ArcticDEM data covering
Helheim Glacier (Supplementary Table 1) obtained around summer
2017 (Fig. 2a) to evaluate the accuracy of our TRI DEMs.

3. DEM production and rectification from TRI observations

In this section, we first introduce referencing TRI DEMs to an ellip-
soid surface. Second, we extract rock outcrops in the study from Landsat
images. Finally, we use laser altimetry data from ICESat/GLAS over rock
outcrops to correct the TRI DEM assuming the elevation of rock outcrops
does not change with time. In this study, rock outcrops over Helheim
Glacier are considered as possible reference points, which have consis-
tent land elevation over time for the same region. Although the land
surface is changing due to elastic change and postglacial rebounding
(Khan et al., 2020), the small amount of change from 2003 to 2020 is not
considered (Section 3.2). The details of each step in this section are
introduced as follows.

3.1. DEM generation using TRI observations

DEM generation using interferometry has been widely used, espe-
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cially for spaceborne or airborne observations (Zebker and Goldstein,
1986. Dall et al., 2001) and similar data processing techniques have also
been adopted for TRI data. Our TRI was deployed around Helheim
Glacier, East Greenland with the observation geometry shown in Fig. 1a
and b. According to topography height generation theory from inter-
ferometry and following Zebker and Goldstein (1986), Strozzi et al.
(2011), Egs. (1) to (4) can be obtained.

rf =b + r% — 2brycos6 (1)

cos(0+a) == (2)

L]

2r
o= *j(ﬁ —r)(3)

a<b (4)

where point A, B, C, O, and P corresponds to location of transmitter,
upper receiver, lower receiver of TRI, the center of the Earth and ground
surface point. P’ is the vertical projection of P in horizontal plan which
passes through B. a, b, r1, 2, R and 2 corresponds to distance from A to B,
baseline (distance from B to C), distance from P to C, distance from P to
B, the radius of the Earth, and the vertical height difference of P with B. «
and 0 are the baseline angle and look angle (the symbols can be found
from Fig. 1b). @ is the topographic phase generated from path difference
of r; and ry. Then the height difference () of P with B can be solved by
following Strozzi et al. (2011) as

_in@ b 1P

= - 5
2zb 2 87%b )

Z

z is the height difference assuming a flat Earth.

The processing steps corresponding to Egs. (1) to (5) using GAMMA
software are introduced as follows. The flowchart corresponds to this
processing can be found from Fig. 2b.

(1) The SLC (Single Look Complex) data obtained from TRI are
checked first to make sure that no bad data are used for DEM
generation. Sometimes the TRI could not correctly record the
observed data, resulting in an empty or incomplete SLC data file.
Those empty or incomplete files, which usually have different file
sizes, should be deleted.

(2) Generate the file list of SLC data for interferometric processing
using all available files from the upper and lower receiving an-
tennas. The total number of image pairs is counted for the input of
the next step.

(3) Generate multi-looked images for all SLC observation data. In this
step, we average by a factor of 12 in range and 1 in azimuth. As
the range resolution of TRI is relatively high, we multi-look more
range samples in this process. This multi-looking process helps to
reduce the noise level of the TRI images and the factor 12:1 can
make pixels in multi-looked image squarer.

(4) Generate the Interferometric phase using all SLC data pairs. To
improve the quality of the interferogram, the averaging param-
eters from (3) are used.

5

—

Filter the interferogram using an adaptive filter (Goldstein and
Werner, 1998). In this process, the window size of the filter is set
to be 32 pixels to smooth the interferogram, and to improve the
quality of topographic fringes to facilitate phase unwrapping.
(6) Unwrap the smoothed phase generated in step 5 with a minimum
cost flow algorithm (Werner et al., 2002) and calculate the ab-
solute phase difference for DEM generation. In this step, only
phase measurements with an interferometric correlation coeffi-
cient lager than 0.7 (the setting of 0.7 can refer Section 5.5) are
unwrapped to improve the quality of the final DEM.
(7) Generate the height map using the unwrapped phase and one
reference location in the imaged area. The reference location is
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usually chosen as rock outcrop, which does not move over time.
In this step, pixel (715, 377) (715 in range and 377 in azimuth
direction, solid black dot in Fig. 3b) corresponds to a rock outcrop
and the reference elevation is set as zero. Thus, a height map is
generated, but it is biased because no absolute elevation of the
reference point is used.

