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ABSTRACT:

This paper focuses on the monitoring of a small hanging glacier with Synthetic Aperture Radar (SAR) images using a combin-
ation of artificial Corner Reflectors (CRs) and dGNSS field measurements. First, to test the performance of the CRs in high-
resolution X-band and medium-resolution C-band images acquired by PAZ and Sentinel-1 satellites respectively, a series of
tests was performed with two CRs installed in the Chamonix valley. After the confirmation of good visibility in the valley data-
sets from both satellites, four CRs were installed in summer 2021 on a steep (= 52° average slope) hanging glacier on the North
face of Aiguille du Midi (3842 m a.s.l., Mont-Blanc massif). After the successful installation on the hanging glacier, all CRs were
visible in both sets of images (PAZ and Sentinel-1). Using the CRs as a reference, glacier displacements were estimated in SAR
images using complex cross-correlation, and validated by using ground measurements (dGNSS) and theoretical relationships
between ice thickness and surface velocity. We observed average summer velocities of = 0.05 m/day at the front of the glacier
from field measurements and = 0.04 m/day from SAR displacement estimates. The study shows the potential and limitations

of using CRs as a tool for monitoring glaciers in complex topographies.

1. INTRODUCTION

Over the recent years, hanging glaciers (HGs) have been
a source of destabilizations because of the complex topo-
graphy they are generally associated with (Cuffey and Pater-
son, 2010). Destabilizations of HGs are marked by a peri-
odic or occasional release of ice by calving (Pralong and Funk,
2006). The break off ice can trigger ice falls, rock falls or even
ice avalanches; although not very frequently, it can pose a sig-
nificant threat to human life, infrastructure, and settlements
(Jéhannesson and Arnalds, 2001). Historically, a few cata-
strophic events, like the snow/ice avalanche in Santa Valley
in 1962 and the Ancash avalanche triggered by an earthquake
in 1970; Peru have been recorded worldwide (Patzelt et al.,
1983). In the Alpes, the most catastrophic event occurred
in 1965, when a large section of the Allalin glacier, located
in the rear part of the Saas valley (Switzerland), broke and
killed 88 workers of a hydroelectric project the Saas valley
(Raymond et al,, 2003). The most devastating type of cata-
strophe arising from the instabilities of HGs is the ice ava-
lanche, which increases in size gradually as it accumulates
debris, snow, and water along with their movement down-
wards (Margreth et al., 2017). Previously, a few authors have
discussed the potential reasons for these instabilities arising
in HGs, and various theories in this regard have been put for-
ward. (Faillettaz et al., 2011) suggested that the stability of
HGs decreases as the temperature at the interface between
the glacier base and the bedrock (basal temperature) reaches
the melting point. This can lead to a situation where the
glacier can become destabilized and slide downslope (Cuffey
and Paterson, 2010). Thus, understanding how cold glaciers
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are warming in the future is key to understand the dynam-
ics of these glaciers. There is also widespread evidence about
the warming of cold glaciers from historical records result-
ing in many cold glaciers becoming temperate before the end
of the century (Hoelzle et al., 2011). Additionally, permafrost
degradation resulting in the melting of subsurface ice also
tends to lower the stability of the mountain slopes, stimu-
lating catastrophic downslope mass movements (Magnin et
al.,, 2020). Landscapes that are de-glaciating are hence more
prone to chain reactions and the resulting far-reaching cata-
strophic hazards like, high-elevated bedrock failures trigger-
ing debris, mudflows, or avalanches that can potentially dev-
astate valley floors over large distances (Haeberli et al., 2017).

