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Abstract

In the context of the ongoing climate change, there is an increasing urgency
and interest in characterizing the mountain environment and gaining a deeper
understanding of its dynamics. This is particularly important in the Alps, where
the increase in average air temperature has doubled the average global temperature
increase. To address this pressing issue, the CC-Glacier Lab was established at
the Politecnico di Torino in 2021, with a focus on studying and characterizing the
Rutor Glacier and its proglacial area in the Aosta Valley region, Italy. This thesis
was conducted under the supervision of the hydrological team working with the
CC-Glacier Lab, with the aim of improving knowledge about the largest proglacial

lake in the area, known as Seracchi Lake (Lago dei Seracchi).

By means of geomatic, geophysical, and hydrological data collected over two
years (2021 and 2022), this thesis provides valuable insights into the morphology
and hydrology of the lake. The research includes the reconstruction of the lake’s
bathymetry, the elaboration of surface area-water level and volume-water level
curves, and the determination of the water budget. In particular, the accurate
reconstruction of the inflow time series, which was challenging to measure directly

due to the rugged nature of the area, is a significant achievement of this study.

These findings have proven useful to obtain a deeper understanding of the link
between hydrological dynamics and temperature as well as hydrological dynamics
and precipitation conditions. The correlation between maximum and mean inflows
with temperature is investigated, and the days with precipitation events are studied
separately from the days without precipitation. Three parameters are calculated
to characterize the lake dynamics: the difference between the maximum inflow
and the maximum outflow value, the time delay between the two values, and the

retention volume.

A comparative analysis between the reference summer of 2021 and the notably
dry summer of 2022 reveals that, on average, the retention volume was 82% higher
than in 2021, and also the difference between the maximum inflow and outflow

was 32% higher, while the time delay remained approximately the same. Moreover,



the general increase in (Qry values which was recorded was probably related to an
increase in glacier ablation. This might show the lake’s potential as a proxy for

glacier retreat.

In conclusion, this thesis represents an important first step in characterizing the
studied area comprehensively. The methodology, results, and conclusions presented
in this study contribute significantly to the understanding of the hydrological
dynamics of Seracchi Lake and its implications in the context of climate change
and glacier retreat. However, further investigations should be carried out without
neglecting the importance of continuous monitoring and assessment of this alpine

ecosystem.
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“In verita, in verita 1o vi dico: se il chicco di grano, caduto in terra, non muore,
rimane solo; se invece muore, produce molto frutto.”

Giovanni 12,24-26
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1 | Introduction

The planet Earth is currently facing the impacts of climate change, which are
severely affecting the environment and human systems. The unprecedented rate at
which GHGs are emitted into the atmosphere is irreversibly changing the climate,
causing temperatures to become increasingly warmer, and the effects are more or
less visible. The Cryosphere, the frozen component of the Earth system, is the

physical compartment that exhibits the most rapid and visible changes [1].

Glaciers and ice sheets cover approximately 10% of the Earth’s land area and
play a crucial role in regulating the Planet’s energy balance, storing freshwater,
and supporting biodiversity. In 2019, the IPCC published the "Special Report on
The Ocean and Cryosphere in a Changing Climate’, which highlighted the massive
loss of ice mass from glaciers worldwide, the increasing permafrost temperatures,
and the declining snow cover both in extension and duration, particularly at lower

elevations [2].

The consequences related to the decline of glaciers, snow, and permafrost are
significant. The mass loss exposes more land to sunlight and weathering. Land
is not as white as glaciers or ice, which means lower albedo, higher absorbed
radiations and rising temperatures. Moreover, the retreat of glaciers contributes
to decreasing the stability of mountain slopes and compromises the integrity of
infrastructures. It also alters the frequency, magnitude, and location of natural
hazards [2]. Glacier melting and changes in precipitation patterns also change the
amount and seasonality of runoff in snow-dominated and glacier-fed river basins.
Stating to IPCC,it has been observed an increase in winter runoff, as a result of
increased air temperatures and related shifts from solid to liquid precipitation.
There is also an increase in summer runoff due to intensified glacial melting, except
for those areas dominated by small glaciers, such as European Alps [2]. In this
areas it may happen that the glaciers due to their limited extension have already

experienced the maximum shrinking rate possible. In this cases it is recorded a

1



Introduction

decrease both in shrinking and summer runoff.

Therefore, mountain regions are likely to be more vulnerable than other areas
to the impacts of climate change, which can have a significant effect on both the
environment and the livelihoods of the people.

Among all mountain environments, the European Alps are highly exposed to
climate change as the increase in average air temperature has doubled the average
global temperature increase [3], with different warming trends at various elevations.
Moreover, the duration of sunshine has increased by about 15% since the 1980s [3].
According to the article The European mountain cryosphere: a review of its current
state, trends, and future challenges [1], by 2100 Europe’s mountain cryosphere
will undergo notable transformations, characterized by the disappearance of low-
and mid-altitude glaciers, retreat and mass loss of even large valley glaciers, the
disappearance of permafrost at lower elevations and its warming at higher elevations.
As a result, the tree line will shift upward and vegetation will expand to current
periglacial areas, the timing of maximum discharge will change, with a transition
of runoff regimes from glacial to nival and nival to pluvial and there will be

unprecedented mass movements and process chains.