(8) Geolocate the height map. Since the height map is in polar co-
ordinates and can not be geolocated directly. It is reprojected to
rectangular (planar) coordinates with a specified 10-m resolu-
tion. The height map is then rotated around the TRI location with
the best offset angle, which is determined via comparisons with a
georeferenced Landsat image from Section 2.3. (Some results
during interferometric processing are shown in Fig. 3, which has
been georeferenced and plotted in planar projection.)

In order to put the calculated height into some commonly used
elevation system, such as WGS-84, an ellipsoid surface height correction
is required. When the TRI scan range is small (less than 2 km), the
ellipsoid height correction is negligible. However, when the scan range
is large (greater than 10 km), the height correction caused by flat plane
and ellipsoid surface can be larger than 10 m. Fig. 1b and Supplementary
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Fig. 1 show that the farther the range, the greater the correction. Thus,
applying a height correction to ellipsoid surface to TRI DEMs is essential
to guarantee the directional comparison with other DEMs generated
with photogrammetry or altimetry.

F=nsin(0+a) (6)

E,=E,—a—nrycos(0+a) (7
p=Bima-nes0+a) (1)

7 H=
@ =atan (E_) (8) cosp

P

—(E,+R) (9)Z=z+AH (10)

A

Where E4 is the ellipsoidal height of point A, determined by a GPS
receiver (WGS-84 ellipsoid height) directly, R is the ellipsoidal radius of
the Earth, 7 is the ground range from TRI to the illuminated region which
can be obtained during processing (introduced in the remainder of this
section) directly, E, is the elevation of point p, AH is the ellipsoidal
height correction and Z is the ellipsoid height.

As the range and elevation variation from TRI is far smaller than the

Fig. 3. (a) Correlation coefficient between SLC images from the upper and lower antennas of the TRI. (b) Interferometric (wrapped) phase from TRI processing. The
solid black dot indicates the reference point for phase unwrapping (c¢) Unwrapped phase for DEM generation. (d) DEM from TRI processing (no elevation reference).
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radius of the Earth, a simple WGS-84 ellipsoid height correction is
applied using the range obtained in the step (8) assuming no terrain
variation (Supplementary Fig. 1).

3.2. Rock outcrops classification

Rock outcrops around Helheim Glacier can be considered to be stable
land cover with no significant elevation change during the observation
periods between 2003 and 2020. Although the elevation changes
because of elastic rebound and glacial isostatic adjustment (Khan et al.,
2020) can reach ~13 cm, this small-scale elevation change is not
considered because the rock surface around Helheim Glacier is rough
and the elevation change is beyond the detection capability of laser
altimetry. Thus, the elevation of rock outcrops can be compared be-
tween different DEMs to evaluate the accuracy of DEMs. Rock outcrops,
snow and ice are the primary land covers around Helheim Glacier. In
order to identify rock outcrops from snow and ice, the Normalized Dif-
ference Snow Index (NDSI) is usually used (Dozier, 1989; Burton-
Johnson et al., 2016). In this study, we analyze Landsat ETM+ data
obtained from July 2002 and calculate NDSI Eq. (11)

B2 — B5

DSI = ————=
NDSI = 5 B5

(1)

where B2 and B5 indicate the digital number of the green band and near
infrared band (NIR) of Landsat ETM+ images corresponding to wave-
lengths of 0.52-0.60 pm and 1.55-1.75 pm, respectively.

Since the reflection of snow and ice from the visible band (B2) is
higher than that from the near infrared band (B5) and the reflection of
rock outcrops from B2 is lower than that from B5 (Dozier, 1989; Burton-
Johnson et al., 2016), rock outcrops can be classified by analyzing the
difference of NDSI from snow and ice. The NDSI over Helheim Glacier is
calculated and shown in Fig. 4a and the histogram of NDSI is shown in
Fig. 4b. The rock outcrops are shown in Fig. 4a, which is primarily
indicated with blue colour. Since two primary land covers occurs around
Helheim Glacier, rock outcrops are extracted by finding regions with
NDSI lower than —0.2 (strict control which may exclude some rock
outcrops).

Count
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3.3. DEM rectification

ICESat/GLAS GLA12 data have an elevation accuracy of ~15 cm and
is a good elevation reference to correct the relatively rectified TRI DEMs
to the WGS-84 ellipsoid. In this study, ICESat/GLAS GLA12 data
collected in September 2003 from rock outcrops around Helheim Glacier
is used to rectify the TRI DEMs. The ICESat/GLAS GLA12 elevation data
is rectified to WGS-84 ellipsoid first by following Eq. (12) (Wang et al.,
2013; E et al., 2007).

