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Abstract. Periodical monitoring of glacier extent and volume changes is a fun-
damental tool, considering the relevant changes and volume losses glaciers have
been undergoing in recent years. The climatological changes leading to increas-
ing hazards and related risks in alpine areas require complex and updated 3D
models. Specifically, mountain environments are characterised by complex orog-
raphy and limited accessibility and often require risky and expensive in situ cam-
paigns. The presented case stay is the Rutor Glacier (Aosta Valley, Italy), moni-
tored and studied in a multidisciplinary framework by the Glacier Lab of the
Politecnico di Torino and the Aosta Valley Environmental Agency (ARPA
VDA). Different remote sensing platforms are being used to carry out an annual
survey to generate detailed 3D models enabling the estimation of the mass bal-
ance, focusing on the 3D positional accuracy of the metric products. A very high-
resolution Pleiades satellite image stereo pair acquired in September 2022 and a
photogrammetric airborne survey carried out in the same month enable the com-
parison of 3D models based on different techniques and therefore characterised
by different accuracies. In-depth analyses have been carried out to verify the suit-
ability of satellite remote sensing for glacier monitoring, considering that a sat-
ellite-based approach would enable continuous monitoring over wide areas, in-
cluding Alpine regions with limited access. The analyses are aimed at validating
the 3D products by means of comparison with more accurate reference data as
well as at evaluating the possibility of adopting synergistic multiscale ap-
proaches, exploiting satellite and aerial platforms.

Keywords: Satellite, Glaciers, Aerial, Photogrammetry, Vertical accuracy, 3D
models



1 Introduction

The Department of Environment, Land and Infrastructure Engineering (DIATI) at
Politecnico di Torino thanks to the Italian Ministry for Education and Research
(MIUR), Dipartimento di Eccellenza funded the CC-LAB, a multidisciplinary labora-
tory for the climate changes. The activities of the Glacier Lab are mainly focus on the
evolution of the glacier and periglacial areas under the effects of climate change with a
multidisciplinary approach. Under this project, several glaciers were monitored during
the last years in collaboration with geomatic, hydraulic and geophysics research groups
of Politecnico di Torino to understands the dynamics and vulnerabilities of these com-
plex systems.

Since 2020, in collaboration with the Environmental Protection Agency of Aosta
Valley (ARPA VdA) the Rutor glacier was monitored by yearly monitoring campaigns,
aerial photogrammetric surveys and very high resolution satellite images.

In this framework, remote sensing techniques are valid tools to monitor the cry-
osphere often used in the last 20 years (Paul et al, 2007) both to monitor water kine-
matics and dynamics (Fieber et al., 2008) and glacier retreat (Prinz et al., 2018, Giulio
Tonolo, F. et al, 2020).

Satellite glacier images are usually used to study and monitor ice masses, especially
those difficult to reach that necessitate recurring analysis (Otosaka et al., 2023), but
their use in these areas is often challenging and could lead to inaccurate estimates in
glacial mass balances (Zhang et al., 2023).

Starting from a set of high-resolution aerial and Satellite photogrammetric images
acquired a few days apart, the main goal of the research is to evaluate the positional
accuracies of the related added-value cartographic products (orthoimagery and Digital
Surface Models - DSMs). In particular, the accuracy of the 3D satellite models is esti-
mated exploiting both independent Check Points (CP) and DSMs of known accuracy
and precision as reference dataset. Following this approach, it is possible to compare
two DSMs of the same area generated in different periods and from different remote
sensing techniques to appreciate the statistical significance of the altimetric and volu-
metric variations.

2 Materials and Methods

2.1  Case study

The Rutor Glacier is located in the north-western part of Italy, above La Thuile, at
the border between Italy and France. It extends from 2540 m asl to 3486 m asl, and
with its area of 7.9 km?, is the third largest Aosta Valley glacier. The glacier has a gentle
slope and is almost divided into two parts by the “Vedette du Rutor”, ending with three
different tongues into a periglacial area of around 4 km2 characterised by lakes and
moraines.