The decrease in European mountain glaciers is expected to continue because
they are not in balance with the climate. In many cases this is due to the limited
altitude of the glaciers, which prevents them from reaching a new equilibrium with
the climate, even if air temperatures will have stabilized by the end of the century
[1].

The authors Zekollari et al. [4] investigated the loss of glacier mass in the European
Alps under different concentration pathways. Their findings reveal that by the
end of the century, the strongest RCP scenario would result in the loss of 94 + 4%
of the 2018 glacier volume. Even in the best-case scenario regarding emissions
limitations,RCP2.6, the reduction in glacier volume may be only limited to two-

thirds of the volume present in 2018.

Therefore, studying the impacts of climate change on the Alps is of paramount
importance, not only to understand the changes but also to develop sustainable
strategies to adapt to and mitigate their consequences on local communities and

the environment.
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1.1 Problem statement

The process of deglaciation is transforming the appearance of mountain landscapes,
as glaciers are receding and giving way to newly formed proglacial lakes and loose,

unconsolidated debris known as moraine material.

Proglacial lakes are bodies of water located near the edge of a glacier or influenced
by melting glacier ice on land. The size, morphology, hydrology, and persistence of
these lakes are strongly linked to their proximity to glaciers [5].

They are usually shallow, with a bathymetry marked by submerged bedrock hills
and depositional landforms and they can experience rapid changes in water level
due to the influx of glacial meltwater. The bathymetry is the primary factor
responsible for sediment dispersal assisted by the water level which determines
the oxygen and thermal stratification of the lake and in turn, affect the mixing

potential of the water and sediments.

Periglacial lakes play a crucial role in interrupting and slowing down the flow of
meltwater, enabling sedimentation. Quantifying the amount of sediment that a lake
is capable of trapping is important not only for understanding the lake’s evolution
but also for comprehending the evolution of the surrounding area. Moreover, the
sediment stratification in proglacial lakes provides valuable information about
short-term inter-seasonal patterns, inter-annual patterns, and long-term patterns
of glacier-derived meltwater fluctuations [5]. Lake stratification serves as proxy

evidence for regional hydrological changes and climate variability.

In addition to their significance in the geological and hydrological processes,
proglacial lakes can also have a substantial impact on the local and global climate.
During the summer, they absorb relatively high amounts of incoming shortwave
radiations due to a lower albedo than the surrounding environment. During winter,
they freeze and reflect most incoming shortwave radiations. Moreover, they retain
cold meltwater and have a greater thermal heat capacity than the surrounding land.
These factors combined lead to relatively cool summer air temperatures, which, in

turn, retard summer ice ablation.

Over the past few decades, there has been a rapid increase in both the quantity

3
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and size of proglacial lakes [6].

The formation of new bodies of water in proglacial areas can have positive implica-
tions for preserving biodiversity and storing freshwater. However, there are also
associated risks such as the destabilization of slopes which can lead to landslides.
In addition, sudden water outbursts can occur due to rock/ice avalanches or mass
movements [3]. These events in the Alps are even more dangerous, due to the

proximity to urban agglomerations and infrastructures [7].

So, periglacial lakes are an essential element in the deglaciation process, offering
a valuable resource for data sampling and understanding glacial processes,and at
the same time their persistence is strongly affected by glacial melting. Therefore,

it is important to study their behavior and characteristics.

Although recent improvements have been made in this field of study, new
dynamics and associated concerns have led to an emerging area of research focused
on quantitatively understanding the interactions between lakes and glaciers [8].
Despite their role as a temporary storage for meltwater is well known, this process
has been disregarded in models that address the hydrological reaction of glaciers
to climate change and the computation of sea level rise [6]. The main obstacle
to quantifying the contributions of lakes to glacier dynamics is the lack of data
in spatial and temporal coverage. For example, there has been no a worldwide
assessment of glacial lake size or capacity, resulting in limited information on the
amount of water stored in these lakes and the temporal trend of glacial lake storage.
The author Carravick [8] suggests several questions that must be addressed, such as
whether meltwater from diminishing glaciers is causing the lakes to grow, whether
the lakes are accelerating glacier shrinkage, or whether a combination of both is

responsible and what the balance between these processes is.

Summarising, the study of proglacial lakes is a critical area of research. The
recent increase in the quantity and size of proglacial lakes highlights the urgency
of understanding the interactions between lakes and glaciers. By studying these
processes in greater detail, it is possible to gain important insights into the physical
dynamics and work towards more effective solutions for mitigating the impacts of

climate change and build adaptation strategies.
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1.2 Literature on the theme

The alteration processes affecting the proglacial area have opened up new research
fields. In the last 20 years, there has been significant scientific attention focused on
characterizing deglaciation processes and quantifying the effects of these changes.
Numerous branches of study are involved in these investigations, offering various
approaches.