Hg = H, — cos’pd, — sin*@d, 12)

where Hg and Hg are the elevations directly read from the GLA12 data
file referenced to WGS-84 and Topex/Poseidon ellipsoids respectively, ¢
the latitude of laser footprint, d, and dj the difference in semi-major and
semi-minor axis of WGS-84 and Topex/Poseidon ellipsoids respectively.

The corrected ICESat/GLAS data are then used to correct the Arc-
ticDEM and the TRI DEMs.

(1) We use the corrected ICESat/GLAS data over rock outcrops in
summer 2003 and correct the two stripes of ArcticDEM by
removing the height bias between them and mosaicking. The
corrected ArcticDEM is then used to validate TRI DEMs.
Because only one reference point from stable rock area is taken to
generate TRI DEMs in Section 3.1 and no absolute elevation data
from the reference point is used, the TRI DEMs are not correctly
referenced. In order to rectify these DEMs, ICESat/GLAS data
illuminating rock outcrops around Helheim Glacier from
September and October 2003 are taken as references. In this way,
the TRI DEMs are referred to the WGS-84 ellipsoid and can be
compared with a DEM generated with stereo photogrammetry.
The DEM derived from TRI data processing is then similarly
rectified to WGS-84 ellipsoid by considering the elevation dif-
ference between each other, which can be implemented by
following Eq. (13)

2

—

E=H+AE 13)

where E is the final corrected DEM from TRI, H is the original TRI DEM,

x10°

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
NDSI

Fig. 4. (a) NDSI calculated from Landsat ETM+ data (Supplementary Table 1), which was captured on the 217th day of 2002. This image from 2002 is used to obtain
the rock outcrops, which should have stable elevation over time. The NDSI data is overlain on a Sentinel-2 image captured on August 5, 2017. (b) Histogram of NDSI
for the Landsat ETM+ image. Two primary land covers, snow/ice and rock outcrops can be seen from two peaks (one around 0.7, the other around —0.2) in the

NDSI histogram.
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and AE is the elevation difference between ICESat/GLAS GLA12 data
and the original TRI DEM over rock outcrops.

4. Precision and accuracy of DEMs
4.1. Accuracy of ArcticDEM

The ArcticDEM is rectified using ICESat/GLAS data obtained in
September 2003 and is validated using other ICESat/GLAS measure-
ments obtained in October from 2003 to 2009 along with ICESat-2/
ATLAS data from July to September since 2018. Elevation difference
from 124 footprints and 3322 points is obtained from ICESat/GLAS and
ICESat-2/ATLAS respectively, the spatial distribution of which are
shown in Fig. 5a and c. The results show no obvious trend of the spatial
distribution of elevation difference. The histograms of elevation differ-
ence shown in Fig. 5b and d indicate the mean of elevation difference ~
0.4 m (standard deviation ~4.1 m) and ~ 0.3 m (standard deviation
~2.3 m) for ICESat/GLAS and ICESat-2/ATLAS respectively. The
elevation difference follows a normal distribution, passing a z-test (h =
0,p =0.98 and h = 0, p = 0.93 for ICESat/GLAS and ICESat-2/ATLAS
validation respectively) at the default 5% significance level. These
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comparison results indicate that the accuracy of the corrected Arctic-
DEM is high and sufficient to quantify the accuracy of TRI DEMs.

4.2. Precision of TRI DEMs

To detect the precision of TRI DEMs, indicating their stability over
the same ground surface across repeated measurements, we generate
five DEMs over Helheim Glacier generated during a 10-min interval on
August 3, 2017 (scanning interval 2 min). Considering the elevation of
land cover did not change during this period, we calculate the mean and
standard deviation of each pixel over the entire TRI DEM. As Helheim
Glacier moved at ~24 m/d (Voytenko et al., 2015a, 2015b) close to the
ice front, repeat measurements over a short time period can be
compared assuming no calving. Here we choose 10 min of observation
suggesting that the glacier motion was less than 20 cm, which is rela-
tively small compared to the pixel resolution. Additionally, since no
calving events occurred in that time period, the elevation variation is
negligible. We produce an averaged DEM (Fig. 6a) using five SLC image
pairs obtained over 10 min along with the standard deviation of eleva-
tion (Fig. 6b). Fig. 6b indicates that the elevation measurement at near
range is more precise due to smaller standard deviation (indicated in

-15 -10 -5 0 5 10 15 20 25 30
Elevation Difference (m)
-30 -20 -10 0 10 20 30

Elevation Difference (m)

