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Abstract. The role of firn structure and density in geodetic glacier mass balance estimation has been constrained, with studies
in alpine conditions primarily relying on models. Our research focuses on understanding the firn structures, density, and accu-
mulation history in the Grosser Aletschgletscher accumulation area, using field methods mainly involving Ground-Penetrating
Radar (GPR) as a geophysical tool, and glaciological methods such as snow pits, snow cores, firn cores, and isotope analysis.
We characterise the firn structure and determine the spatial firn density-depth profiles by estimating electromagnetic wave
velocities using the GPR-based Common Mid-Point (CMP) method. This is done by identifying reflection hyperbolae using
semblance analysis of the CMP data set. Three density-depth profiles, up to 37 m depth, were obtained at various locations
within the glacier accumulation area. The Ligtenberg (LIG) and Kuipers Munnekee (KM) firn compaction models were se-
lected from the Community Firn Models (CFM) to evaluate how well the model results matched the observations. These models
were predominantly adjusted to fit the estimated 1-D firn density profiles from CMP measurements by optimizing model co-
efficients based on regional Alpine climatic conditions, rather than the conventional method of tuning to the firn core density
profiles. Further, a method is introduced to estimate accumulation history by chronologically identifying GPR-derived Internal
Reflection Horizons (IRHs) as annual firn layers, by comparing the estimated Snow Water Equivalent (SWE) within each IRH
to SWE from long-term point mass balance measurements available at the accumulation area of the glacier. We investigated the
spatial distribution of the firn density and the glacier’s accumulation history over the past 10-14 years (2010-2023) using a 1.8
km GPR transect, supported by CMP-derived density-depth profiles. Furthermore, our findings emphasize the importance of
direct measurements, such as snow cores, firn cores, and isotope samples, in identifying the previous end-of-summer horizon.
In this study, we demonstrate the potential of integrating GPR, direct measurements, and firn compaction models to monitor

firn structures and density, ultimately enhancing glacier mass balance estimation in future research.

1 Introduction

Mountain glaciers connote the impact of climate change along with their local hydrology and ecological importance (Haeberli,

1998; Kaser et al., 2006; Stocker et al., 2013). Glaciers around the world are monitored by studying their mass balance to
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understand the response and adjustment to climate change and provide information on water sources (Barry, 2006; Kaser et al
2006; Ohmura et al., 2007; Zemp et al., 2009). Traditional mass balance measurements are susceptible to higher uncertain
ties than the geodetically estimated volume change (Sold et al., 2015). Therefore, geodetic approaches are an important an
ef cient way to estimate glacier volume change, predominantly in Alpine glaciers and glacierized mountain regions (Sapiano
et al., 1998; Cuffey and Paterson, 2010; Huss et al., 2014). However, there is a need to convert this volume change to mas:
change. One approach involves assuming a constant conversion factd@®k@ m * (Huss, 2013), considering the varying
amounts of snow and rn relative to the glacier size. Another approach is contemplating constant densities each for the glacier's
accumulation and ablation area (600 kgtin the rn zone and 900 kg m® in the ablation zone) to derive mass balance from

zonal surface elevation changes (e.g. Schiefer et al., 2007; Moholdt et al., 2010; K&ab et al., 2012; Bolch et al., 2013). To
improve the accuracy of glacier mass balance estimations, contemporary research primarily focuses on reducing uncertaintie:
in conventional mass balance measurements and geodetically derived volume changes (Huss et al., 2009; Fischer, 2011; Zem
etal., 2013).

As exempli ed in many geodetic studies, uncertainties in converting glacier volume to mass change by assuming a constant
density value are susceptible to inaccuracy in the accumulation area, where the rn densi cation processes are poorly con-
strained (e.g. Gardelle et al., 2012; Kronenberg et al., 2016). Even with density assumptions, uncertainties in the mean glacier
mass balance can arise from long-term rn compaction. Processes such as overburden pressure from accumulated fresh sno
and the formation of ice lenses due to melting and refreezing within the rn body alter the rn stratigraphy, re ecting changes