When examining the literature on climate change-related issues in proglacial areas,
particularly in the Alps, a substantial number of articles have been published. The

research focuses within this field are highly diverse.

Extensive research has been conducted on the geomorphology of the Alpine
environment. For example, many authors have examined variations in glacial
coverage and tracked changes in glacier extension. Historical descriptions of the
study area are fundamental when available, but the greatest contribution comes
from geomatics. The availability of high-resolution topographic surveys covering
different years allows for a multitemporal analysis for example by building accurate
Digital Elevation Models of difference (DoDs). This kind of products allow the
calculation of volumes of erosion and deposition, as explained in the article by Savi
et al. [9].

When studying morphological changes, one crucial aspect to analyze, beyond
variations in glacier volume, is the sediment budget. Since deglaciated areas are
more exposed to erosion, a greater amount of sediment can be produced and
transported downstream by glacial meltwater, runoff, and wind. Quantifying the
sediment budget is essential for understanding the potential effects of any changes
that may occur.

Another facet of morphological investigation pertains to the study of the appearance
or disappearance of certain features, such as proglacial lakes. These studies aim to
characterize the proglacial lakes and understand the environmental conditions that
favor their formation. Based on this knowledge, some authors attempt to develop
models capable of predicting the formation and location of new proglacial lakes

based on the expected glacier changes.

Together with morphology, the hydrological aspect is of primary interest as well.
5
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There is an extensive literature on glacial hydrology. However, two interesting
topics that are less commonly addressed are worth noting. The first topic, covered
by Miiller [10], explores the specific hydrological behavior of landforms that develop
after glacier retreat within and near proglacial margins. The author seeks to
document the hydrological functioning of these landforms using appropriate metrics,
propose a framework for characterizing the timing, amount, and location of different
water sources (rain, snow, ice) in these landforms and between them, and examine
whether the documented response of individual landforms can explain observed
catchment-scale behavior in terms of streamflow amounts, timing, and geochemistry.
The other less-covered topic regards how changes in surface cover can affect the
partitioning of precipitation into overland flow and infiltration, a problem studied
by Maier and van Meerveld [11].

Additionally, many authors explore the relationship between observable physical
changes and temperature and precipitation, for example, by studying the data in

the frequency domain.

Tracking these changes is not only necessary for quantification and understanding
future expectations but also because they are already occurring. It is crucial to
approach them with a focus on potentiality and to develop advantageous adaptation
strategies. In light of these considerations, the article ‘Glacier tourism and climate
change: effects, adaptations, and perspectives in the Alps’ is recommended [12]. As
stated by the author of the article, research on the effects and adaptations of glacier
tourism to climate change is scarce in Europe. This article offers an interesting
overview of the physical processes that affect glacier tourism in the Alps and how

stakeholders perceive and adapt to them.

1.3 The goal of the study

The topic of this thesis falls within the broad research area dedicated to periglacial
lakes and specifically focuses on the characterization of the alpine lake noted as
Lago dei Seracchi (from now on Seracchi Lake), located in the Rutor Glacier’s

periglacial area in Aosta Valley, Italy (Figure 2.1).
6
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The work has been supervised by the hydrological research group of the "CC-
Glacier Lab", a multisite laboratory established as part of the MIUR project
"Department of Excellence" at Politecnico di Torino - DIATTI.

Since 2020, the research group has made significant efforts to collect a com-
prehensive data-set on the lake. The main objective of this thesis is to utilize all
the available data to reconstruct the lake’s morphology and hydrology, providing
valuable insights into its fundamental dynamics. Key questions to be addressed
include estimating the volume of water retained, determining the inflow rates and
understanding how the lake’s behavior varies throughout the year and between

different years.

The hydrological characterization of the lake not only contributes to gaining
a comprehensive understanding of the study area but also serves as an indicator
of the changes occurring in the glacier. It is essential to identify and analyze the
changes in the lake dynamics that may be influenced by glacier retreat, aiming to

unravel the cause-and-effect relationships between the glacier and the lake.

However, it is important to acknowledge that this thesis represents just the initial
step in the research. To achieve a more comprehensive understanding, additional
information, such as the sediment budget, will be necessary. Indeed, further
investigations into the lake’s sediment dynamics will provide valuable insights into

the overall functioning and response of the system to environmental changes.



2 | The site

2.1 The Aosta Valley glaciers and the CC-Glacier Lab

The Alps are a remarkable region that serves as a natural observatory for studying
the impacts of climate change on natural systems. By understanding the dynamics
of the processes going on in this region, it is possible to gain important insights into
the mechanisms driving the shifts and better understand the potential long-term

impacts.

Focusing on the Italian Alps, the Aosta Valley stands out as the region with the
largest glacier coverage [13]. Glaciers in this area not only serve as vital freshwater
sources but also hold significant cultural and touristic value, with local communities

deeply intertwined with glacier dynamics.