Fig. 5. Elevation differences of ICESat/GLAS and ICESat-2/ATLAS with ArcticDEM data. (a) and (c) indicate the spatial distribution of elevation difference of ICESat/
GLAS and ICESat-2/ATLAS data over Helheim Glacier respectively. The shaded region indicates rock outcrops extracted using the NDSI threshold. The white
polygons indicate the boundary of ArcticDEM, which is shown in Fig. 2. (b) and (d) indicate the statistics of elevation difference of ArcticDEM with ICESat/GLAS and
ICESat-2/ATLAS respectively, both of which follow a normal distribution. Red curve indicates a normal distribution used for the significance test. Label ‘PDF’ in (b)
and (d) is short for “Probability Density Function”. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6. (a) Digital Elevation Model (DEM) over Helheim Glacier, Greenland after correction with ICESat/GLAS data (only elevations with standard deviation <5 m
are shown). (b) Pixel-level DEM elevation standard deviation using 10 min of TRI measurements (five TRI DEMs).

blue). However, at far range, the precision is poor, with standard devi-
ation larger than several tens of meters (indicated in red).

4.3. Absolute accuracy of TRI DEM

Since the TRI DEM has been corrected using ICESat/GLAS data in
Section 3.3, for further analysis, it is compared with the corrected Arc-
ticDEM by calculating the elevation difference over the rock outcrops
between both. Fig. 7a shows the spatial distribution of elevation dif-
ference obtained by subtracting ArcticDEM from the corrected TRI DEM.
The absolute accuracy of TRI DEM is not uniformly distributed across
the study area. The histogram of elevation difference shown in Fig. 7b
indicates that the TRI DEM tends to be lower than the real value with
mean elevation difference of ~ —58.6 m. The distribution of elevation
difference with range is shown in Fig. 7c, which suggests that in our
study area, the TRI DEM tends to provide lower elevation linearly with
range increases. The absolute elevation difference can reach hundreds of
meters at far range, which indicates that the absolute accuracy of TRI
DEM is poor at far range when selecting only one ground control point.
This result suggests it may be problematic to compare TRI DEM directly

1200

with other source DEMs at far range (Section 5.1), especially when
trying to calculate the elevation change of a glacier due to climate
change.

5. Discussion on TRI DEM

Since the TRI DEM is extracted after multiple processing steps
(Section 3.1), such as multi-looking, interferometric correlation calcu-
lation, phase unwrapping, and elevation inversion, the accuracy of the
final DEM can be influenced by many factors. In this section, we will
discuss the influence of the correlation coefficient and slant range on the
final accuracy of TRI DEM, systematic and other errors that can influ-
ence the final DEM accuracy, as well as how averaging can improve the
final quality of TRI DEM. To better illustrate these questions, the TRI
DEM is shown in radar (polar) coordinates. One TRI DEM is drawn in
polar projection, along with the standard deviation, mean correlation
coefficient and the standard deviation of correlation coefficient of the
averaged TRI DEM (Fig. 8). Here only five pairs of TRI DEMs are used to
calculate standard deviation for each pixel in Fig. 8. However, the dif-
ference of standard deviation when using 5 or 29 TRI DEM pairs is not
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Fig. 7. DEM difference calculated by subtracting the corrected ArcticDEM from the corrected TRI DEM. (a) shows the spatial distribution of DEM difference over rock
outcrops over Helheim Glacier. Similar to Fig. 1c, the location of TRI is indicated with a solid red star. (b) shows the histogram of DEM difference, the majority
(92.3%) of DEM difference, is located in [—180, 60] meters. (c) shows the distribution of DEM difference with range and a linear trend of DEM difference is shown.
Red dots indicate the pixels with same elevation of TRI, which is discussed in Sections 5.5 and 5.6. The linear trend of height error (Y) with distance (X) is fitted using
the red dots, with the least square regression method and the fitted equation is shown in a dashed red line. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 8. (a) Mean DEM of Helheim Glacier derived from TRI observations. (b) Standard deviation of DEM over Helheim Glacier. (c) Mean of interferometric cor-
relation coefficient before generating the TRI DEM. (d) Standard deviation of interferometric correlation. The horizontal direction indicates the scanning direction of
TRI, from the left to the right (azimuth direction) and the vertical direction indicates the range direction, which increases from the bottom (near range) to the top (far

range) in each subfigure.

significant (Supplementary Fig. 2), which indicates the standard devi-
ation can be reflected properly.