in climatic conditions (Benson, 1996). In addition, Jordan et al. (2008) illustrates that the percolation and refreezing of melt-
water result in spatial alteration of snow and rn structures. Earlier research provided the fundamental understanding of the
rn densi cation processes in sub-zero climatic conditions (e.g. Herron and Langway, 1980; Arthern and Wingham, 1998; Li
and Zwally, 2004; Reeh, 2008a; Ligtenberg et al., 2011), but not many studies have looked at the rn densi cation in Alpine
glaciers where the rate of rn densi cation is signi cantly higher than in cold rn (Kawashima and Yamada, 1997; Cuffey
and Paterson, 2010). Firn densi cation on mountain glaciers can be in uenced by the presence of refrozen meltwater within
the pore spaces (Schneider and Jansson, 2004) and the cooling of the uppermost rn layers during the winter season (Hooke
et al., 1983). Similarly, comprehension of the rn density structure has many glaciological applications, such as estimating
glacier mass changes (Shepherd et al., 2012), rn core studies to determine its age (Bender et al., 1997; Blunier and Schwan
der, 2000), and the contribution of surface meltwater to the glacier hydrology in the case of mountain glaciers (Stevens et al.,
2024). Whereas, studies like Huss (2013) emphasise the detailed understanding of spatial rn volume and density distribution
to reduce uncertainties in accurately estimating mountain glacier mass balance from measured volume using geodetic method:
Thus, understanding the rn stratigraphy and density in the accumulation area is highly important to comprehend the processes
in uencing rn structure and densi cation.

Previous studies have shown that glaciological methods such as snow pits represent pragmatic and comprehensive annual acc
mulation conditions (Mayer et al., 2014), and rn cores provide information on ice layer patterns resulting from accumulation
and surface melt (Machguth et al., 2016; Rennermalm et al., 2022). Findings from various studies (e.g. Parry et al., 2007; Dunse

et al., 2008; Brown et al., 2011; Marchenko et al., 2017; Heilig et al., 2020) have revealed local variability of snow depths,
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rn densi cation rates, and long-term accumulation rates. However, each method has pros and cons concerning the effort and
vertical resolution required to analyse the stratigraphy. Methods like isotope sample analysis better allow the identi cation of
the annual layers (Aizen et al., 2005) within the rn body. Still, they are constrained to the colder climate owing to the effect
of melting processes in temperate glacier conditions, resulting in the dispersion of isotope samples (Hou and Qin, 2002). The
main drawback of these conventional glaciological studies is the time required for excavating the snowpit or rncore sample,
which non-invasive geophysical methods can compensate for.

Ground-penetrating radar (GPR) has been effectively used in various glaciological applications, such as snow-accumulation
studies in Antarctica (Sinisalo et al., 2003), rn and ice transition in a polythermal glacier in Svalbard (Palli et al., 2003), and
estimation of rn density in the percolation zone of the western Greenland ice sheet (Brown et al., 2012). Additionally, it has
been utilized to study rn stratigraphy in Svalbard (Marchenko et al., 2017) and for accumulation and thickness measurements
of Alpine and high-altitude glaciers (e.g. Machguth et al., 2006; Bauder et al., 2018; Lambrecht et al., 2020). The GPR's
ability to detect the change in dielectric permittivity and electric conductivity between two mediums, the ease with which it
can be used, and the possibility of having repeat measurements due to its non-invasive behaviour (Davis and Annan, 1989
Fisher et al., 1992; Arcone and Kreutz, 2009) make it the preferred technique over other geophysical methods. Radar-basec
subsurface mapping can reveal the spatial variability of accumulation rates (Waddington et al., 2007; Eisen et al., 2008). Ac-
cording to Vaughan et al. (1999) and Helm et al. (2007), the visualised internal re ection horizons (IRHs) within the rn body
obtained from the GPR are perceived to be isochrones. Several studies in polar and sub-polar regions (e.g. Wadham et al.
2006) demonstrated the identi cation of IRHs as a previous end-of-summer surface to quantify the annual accumulation rates.
Various studies (e.g. Kohler et al., 1997; Kruetzmann et al., 2011; van Pelt et al., 2014) have shown the ability to determine
the water equivalent (w.e.) between the IRHs using radar data in cold conditions, but not in temperate mountain conditions.
However, Sold et al. (2015) showed the usefulness of helicopter-based GPR measurements on a temperate valley glacier (Finc
elengletscher) to unlock the rn annual water equivalent in temperate conditions. Nevertheless, the study does not consider
the importance of radar velocity to get the IRHs depths, but rather depends on simple rn densi cation models and rn core
density pro les. As Sold et al. (2015) study was conducted on temperate rn, where the possibility of high melt in temperate
conditions results in the presence of liquid water due to signi cant melt before or during the data acquisition. This reduces the
radar wave propagation velocity, resulting in overestimation of density (Bradford et al., 2009). Therefore, the application of
the GPR-based CMP method in temperate rn is prone to higher inaccuracy, which is discussed further in our study. The latest
study by Bannwart et al. (2024) uses the GPR on the Grosser Aletschgletscher to compare the elevation bias and the impact o
show layers on radar signal propagation, along with point snow measurements and spaceborne radar.

