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Abstract. Glaciers are important freshwater resources which have far reaching impacts on a range
of local to global systems and processes, including ecosystems and societies. As global climate
continues to change, the response of glaciers has largely been reductions in ice mass and
widespread retreat. A high degree of accumulation and ablation occurs in the near surface which
is exposed to the atmosphere. The Juneau Icefield (JIF) has, up until the mid-2010s, historically
responded climate change anomalously where its main drainage, Taku Glacier (here forward
referred to its native name T’aakl Kwaan Sit’i), has been advancing while all other JIF outlet
glaciers have been retreating for years.

In this thesis, | quantify and compare snow water equivalent (SWE) of the annual
accumulation between 2012 (pre-retreat) and 2021 (during retreat) with repeated 400 MHz
common-offset ground-penetrating radar (GPR) surveys across the southern portion of the Juneau
Icefield which includes T’aaku Kwaan Sit’i and its main tributaries. Because these calculations
require assumptions of radio wave velocity which depends on liquid water content and density,
both properties that can vary spatially and temporally, | quantify this variability with ground-

truthed measurements to determine bulk relative permittivity in the annual accumulation. From



this, | determine the range of liquid water content in the snowpack. | additionally quantify the
difference in firn thickness and volume across JIF over this time period from the same GPR dataset
and begin to investigate the potential causes of this change.

The SWE in 2012 ranged between 42-688 cm water equivalent (cm w.e.) and in 2021
between 15-570 cm w.e. The depth-density relationship is relatively consistent across JIF, so |
conclude that variability in liquid water content is the likely driver for variability in derived relative
permittivity. Between 2012 and 2021, JIF experienced widespread firn thinning that resulted in an
approximate reduction of firn volume by 51.3 percent. This difference in firn thickness was most
highly correlated with marine proximity and elevation. From the investigation into glacier velocity,
it is likely that the observed firn thinning was not due to dynamic thinning and was likely a result
of increased ablation, decreased accumulation, or increased densification rates.

These decadal-scale observations have implications for the future health of JIF and for
interpretations of GPR data in temperate glacier environments. First, such a drastic decrease in firn
volume reduces the mass influx to glacier ice and its ability to store short-term melt water while
also potentially increasing JIF’s susceptibility to contributing more to global sea-level rise.
Second, the variability in relative permittivity across the study site suggests potential for high
uncertainty in depth (30.5-54.1%) and SWE (32.2-56.2%) calculations due to spatial and, likely,
temporal variability in liquid water content when using GPR to determine both variables in a

temperate environment.
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CHAPTER 1
INTRODUCTION

1.1. Background
Global freshwater resources are continually changing which is concerning because glaciers and
snow provide meltwater for roughly two billion people or a quarter of the Earth’s population.
Glaciers hold and release this critical human and environmental resource, driving micro- to macro-
scale water resource and ecological processes (Beniston, 2003). Despite this, several variables
make it difficult to quantify water flux in glacial systems such as, topographic complexities,
unknowns of englacial water storage and movement, and instrumental assumptions and
constraints. These broad scale uncertainties are complicated more by a changing global climate.

Alpine glaciers in Alaska and Northwest Canada are experiencing the greatest rates of mass
loss and therefore are among the greatest contributors to global sea-level rise, excluding the
continental ice sheets and oceanic thermal expansion (Zemp and others, 2019; Hugonnet and
others, 2021; Rounce and others, 2023). Temperate glaciers populating much of this zone are
incredibly sensitive to temperature change, as they exist at pressure melting point. For example,
the Juneau Icefield (JIF) in Southeast Alaska and Northern British Columbia is a temperate glacier
system and between 1946-2005, mean annual temperatures in Juneau rose 1.6°C (Criscitiello and
others, 2010). With the Parallel Ice Sheet Model modeling the evolution of the Juneau Icefield
through the end of this century, Ziemen and others (2016) predict a 58 to 68 percent decrease in
ice volume from 2010 volume by the end of the century under the RCP6.0 (+ 2.8°C, globally)
emissions scenario. As temperature affects both precipitation type and ablation rate, the future of

the Juneau Icefield will likely be tied to these changes.



The accumulation and ablation zones of mountain glaciers are subject to high spatial and
temporal variability of mass input and loss, especially in regions with intense topographic relief.
This relief creates variations in local to regional weather and climate patterns that impact
accumulation and melt. JIF, spanning from sea-level to 1840 m a.s.l., is subjected to both high
accumulation and high ablation throughout the year (Roth and others, 2018). T’aaki Kwaan Sit’i,
the main drainage of the southern portion of JIF, and Lemon Creek Glacier have been extensively
studied and monitored through the Juneau Icefield Research Program's Mass Balance Program
since 1946, providing an extensive 77-year record of glacier change (Pelto and others, 2013;
McNeil and others, 2020). Recent work demonstrated that during a summer study period, net
shortwave and longwave radiation accounted for the large majority of melting, followed by smaller
contributions from latent heat flux and sensible heat flux (Clayton, 2019). The microclimates of
this region and large accumulation area ratio (AAR) of T’aakl Kwaan Sit’i have historically
protected the region from mass loss despite increasing atmospheric temperatures, facilitating
glacial advance until the mid-2010s when the regional changes in climate began to overwhelm the
large AAR effect, ultimately leading to retreat (McNeil and others, 2020).

Similar to precipitation and ablation, what happens to meltwater which travels along the
surface or into a glacier is highly variable, spatially and temporally. Liquid water is prevalent
englacially, especially in temperate glacier systems, and may 1) runoff from the surface directly,
2) create snow or firn aquifers, 3) travel through englacial channels like crevasses and moulins,
and 4) percolate through the snow and firn (Jansson and others, 2003). Near surface meltwater
formation, storage, and movement is most susceptible to rapid changes in atmospheric conditions.
Liquid water in snow and firn carries latent heat, and increased incidence of rain events (due to

rising atmospheric temperatures) densify the snowpack, increasing the overburden pressure on



firn. Increased melt events decrease the survival of winter accumulation, reducing the mass input
to firn and glacier ice. As the AAR decreases — primarily driven by rising atmospheric temperatures
— less snow survives the melt season, so one would expect to see firn thinning impacting the
potential for long-term meltwater storage. Previous research in Greenland suggests that firn can
store meltwater in aquifers, buffering its release and resulting in delayed contributions to global
sea-level rise (Harper and others, 2012). However, the residence time and volume of snow and firn
water storage are both relatively unknown across nearly all glacier systems. For example, despite
extensive surveys conducted across the Juneau Icefield since the 1940’s, quantitative estimates of
liquid water storage, as well as the evolution of firn structure, thickness, and volume changes, have
not yet been quantified.