The Rutor glacier is retreating since Holocene maximum in 1820 when the extension
was 12 km? (Villa et al., 2007) and has already lost 34% of its extent (Corte et al, 2023).



The projections (Intergovernmental Panel on Climate Change, Representation Concen-
tration Pathway 8.5° C, IPCC RPC 8.5) of the climate scenarios estimate that the glacier
will retreat up to 1.5 km in 2100 (Strigaro et al., 2016).

The continuous retreat strongly modifies the environment and the morphology and
the hydrological system of the area and reduces the total water volume stored in the
glacier. More specifically, the dynamics of the proglacial environment of the Rutor
glacier created different moraines and lakes and sediment transport (Vergnano et al.,
2023).

2.2 Reference data

Aerial orthoimagery (Ground Sample Distance — GSD of 0.10 m, resampled to 0.5 m
for these analyses) and DSMs (GSD of 0.5 m) based of the aerial photogrammetric
flight carried out on 13th September 2022 were extracted from the 3D point cloud and
used as reference dataset to validate the satellites products. These products are based
on visible imagery acquired with a Phase One camera onboard an ultralight aircraft and
were processed in Agisoft Metashape v. 1.8.3 (Metashape, 2023). The flight altitude
was about 974 m and the ground resolution of 7.45 cm/pix and scale of 1:20 000.

The 628 images of the 2022 model were elaborated with 9 Ground Control Points
(GCPs) and 6 Check Points (CPs), i.e. artificial plastered markers positioned and meas-
ured with Global Navigation Satellite System (GNSS) receivers (Real time Kinematic
- RTK mode) during ad-hoc field campaign. The reference system used is the RDN
2008 - EPSGS 6707. A summary of the different data considered in this work is re-
ported in Table 1.

Table 1. Reference data

Product Data GSD
0.1 m (resampled to
Aerial flight 13t September 2022 ( P
0.5m)
0.72 m (resampled to
Satellite acquisition 11" September 2022 0.5 m by the data pro-
vider)

A very high resolution (VHR) satellite stereo pair acquired from the Pleaides 1-A
platform on 11th September 2022 at 10:23 was also processed (mean off-nadir angle of
23° over an area of 211.873 km? between Italy and France). The imagery includes vis-
ible (VIS) and near-infrared (NIR) information and is characterized by an actual GSD
of 0.72 m for the panchromatic band and a 2.8 m for the multispectral ones.

The coverage of both aerial and Satellite acquisitions is shown in Figure 1.
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Fig. 1. Aerial (red) and Satellite (blu) coverage. Pléiades © CNES 2022 and AIRBUS DS

2.3  Data processing

The satellite stereo pair was processed with CATALYST Professional Version
2223.0.1 (Catalyst, 2023) using the Rational Function Model (RFM or RPC, Rational
Polynomial Coefficients) non parametric approach. The panchromatic and multispec-
tral images were preliminarily pansharpened to obtain high resolution multispectral im-
ages characterized by the spatial resolution of the panchromatic band.

Thanks to the fact that the reference aerial products (orthophoto and DSM) were
acquired only two days after the satellite acquisition, an automatic identification of ste-
reo GCPs, CPs and Tie Points (TPs) was possible (due to the limited changes among
the acquisitions). All the points automatically identified were manually checked and
refined. After the image orientation phase and the generation of the epipolar pair, the
DSM was extracted and two orthophotos were generated.

The knowledge of the accuracy and precision of a DSM is critical information when
comparing two DSMs of the same area related to different time periods. More specifi-
cally, the metadata are mandatory to appreciate the statistical significance of elevation
changes within a given probability threshold. The threshold value above which eleva-
tion differences are statistically meaningful is referred to as the Limit of Detection
(LoD). Once the LoD is known, it is possible to apply the error propagation theory to
determine the confidence intervals of the height variations of the glacial mass, mainly
due to ice melting or the corresponding volume variations between two different peri-
ods. We can determine the LoD of a DSM by comparison with independent reference
products, generally following two alternative approaches:

e Calculation of 3D residuals on a few CPs measured with GNSS RTK.
e Comparison (pixel by pixel) against a reference DSM in areas considered stable, i.e.