5.1. Relation of DEM uncertainty with range

TRI scanned Helheim Glacier from one side to the other, the total
time of which was ~32 s. Thus, the entire region of Helheim Glacier was
not observed exactly at the same time. However, for each scan, the
samples along range direction were recorded almost at the same time
and the backscattered signals from glacier or rock were recorded from
the near range to the far range.

Over our study area (Fig. 8a), there are 795 azimuth lines and 1868
range samples after the multi-looking process. Five two-minute DEMs
are generated to investigate spatiotemporal variability. The mean
standard deviation of TRI DEM, which corresponds to the mean of all
available standard deviations at specific range is calculated across
ranges (sample 1 to sample 1868) and is shown with in dots in Fig. 9a.
The total number of effective azimuth line observations at that range is
calculated as well, indicated by red dots in Fig. 9a.

From Figs. 8b and 9a, the standard deviation of TRI DEM increases
with range, which has been pointed out in in Section 4.2. The distri-
bution of the mean standard deviation of TRI DEM with range follows an

exponential distribution (Eq. (14)) when the range sample is less than
1150 (equivalent to 11.5 km as range resolution is 10 m). However,
when the range is greater than 11.5 km, the mean standard deviation of
DEM is usually larger than 40 m and shows an increasing trend.

y = 0.01298¢!356x10°x 14)
where x stands for range in meter and y stands for the mean standard
deviation of DEM along range direction.

This exponential distribution (Eq. (14)) indicates that if we want to
have a DEM with standard deviation <5 m, it is better to use only DEM
data within 987 samples of ranges (equivalent to 9870 m).

5.2. Relation of DEM uncertainty with surface elevation

The topographic fluctuation over Helheim Glacier imaged by our TRI
is about 1000 m. Fig. 8a, and b show that there is no relationship be-
tween the accuracy of TRI DEM and elevation at our site. We determine
that there is no linear correlation between the elevation and the stan-
dard deviation of TRI DEM by calculating a correlation coefficient of r =
0.16 (p < 0.05) (the second column of Table 1). Similarly, interfero-
metric correlation between signals from the upper and lower receiving
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Fig. 9. (a) The left axis corresponds to the relation of standard deviation of TRI DEM with range. The black curve shows the fitted exponential distribution which is
shown in Eq. (14), Section 5.1. (b), (c) and (d) show the relation of correlation coefficient, land surface elevation and standard deviation of correlation coefficient
with standard deviation of the TRI DEM over Helheim Glacier respectively. The gray, blue, red and green points indicate pixels with interferometric correlation
coefficient between, 0-0.6, 0.6-0.7, 0.7-0.8, 0.8-1.0 respectively. The density of land surface and different interferometric correlation coefficient can be found from
Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Count of effective pixels generated under different threshold of interferometric
correlation and the relationship between elevation, interferometric correlation,
and standard deviation of interferometric correlation with standard deviation of
DEM. CC stands for the interferometric correlation. DEM_STD and CC_STD
indicate the standard deviation of DEM and the standard deviation of interfer-
ometric correlation respectively.

Conditions of Elevation and  CC and CC_STD and Number of
Pixel Selection DEM_STD DEM_STD DEM_STD Effective
Pixels
0.155 (p < —0.768 (p 0.798 (p <
2

ce>0 0.05) <0.05) 0.05) 607,30
0.132 (p < ~0.805 (p 0.852 (p <

cc > 0.6 0.05) < 0.05) 0.05) 557,602
0.129 (p < ~0.761 (p 0.842 (p <

cc> 0.7 0.05) < 0.05) 0.05) 548,096
0.125 (p < ~0.688 (p 0.823 (p <

cc>0.8 0.05) < 0.05) 0.05) 535,869

antennas suggests the same thing in Fig. 9c and Table 1This statistical
analysis indicates that the final accuracy of TRI DEM may not be linearly
related to topographic variations.

5.3. Relationship between DEM uncertainty and interferometric
correlation

To generate low noise topographic phase for DEM production, a high
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interferometric correlation between SLC signals received from the upper
and lower receiving antennas of TRI is required. Thus, the correlation of
backscattered SLC signals is related to the final accuracy of TRI DEM.
The mean interferometric correlation for all TRI image pairs is shown in
Fig. 8c. Table 1 and Fig. 9b show the relationship between DEM un-
certainty and interferometric correlation of SLC signals from the two
receiving antennas.