While mass balance surveys via the glaciological method are effective at capturing overall
trends of snow accumulation or ablation at point locations which then may be interpolated and
extrapolated across the glacier area, these are time- and labor-intensive. Ground-penetrating radar
(GPR) surveys are non-destructive, spatially continuous, and a relatively rapid method to evaluate
snow and firn thickness and associated properties such as density and water content, and continuity
of englacial stratigraphy visualized within snow pits or shallow firn cores (Arcone and others,
1995; Nolan and others, 1995; Arcone, 2002; Dunse and others, 2009; Campbell and others, 2013;
Schroeder, 2023). Interpretations of GPR surveys require contextual knowledge and key material
assumptions to identify features and appropriate depth. In polar (cold) glacial environments,
differences in chemistry and density of snow and firn are the drivers of layer reflections and
attenuation rates are small due to minimal scattering, resulting in deep survey (100’s of m)
capabilities with high frequency (100-900 MHz) GPR antennas (Kovacs 1995). Additionally, radio

wave velocities in polar snow, firn, and ice are solely dependent on density meaning that



quantifying radio wave velocities, associated depths of horizons, and calculating volume and SWE
in polar glacier snow and firn is relatively trivial if density information is available. By contrast,
the existence of liquid water in temperate glacial environments reduces the depth of survey
penetration due to scattering and is an additional factor to density which influences radio wave
velocities and associated layer depth calculations (Tiuri and others, 1984). To quantify annual
accumulation depth and interpret firn evolution over time (thinning or thickening) of a temperate
glacier system, it is therefore necessary to consider spatial-temporal variations in density and liquid
water content. This thesis focuses on quantifying these variables across JIF in Southeast Alaska
and Northern British Columbia.

1.2. Study Site: Juneau Icefield, Alaska

JIF 1s located on the coast of Southeast Alaska nearest to Juneau, Alaska (Dzantik’1 Héeni) and
Atlin, British Columbia (Aa Tlein) (Thornton, 2010) (Fig. 1.1). It is considered part of the northern
Pacific Coastal Temperate Rainforest existing in a maritime climate (Pelto and others, 2013;
O’Neel and others, 2015). Using available image pairs throughout a year and in-situ summer
velocity stake measurements, Melkonian and others (2014) concluded that between 2000-2013
that the surface flow velocity of JIF showed seasonal variability but did not display signs of
interannual velocity variability. It experiences high accumulation and ablation throughout a year
and JIF receives approximately 3-4 m water equivalent (w.e.) each year and modeled precipitation
patterns indicate that across the icefield the precipitation varies between 2.5-4.4 m w.e. (Pelto and
others, 2013; Roth and others, 2018). During the summer months, melt is prevalent across all
elevations (Ramage and others, 2000). This positions JIF well to represent regional impacts of

climate change in coastal temperate environments.



T'aaku Kwéan Sit'i (the T'aakl peoples’ glacier, Taku Glacier), which drains most of the
southern portion of the Juneau Icefield, is the deepest temperate glacier in North America (Nolan
and others, 1995) and is a tidewater glacier protected by a substantial thrust moraine of eroded
sediment (Zechmann and others, 2020). There are several tributary branches to the main
T'aakd Kwaan Sit'i which include Southwest Branch (SWB), Northern-Northwest Branch
(NWBN), Southern-Northwest Branch (NWBS), Echo Branches Center (ECHO_C) and Right
(ECHO_R), Matthes Glacier (MT), and Demorest Glacier (DEM) (Fig. 1.1). Together, the area of
the T'aak( Kwaan Sit'i drainage system is 671 km? (Pelto and others, 2013). Between 1989 to
2018, the equilibrium line altitude (ELA) rose from 1115 m a.s.l. to 1308 m a.s.l., resulting in a
decreased accumulation area (McNeil and others, 2020). Because T'aakl Kwaan Sit'i lies in an
over-deepened bed, if retreat continues the glacier becomes more susceptible to enhanced melt
with the erosion of the terminal moraine and marine intrusion (Nolan and others, 1995; Zechmann

and others, 2020).



Figure 1.1. Main branches of T’aakd Kwaan Sit’i, Juneau Icefield (Landsat 8 Imagery Band 8,
04/24/2021). These include Northern-Northwest Branch (NWBN), Southern-Northwest Branch
(NWBS), Demorest Glacier (DEM), Southwest Branch (SWB), Matthes Glacier, Echo Glacier-

Right (Echo_R), and Echo Glacier-Center (Echo_C).



1.3. Variable Snow Properties and Snow Water Equivalent from Ground-penetrating
Radar across the Juneau Icefield, Alaska (Chapter 2)
Annual accumulation on glaciers and ice sheets is an important input to glacier mass balance and
water storage. This accumulation may vary both spatially and temporally in properties including,
snow depth, density, liquid water content, and porosity. Such variability is attributed to distance
from moisture source, topographic shading, patterns of ablation, avalanching, and wind-
redistribution. Quantifying the annual contribution of snowfall to glacier mass balance is typically
calculated in terms of snow water equivalent (SWE). Calculating SWE requires knowledge or
assumptions of both snow depth and density. It is common to determine snow depth and density
with snow mass balance pits. This method, while incredibly specific and potentially representing
an elevation band across a study site, only captures discrete point measurements at individual pits.
In contrast, GPR is an effective tool for quantifying winter accumulation depths and other
snowpack properties across large lateral distances. It provides a spatially continuous profile of the
subsurface and, when used in conjunction with mass balance in-situ measurements, can be used to
better quantify SWE variability across a study region. Interpretations of GPR-derived feature depth
require assumptions of radio wave velocity. In temperate glaciers such as those of JIF, the radio
wave velocity is affected by density and water content (Tuiri and others, 1984; Kovacs, 1994).
Because of its sensitivity to the presence of water, GPR has previously been used to discern
temperature regimes of glaciers (Campbell and others, 2012a, 2012b) and the presence or absence
of water (Campbell and others, 2012a, 2012b; Gerbi and others, 2021). Additionally, from the
combination of GPR surveys and extensive ground-truth efforts (via snow pits, or snow and firn

cores), it is possible to determine the liquid water content of the snowpack (Tuiri and others, 1984).