Assessment of potential glacial hazards related to environ-
mental changes resulting from climate change in mountain
areas most importantly requires systematic inventories to
better understand the spatial and temporal distribution of the
glacial systems and landforms (Smith et al., 2011). These in-
ventories are important to point out possible areas or sites at
risk where more detailed investigations are necessary. How-
ever, performing direct measurements on an unstable, steep,
and heavily crevassed glacier is very challenging (Helfricht et
al.,, 2015). Modelling the physical processes of HGs is also ar-
duous because of their complex geometry, effects of ice ad-
vection on the temperature field, effect of meltwater percol-
ation and refreezing of snow and ice, and influence of firn
on the rheology (Maggioni et al., 2018). As a result, meas-
urements for HGs are often sparse. Modern remote sensing-
based techniques offer numerous possibilities to examine in-
teractions and processes occurring over vast areas in glacial
environments, which are often difficult to access (Gao and
Liu, 2001). Glacier hazard studies based on remote sensing
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techniques have been successfully conducted globally for all
significant mountain regions, like the Alpes, Himalayas, and
the Andes (Quincey et al., 2005). Studies using satellite-based
observations may not always provide an in-depth under-
standing of the glacier dynamics as field surveys. However,
studies have shown immense potential for an initial assess-
ment of regional hazards to identify potential sources of haz-
ard from mapped glacial terrain surfaces like rock and debris,
ice, snow, water, lake (Huggel et al., 2004). Radar images hold
an advantage over optical images because of their all-weather
all-day capabilities. Many studies of ice flow estimations us-
ing radar images are available for large Alpine glaciers or po-
lar regions, but these studies become more complex and rare
for small glaciers, especially those on steep slopes (Quincey
etal., 2005).

To monitor small HGs in the Mont-Blanc massif (western
European Alps) utilizing Synthetic Aperture Radar (SAR) im-
ages, artificial Corner Reflectors (CRs) present great po-
tential. CRs behave like point targets, providing a strong
backscattering response in SAR images (Jauvin et al., 2019).
They are characterized by a much higher reflectivity than
the surrounding scatterers because of a high Radar Cross-
Section (RCS) and signal-to-noise ratio (SNR) (Groot and Ot-
ten, 1994). This makes the CRs a perfect tool for monitoring
areas characterized by complex topography and where field
measurements are challenging. Keeping this in perspective,
we performed a series of experiments to test the visibility of
CRs in high-resolution X-band PAZ and medium-resolution
C-band Sentinel-1 images in the Chamonix valley. After suc-
cessful visibility tests on the valley floor, we installed four CRs
to monitor a small HG on the North face of Aiguile du Midi
(AdM). Four Differential GPS (dGNSS) readings were taken
from June till October, 2021 to measure displacements on
field for validation of results from SAR images. The move-
ment of CRs could be simultaneously tracked and monitored
by using the CRs as a reference in PAZ images. The study
provides details of a first attempt at monitoring such small
steep HGs using radar images.

This paper is organized as follows: Section 2 gives a brief de-
scription of the study site and the datasets considered for
these experiments. Section 3 presents the methodology be-
hind the CRs and displacement measurements using various
techniques. Section 4 discusses the results about the visibil-
ity of CRs and the displacement estimations for the HG con-
sidered for the study. The paper ends with a brief conclusion
of theses experiments, including the limitations and future
opportunities.

2. TEST SITE AND DATASETS
2.1 Testsite

The test site chosen for the study is a HG on the North face
of AdM in the Mont-Blanc massif (Figure 1). The HG is 255 m
long, and the maximum width is 160 m. The thickness at the
glacier front as observed from photographic observations is
=~ 60 m. The mean slope of the glacier is 52°, while the mean
aspect is 350° (North orientation). The elevation at the glacier
front is 3384 m a.s.l. and at the top is 3677 m a.s.l. Events of
ice/snow release from the glacier front are common with the
most recent event reported on June 14, 2021 (one day after
the CR installation), when a large serac fell on the right bank,
triggering a snow slab avalanche.

Initial tests for visibility and signal quality assessment of the
CRs were performed in a gently sloping (= 6°) open field in
the Chamonix valley [45°54'29.90” N, 6°51'03.20” E, 1077 m
a.s.l.] on 15/01/2021 (Figure 2). After successful tests and the
confirmation of good visibility of CRs in both the sets of im-
ages, we installed two CRs on the stable area (rock) near the
AdM station on June 9, 2021 [45°5249.94" N, 6°53'22.25" E,
3656 m a.s.l.] (descending) (Figure 3-a) and [45°52/49.32" N,
6°53'25.87" E, 3652 m] (ascending), and two CRs at the
front of a HG on the North face of AAM on June 13, 2021
[45°52'54.34" N, 6°53'16.00" E, 3464 m] (ascending) (Figure
3-b) and [45°52'54.43" N, 6°53'15.84" E, 3460 m] (descend-
ing).