Comparing Fig. 8b, ¢, and the statistical results in Table 1, we
observe a negative linear correlation between DEM uncertainty (stan-
dard deviation of DEM) and interferometric correlation. This indicates
that pixels with high interferometric correlation usually correspond to
high accuracy of DEM pixels. However, the third column (CC and
DEM_STD) of Table 1 does not increase with interferometric correlation,
which indicates that a higher threshold setting of interferometric cor-
relation during phase unwrapping may not always correspond to a more
accurate DEM.

Fig. 9b also shows that the maximum standard deviation of TRI DEM
decreased from more than 1000 m to about 390 m when increasing the
threshold of interferometric correlation from 0 to 0.8. This suggests that
increasing the threshold of interferometric correlation can dramatically
decrease the maximum standard deviation of TRI DEM (gray, blue, red
and green dots). This may be caused by smoother gradients during phase
unwrapping. However, the result also reflects that a higher threshold
setting change (from 0.60 to 0.80) may not significantly exclude
elevation pixels with large uncertainty, as pixels with standard deviation
of TRI DEM larger than 50 m still persist.
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5.4. Relationship between DEM uncertainty and variation of
interferometric correlation

By comparing Fig. 8c, d and Table 1, we can find that the interfer-
ometric correlation is negatively correlated with its standard deviation.
This is because the backscattered radar echoes from the higher corre-
lated land surface did not change over the observation period (an hour)
and maintained high coherence. However, signals from the lower
coherence regions, such as water surface, radar shadow areas were
random and more variable, resulting in higher standard deviation.

The correlation statistics of TRI DEM accuracy with standard devi-
ation of interferometric correlation are shown in the fourth column
(CC_STD and DEM STD) of Table 1. The results indicate that pixels with
higher interferometric correlation (threshold setting in Table 1) corre-
sponding to lower standard deviation of interferometric correlation
(Fig. 9d), but the largest standard deviation of DEM does not change
much when increasing threshold from 0.6 to 0.8.

Our analysis indicates that a high interferometric correlation
threshold setting can reduce the standard deviation of the TRI DEM.

Remote Sensing of Environment 268 (2022) 112759

However, it does not mean the larger settings are always better. This is
because highly correlated backscatters, such as rock and ice are
distributed discontinuously in space (Figs. 9b, 10a and b) and cause
difficulty in the phase unwrapping process, resulting in unstable eleva-
tions and large uncertainty of TRI DEMs over these regions.

5.5. Systematic error source of TRI DEM

The accuracy of TRI DEM can be influenced by many factors. Sys-
tematic errors are directly from TRI observation characteristics and
operation settings, which include range accuracy, phase sensitivity,
baseline accuracy, and view angle. Since the contribution of error
sources to final DEM accuracy is neither linear, nor independent,
following Strozzi et al. (2011) and from Eq. (5), the contribution of error
source to the final DEM accuracy is listed as Egs. (15) to (18) separately
assuming only one error source exists at the same time.

(15)

Fig. 10. DEM uncertainty generated from each different systematic error source of TRI. (a), (b), (c) and (d) stand for error source of final elevation from baseline
angle, baseline, phase and range accuracy respectively. The black solid star indicates the location of TRI near Helheim Glacier. Components dz r, dz_f, dz_ b and dz_a
indicate the contribution of TRI range, phase, baseline, and view angle accuracy to the final accuracy of the TRI DEM respectively. The occlusion of TRI view because

of terrain undulation is not considered in these simulation results.
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where o,, 64, 0p and o, is the range accuracy, phase sensitivity, baseline
accuracy and view angle bias respectively. d;r, d;f, d;p and d; 4
represent the TRI DEM uncertainty propagated from range, phase,
baseline and view angle accuracy respectively.

The geolocation of TRI from GPS and the corrected ArcticDEM are
taken to simulate the contribution of range accuracy (6, = + 0.75 m),
phase accuracy (64 = + 10°), baseline accuracy (6, = + 0.1 cm), view
angle accuracy (o, = + 0.1°) respectively, as shown in Fig. 10.