GPR has previously been used to quantify SWE on multiple glaciers across Alaska and
Western Canada (Campbell, 2014; McGrath and others, 2015; McGrath and others, 2018). The
assumption has often been that these SWE surveys were conducted over a dry snowpack and
firn. However, recent studies show the presence of water within snow and firn even during winter
months across Alaska and Canada (Johnson and Meyer, AGU Abstract 2022). Additionally, on
lower elevation glaciers and temperate snowpacks, this “dry”” assumption is not valid because melt
is observed year-round. Lastly, the timeframe to capture SWE measurements at the end of the
accumulation season is quite short meaning that to complete extensive surveys within entirely “dry
snowpacks,” a large team and optimal weather would be needed to assure successful collection in
a short window of time. Snowfall covers approximately half of the northern hemisphere land
surface on Earth, annually (Lemke and others, 2007) and SWE estimates across these regions have
generally relied on the dry snow assumption. Yet a large percentage of snowfall occurs in
temperate environments meaning the dry snow assumption, again, is not likely valid.

During spring and summer months, the temperate JIF snowpack experiences intense
ablation and rain-on-snow events resulting in its characteristic wet snowpack with extensive ice
lensing. For similar reasons that accumulation depth is variable, it is reasonable to believe the
effects of ablation are also spatially and temporally heterogeneous. GPR surveys across JIF must
therefore take the variability of liquid water content into consideration for any radargram
interpretations, especially concerning the annual accumulation as it is the most susceptible to short-
term changes in surface conditions (Clayton, 2019). In chapter 2 of this thesis, | evaluate the
combination of extensive GPR survey data from 2012-2021 with ground-truth observations (e.g.,
snow pit and firn core depth-density measurements) to spatially quantify SWE and spatial

variations of density and liquid water content within the snowpack.



1.4. Firn Volume Loss Across the Juneau Icefield, Alaska between 2012 and 2021 (Chapter
3)

Snow that remains after the melt season is referred to as firn. Glacier ice is the product of the
densification of snow (100-300 g cm3) to ice (917 g cm™3). As an input to glacier ice, firn controls
mass influx to the glacier. Firn holds both glaciological and ecological importance because of its
contribution to glacier ice mass and its capacity to store meltwater during the short-term, ultimately
helping to regulate down-glacier runoff (Jansson and others, 2003; Poinar and others, 2019). In
temperate and maritime climates, firn typically densifies into glacier ice on a sub-decadal timescale
making its persistence year-after-year highly sensitive to short-term climatic conditions. This is in
contrast to polar systems where the densification process can take up to hundreds of years because
of a lower accumulation rate and less liquid water present in the snow and firnpack (Cuffey and
Paterson, 2010).

For snow, or annual accumulation, to go through this densification process, it must still
exist at the end of the melt season. This material stage after surviving an ablation season and before
densifying into glacier ice, is called firn or neve. Subsequent accumulation seasons will provide
an input of fresh snow and, therefore, overburden pressure which aids in the process of firn
densification into glacier ice. Percolation of liquid water into the firn will also affect this
densification process through the addition of latent heat to the firnpack. If the entire annual
snowpack melts during the ablation season, there is no longer an input into the glacier ice, nor any
layers insulating the existing firn or glacial ice, putting each at further risk of melt. While firn is
actively undergoing processes of densification, there is still pore space where water is able to
percolate (before pore close-off depths). So long as there is not a barrier to deeper percolation (e.g.,

continuous ice lenses), meltwater from the surface is delayed from leaving the englacial system by



occupying the pore space in firn (Culberg and others, 2021). This storage space reduces the rate of
down-glacier meltwater flux. Variations in the meltwater flux can have impacts on several of the
downstream hydrological and ecological properties including water temperatures, turbidity, and
salinity in the area of mixing, and ecological assemblages (Moore and others, 2009; O’Neel and
others, 2015). Increased meltwater runoff may highlight important icefield-to-ocean linkages
including colder water temperatures, increased turbidity, and decreased salinity in the area of
mixing. These important factors are likely to affect micro-to macro scale species within the marine
ecosystem, such as phytoplankton and salmonids and especially those that have a narrow range of
tolerance (Moore and others, 2009; O’Neel and others, 2015). Therefore, changes in firn extent
have implications locally and regionally.

Large firn aquifers have been documented across Greenland, likely buffering Greenland’s
rapid potential contribution to sea-level rise (Harper and others, 2012). Like Greenland, much of
Alaska including JIF also has been observed to maintain firn aquifers. Confirmation of Alaska
aquifers includes through satellite observations (Johnson and Meyer, AGU Abstract 2022) as well
as GPR surveys (Campbell, 2014) and in-situ firn and ice coring conducted across JIF between
2012-2022 (unpublished). Since retreat began, T’aakl Kwaan Sit’i has also experienced a
significant rise in the ELA and likely a thinning of firn across the entire JIF. It is plausible that firn
densification rates have also increased. A rise in the ELA, thinning of firn, and more rapid
densification rates, each have the potential to significantly impact the health of JIF and down-
glacier ecosystems through changing water storage and runoff flux. There is no current published
evidence of firn thinning, more rapid densification rates, or changes in meltwater storage for this

system. Simply developing a baseline for these properties would be a critical start. In chapter three
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of this thesis, | use available GPR and ground-truth observations acquired from across JIF between
2012 and 2021, to estimate firn thickness and volume and differences between study years.

1.5. Common Offset Ground-penetrating Radar (CO GPR)

Common offset ground-penetrating radar (CO GPR) is a powerful tool to understand properties
and behavior of the subsurface. Use of GPR in glaciological applications is well-documented and
has been used to identify internal reflection horizons with differing electrical properties (e.g.
Arcone and others, 1995; Palli, 2003) and to investigate firn stratigraphy (e.g. Arcone, 2002;
Campbell and others, 2013; Gascon and others, 2013; Sold and others, 2015). In glacial
environments, different electrical properties of these layers may be caused by changes in water
content, density, sediment or debris concentration, and chemical composition that impact the
relative dielectric permittivity (¢) of the material. It is possible to distinguish layers including ice
lenses in the snowpack (¢ = 3.15), the previous year's ablation horizon beneath the annual
accumulation, and the transition from firn (¢ = 2.1-6) to glacier ice (¢ = 3.15). Because ice is not
polarized by a magnetic field, the velocity, v, of the radio wave can be expressed in terms of the

speed of light, c, and the relative dielectric permittivity, €, by equation 1.1,

=<
(1-1)17—\/;_-

The velocity of a radio wave is therefore affected by the relative permittivity of the layers. |
calculate the depth, z, of layers in radargrams using this velocity and two-way travel time (TWTT)

to a reflector using equation 1.2,

_ TWTT *v

1.2)z=

In order to determine depth from radio wave velocity, it is necessary to make assumptions about
the bulk relative permittivity of a medium (e.g., measuring ice thicknesses generally assume ¢ =

3.15). The relative permittivity of the accumulation and firn layer is influenced on JIF by liquid
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water content and density. Both increased density and increased water content increase the value
of relative permittivity of snow and firn, thus decreasing the radio wave velocity. For temperate
glaciers, where both water content and density differences are the primary drivers of a changing
relative permittivity especially in the near-surface layers, this assumption is a main limitation and
introduces uncertainty into depth calculations.