Difference of DSMs (DoD) approach, focusing on stable areas in the periglacial zone
and exploiting aerial surveys carried out in previous years (which are not the focus of
this manuscript) (Azmoon et al, 2022). In our case, given the almost simultaneous aerial
and satellite acquisitions, the entire area covered by the photogrammetric flight can be
considered unchanged.

Both paths have advantages and limitations that are summarised in the following.

CPs can be measured with topographic techniques with an horizontal precision of
1.5-2 cm and a vertical precision of 2-3 cm. As far as the aerial survey is concerned,
CPs can be considered an independent reference since they are unrelated to the photo-
grammetric process (the CP 3D accuracy is about 1/3 of the average aerial image GSD).
However, CP numerosity is generally limited (6 in the specific case) since they need to
be measured in the field and considering the accessibility constraints of a glacier envi-
ronment.

The identification of control points on the imagery is often carried out manually with
single pixel accuracy. Automatic sub-pixel accuracy is theoretically feasible using
coded markers, but the operational constraints in the field make this approach mostly
unusable in a glacier environment.

The second approach to determine the LoD is based on a statistical comparison with
a DSM of known accuracy taken as reference. Being a pixel-by-pixel approach, the
main advantage is that statistics are based on a very large number of points, but stable
areas (without changes between the two datasets) must be defined to ensure that eleva-
tion differences are only due to measurement errors. It has to be highlighted that, even
outside the glacier area subject to movements and melting, several phenomena may
lead to variations, like instability processes, snow coverage, fluvial dynamics phenom-
ena, water bodies, etc. Such areas induce errors in the image correlation phase leading
to outliers in the DoD values that, if not properly filtered, severely impact on the statis-
tics metrics.

In accordance to established testing practices in photogrammetry and topography, a
maximum of 5% of the extreme values representing the tails of the DoD distribution
have been excluded. Statistical analyses are carried out on this 95% sample, evaluating:

e Median over the entire sample, "robust™ operator not influenced by the presence of
gross errors;

e Mean and standard deviation of the DoD on the entire sample;

e Mean and standard deviation of the DoD on the 95% sample;

e Pearson indices based on mean and kurtosis on the 95% sample (their values are
close to zero if the distribution is normal).

Being one of the goals to assess the possibility of using only satellite imagery for
glacier monitoring (especially when no aerial reference data is available), a detailed
sensitive analysis on GCP spatial configuration and numerosity has also been carried
out. A variable set of GCPs was evaluated, ranging from no GCPs (i.e. direct georefer-
encing approach) to 10 GCPs, with at least 5 CPs to evaluate the impact of the GCP
configurations on the 3D positional accuracy.

Both approaches were followed to determine the LoD of DSMs generated from:



o Aerial photogrammetry - September 2022 (not the focus of this manuscript): 6 CP
and DoD with respect to the 2021 aerial dataset

o Satellite photogrammetry - September 2022: at least 5 CP and DoD with respect to
the 2022 aerial dataset

For the assessment of the LoD of the satellite-based DSM, considering the one day
difference between aerial and satellite acquisition dates, the DoD was carried out over
the entire comparison area (as shown in Figure 2).

Fig. 2. Area considered for DoD on aerial orthophoto

3 Results

Concerning the evaluation of horizontal and vertical accuracy of the satellite based
products using CP residuals, different configurations of GCPs (Table 2 and Figure 3)
were tested when processing the satellite stereo-image.

The RMSEs on their CPs are reported in Table 3.

Table 2. Satellite RMSEs of different GCPs configurations

NGCPs  NCPs GCPs ID RMSE CP XY [m] RMSE CP Z [m]
0 22 / 9.105 1.239

1 21 35 0.253 1171

2 20 35,60 0.340 0.796

3 19 35,40,60 0.284 0.3650

5 13 35,39,40,60,61  0.140 0.651

10 8 all 0.147 0.760




It is clear from the results of Table 3 how the use of even just one GCP can eliminate
horizontal and vertical systematic errors. Excellent results on the residuals calculated
on the CPs are already obtained with only 3 GCPs. (see Table 4)

Fig. 3. Complete GCPs dataset spatial distribution and related 1D

As already detailed, the satellite DSM is compared to the 2022 aerial DSM. Once
the tails of the DoD distribution with significance level 5% are removed, the standard
deviation of the altimetric differences is 56.8 cm (Fig. 4 and Table 4).