The TRI DEM error propagation from the four error sources
mentioned above are summarized as follows. TRI DEM error caused by
view angle accuracy (dz_a) is located in [—42.4, 0] m, which is relatively
large (Fig. 10 a). Fig. 10a also suggests that the error is almost linearly
distributed with range which is owing to the similar view angle over
most of the study area. Even a 0.1° view angle error tends to cause a
large elevation error at far range, which is approximately 42.4 m. Proper
leveling the TRI motor and making sure TRI frame perpendicular to flat
surface before and during the deployment is key to eliminate this error.
TRI DEM error caused by baseline accuracy (dz_b) is relatively small
which is located in [—3.4, 1.6] m (Fig. 10b). TRI elevation is less affected
by baseline accuracy as the equipment is delicately designed, but the
spatial distribution of elevation error propagating from this is nonlinear
with range and is highly correlated to topographic undulation. TRI DEM
error caused by phase accuracy (dz_f) is located in [0, 46.9] m, the
magnitude of which is similar to that from dz_a (Fig. 10 c). Fig. 10c also
suggests the error is almost linearly distributed with range which is
owing to the second term of Eq. (16) is close to zero. In the study area, a
10° phase accuracy will cause large elevation errors at far range, close to
46 m. TRI DEM error caused by range accuracy (dz_r) is located in
[—0.35, 0.75] m, which is small (Fig. 10 d). Thus, TRI DEM is less
affected by range uncertainty.

Fig. 7c shows a dominant and linear changing trend of elevation
error of TRI DEM versus range which likely results from systematic error
contribution from phase sensitivity and view angle bias. This linear
trend can be further eliminated by applying more ground control points
distributed at different ranges, like what has been conducted in Xie et al.
(2019). In this study the linear trend has a slope of - 0.02 (Fig. 7c), which
indicates the elevation from TRI would decrease by about 20 m if range
increased by 1000 m. As the error propagation of phase sensitivity and
view angle bias enlarges with range, multiple ground control points at
different ranges should be selected to fit the variation trend of error,
remove the error and increase the accuracy of TRI DEM.

The analysis of systematic error of TRI DEM has shown that the error
source is neither independent to each other, nor linearly contributing to
the final elevation error. Although the linear error of TRI DEM can be
removed, the uncertainty (standard deviation) at different ranges as
shown in Fig. 9a could not be reduced by this process. Besides of sys-
tematic error source mentioned above, some other errors may also
contribute to final TRI DEM uncertainty. The view angle may change
with wind and local atmospheric conditions, which may lead to uneven
distribution of view angle accuracy over the study area. Discontinued
topographic phase may cause larger uncertainty in phase unwrapping,
resulting in worse phase accuracy in those specific regions. How to
completely remove all errors propagated from view angle and phase
accuracy is still challenging. Additionally, the TRI DEM is also influ-
enced by baseline error and range accuracy, which is difficult to deter-
mine in this research. Although the error contribution from both is
small, how to effectively remove their contribution to the final elevation
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uncertainty deserves more work.
5.6. Other error sources of TRI DEM

The ellipsoidal correction relies on an approximate method in Sec-
tion 3.1 (Supplementary Fig. 1). However, this approximate correction
does not degrade the TRI DEM accuracy, as the topographic variation is
far smaller than the Earth’s radius. The red dots in Fig. 7c indicate that
the results from land surface with the same elevation with TRI center.
Although the ellipsoidal correction has been applied to these points, the
linear trend of elevation difference is remains for these points.

Another reason for poor accuracy of TRI DEM at far range may be
related to coarser azimuth resolution at far range than at the near range.
In Section 2.1, we mentioned that the azimuth resolution depends on the
antenna pattern, which is dominated by the antenna length and wave-
guide geometry. The TRI antenna half-power beam width is 0.385 de-
grees, so the azimuth resolution at near range is smaller than the far
range due the arc length formula (The azimuth resolution of TRI image
at 1 km, 5 km,10 km and 15 km can be approximately 7.5 m, 37.5 m,
75.0 m, and 112.5 m, which degrades linearly with range). A coarser
azimuth resolution degrades the accuracy of TRI DEM since the back-
scattered signal comes from a larger area at far range than at near range.

The third reason should be related to limited ground control points
adopted in this study. Only one ground control point was used during
phase unwrapping process. However, because of the error contribution
of phase sensitivity enlarged with range, only one ground control point
is not enough to show the linear trend of error propagation. Although in-
situ ground control points are difficult to collect, especially in glacier
surface, historical DEM data obtained within a short time interval to TRI
observation can also provide effective ground control and potentially be
used to improve the accuracy of TRI DEM. This finding is similar to what
has been shown in Xie et al. (2019).

5.7. Improving TRI DEM by averaging

We investigate the improvement of TRI DEM due to averaging more
by using 10, 20, 30, 40, 50 and 60 min observation periods (each pair
with a time interval of 2 min). The amplitude of elevation variation in
60 min observation period is shown in Fig. 11a. Similar with Fig. 9a, the
amplitude of elevation changes with range (Fig. 11b, and c) is calculated
by averaging all effective samples at the same range first and then
referencing the elevation anomaly from the 60 min TRI DEM as shown in
Fig. 11b and c.