1.6. Snow Water Equivalent (SWE)

Snow water equivalent (SWE) is a common metric used to assess the annual mass balance of a
glacier, water resources, and potential contributions to sea-level rise that relates the depth of snow
to the depth of water it would be if it were liquid water. Calculations of SWE derived from ground-
penetrating radar rely on the assumption of the bulk radio wave velocity traveling through the
snowpack. This assumption introduces uncertainty to these calculations because, in temperate
glaciers, the radio wave velocity is affected by density and water content — both properties that
exhibit spatial and temporal variability. SWE calculations determine how much water a section of
snow, firn, or ice holds — importantly, if it all melted, how much it would individually release into
the surrounding environment, potentially contributing to sea-level rise. SWE is calculated by
measuring the density (pshow) and depth of the snow (zsnow) With respect to the density of water
(pwater) Via equation (1.3):

(13) SWE = Zsnow*Psnow

Pwater

SWE can be estimated using snow pits and extrapolating the data at those point
measurements across the entire glacier. The downside of the snow pit method is that it is both time
and labor intensive and also may miss some of the spatial heterogeneity of the snowpack and over-
or underestimate the SWE because these are point measurements. GPR, in conjunction with snow

pit analysis, for SWE improves our ability to account for this variability by collecting snow depth
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data along track, creating thousands of data points across many kilometers. Together, these
methods improve our estimates of SWE.

As previously mentioned, accurate calculations of depth to horizons in radargrams relies
on an accurate determination of the radio wave velocity (equations 1, 2). Previous work addresses
this limitation through ground-truthing or density-dependent determinations of bulk radio wave
velocities or have considered low liquid water content in snow to apply a constant radio wave
velocity across study sites (e.g., Gascon and others, 2013; Miége and others, 2013; Sold and others,
2015; McGrath and others, 2018). This method may over or underestimate the true SWE of larger
areas or more temperate glacier environments where liquid water is spatially variable. My ultimate
goal of chapters 2 and 3 are to contribute to our understanding of spatial and temporal changes in
snowpack properties (density and water content) and firn and reduce uncertainties in these
variables to better constrain changing snow and firn across Alaska temperate glacier regions.

1.7. Conclusions and Future Work (Chapter 4)
In Chapter 4 of this thesis, | discuss conclusions from the above chapters and the limitations of

this thesis which lead into future recommended research.
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CHAPTER 2
VARIABLE SNOW PROPERTIES AND SNOW WATER EQUIVALENT FROM
GROUND-PENETRATING RADAR ACROSS THE
JUNEAU ICEFIELD, ALASKA

2.1. Abstract

Quantifying snow accumulation as snow water equivalent (SWE) across large glacier systems is
important for improving mass balance and sea-level rise contribution estimates. In North America,
there is high uncertainty in current SWE estimates that need to be quantified. It is possible to
collect continuous snowpack measurements with ground-penetrating radar (GPR) though
interpretations of these data have typically required a necessary assumption of spatially
homogenous snowpack properties and associated radio wave velocity for interpretations. |
analyzed two years of extensive, repeated ground-penetrating radar (GPR) surveys to assess the
spatial and temporal variability of snow properties and accumulation across the Juneau Icefield,
Alaska in 2012 and 2021. | use GPR with summer mass balance surveys to calculate snow water
equivalent (SWE) values and liquid water content. Results show variability in accumulation depth
but relative consistency in patterns of accumulation. Trends in depth-density do not vary outside
of the mean density values since the 1950s. Calculated liquid water content ranges from 0-19
percent. Calculated relative permittivity and associated radio wave velocities within the snow
across the study site suggest potential for high uncertainty in depth (30.5-54.1 %) and SWE (32.2-
56.2 %) due to spatial and, likely, temporal variability in liquid water content when using GPR to
determine SWE in this temperate environment. Future work should focus on constraining this
spatial and likely temporal variability in liquid water content to better apply GPR to SWE estimates

in this region.
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2.2. Background
Alaskan mountain glaciers currently account for approximately 20 percent of global contributions
to sea-level rise, excluding the Greenland and Antarctic Ice Sheets and thermal expansion of the
oceans (Hugonnet and others, 2021; Rounce and others, 2023). Snow water equivalent (SWE) is a
common metric used to assess the annual mass balance of a glacier, water resources, and potential
contributions to sea-level rise. Estimating the SWE of the annual accumulation requires
determining the depth and density of the snowpack. SWE is typically calculated by digging snow
pits and extracting depth-density measurements. Measurements from multiple snow pits are then
interpolated or extrapolated across the region of interest. SWE across Alaskan glaciers is highly
variable (McGrath and others, 2015).

One tool to improve on estimates of SWE across large geographic areas, is the use of GPR.
GPR is widely applicable in glaciological contexts and its use is well-documented in determining
bed depth and topography, englacial stratigraphy, accumulation and firn depth, and SWE (Arcone
and others, 1995; Nolan and others, 1995; Arcone, 2002; Dunse and others, 2009; Campbell and
others, 2013; Schroeder, 2023). GPR has previously been used to calculate SWE and functions to
extend the spatial scale of studies as users can collect tens to hundreds of kilometers of data in a
single field season to account for variability of snow distribution across larger areas (Bradford and
others, 2009; McGrath and others, 2015). Calculations of SWE derived from GPR rely on making
an assumption of the bulk radio wave velocity traveling through the snowpack to calculate depth
(2.1, 2.2). This assumption introduces uncertainty to these calculations because, in temperate
glaciers, the radio wave velocity is affected by density and water content — both properties that
exhibit spatial and temporal variability. Understanding how density and liquid water content vary

spatially is crucial to interpretations of depth from GPR-derived measurements.
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The Juneau Icefield (JIF), one of Alaska's largest icefields, is currently shrinking and losing
mass much like most other glacier systems across Alaska (Larsen and others, 2015; Berthier and
others, 2018; McNeil and others, 2020). JIF spans from the northern Pacific Coastal Temperate
Rainforest to higher, inland elevations, and exists in a maritime climate (O’Neel and others, 2015;
Pelto and others, 2013). Due to the establishment of field stations across JIF since the 1950s, this
area provides an opportunity to study variations in snow properties across a large spatial area (e.g.,
Connor, 2009; Pelto and others, 2013). Annually, JIF receives approximately 3-4 m water
equivalent (w.e.) and modeled precipitation patterns indicate that the precipitation varies between
2.5-4.4 m w.e. (Pelto and others, 2013; Roth and others, 2018). On JIF, up to 18 snow pits are dug
annually on T'aak( Kwaan Sit'i and are used to calculate SWE over an area of 671 km? (Pelto and
Miller, 1990).