Figure 1. Study site and the locations of the CRs.

Figure 2. Corner reflectors installed in Chamonix valley,
January-June 2021. Picture taken on 15/01/2021 (the first date
of CR installation).

2.2 Datasets

The datasets used in this study are summarized in Table 1.

Datasets Resolution  Acquisition Inc. angle
used (m) time (]
Pleiades DEM 4 25/09/2019 -
PAZ (asc.) 21x21 11 days 54.3
PAZ (des.) 2.1x2.1 11 days 37.8
Sentinel-1 (asc.) 5x 15 6 days 44.2
Sentinel-1 (des.) 5x 15 6 days 40.3

Table 1. Datasets used in the study.
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st

b. Ascending CR installed on the HG (13/06/2021)

Figure 3. CRs installed near Aiguille du Midi for HG
monitoring.

For the analysis with SAR images, time series of high-
resolution X-band PAZ images and medium resolution C-
band Sentinel-1 images were used. All images were down-
loaded in the Single Look Complex (SLC) file format. PAZ im-
ages are available at 11-day time interval, but not systematic-
ally acquired, while the Sentinel-1 images are available every
6 days. The acquisition geometry of both satellites is almost
similar (as also described in table 1). Hence, a compromise
in the orientation angles of the CRs for the good visibility in
both datasets could be achieved as described in Section 3.1

3. METHODOLOGY

To work with data from two different satellites, that have dif-
ferent orbit and sensor characteristics, it was imperative to
perform visibility tests to select the orientation of the CRs
and to evaluate the effect of snowfall events on their back-
scattered signal. For this, we performed multiple tests by in-
stalling the CRs in Chamonix valley and assessing the quality
of the signal return in both PAZ and Sentinel-1 datasets. After
this, we installed the CRs on the HG, and glacier displacement
was estimated using SAR images, dGNSS measurements and
empirical relationships.

3.1 Orientation of CRs

The strength of the signal return from CRs as observed in SAR
images depends on many factors like shape, size and orient-
ation angles (Sarabandi and Chiu, 1996). For this study, a set
of 4 triangular trihedral shaped CRs was used. The RCS peak
of such CRs is calculated using the equation as follows:

nL*

EYVl 1)

ORCS =
where L is the length of the sides of the CR and A is the radar
wavelength.

Further, the signal strength also depends on the azimuth
(acr) and elevation angles () of the CRs, which in turn de-
pends on the satellite azimuth (a;) and incidence angles (6;).
A trihedral CR can be considered as an object whose Radar
Cross Section (RCS) depends on its open face. The direction
of the maximum RCS (peak return) is defined as normal to
the open face of the CR. Thus, the radar wave is normal to
the open face when the angle between the radar Line of Sight
(LOS) and one of the side plates is equal to tan™1(1/v2), so
around 35.26°. To use the same CR for two different satel-
lites with different incidence angles (cf. table 1), a comprom-
ise between the two satellite parameters had to be done. We
considered a compromised 8, = 40° for both ascending and
descending data and azimuth angles of 9° (descending) and
351° (ascending). Based on this, ¥ can be calculated using
the following equation:

¥ +35.26+0,=90 2)
Soy =15°

Utilizing these orientation settings, two CRs were initially in-
stalled in the Chamonix valley from January 15 till June 10 for
visibility tests (Figure 2).