Research conducted by Viani [13] attests the ongoing trend of deglaciation. A
comparison between the Italian Glacier Inventory data from 2005 to 2011 and the
data collected in 1991 reveals an increase in the number of glaciers from 183 to
192, however the total covered area has decreased from 163.1 km? to 133.7 km?.
These glaciers could be found at elevations ranging from 1400 m above sea level to
4800 m above sea level, with a predominance of small glaciers. The study indicates
that only 15 glaciers were larger than 3 km?, accounting for approximately 80% of
the total glacier area. Among them, the largest glaciers in 1991 were Miage (13.6
km?), Lys (11.8 km?), and Rutor (9.3 km?).

In a recent study [14] the same author highlights also the formation of around
337 new glacier lakes within the boundaries of the Little Ice Age (LIA) glaciers
extent, mainly localized in the Rutor-Lechaud chain. Once again, despite the high
number of these lakes, they are small in size. Notably, lakes such as Miage (Veny
Valley) and Blue (Ayas Valley) serve as important tourist attractions and valuable
geosites due to their geological and geomorphological significance. However, certain

lakes, including Rutor and Miage, have been identified as potentially hazardous
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13].

In light of this context, at the at Politecnico di Torino - DIATT it is born the
'"CC-Glacier Lab", as part of the MIUR project "Department of Excellence'. The
CC-Glacier Lab is a multisite laboratory with the primary objective of identifying
and analyzing the dynamics taking place in periglacial areas that are currently
experiencing deglaciation processes and associated mass movements. The specific
study area chosen for investigation is the Rutor Glacier and its periglacial area,
located in the Aosta Valley, Italy.

The significance of this work lies in its interdisciplinary nature, bringing together
researchers from hydrology, geophysics, geomatics, and water engineering. Moreover,
since its inception in 2021, the project has involved extensive data collection efforts
in the area, combining on-field survey campaigns and long-term monitoring. Instru-
ments have been installed throughout the site to gather data spanning the entire
melting season over multiple years, allowing for a multi-temporal characterization

of the area.

The CC-Glacier Lab project offers a distinctive opportunity to acquire valuable
insights into the transformations taking place in the Alps as a result of climate
change. Furthermore, the knowledge gained through this research can contribute
to the development of effective strategies for both mitigating the impacts of climate

change and adapting to its consequences.

2.2 The Rutor Glacier

The Rutor Glacier is located in the Rutor-Lechaud chain within the Graian Alps
in NW Italy and extends into French territory (Figure 2.1). It is the third largest
glacier in the Aosta Valley region [13].

To gain a comprehensive understanding of the glacier’s evolution, it is necessary
to start from the period known as the Little Ice Age. Spanning from the 14th to
the 19th centuries, this era was characterized by a considerable drop in global tem-
peratures [13]. Consequently, glaciers, including the Rutor, experienced substantial

growth and reached their maximum expansion.
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Luckily, a substantial body of doc-
umented research about the history
of the Rutor Glacier is available (see
the article [15] for a detailed recon-
struction) and also the glacier itself
provides compelling evidence of its
evolution. Based on this information,
it is known that the Rutor Glacier’s
maximum expansion is dated back to
1864 [13, 16]. The configuration of
the glacier at its maximum expansion
serves as a reference point for compar-
ing the present conditions [16]. Figure
2.3, taken from the Vergnano’s arti-
cle [15] shows a reconstruction of the

glacier front historical evolution.

The Rutor morphology is relatively
flat, characterized by a combination of
steep rocky ledges and sub-flat basins
[13, 16].

rocky ridge divides the glacier into two

In the upper section, a

branches, which later converge in the
lower part. The glacier terminates in
three tongues at its front [13]. Figure
2.2 provides a visual representation
of the glacier’s appearance in 2012.
However, it is important to note that
the altitude and aspect of the glacier
may vary depending on its extension.
Since the Little Ice Age (LIA), when
the glacier had a surface area of ap-

proximately 12 km? [17], there have
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Figure 2.1: Highlight of Rutor glacier location
respect to NW Italy. Base map by ESRI.
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Figure 2.2: Zoom on the Rutor proglacial area.
In the map the contour of the glacier and of the
main proglacial lakes are highlighted. The features
are taken from Open Street Map website. The
aerial picture of the glacier is from Nimbus website.
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The site

been significant changes in its extension, as clearly depicted in Figure 2.3.

Currently, the glacier covers an area of about 7.9 km? [18] and its altitude ranges
between 2540 - 3486 m above sea level [18].
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Figure 2.3: Evolution of the Rutor Glacier front starting from
the Little Ice Age (LIA) configuration (picture source: [15]).

2.2.1 Mass Balance

The snow accumulation and melting cycle of the Rutor Glacier have been extensively
studied and documented thanks to the monitoring efforts and sampling campaigns

conducted by ARPA, the Aosta Valley regional agency for environmental protection.

Since 2005, the agency has been using the collected information to assess
the annual mass variation of the glacier, which serves as an indicator of the
impacts of climate change. This variation is expressed in mm of water equivalent
and is determined by calculating the net mass balance between winter - spring
accumulation and summer ablation [19]. Winter and spring accumulation are
assessed by measuring the snow height and ice density at specific points towards the
end of spring, while the summer ablation is determined by observing the melting of
snow and ice, either directly by measuring the surface lowering using rods embedded
in the ice, or indirectly by comparing Digital Surface Models from different years
[19].