Because JIF is a temperate glacial system existing at the pressure melting point throughout
the ice, it is sensitive to changes in atmospheric temperature. Melt is especially prevalent during
the summer months of June, July, and August (JJA) with supraglacial melt ponds and streams
observed in the accumulation zone. Melt and refreeze cycles throughout the year are recorded in
the annual snowpack as continuous and discontinuous ice lenses observable in snow pits or in
ground-penetrating radar (GPR) surveys. T'aaku Kwaéan Sit'i (the T'aakl peoples’ glacier, Taku
Glacier) is the main drainage for the southern portion of the Juneau Icefield and has an area of 671
km? (Pelto and others, 2013). There are several branches that flow into T'aaki Kwaan Sit'i,
including Matthes Glacier, Echo Glacier, Northern-Northwest Branch, Southern-Northwest
Branch, Southwest Branch, and Demorest Glacier (Fig. 2.1). T'aaki Kwaan Sit'i was one of the
last glaciers in this region to stop advancing (Criscitiello and others, 2010; McNeil and others,

2020). T'aaku Kwaan Sit'i is a tidewater glacier that is protected by a substantial thrust moraine of
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eroded sediment. However, between 1989 to 2018, the equilibrium line altitude rose from 1115 m
a.s.l. to 1308 m a.s.l., resulting in a decreased accumulation area ratio (0.85 to 0.57) and between
2013-2018, the glacier terminus retreated ~59 m (McNeil and others, 2020). Because
T'aakd Kwaan Sit'i lies in an over-deepened bed, if retreat continues, the thrust moraine is eroded,
or a terminal lake develops, the glacier becomes more susceptible to enhanced melt with the
erosion of the terminal moraine and marine intrusion (Nolan and others, 1995; Zechmann and
others, 2020). Since T'aaki Kwaan Sit'i is the main drainage of this portion of the icefield and
spans a range of elevations, its changes are largely indicative of the health of JIF.

By constraining snow properties such as snow density and water content as it relates to
relative permittivity, uncertainties related to estimates of SWE can be reduced when calculating
annual accumulation on JIF. Here, | utilize GPR in conjunction with snow pit measurements to
further constrain SWE estimates. Depth and density data from numerous snow pits across JIF from
2012 and 2021 are used to better inform interpretations of extensive, repeated 400 MHz GPR
surveys to calculate SWE and to quantify the variability in liquid water content across the study
site.

2.3. Methods

2.3.1. Snow Pits

In 2012 and 2021, the Juneau Icefield Research Program extracted 18 and 13 summer mass balance
pits, respectively, as part of its long-standing mass balance program (Pelto and others, 2013). Mass
balance pits were dug through the annual accumulation layer to the previous summer surface, top
of the firn layer, or to blue ice. Typically, snow pit depths reached between 3-5 m. Depth-density
measurements were sampled from the north-facing wall at each pit at 10 cm intervals using a 500

cm?® sampling cylinder. Any observable ice lenses or ice pipes through the snowpack were
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recorded. Density data collected from all snow pits during respective years were collated and then
averaged across each 10 cm depth interval to yield the average and standard deviations of density
with depth across JIF. After plotting the depth versus density of snow, an exponential line of best
fit equation was fitted to the data to provide an estimate of density with depth across JIF. This
method is repeated each study year for all the snow pits on JIF with all available data including
that from Llewellyn and Lemon Creek Glaciers.

2.3.2. Ground-penetrating Radar

2.3.2.1. Field Collection To determine the spatial variability of snowpack depth, | analyzed
approximately 150 km of GPR surveys across JIF in July 2012 and that were repeated in July 2021
(Fig. 2.a). These used a Geophysical Survey Systems Incorporated (GSSI) SIR-3000 control unit
in 2012 and a GSSI SIR-4000 control unit in 2021 coupled with a GSSI model 5103 400 MHz
antenna. Surveys were conducted using snow machines and towing the antenna on a sled at speeds
of 3-7 km hL. In 2021, the SIR-4000 was directly linked to a Garmin GPSMap78 handheld GPS
for georeferencing. | georeferenced the 2012 data by relating GPS points recorded every 50 meters
on a Garmin GPSMap 62stc to the associated markers recorded in the radar profiles. | estimate
horizontal positional error of + 3 m. These transects were collected along the centerline of each
glacier and radar lines spanned from below to above the equilibrium line altitude and passed
adjacent to the mass balance pits across JIF. Additionally, several cross sections were surveyed.
Data were collected with a time window of 250-400 ns, 2048 samples per scan, and 24 scans per

second.
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Figure 2.1. Main branches of T’aakl Kwaan Sit’i, Juneau Icefield (Landsat 8 Imagery Band 8).
These include Northern-Northwest Branch (NWBN), Southern-Northwest Branch (NWBS),
Demorest Glacier (DEM), Southwest Branch (SWB), Matthes Glacier, Echo Glacier-Right

(Echo_R), and Echo Glacier-Center (Echo_C).
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2.3.2.2. Post-Processing Using GSSI’s proprietary software, RADAN version 7, all GPR profiles
were time-zero corrected, distance normalized, and stacked. Additionally, some profiles were
filtered with a low pass of 800 MHz and a high pass of 100 MHz if there was noise apparent in the
radargrams. The 2012 profiles were distance normalized as a result of the GPS reference method.
The 2021 profiles were distance normalized using readgssi, an open-source python package
(https://github.com/iannesbitt/readgssi.git). The annual accumulation and firn boundary is
identified as the most spatially-continuous horizontal reflection horizon and was observed cross-
cutting several upcutting firn layers in some profiles. From each GPR transect, two-way travel
time (TWTT) data are converted to depth beneath the snow surface. From independent picks from
multiple individuals and the vertical resolution of this antenna, | estimate an uncertainty in picked
horizons to be 0.1 m.