The trend of the deviations is shown in Figure 4 and Table 4, the cumulative frequency
diagrams present the values of the height deviations in the abscissa and the frequencies
between 0 and 1 in the ordinate.

To assume the accuracy of the satellite DSM (10 GCPs configurations), we can con-
sider:

02 Dsmagrial + 02 DsMisatellite = (56.8) 2cm? Q)
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Fig. 4. Aerial 2022 - satellite2022 - alpha 5% 10GCPs

In the case of DSM by aerial photogrammetry, the accuracy was estimated from
vertical residuals on 7 CPs with an RMS of 7.3 cm (Table 3). Independent analyses, not
covered in this work, were made by comparing the DSMs of the stable areas of the 2022
photogrammetric model with that of the previous year. The results substantially con-
firm the accuracy obtained from the CP analysis. From the error propagation law, it is
then possible to obtain the standard deviation of the Satellite DSM, knowing the stand-
ard deviation of the reference aerial DSM (2).

O'ZDSM satellite:V56.82 - 732 = i563 cm (2)

As far as the analysis on the CPs is concerned, the root mean square errors (RMSE) of
the different models on the CPs is reported in Table 3.

Table 3. CP RMSEs

Product RMSE CP XY [m] RMSE CP Z [m]

Aerial 2022 0.115 0.073
Satellite 2022 (10 GCPs) 0.147 0.760




Based on the CPs, we then calculate the LoD of the differences between the DSMs
(Figure 5) to assess the significance threshold:

0'2DSM aerial - satellite=V 7.3% + 76.02 = £76.3 cm

®)

The two approaches lead to comparable LoD, which was used to classify the DoD, with
the advantages and disadvantages highlighted in the previous section.

2022_Aerial-2022_satellite_10GCP

Bl <=-10m

|-1.0--0.5m

|-05-00m

10.0-05m 0 075
BN o05-1.0m
Bl >10m

Fig. 5. DoD: Aerial 2022 — Satellite 2022

Additionally, to assess the accuracy of the different GCP configurations, using the pro-
cedure described above on the DoD area the statistics values are computed (Table 4 and

Figure 6).

Table 4. Statistical analysis of differences between DSMs according to different configurations

NOGCP 1GCPs 2GCPs 3GCPs 5GCPs 10 GCPs
% outlier > 10 m 6.930 0351 0450 1681 0.405 0.410
Median [m] 2.581 1147 0595 0.626 0.13 -0.118
Mean [m] 1.997 1.071 0591 0.792 0.0953 -0.156
Average without tails (5%) [m] 2.230 1142 0.644 0.817 0.168 -0.087
Standard deviation without tails (5%) [m]  3.777 0.543 0.805 1414 0575 0.568
Skewness- Fisher range (without tails 5%) -0.957 -0.223 0.142 0.661 -0.095 -0.068
Kurtosis- Fisher gamma 2 (no tails 5%) 1.798 0921 0413 3.035 1115 1.022
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Fig. 6. DoD statistic metrics vs GCPs configurations

4 Discussion

As detailed in the Methods and Results sections, the assessment of the vertical precision
of a DSM can be based on two approaches, exploiting as references

¢ a(generally) limited number of CPs;
e a DSM of higher accuracy and with a dataset population of (generally) dozens of
millions.

In the latter case, it is crucial to exclude outliers that may originate where correlation
fails. Generally, this happens on water bodies areas due to homogeneous patterns (e.g.
lakes) or to variability among different frames in case of runoff. Analyzing the percent-
ages of outliers above a threshold of 10 m for this case study, it can be noted that outliers
are less than 2% on a correctly georeferenced DSM. We then cautiously exclude 5% of
the tails of the DoD distribution, according to usual cartographic validation approaches.