The GPR-based Common Mid-Point (CMP) measurements are typically used to determine the radar propagation velocity as
a function of depth, which provides a more accurate estimation of IRH depths observed on radargrams. Hempel et al. (2000)
and Brown et al. (2011) used the GPR-based CMP survey to estimate rn column density variations with depth in the perco-
lation zone of the Greenland Ice Sheet (GrlS). Whereas Booth et al. (2013) shows the application of the GPR-derived CMP
method in a polythermal mountain glacier (Storglacidren) in Sweden, discussing the bene ts of CMP gather measurements in

velocity and density estimations. Booth et al. (2013) study, further reiterating the ef ciency of GPR as a geophysical tool to
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complement mass-balance measurements. So, we observe the application of the GRP-based CMP method in polar condition:
however, to our knowledge, there are no studies in Alpine conditions focusing on rn density-depth pro les using GPR-derived
CMP gather.

In this study, we explore the rn structure and density distribution using the GPR-based CMP method, alongside established
glaciological methods, in the accumulation area of the Grosser Aletschgletscher in the Swiss Alps. We identi ed IRHs on
radargrams as annual rn layers by comparing CMP-derived Snow Water Equivalent (SWE) with SWE from long-term point
measurements available from GLAMOS (2024), which helps in tracking the accumulation history over the last 14 years. We
also obtained a long GPR transect to monitor the spatial distribution of the rn layering. Tracking the depth to the last summer
horizon using glaciological measurements is crucial for validating GPR-derived results. The geophysical results presented here
lay the foundation for testing and calibrating rn compaction models selected from the Community Firn Model (CFM). By
doing so, we aim to evaluate their accuracy under speci c climatic conditions and their usefulness in Alpine conditions for
future research. However, this study primarily outlines the understanding of rn structure and density using eld observations.
Consequently, we illustrate the application of the GPR and highlight the signi cance of the CMP method in investigating the
spatial variation in rn stratigraphy and density structure, as well as in retrieving the accumulation history of the rn area,

exempli ed at the Grosser Aletschgletscher.

2 Study area and Data acquisition
2.1 Study area

In search of an Alpine glacier with a thick and extensive rn body, we selected the Grosser Aletschgletscher in the Swiss Alps
as a study area for this research, which has good accessibility from the High Altitude Research Station Jungfraujoch. With an
area of about 80 kfj a length of about 20 km, and a maximum thickness of around 800 m, the Grosser Aletschgletscher
is the biggest glacier in the European Alps (Wadham et al., 2006; Farinotti et al., 2009; GLAMOS, 2018). The Grosser
Aletschgletscher ranges from 1700 to 4200 m a.s.l. and comprises about 20% of the total glacier volume in the Swiss Alps
(Bauder and others, 2007). Accumulation areas of the glacier consist of Grosser Aletsch rn in the west, Jungfrau rn in the
north, and Ewigschneefeld in the northeast (Fig. 1). According to meteorological data recorded at Jungfraujoch research sta-
tion at an elevation of 3580 m a.s.l., the mean annual temperature of the last three decades (1991-2020) @aand the

mean daily temperature from the September-June period was well bel@BleteoSchweiz, 2024). The long-term point
measurement is located at the accumulation area of the glacier at an elevation of 3390 m a.s.l., near the Jungfrau rn (denotec
as "Stake" in Fig. 1). It was installed in 1918 and has presented continuous annual glaciological measurement records since
then (GLAMOS, 2018). The glacier has been extensively studied since the 1940s (e.g. Seligman, 1941), and it provides an
archived glaciological and other in situ datasets as available in GLAMOS (2024) and the World Glacier Monitoring Service
(WGMS). We present Table 1, which summarizes the different observations presented in this study.