In order to compare the same spatial extent of the GPR transects for 2012 and 2021, an
Inverse Distance Weighted interpolation was performed with respect to the 3 nearest points. This
interpolation method balances spatial correlation between points and computational load by
weighting points closer to the interpolated point more than those farther away. Direct comparisons
between years are computed with these data across a shared spatial extent.
2.3.2.3. Ground truth efforts To convert the GPR data from TWTT (ns) to depth (z), an
assumption is made for the value for bulk average velocity of the radio wave (v) through the

snowpack, which is then used to calculate depth with Equation 2.1,

_ TWTT*v

(21)z =

and velocity is defined with Equation 2.2 where c is the speed of light (0.3 m ns?) and £ is
relative permittivity.

2)v=—
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Figure 2.2. Comparison of water content (%) and snow density (g cm-3) where colors represent
relative permittivity (¢) and radio wave velocity (V) variations. This plot is based on empirical

relationships presented in Tiuri and others (1984).

The radio wave velocity is controlled by the relative permittivity of the snowpack. In a
temperate glacier environment such as JIF, the relative permittivity is determined by the density
and water content of the snow (Kovacs and others, 1995). The relationship between density, water
content, and relative permittivity is shown in Fig. 2.2 and is based on the empirical relationships
presented in Tiuri and others (1984) and Sihvola and Tiuri (1986).

To determine how the density and water content vary across JIF, the mass balance pits and
several additional shallow (3-5 m) snow cores were collected using a Kovacs corer. This provides
an additional ground-truth accumulation depth measurement used to convert TWTT to depth.

Ground-truthing was necessary to determine in-situ depth of annual snow accumulation, z, and to
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use these measurements to improve assumptions of relative permittivity (¢) and, thus, radio wave
velocity. ¢ was calculated at each ground truth point by combining and rearranging equations 2.1

and 2.2, where c is the speed of light (0.3 m ns?) (2.3).

cxTWTT

(2.3)¢=(—_)?

The range of radio wave velocities calculated from Equation 2.3 are used as bounds for
TWTT-depth conversions. Snow depths are calculated using the mean, minimum, and maximum
relative permittivity each year to provide a range of depths which represent the upper and lower
potential limits of the snowpack depth.

Generally, ground-truth data were collected on the same day as radar surveys. Because of
the time required to excavate some pits (up to 7.1 m deep), any ground-truth data collected 1-2
days before or after surveying, required calculating a simple linear regression ablation rate. |
excluded ground-truth data from any snow pits collected more than 3 days after corresponding
radar surveys if sufficient ablation rate data were lacking. To reconcile the difference in temporal
coherence between radar collection days and snow pit collection days, | used a simple ablation
calculation. At 3 snow pit locations, TKG3, TKGS5, and TKG7 along the centerline of T’aaku
Kwaan Sit’i, ablation stakes were deployed for several days during July 2012. I calculated an
average rate of ablation across those days by dividing the change in surface height by the number
of days the stakes were left out. For the pit locations, TKG3, TKG5, and TKG7, where the temporal
coherence between radar and snow pit collection was +/- 1 day, this simple average ablation was
applied to the recorded snowpit values. For days when the radar was collected before the pit (i.e.,
the depth to the bottom of the annual accumulation was greater during radar collection than in
snow pit collection), the ablation rate was applied in the opposite direction (+ accumulation). For

example, if the pit were measured to be 400 cm deep the day after radar was collected with an
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ablation rate of 5 cm per day, the value used for radiowave velocity calculations was 405 cm. The
opposite is true for days when radar data were collected following the day of snowpit collection.
For the two ground-truth sites that did not have ablation stakes near them, SWB1 and SWB2,
ablation rates were calculated using the closest stake correlating with elevation or proximity to
stake. For sites where the temporal coherence was greater than 3 days, | dropped these cases from
the ground-truth analysis because | was unable to reliably rectify the ablation in these areas. This
coherence was less of an issue for the 2021 dataset, where the main outlier was site MG2 with the
lag in collection times was 14 days. This difference could not be reliably rectified either, and this
case was dropped from the ground-truth analysis.
2.3.3. Snow Water Equivalent
SWE across JIF was calculated by integrating the equation for line of best fit for the combined pit
data density profile, (z), (Section 2.3.1.) with respect to depth from zero (surface) to the depth of
the annual accumulation, z, to capture the density differences throughout the snow column (Section
2.3.2.). Equation 2.4 represents the general equation structure. For the respective years, SWE was
calculated under the following scenarios: mean, minimum (maximum radio wave velocity and
depth), and maximum (minimum radio wave velocity and depth) relative permittivity to provide
bounds for the range of observed conditions.

(2.4) SWE = [ p(z) dz
2.3.4. Liquid Water Content
The liquid water content of the snowpack was calculated at each ground truth point using the
empirical relationship between density (pd), water content (W), and relative permittivity of dry,
wet, and measured snow (€4, éw, £s) derived in Tuiri and others, 1984 (2.5, 2.6).
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(2.6) & = (0.10W + 0.80W2)é,, + &,
The value for snow density (pd) was averaged at each individual pit from the mass balance depth-
density profiles in each year. The values for & were calculated in Section 2.3.2. for each ground
truth point. | solve for liquid water content, W, at each pit with bounds of average density +1
standard deviation and use a value of 88 for éw.
2.4. Results
2.4.1. Snow Pits
The annual accumulation layer of the summer mass balance pits reached a maximum depth of 7.10
m in 2012 and 5.80 m in 2021. The average annual layer depths were 5.52 (£ 0.94 m) and 4.22 (+
0.88 m) for 2012 and 2021, respectively. Overall, there were a total of 18 pits in 2012 and 13 pits
in 2021. The mean density of samples for all snow pits was 0.556 g cm (+ 0.030 g cm®) and
0.562 g cm (+ 0.025 g cm3) for 2012 and 2021, respectively. Within the annual snowpack, both
continuous and discontinuous ice lenses were observed with most 0.5-1.5 cm thick and rare cases
as thick as 3-8 cm. The density of samples follows the expected trend of increasing density with
depth (Fig. 2.3). Equations describing the relationship between density and depth for each year are

p2012(2)=0.402782095668 (R2=0.855) and p2021(2)=0.449847°04%89 (R2=0.663).

24



0.70

0.65
_ 0.60 -
|
IS
O
2 0.55 -
Py
‘0
—
a
0.50 4
0.45
® 2012 —— py012(2) = 0.402782005668
® 2021  —— p,0)(2) = 0.449842004089
0.40 , ; , , : . .
0 100 200 300 400 500 600 700
Depth (cm)

Figure 2.3. Average snow densities shown at 10 cm intervals for summer mass balance pits in
2012 (red circles) and 2021 (blue diamonds). A line of best fit is included for each data set with

envelopes representing one standard deviation from the mean for each year.