It should be noted that statistics calculated on very large samples or samples of only
a few units do not have the same reliability. The preliminary conditions for the appli-
cation of a parametric statistic are that observations and errors are independent of each
other and normally distributed. Small samples may not meet the assumptions of normal
distribution. An alternative approach is to still use parametric tests relying on their ro-
bustness. However, the procedure applies to large samples and is generally not recom-
mended (Krebs, 1999).

The hypothesis of Normal distribution can be verified by checking the skewness and
kurtosis indices. The values of skewness and kurtosis of an experimental distribution,
shown in Table 4 are given by Fisher's y and vy, indices, respectively:



mg my
Y—mg,yz—m% (4)
with m2, m3 and m4 moments of the second, third and fourth order, respectively. It is
shown by the Central Limit Theorem that in a distribution of sample averages the
measures of skewness and kurtosis tend to zero as sample size increases. In a normal
distribution the Fisher indices have zero value. We can check with a two-sided test
whether:
- the skewness index is non-zero - null hypothesis Ho: y1=0 and alternative hy-
pothesis Ho: y170
- the kurtosis index is different from zero-null hypothesis Ho: y,=0 and alterna-
tive hypothesis Ho: y2#0 using the standardized variables for skewness Zsiw
and kurtosis indices Zur:
Zskw = ya_lo 101 = \E: Zgure = u: 0y = 211_4 Q)

a2
on n sample size.

Table 4 shows that, normalizing the Fisher indices, the probability on both null hy-
potheses of skewness and kurtosis is practically equal to 1 on the 95% sample. This
implies that the mean and standard deviation parameters of the DoD between the satel-
lite and aerial DSM are well representative of a normal distribution. With this assump-
tion we can say that the most representative value of LoD of the satellite DSM is 57 cm
(68% probability interval: the value is double at 95% probability interval). This value
is coherent with the nominal spatial resolution of the satellite images.

Concerning the use of GCPs for the orientation of the satellite stereo pair, it has to
be remarked that — despite GCPs are crucial for the datum definition and for the final
positional accuracy - there are several operational constraints related to GCP material-
isation and measurement in glacial or periglacial areas. This operation should therefore
be limited as much as possible. The statistical analysis of the result of different config-
urations of GCPs is aimed at identifying the minimum and optimal number of GCPs to
be used.

Table 4 and Figure 6 show the DoD statistic metrics with different configurations of
GCPs. A direct georeferencing approach (i.e. no GCP) is possible (with a vertical ac-
curacy of few meters), it is recommended to use at least 1 GCP to correct systematic
effects. Increasing the number of GCPs leads to a significant improvement up to 5
GCPs.

5 Conclusions

In glaciological activities, the measurement of ground variations is used for the analysis
of melting phenomena and related consequences. Such analyses are increasingly ap-
proached with photogrammetric surveys for the generation of 3D models: therefore, it



is crucial to know their horizontal and vertical precision to statistically assess whether
multitemporal elevation differences can be considered statistically meaningful. Among
the different platforms that can be used for photogrammetric surveys, satellites enable
the acquisition of large areas (covering several glaciers) also if hardly accessible on the
ground.

The analyses carried out for this research focused on very high resolution satellite
stereo pairs. The results show that 5 GCPs, homogeneously distributed over the stereo
pair footprint, enable to achieve sub-meter vertical accuracy (i.e. same order of magni-
tude of the image GSD) and imply a conservative but sustainable number of ground
measurement operations. However, GCPs can be derived from photogrammetric prod-
ucts at larger nominal map scale (and therefore accuracy) when available.

The satellite DSM validation was carried out by evaluating elevation differences
with respect to CPs and a reference aerial DSM. A LoD (at 68%, 1 standard deviation)
of 76 cm and 57 cm respectively was estimated. According to the discussion section,
the value of 57 cm seems a reasonable LoD since it is based on a sample of 60 M points.

The robustness of future multi-temporal analyses can be measured using parametric
statistics, after verifying the hypothesis of DoD normal distribution based on skewness
and kurtosis indices. This hypothesis is met by conservatively considering 95 percent
of the DoD population, excluding the maximum and minimum values of the tails of the
DoD distribution.
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