3.2 Displacement measurements: theoretical, field based
and SAR based

The displacements/velocities of glaciers can be estimated
from various techniques, which have all proven their advant-
ages based on the objectives and location of the study. Here
we discuss three commonly used techniques in the following
sub-sections:

3.2.1 Theoretical displacement Theoretically ice thick-
ness or velocities can be estimated using the equation of lam-
inar flow (Cuffey and Paterson, 2010):

e 1.5U; @
“\ Af3(@gsina)?

where, H is the ice thickness in meters. Us is the surface velo-
city, a is the estimated slope derived from the Pleiades Digital
Elevation Model (DEM), @ is the density (which can be estim-
ated or considered as a constant value of 900 kg m2), gisthe
acceleration due to gravity (9.8 ms™!), f is the shape factor,
the value of which ranges from 0.6 - 1 and A is the creep para-
meter, which is assigned a constant value of 3.24 * 1024 pa3

S_l.
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3.2.2 Field measurements The location of the descend-
ing CR was measured on four different dates throughout the
summer by performing a dGNSS survey. The measurements
were taken on 13/06, 09/07, 17/09 and 29/10 in 2021. dGNSS
measurements provide x,y,z coordinates for each date with an
accuracy of a few centimeters. Raw data collected from the
study site, requires further post processing, which can be per-
formed using the Trimble Business Center software bundled
along with the dGNSS. The post processing of the raw data in-
volves utilizing the base stations available closest to the study
site to correct the readings taken during field observations.

3.2.3 SAR based displacement estimation To measure
the CRs displacement in image pairs, the so-called "phase
correlation” method was used, which is a Fourier-based
matching technique considered to be more accurate and ro-
bust than other correlation-based methods (Amitrano et al.,
2019). Two PAZ descending images in which the HG CR
was visible were utilized for the analysis. The reference im-
age (19/06/2021) and the secondary image (02/08/2021) were
processed using the following steps and displacement of the
CRs was estimated at sub-pixel level. The methodology is de-
composed of the following steps:

« extracting a square window in each (reference and sec-
ondary) image containing the CRs (a window patch size
of 64 * 64 was used for the study),

« transforming the images from spatial to frequency do-
main by applying discrete Fast Fourier Transform (D-
FFT),

» deapodizing/deweighting the images by applying a 2D
hamming window to remove the effects of the hamming
weights,

« multiplying the complex conjugate of the second image
with the first element wise to calculate the cross-power
spectrum,

» applying zero padding by inserting zeros at high fre-
quencies to extend the cross-power spectrum, (a factor
of 8 was utilized for applying the zero padding for this
analysis)

» applying inverse Fourier transform to obtain the nor-
malized cross-correlation,

o identifying the sub-pixel location of the cross-
correlation peak by fitting a parabola function,

» subtracting global co-registration values (estimated
from the orbits and the DEM) to obtain the final dis-
placement.

4. RESULTS AND DISCUSSION
4.1 Visibility tests for the CRs in the Chamonix valley

Figure 4-a shows the effect of a snowfall (comparison before
and after a snowfall event) on the signal strength from the
CRs. Because of the wet snow which accumulates in the CR,
the signal return from the CRs was completely lost. To mitig-
ate the effects of snow (especially wet snow) filled in the CRs,
the CRs were covered with a cover of 0.2 cm thickness. The
effect of covering the CR with the cover can be seen from Fig-
ure 4-b. We observed a loss in the peak signal return of = 1

dB before and after covering the CRs. But the signal strength
was consistent and no loss in signal was observed after cov-
ering the CRs, even after snowfall events. The ideal Impulse
Response Function (IRF) was also maintained for the entire
time period of observation. This indicates the effectiveness
of covering the CRs in areas of low to medium accumulation.

— 19/01/2021 (before)
— 30/01/2021 (after)

Bo (linear)

th 30 °
(a) CR signal return before and after a snowfall event.

—— 19/01/2021 (before)
—— 20/03/2021 (after)

Bo (linear)

t/‘) 35

(b) CR signal return before and after covering the CR.

Figure 4. Tests in the Chamonix valley to check CR
performance in Sentinel-1 images.