2.4.2. Ground-penetrating Radar

| identify the annual accumulation (AA), firn-ice transition (F-1), and firn (F) in radargrams from
2012 and 2021 (Fig. 2.4). In 2012, annual accumulation depths ranged between 2.38 m and 12.0
m with a mean of 5.46 m (s.d. = 1.60 m). For these calculations, | used the average value of
calculated relative permittivity of 2.28 and applied this to the entire dataset for this year. In 2021,
accumulation depths ranged between 0.60 m to 9.88 m with a mean of 3.45 m (s.d. = 1.44 m) and
an average relative permittivity of 3.66 applied across the dataset. | include the range of calculated

annual accumulation depths when assuming different relative permittivity values in Table 2.1.
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Figure 2.4. 400 MHz radargrams from repeated sections of Northern-Northwest Branch in (a.) 2012 and (b.) 2021. Depth displayed
with each year is calculated with the average relative permittivity of 2.28 and 3.66 for 2012 and 2021, respectively, from ground truth
points. Interpretations of the annual accumulation (AA) horizon, firn (F) layers, and the firn-ice (F-1) interface are displayed. (c.)

Reference map for survey locations.
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Mean Depth (m) Total Range in Depths across JIF (m)

Year/é Zuin Zuvean Zux Min Mean Max
() (€u) (€m) (&) (&) (&)
2012 5.19 5.55 7.06 1.50-11.3 2.38-12.0 2.04 -15.3

(2.62) | (2.28) | (1.42)

2021 2.74 3.59 4.77 0.46 - 7.52 0.60 - 9.88 0.80-13.1

(6.31) | (3.66) | (2.08)

Table 2.1 Comparing the range of GPR-derived annual-accumulation depths for 2012 and 2021
based on the mean, high, and low values for calculated relative permittivity (€) for the 150 km of

radar transects.

2.4.2.1. Ground Truth of Relative Permittivity and Snow Thickness A total of eighteen snow
pits or snow cores were extracted as ground truth points (8 from 2012 and 10 from 2021) were
collected in less than 3 days of corresponding GPR surveys and used for calculating relative
permittivity values. | estimate ~11.25-14.52 cm of uncertainty from the maximum of 3 days
surface melt due to local ablation rates measured from local ablation stakes. | excluded 6 ground
truth points that were measured more than 3 days after radar collection. For 2012, the maximum,
mean, and minimum relative permittivity values were 2.62, 2.28, and 1.42, respectively. For 2021,
these values were 6.31, 3.66, and 2.08, respectively. These values correspond with radio wave
velocity ranges of 0.252-0.185 m ns't in 2012 and 0.208-0.119 m nstin 2021. There is no dominant

spatial trend observed in these values (Fig. 2.5).
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2.4.3. Snow Water Equivalent

In 2012 and 2021, | found that areas closer to the coast had higher SWE values which, increased
with increasing elevation. SWE values were amongst the highest across JIF on the Northern
Northwest Branch, Southern Northwest Branch, and Southwest Branch and ranged between 201-
686 cm w.e. and 100-566 cm w.e. across these branches for the respective average calculated
relative permittivity of 2.28 (2012) and 3.66 (2021) (Fig. 2.6). More inland, the relative increase
in SWE with elevation is less apparent in 2021 than in 2012 (Table 2.3). SWE values increase 200-
280 cm w.e. from lower elevation on T’aakti Kwaan Sit’i to higher elevation on Matthes Glacier.
Low values of SWE are observed closer to the terminus of T’aakd Kwaan Sit’i, on both branches
in Echo Basin, and on Demorest Glacier. In general, SWE values were higher in 2012 than in 2021
where the mean SWE, calculated with the mean relative permittivity for each year, was 106 cm
w.e. greater in 2012 than in 2021. These trends remain consistent across all calculated SWE values,
even with the range of relative permittivity values observed with all 2021 values over 100 cm w.e.
lower than the same time in 2012 (Table 2.2). The mean difference between years for each of the
individual branches ranged between 59 cm w.e. (NWBS) and 133 cm w.e. (Matthes-Taku) (Table

2.3).
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Figure 2.5. Calculated relative permittivity values in (a) 2012 and (b) 2021 for each ground truth point. Locations of ground-truth

points are represented by hexagons shaded in colors corresponding with relative permittivity values.
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Figure 2.6. Snow water equivalent (SWE) estimates for (a) 2012 and (b) 2021, based upon the mean calculated relative permittivity
for 2012 (2.28) and 2021 (3.66). Lower values in SWE are displayed in light yellows with increasing values of SWE in darker shades
of blue. Note the difference in SWE scale between (a) and (b). Landsat 8 (Band 8) imagery shows snow-covered glaciers in white and

bedrock in gray, with the exception of Taku terminus (blue ice, gray color) and medial moraines.
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Mean SWE (cm w.e.) across JIF | Total Range in SWE (cm w.e.) across JIF
Year/é | SWE.. SWE.e SWE..« SWE.. SWE... SWE..
(€ner) (€ (&) (€ner) (€) (€mn)
2012 283 304 391 115-639 124 — 686 159 — 884
(2.61) (2.28) (1.41) (2.61) (2.28) (1.41)
2021 149 198 266 23 —-426 30— 566 41 - 759
(6.31) (3.66) (2.08) (6.31) (3.66) (2.08)

Table 2.2. Comparison of the range of annual-accumulation snow water equivalent (SWE) for

2012 and 2021 based on the mean, high, and low values for calculated relative permittivity (£)

for the shared extent of radar surveys. Note the inverse relationship between ¢ with velocity and

depth.
2012 2021

Main Branches [ Mean (cmw.e.) | Range (cmw.e.) | Mean (cmw.e.) | Range (cm w.e.)
Demorest 233 130 - 251 119 93 -132
SWB 270 201 - 339 186 100 - 237
Echo - Center 201 123 - 265 94 59 -134
Echo - Right 233 188 - 282 137 110 - 198
Matthes - Taku 298 182 - 461 165 31-233
NWBS 319 232 - 480 260 145 - 458
NWBN 397 247 - 686 274 146 - 566

Table 2.3. Mean and range of snow water equivalent values (SWE, cm w.e.) by years and

respective branches listed in order of ascending mean elevation for the shared survey extent.
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2.4.4. Liquid Water Content

Calculated liquid water content varied between 0-19%. in 2021 and 0-5.2 percent in 2012 across
the study site (Fig. 2.7). The liquid water content was not consistent between years, nor was there
a consistent trend (increase/decrease) at the same locations. Of the five locations with liquid water
calculations in both 2012 and 2021, three of them (TKG5, TKG3, C161) experienced an increase
in liquid water content at the time of surveys while the other two (DG1, TKG7) experienced a

decrease. In 2012, there does appear to be a trend of increasing liquid water content with elevation.