Since the ice flow velocity for Helheim Glacier is ~24 m/d (Voytenko
etal., 2015a, 2015b), the maximum displacement of ice over one hour is
close to 1 m. At the same time, ice mélange in the fjord would have
moved vertically with the tide. In order to remove the influence of the
changing signal from tide and ice motion, DEM difference from land
surface which corresponds to rock outcrops and land ice (black box in
Fig. 11a) is used to illustrate whether significant improvement can be
achieved by using DEM averaged across multiple observations. Fig. 11b
and c suggest that the improvement of TRI DEM by averaging longer
observations (~1 h) can approach 0.5 to 1.2 m uncertainty at range of
~7 km to ~10 km and the improvement tends to increase linearly. This
result indicates that TRI can provide stable and precise measurements
over stable land surface. Fig. 11 also indicates that the DEM precision at
far range and spatially disconnected region is poor, which may be over
several tens of meters. Radar shadow and low coherence region tends to
interrupt the interferogram resulting in large uncertainty in phase
unwrapping and elevation inversion.

6. Conclusion
In this study, we introduced the correction of TRI DEMs to the WGS-

84 ellipsoid and investigated various factors related to the accuracy and
error sources of TRI DEMs, how much the accuracy of TRI DEMs can be
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Fig. 11. (a) shows the changing amplitude of TRI DEMs generated from10, 20, 30, 40, 50 and 60 min period (the x and y axes stand for the azimuth and range
respectively). The amplitude of elevation change for each pixel is calculated by subtracting the lowest elevation from the highest one. No ice mélange pixels in black
box are taken for analysis in (b) and (c). (b) shows elevation difference along range for different TRI DEMs generated in 10, 20, 30, 40, 50 and 60 min. The elevation
from 60 min is taken as reference to calculate the elevation anomaly. (c) enlarged range samples from 680 to 1050. Each sample corresponds to 10 m in range.

improved by stacking observations across time, relation of the accuracy
with range, correlation coefficients and whether TRI DEM is comparable
with historical DEMs from remote sensing techniques, such as
photogrammetry.

TRI DEMs have relatively stable performance when unwrapped with
an interferometric correlation coefficient greater than 0.6. The uncer-
tainty of elevation at near range (less than 9.8 km) is <5 m. However,
the uncertainty gets worse when range is between 9.8 and 18.6 km. This
study also shows that increasing the correlation coefficient threshold
before phase unwrapping (e.g. from 0.6 to 0.8) neither decreases the
uncertainty (standard deviation) of TRI DEM, nor excludes large un-
certainty elevation pixels larger than 50 m. Therefore, in TRI DEM
generation, if phase unwrapping is not an issue, a higher correlation
coefficient threshold (i.e., >0.8) is not recommended. This study also
suggests that averaging TRI DEMs over a longer-time period, such as one
hour, can help to improve the accuracy at short range (less than 9.3 km)
almost linearly. However, this improvement is limited to ~0.5 m at
range of ~9.0 km and no obvious improvement is detected farther.

We compared the TRI DEM over Helheim Glacier with the accurate
ArcticDEM. This comparison also indicates that the TRI DEM is less
accurate at far range. As such, caution should be taken to investigate
glacier changes at far range, especially when comparing TRI DEMs with
other historical DEMs. The systematic characteristics of TRI such as
phase and view angle accuracy contribute larger errors to elevation
uncertainty than that propagated from base line and range accuracy.
However, the error contribution from phase and view angle accuracy is
almost linear distributed with ranges at space, can be effectively fitted
and eliminated by adopting more ground control points at different
ranges. In this study, degraded azimuth resolution at far range and the
phase unwrapping difficulties caused by discontinuous topographic
phase at far range may be primarily related to the large error found in
this comparison.

Regions at near range with good spatial phase continuity should be
the primary focus of TRI observations for glaciological researches.
Although systematic error sources cannot be avoided in the TRI DEMs,
proper image processing, such as image rotation is required to obtain the
best horizontal position of the TRI DEMs to make it comparable with
other DEMs. TRI DEMs do not have high accuracy at far range, but in
near range (less than 9.8 km), they are relative stable and have low
uncertainty (less than 5 m) making them suitable for detecting elevation
changes of glaciers in polar regions by combing them with other remote
sensing observations.
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