4.2 Visibility of CRs on the hanging glacier

As mentioned in Section 2, four CRs were installed for the ob-
servation of the steep North face of AdM. The visibility of the
CRs was checked in both Sentinel-1 and PAZ images to con-
firm successful installation. Figure 5-a shows the visibility of
the CRs in descending Sentinel-1 images (16/06/2021), while
Figure 5-b shows the same for ascending Sentinel-1 images
(17/06/2021). The two stable CRs were visible in all images
of Sentinel-1 and PAZ acquired during the period of observa-
tion (from 15/06/2021 to 18/10/2021). However, the HG CR
was visible clearly only on three dates in PAZ images acquired
on 19/06/2021 (Figure 6-a), 30/06/2021 and 02/08/2021. The
ascending HG CR was visible in PAZ images acquired on
15/06/2021 (Figure 6-b) and 26/06/2021. The ascending HG

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-V-3-2022-325-2022 | © Author(s) 2022. CC BY 4.0 License. 328



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume V-3-2022
XXIV ISPRS Congress (2022 edition), 6-11 June 2022, Nice, France

CR was unfortunately not visible in any PAZ images after this
date. For Sentinel-1 images all the CRs were visible in images
acquired on 17/06/2021 and 18/06/2021 and then again on
images taken on 23/06/2021 and 24/06/2021. The visibility
of the HG glacier CRs was lost for all other dates except those
mentioned above.

Figure 8 shows the annual evolution of the backscatter coef-
ficient (o) for the HG CRs (red profile), stable CRs (blue pro-
file), the HG (black profile) and the entire scene average (grey
profile) in Sentinel-1 ascending and descending images. Ex-
cept for the images acquired just after the CR installation on
the HG, no peaks are observed and the signal from both as-
cending and descending CRs almost merges with that from
the HG. Hence it is impossible to distinguish the CRs from
the glacier background. As for the stable CRs, we see a con-
sistent sharp peak throughout the study period, indicating a
good visibility for these CRs in Sentinel-1 images.

The lack of radar response of the HG ascending CR is prob-
ably due to an avalanche or crevasse fall since it was im-
possible to find it on the following field missions. For the
HG descending CR, it could be attributed either to the de-
gradation of the CR orientation settings or to the significant
snowfall events completely covering and submerging the CRs
inside several layers of more or less wet snow. The first hy-
pothesis can be rejected since the initial orientation settings
did not change and was verified every time the descending
CR position was measured by GNSS. The second hypothesis
is discussed further in Section 4.3.

From these results, it is clear that CRs could be successfully
installed, and observed in extremely complex topographic
environments and that the plastic cover is sufficient to avoid
the presence of snow inside the CRs without significant signal
loss. However, the maintenance of the CRs in these environ-
ments depends on many external factors beyond the human
control.

4.3 Loss of radar cross section for CR buried in snow on
steep slopes

In this section we investigate the effects of the snow cover-
ing the CRs on their signal response. The two main expected
effects are:

 the misalignment due to the change of incidence angle
caused by the refraction of microwaves on the snow-
pack;

« the distortion of the wave fronts caused by heterogen-
eous snow-pack.

The loss of RCS with misalignment can be calculated for dif-
ferent shapes of CRs (Sarabandi and Chiu, 1996). Figure 7
shows that the trihedral corner reflectors (TCR) used for this
experiment have the lowest sensitivity to misalignment com-
pared to all other reflector shapes. For a misalignment of 25°
either only in elevation or in horizontal direction (azimuth),
a signal loss of not more than 5-6 dB is expected (light blue
curve). According to the orbit geometry of the descending
HG CR and the snow cover in the 40° steep north-facing slope
of snow with an estimated density of p = 0.3g/cm?, the line-
of-sight vector changes its direction due to refraction (ngnow
= 1.24, (Mitzler, 1996)) by 17°. With such misalignment, the

e

:
l B v Ol

b. Sentinel-1 ascending image (17/66/2021)

Figure 5. Visibility of the CRs on the HG (blue and green
polygons) in Sentinel-1 images in SAR range-azimuth
geometry.