11
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The mass balance data are updated to 2022, a year characterized by a dry winter
and a prolonged and severe ablation period [20]. As a result, glaciers in the Aosta
Valley experienced significant retreat. However, compared to other glaciers in the
region, the Rutor had a higher accumulation due to the contribution of Atlantic

disturbances coming from the French slope [20].

Figure 2.4 illustrates the results of the entire monitoring period. It is evident
that the winter of 2022, with a total accumulation of 1077 mm of water equivalent
[21], ranked as the sixth in terms of mass shortage. Additionally, in this year it has
been recorded the highest ablation value throughout the monitoring period. By
July 2022, the ablation registered for the entire hydrological year of 2020-2021 had
already been reached [21].

In the end, the net mass balance for the 2021-2022 period resulted in -4.946 mm
of water equivalent, with a retreat of 31 — 40 m for the right tongue, 27 m for the
left and 26 m for the central one. [21].
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Figure 2.4: Rutor yearly mass balance for the period 2005-2022. The mass balance
is calculated as winter - spring accumulation minus summer ablation (source ARPA
VdA [21)).
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2.3 Rutor proglacial area and the Seracchi Lake

The Rutor proglacial area has undergone significant expansion since the Little Ice
Age as a result of glacier retreat [17]. The deglaciated region exhibits numerous to-
pographic depressions, which have been predominantly filled with glacial sediments

and meltwater, giving rise to the formation of new proglacial lakes.

These changes in the hydrological system have had an impact on the stream
network as well [18]. The change can be easily observed by comparing the network
depicted in Figure 2.3, which is based on data from the Open Street Map website,
to the most recent and accurate description of the stream network and the area
provided by the CC-Glacier Lab work group. According to Corte [18], the glacier
currently feeds five lakes, two of which have formed within the last five years and

are directly connected to the glacier lobe.

All the meltwater output from these lakes, ultimately find its way into Seracchi
Lake (also known as Rutor Lake in literature), located at the lowest point of the
proglacial area, approximately 2 387 m above sea level. The history of this lake is
relatively recent, as it was born around 1880-1920 [15] and it was the first lake to
form in the area [14].

In terms of surface area, it ranks as the third-largest lake in the Aosta Valley [14].

The inflow from the glacier enters the lake from the south, while there is a second
inflow from Santa Margherita Lake (2422 m above sea level) in the northeastern
part, see Figure 2.5. The outflow, known as the Rutor Torrent, is situated in the

northern part of the lake.

The presence of Seracchi Lake not only serves as a testament to the historical
glacial activity in the region but also highlights the ongoing changes driven by
climate change. Under the new climate conditions, variations in the water and sed-
iment budget of the lake become increasingly likely, posing the risk of catastrophic

events and irreversible transformations.

The entire area is highly susceptible to changes in morphology and hydrological
dynamics. The Seracchi Lake has a distinctive greyish color (see Figure 2.6) precisely

caused by its significant sediment budget. So, the combination of increased sediment
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Figure 2.5: Santa Margherita location in Figure 2.6: Seracchi Lake picture, taken
respect to Seracchi lake. Base Map by ESRL.  facing north (online source).

input, due to enhanced erosion and a higher presence of moraine material, along
with the lake’s specific morphology, could contribute to its potential disappearance
in the future [15].
Additionally, the Santa Margherita marginal lake has been already subjected to
repeated flood events since the 16th century, and these events have been thoroughly
documented [17].

The concerns surrounding the dynamics of Seracchi Lake are further underscored
by the research conducted by Viani [17], who examined the hazards associated
with proglacial lakes in the Alps. Notably, Seracchi Lake received the highest score
in terms of its interaction with human activities and its proximity to populated
areas. The area attracts frequent visitors, particularly due to the presence of the
popular hiking trail (Alta Via n. 2) and the Deffeyes Hut [14]. Furthermore, Santa
Margherita Lake also holds religious significance. In response to the outburst
events, a chapel was constructed on a promontory overlooking the lake in 1937,
serving as a place of devotion and protection against the devastating floodwaters.
To this day, an annual Holy Mass is held at the chapel [14].

The susceptibility of the lake to sediment transport, the potential for catas-
trophic events, and its proximity to human activities highlight the need for ongoing

research, monitoring, and management efforts to mitigate risks and ensure the
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long-term sustainability of the area.

However, research activities also have the responsibility to explore new possibil-
ities that arise from these changes. This includes investigating the potential for
increased availability of freshwater resources and studying the dynamics to adapt
livelihoods accordingly. By viewing the environment as a valuable resource that
needs protection, it is possible to foster harmony between human activities and the

natural surroundings.
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This thesis work relies on the data collected through various survey campaigns

conducted in the periglacial region of Rutor Glacier.!

The collected data encompasses three distinct fields of study:

a. Geophysics: non-seismic methods have been widely used in recent years to
estimate bathymetry and differentiate sediment types in shallow inland waters
[22]. Geophysical techniques offer comprehensive coverage of the investigated
area in a cost-effective manner.