RCS loss would be only 2.3 dB, possibly 4-5 dB at the most
unfortunate case of both, elevation and azimuth misalign-
ment. Comparing this with the backscatter plots of the CRs
and of the surrounding glacier (Figure 8) indicates that the
CRs should still be visible in Sentinel 1 images for certain
dates. Similarly the backscatter plots for PAZ ascending and
descending images shows similar results to Sentinel 1 (Figure
9).

The distortion of the wave fronts caused by heterogeneous
snow-pack is probably the most critical effect (¢f. p. 350-
356 in (Matzler, 1987). When the snow density is homogen-
eous and the propagation delay due to thickness-variations
of the snow cover is well below the wavelength, no phase
distortions occur. This is the case for the cover of the up-
per stable CRs which most of the time was free of snow or
covered by only a few cm of snow (sun and wind exposure re-
moved most snow). With a deeper snow cover affecting the
HG CRs in the accumulation area (exposed to spin-drift, i.e.
snow trickling down the HG), the resulting phase variation
is App; = 2m(n(p) —1).L/ A where n(p) is the density depend-
ent refractive index and L the path length that microwaves
travel through snow. For example, n = 1.24 (p = 0.3g/cm?®),
L=1m, A =55 cm (C-band), result in 4.3 wavelengths
of signal delay by the snow-pack. A delay-variation of half
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b. PAZ ascendlng image (15./ 06/2021)

Figure 6. Visibility of the CRs on the HG (red polygons) in PAZ
images in SAR range-azimuth geometry.

a=1.00m,f=96GHz
50 : : . ; . .

= Optimal (Sarabandi 96)
elevation ' RCS = 44.87 dB (max)
------ azimuth

45 PentaSquare section = 0.50

RCS = 43.24 dB (max)

PentaSquare section = o 67
RCS = 44.74 dB (m:

PentaSquare section = 0.75
RCS = 45.24 dB (max)

RCS (dBm?)
N
8

©
&

RS 450 a (max)
30 -

Trihedral
RCS = 36.12 dB (max)

-2 0 20
misalignment angle (deg)

Figure 7. Loss of Radar Cross Section (RCS) due to
misalignment for different shapes of CR.
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Figure 8. Backscatter coeffcient time series for Sentinel-1
images.

a wavelength across the illuminated area of the CR already
completely destroys the plane wave fronts making the CR in-
visible. For the given numbers, a delay of half a wavelength
corresponds to a refractive index variation from 1.237 to 1.265
or 2%, corresponding to a density change of 11%. Consider-
ing the two-way propagation doubles the sensitivity, a dens-
ity change of only 6% is sufficient to produce an incoherent
back-scattering over the illuminated area of the corner re-
flector. The above equation can also be used to estimate the
thickness variation of a snow cover on a CR which is suffi-
cient to add a half-wavelength-delay to the wave fronts. For
n=1.24(p =0.3g/cm?), 6 cm of snow thickness variation can
be sufficient to make the CR invisible at C-band. The effect is
even more critical at X-band but less at L-band. (Eppler and
Rabus, 2022) was able to detect a trihedral CR under 3 m of
dry snow on a horizontal area at L-band but could not detect
the CR in X-band.

4.4 Displacement measurements from different tech-
niques

The thickness of the AdM HG as estimated from previous
LiDAR and photogrametric surveys is = 60 m at the glacier
front. Considering this estimate, and utilizing the theoret-
ical values previously mentioned in Section 3.2.1, from the
equation of laminar flow, expected theoretical glacier velocit-
ies are in the range of 9-10 m/year at the glacier front. Fur-
thermore results from the dGNSS survey show that the CRs
moved by = 6.82 m between 13/06/2021 and 29/10/2021 (138
summer days) (Table 2). The mean daily displacement was
thus 0.049 m/day. The direction of the movement was 352° N,
which also corresponds to the direction of the steepest slope
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Figure 9. Backscatter coefficient time series for PAZ images.

direction of the glacier. The maximum displacement was ob-
served during the period from 13/06/2021 to 09/07/2021 as
the observed average daily displacement was 0.067 m/day
during this period.