For the Seracchi Lake, ground-penetrating radar (GPR) and time domain
reflectometry (TDR) techniques were employed. Geophones were also deployed
in the periglacial area to detect seismic waves and provide information about

bedload movements.

b. Geomatics: between 2020 and 2021, four flights were conducted over the Rutor
Glacier and its periglacial area, either covering the entire area or specific
portions. These surveys involved crewed aerial flights and unmanned aerial
vehicle (UAV) flights using drones. The objective was to establish a unified
3D reference system and enable temporal characterization of the area by
monitoring changes in the extent and morphology of the glacier surface over
time [18].

c. Hydrology: to estimate both partial and total runoff in the area, four measuring
stations were installed at strategic locations. The selection of these locations
was based on factors such as accessibility, the shape and characteristics of
watercourses or lakes, and the presence of stable rock formations or banks

suitable for instrument installation [18]. Specifically, one station was positioned

'Some of these data have already been published and are downloadable from DataCite.
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at the outlet of Santa Margherita Lake, two were located upstream of Seracchi

Lake, and one was situated at the outlet of it.
Moreover, precipitation and temperature time series were used.

3.1 Geophysics data

Among the available geophysics data, this thesis specifically makes use of the depth
values obtained from the post-processing of GPR (Ground-Penetrating Radar)
collected data.

GPR is a non-destructive method based on the propagation of electromagnetic
waves. The principle involves transmitting an electromagnetic pulse into the
medium, which propagates according to the electromagnetic properties of the
medium itself. When the pulse encounters a different material with distinct
electromagnetic properties, a portion of the energy is reflected back and can be
detected by either the transmitting antenna or a receiving one, depending on the
instrumentation setup.

By analyzing the time delay between the transmitted impulse and the received
signal, it is possible to estimate the depth at which has been encountered the second
material. Additionally, by studying the amplitude of reflections, it is possible to
differentiate between different sediment types. As a general rule, coarser sediments

tend to produce higher amplitude reflected signals [23].

To estimate the distance of the target from the antenna, assuming a homogeneous

medium, the two-way travel time (Twt) and the wave velocity (v) can be used:

Twt =2r/v (3.1)

The two-way travel time can be estimated by using an oscilloscope to measure
the time delay between radiating the signal and detecting the reflected signal, while

velocity depends on the medium.

The effectiveness of waterborne GPR in estimating bathymetry and characteriz-
ing bottom sediments depends on various factors.

Generally higher frequencies provide better resolution but shallower penetration.
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The water derived from ice melting has very low conductivity and so, GPR can
potentially penetrate depths of up to 25 m [23]. However, factors such as the
presence of dense underwater vegetation or a high concentration of suspended
sediments can introduce noise that challenges the quality of the radargrams [15]
and also the type of sediment present and its reflectivity heavily influence the
capability to profile the subbottom [23]. Moreover, the homogeneity hypotesis of
Equation 3.1 is valid only in shallow lakes without a thermocline causing density

variations and reflections before reaching the bottom layer [23].

The specific GPR survey conducted on the Rutor is dated July 10,2021 and has
been performed by using a TR 200 KR GPR antenna with a central frequency of
200 MHz mounted on an inflatable rowing boat [15]. Initially, the time window for
each trace was set to 600 ns, corresponding to a distance of about 10 m, but it was
later increased to 1200 ns to reach the lake’s maximum depth [15]. The survey
covered the entire lake area over a span of two day. The GPR profile traces are
reported in Figure 3.1.

GPR profile traces
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Figure 3.1: The black lines represent the boat route during the GPR
acquisition in July 10, 2021.

A basic post-processing was performed on the data. The processing steps
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included adjusting the start time of each trace to accurately set the zero time,
applying the subtract-mean filter to remove the low-frequency portion of the
signal and employing the background removal filter to eliminate certain coherent

instrumental noise [15].

Then, by using the average relative permittivity value obtained from TDR
measurements (83.3), it was possible to calculate a propagation velocity of the GPR
signals equal to 0.03287 mns™' [15] and to perform a time-to-depth conversion

using Equation 3.1.

The processed GPR data resulted in sections where reflective interfaces were
manually identified and picked. These sections showed two distinct interfaces: the
first interface represented the bottom of the lake, while the second interface was

interpreted as the bottom of the sediment layer.

In the end, the East and North coordinates, along with the corresponding
depths of the picked-up points located on the lake bottom, were stored in a matrix
84 466x3.

3.2 Geomatic data

Geomatic data played a crucial role in evaluating the surface topography and

providing a reference for changes in lake aspect throughout the summer season.

To achieve this, three suitable datasets were used: a drone flight on July 9,
2021, another drone flight on July 20, 2021, and an aerial flight on September 13,
2021. However, the orthophoto captured on July 9, 2021, was excluded due to
snow accumulation along the lake’s perimeter, which could introduce inaccuracies
in determining the lake’s wet perimeter. Instead, the orthophoto from July 20,
2021 was selected as the reference for the mid-summer lake conditions. Similarly,
the orthophoto from September 13, 2021 was chosen as the reference for the end
of the summer season. These geomatic datasets provided detailed and accurate

information about the lake’s surface.

Prior to the flights, 30 reference points were established using artificial markers

such as squared plastered markers or crosses painted on stable rocks. These points
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were measured using static Global Navigation Satellite System (GNSS) and Real-
Time Kinematic (RTK) positioning techniques [18]. They were strategically placed
in stable areas along the glacier’s moraines and rocky ridges to serve as invariant
reference points for future photogrammetric flights [24]. Additionally, the IGM95
point located on the Rutor was used as a Ground Control Point (GCP) [24].

The orthophoto and respective DSM dated July 20, 2021 were generated from a
drone flight, performed with a DJI Phantom 4 UAV multirotor platform equipped
with a 1" RGB sensor [18]. This flight focused on surveying the proglacial lakes,
covering an extent of 0.4 km? with an average flight height of 89.2 m and a total of
369 images captured [18].

The resulting orthophoto and DSMs have a 2D spatial resolution lower than 0.04
m, providing a highly detailed model of the area [24].

On September 13, 2021, manned photogrammetric flights were conducted by
DigiSky, an EASA certified company based in Turin [24], using an ultralight
aircraft equipped with a GNSS antenna and an IMU with low accuracy [24]. The
camera used was a medium-format PhaseOne iXM-RS150F and multiple flights
were conducted to ensure cloud-free coverage of the glacier area [18].

The flight covered an area of 34.5 km? at an average flight height of 877 m, capturing
a total of 1100 images [18]. The resulting orthophoto have a slightly lower spatial
resolution of about 0.07 m compared to the July product, while the corresponding

DSM have a spatial resolution of approximately 0.2 m [24].

All the 3D models utilize the ETRF2000/UTM32N cartographic reference system
[18].

3.3 Hydrological data

In this thesis, the hydrological dynamics of the Seracchi Lake were studied using
data collected at its outlet. The dataset was obtained from a self-contained water
logger and transmitter (OTT ecoLog 1000) installed at the location shown in Figure
3.2.

The instrument was activated on July 10, 2021, at 11 a.m. Initially, the sampling

resolution was set to half an hour, and it was later increased to 10 minutes on
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July 19, 2021. The data collection period spanned from July 10, 2021, to October
14, 2021, and from May 02, 2022, to November 16, 2022. There are gaps in the
data during the winter season due to the position of the instrument. During this
period, the lake experiences minimal or no flow due to glaciation. As a result, the
measurement point is too high relative to the water level height, leading to a lack

of meaningful data during that time.
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Figure 3.2: Outfall cross-section. The base orthophoto is dated
July 20, 2021. The outfall cross-section points, for which elevation
and position have been measured, are depicted in orange. The green
point represents the position of the OTT ecoLog 1000, and the red

in 1indica‘ces the rock used as reference to detect the lake water
evel.

The position of the instrument and the points on the bottom of the outfall
cross-section were determined using a Real-Time Kinematic (RTK) positioning
approach. The line of points measured along the cross-section is shown in Figure
3.2. By employing this procedure, the elevation of the bottom of the cross-section
was determined to be 2386.119 m. Additionally, the elevation of the measuring
point was measured and found to be 2386.5015 m.

By assuming the elevation of the bottom of the cross-section as the reference zero

level, the water level h(t) in the cross-section results to be the hydraulic head at
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the reference point. Since the instrument measurements, denoted as x(t), represent
the water depth expressed in meters above the measurement point, the relationship
between x(t) and h(t) is:

h(t) = 2(t) + 0.382 (3.2)

where 0.382 m is the distance between the bottom and the measurement point.

The resulting time series is shown in Figure 3.3
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Figure 3.3: Water level h(t) on the reference point measured in the outfall cross-
section.

Moreover, the hydraulic head at the reference point in the lake is not the
same as the hydraulic head at the reference point in the cross-section. Given the
characteristic of the downstream flow, the water level was expected to vary as
schematized in Figure 3.4.

During the 2022 summer campaigns, 15 measurements were conducted to determine

the difference in altitude between a rock near the lake’s shore (spot height in Figure
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3.2) and the water level of the lake; measurements taken by using a laser level and
a leveling staff [18]. Then, by simultaneously recording the corresponding h values
at each measurement time, it became possible to establish the relationship between
the water level in the cross-section, h(t), and the water level in the lake, H(t). The

mathematical relationship between the two variables can be expressed as:

H =1.3h — 0.1279 (3.3)

>4

flow H

Figure 3.4: The scheme represents the expected variation in
water level, given the characteristics of the downstream flow.

3.4 Climatic variables

Temperature and precipitation data were taken into consideration as external

factors influencing the lake.

The values of these variables were downloaded from the ARPA VDA (Regional
Environmental Protection Agency of Valle d’Aosta) website. > The closest meteo-
rological station available for data collection was located at La Thuile - La Grande
Téte. The station’s coordinates are 5061212 UTM N, 337789 UTM E, and its
elevation is 2430 m a.s.l. (Figure 3.5).