For the analysis from SAR images, the correlation peak,
Argmax(peak(y,;)) was found at (94.54, 1.91) (Figure 10).
Considering that the initial images were up-scaled by a factor
of 8 during the zero padding step, we divide the (x, y) values
with 8 to get the shift in original pixel counts. So, the correl-
ation peak in original pixel geometry is at (11.93, 0.23). Mul-
tiplying this by the spatial resolution of the PAZ data, we get
offset values of (25.74, 0.53) m. This value also includes the
global pixel offset between the two images, that needs to be
subtracted from the correlation peak value. The global offset
maps in range and azimuth directions were generated from
the EFIDIR toolbox (Benoit et al., 2015). Looking at the global
offset maps, the offset is = (24,0.1) m in range and azimuth
directions. Subtracting this from the correlation offset we fi-
nally get offset values of (1.74, 0.43) m in range and azimuth
directions. This value indicates the displacement between
the two images (19/06/2021 and 02/08/2021). Thus, the HG
velocity at the CR location, projected in the 2D range-azimuth
image plane of PAZ SAR sensor, is about 0.04 m/day.

4.5 Uncertainity assessment

An assessment of the processing errors can be carried out us-
ing the stable CRs as reference. All available descending im-
ages for PAZ was processed to estimate displacements over

Date Coordinates Elev. Displ.
of image (dd) (ma.s.l.) (m)
13/06/2021  45.881187,6.887975  3504.42 -
09/07/2021  45.887971,6.881198  3503.25 1.76
17/09/2021  45.881218, 6.887961  3500.06 3.18
29/10/2021 45.881226,6.887956  3498.37 1.88

Table 2. dGNSS survey readings.

Peak correlation
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300
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Figure 10. Correlation peak measured between 2 PAZ 64x64
pixel patches oversampled by a factor of 8 by zero padding.

the stable CR. Root Mean Square Error (RMSE) was calculated
to average the displacement between all image pairs after
subtracting the global offset from the displacement measure-
ments. The RMSE for all descending PAZ image pairs was
found to be 0.15 pixels in range and 0 pixels in azimuth (= 0.3
m in range). Specifically for the two image pairs considered
for the displacement estimation using cross correlation, the
RMSE was found to be 0.11 pixels in range and 0 pixels in azi-
muth (= 0.22 m), so about 0.004 m/day.

5. CONCLUSIONS

The present study illustrates the potential of using artificial
CRs for glacier displacement tracking in extremely complex
topographies. It also further emphasizes the advantages of
using SAR data for continuous monitoring of glaciers. In the
first part, we focused on analysing the response of the CR in
PAZ and Sentinel-1 datasets. To mitigate the effects of snow-
falls, covering the CR provides a viable alternative in areas
where the total accumulation is low. Although this leads to
a slight drop in the signal response from the CR, the over-
all quality assessment analysis showed that the ideal IRF was
maintained throughout in all images. After the successful in-
stallation of the CRs on the HG, we observed good visibil-
ity of the CRs in selected images of both PAZ and Sentinel-1
mostly after the initial period of installation. With these im-
ages pairs, we estimated velocities for the HG using the tech-
nique of complex cross correlation. Average summer velo-
cities of 0.04 m/day was estimated for the glacier front from
SAR images. We further validated these results from ground
measurements which showed average summer velocities of =
0.05 m/day. These results are also in agreement with the the-
oretical estimates.
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However, installation and maintenance of the CRs in such
topographies also presents many challenges. The effect of
snowfalls can be mitigated to some extent by covering the CRs
with a hydrophobic plastic film. But heavy snowfall events
still make the CRs completely buried in the snow and reduces
the RCS. Even at these elevations, especially in the summer
months, we may encounter wet snow which leads to the loss
of the signal from the CR. Events of avalanches and snow
drift provide further challenges to the sustainability of the
CRs in these environments. Heavy winds can also degrade
the CR orientation further leading to a loss of signal strength.
However, even after considering all the aforementioned chal-
lenges, the tests highlight the potential of CRs for monitoring
small glaciers in complex topographies.
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