It is important to note that the meteorological station is located at a different
location relative to the lake. This factor could introduce some inaccuracies in the
evaluation of precipitation. For instance, recorded precipitation events may not
have occurred in the exact lake area and its basin, or they may have had different
intensities. Conversely, precipitation events that occurred in the lake area or its

basin might not have been recorded by the meteorological station. Despite these

https://presidi2.regione.vda.it/str_dataview_ station/1340
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potential limitations, the available meteorological data were considered a good

approximation in the absence of more reliable data or clear evidence of errors.

The precipitation and temperature

data on an hourly scale spanning from & s ¢ 2 T

] y . - g La Grande |
July 2021 to November 2022 were I RS A [ e |
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collected. The selected period corre-
sponds to the time frame for which the
hydrological data are accessible. The
period of interest for the analysis is
the summer one, meaning from June
215 to September 2274, Therefore, the
dataset was reduced and split into the
two summers of 2021 and 2022. In the
first case, the dataset is reduced due
to the lack of hydrological data in the
first 20 days.

The data are plotted in Figures 3.6
and 3.7. It can be observed that there

is a 2°C difference in the average sea-

sonal temperature between the two
. Figure 3.5: The map shows the different
years. Specifically, the mean temper-  |ocation between the ARPA VA meteorolog-

o/ s ical station La Thuile - La Grande Téte and
ature was 8°C in summer 2021 and  the Seracchi Lake. Basemap by ESRI.

10°C in summer 2022.

Furthermore, the number of days with recorded precipitation events was signifi-
cantly lower in 2022, with a total of 29 rainy days compared to the 45 observed in

summer 2021.

The event with the highest intensity in 2021 was recorded on August 24 at 6:00
p.m. with an intensity of 10.2 mmh~!. In 2022, the maximum intensity was 6.8
mmh~!, and there were two events with this intensity: one on June 27 at 4:00 p.m.
and the other on August 18 at 12:00 a.m..

Additionally, it is worth noting that the number of nighttime precipitation events
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recorded after 8 p.m. accounted for less than 20% of the total events.
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Figure 3.6: Temperature and precipitation data from July 10,
2021 to September 22, 2021.
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Figure 3.7: Temperature and precipitation data from June 21,
2022 to September 22, 2022.
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In this chapter it will be discussed how the data were used and which kind of

analysis were performed. The work can be divided into two main steps.

Firstly, it was necessary to understand the morphology of the lake. In this regard,
the bathymetric reconstruction process is presented in the section 4.1. It allowed for
the calculation of the lake’s surface area and corresponding volume under various
filling conditions, as represented by the Area-Water level and Volume-Water level

curves in section 4.2.

Next, the second step concern the understanding the hydrology of the lake. To

this aim, the water balance analysis was performed, as explained in section 4.3.

The results of these analysis will be discussed in the next chapter.

4.1 Bathymetry reconstruction

Bathymetry plays a crucial role in studying periglacial lakes as it provides detailed
information about their morphology and depth. These lakes often exhibit features
such as submerged bedrock hills, moraines, subaqueous channels, and enclosed
basins [5]. Understanding the lake’s bathymetry is important for geological inves-
tigations because submerged topographic barriers or sills can impact water and

sediment transfer [5].

Clearly, understanding the depth and shape of the lake bottom is essential before
conducting any other kind of analysis. In this section, we will present the procedure

used to determine the depth of each point on the lake bottom.

The input data were the processed GPR data (section 3.1) presented as a matrix
84 466x3, where the columns represent respectively the East coordinate, the North
coordinate (both in the WGS84/UTM32N coordinate system) and the depth of

the measured points.
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Unfortunately, the data do not cover the entire area of the lake. This limitation is
due to the water level on the day of data acquisition and a technical constraint:
the survey was conducted by traversing the lake by the mean of a boat carrying
the GPR antenna, which only allowed data collection in areas with sufficient water
depth to keep the boat afloat. It was difficult to investigate area where the water
was up to 20-30 cm deep [15].

Therefore, additional data had to be gathered to fill the gaps up to the lake’s full

level.

Orthophotos from July 20, 2021, and September 13, 2021, were used as reference.
Assuming that the lake was at its maximum capacity in July, the wet perimeter of
the lake on that day was used as the zero-level reference. A GIS software was used
to manually select the points along the perimeter (Figure 4.1) and their respective
East and North coordinates were exported into a table. This operation required
some basic assumptions regarding the border. As can be seen in the Figure 4.1, the
transition between the water and the bank is not well-defined and relies solely on
visual interpretation. Therefore, a general rule of thumb was applied, considering
as water everything that appeared bright enough to resemble a water reflection
effect. Additionally, it was necessary to determine the border between the lake
and the inflows and outflows. In the the outfall cross-section the line of manually
georeferenced points (Figure 3.2) was used as boarder. For the inflows, the guiding
principle was to ensure that the water velocity within the lake remained as low
as possible; this implied a less pronounced slope. By using the September 13,
2021 Digital Terrain