There is not a similar trend in 2021.
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Figure 2.7. Calculated of liquid water content (LWC, %) at each snowpit site and elevation (m

Elevation (m a.s.l.)

a.s.l.) for 2012 (red circles, red line) and 2021 (blue diamonds, blue line). Range of potential

LWC noted with carets calculated with one standard deviation of density.
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2.5. Discussion
2.5.1. Annual Accumulation Depth and SWE
| present depths and SWE to encompass the range of values possible from GPR surveys depending
on the snow conditions when they were surveyed. Consistent throughout the survey, | observed
patterns in snow depth and SWE that are likely a result of climatological and topographical factors
such as elevation and proximity to a moisture source (Maurer and others, in review). | observe an
inverse relationship between distance from the ocean and snow accumulation depth and SWE.
These trends are most notable for marine proximal (coastal) branches of JIF. Specifically, the
Northern Northwest Branch, Southern Northwest Branch, and Southwest Branch had consistently
higher snow depths and SWE than more interior glaciers that were surveyed on JIF. While this
study does not include temperature and precipitation directly, other studies have shown a
relationship between temperature and precipitation and SWE (Hamlet and others, 2005).
Elevation is an important factor for SWE values and | observe generally higher values of
SWE at elevations above 1500 m a.s.l. (Fig. 2.8). The impact of elevation may be amplified for
marine-proximal glaciers where the high elevation areas are also those closest to the coast, thereby
naturally receiving more precipitation than JIF regions distal from the coast. There is a divergence
of normalized SWE on Matthes-Taku where there are much higher values at ~1500-1800 m a.s.l.
in 2012 than there are in 2021. It is unclear what causes this divergence, but suspect variations in
dominant wind patterns or ablation between 2012 and 2021 may have contributed to this

divergence.
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Figure 2.8. Normalized SWE values [0, 1] for (a) Northern Northwest Branch, (b) Southern Northwest Branch, and (c) Matthes-Taku
Branch for 2012 (pink) and 2021 (black). Values are plotted against surface elevation (m a.s.l.). Note the difference in scale for the

normalized SWE values (a-c)
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2.5.2. Variability in Relative Permittivity

| attribute the range of calculated relative permittivity in 2012 and 2021 to liquid water content
within the snowpack. Water has a relative permittivity of 80-88 (88 for water close to the freezing
point, which is therefore used in these calculations) compared to dry snow (1.4-2.2). Water results
in strong scattering when interacting with radio waves. These depth-density results fall within the
expected variability in density previously measured at this location (LaChappelle, 1954; Pelto and
Miller, 1990). Because differences in relative permittivity in this glaciological context are due to
differences in density and water content, depth-density trends follow a similar pattern and are
relatively consistent, and the process of densification takes (weeks to months) longer than the
process of meltwater production and percolation through snow (hours to days), | conclude that this
variability must be due to spatial variability in water content. Given such high spatial variability,
| conclude that there is also likely substantial temporal variability of meltwater in this temperate
snowpack, as observed in other studies in the Swiss Alps and Western Norway (Techel and
Pielmeier, 2011; Hart and others, 2011). This variability is likely representative of JIF snowpack
during the summer months with high ablation and rain-on-snow events.

GPR is a useful tool to rapidly extend point-based measurements across large spatial
extents (10s to 100s of kms) of SWE in a non-destructive manner. However, GPR users must be
cautious with annual accumulation estimates because assumptions about radio wave velocity and
relative permittivity are necessary for depth-based measurements of snow in a temperate glacial
or snow-covered environment.

Calculating depth from the calculated relative permittivity leads to differences in
interpreted depths of up to 30.5 percent in 2012 and 54.1 percent in 2021. These differences

introduce substantial uncertainty into SWE calculations (32.2-56.2 percent) by GPR (Fig. 2.9). To
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Figure 2.9. Range of possible SWE values based on the range of relative permittivity calculated

for (a) 2012 and (b) 2021.
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remedy this situation, I recommend ground-truth points via snow pits or coring at least at the end-
point of GPR surveys and potentially in the middle of survey lines if there are substantial changes
in topography along the transect, such as more than 300 m of elevation change, rolling topography,
or sudden increases or decreases in wind shading. Examples of factors which may spatially and
temporally influence snowpack relative permittivity include (but are not limited to) elevation
change, aspect, and solar barriers such as nunataks (which may shield the sun and reduce melt).
2.5.3. Liquid Water Content
The calculated liquid water content values from these GPR surveys coupled with depth-density
measurements are variable spatially and temporally, ranging between 0 and 19% of the total
volume. This variability in liquid water content may impact interpretations of layer depths where
incidences of wet/dry snow create a low/high velocity zone resulting in artificially lowered/raised
horizons (Fig. 2.10). At TKG3, TKG4, TKG5, and C161 in 2021, the percent liquid water content
is greater than the typical range of 0-9 percent water content observed in other temperate snow
studies (Colbeck, 1973; Fountain 1989; Arcone, 2002; Techel and Pielmeier, 2011). However,
Arcone (2002) points out that his study suggests the dominant water control is via imbibition and
Colbeck (1973) points out that there is still significant pore volume space available for meltwater
storage in snowpack. Pore space in dry snow can be estimated by reorganizing the following
observed equation 2.7 (DeWalle and Rango, 2009),

2.7) ps = pi(1 = @) + puwpSw
where:
ps = density of the snowpack (kg m)
pi = density of ice (917 kg m™)

pw = density of liquid water (1000 kg m™)
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¢ = porosity of snowpack (m? of pore space per m? of snowpack volume)
Sw = water saturation (m? of liquid water per m3 of pore space)
In the case of dry snow, the second term cancels leaving an easy estimate of snow porosity:

(28) ps = pi(1 = @)
The average density of snow across JIF during these study years is roughly 558 kg m= which
results in an estimate of 39% porosity. This value would leave plenty of room to accommodate the
maximum estimated meltwater calculated here. Assuming the maximum water content observed
via combined GPR and ground-truth methods is 20%, | estimate 50% porosity, again easily
accommodating the meltwater I calculated. This said, while we have carefully measured meltwater
content via snow pits and GPR to extend point measurements into a spatially continuous dataset,
future work could include in-situ measurements of meltwater content in the snowpack via methods
such as a snow fork coupled with density measurements. This said, these values are within the
range of standard literature so | can use this porosity derivation to calculate a first-order estimate
of total potential water storage across JIF by integrating porosity across the total glacier watershed
and thickness of the snowpack.

The high water content values | calculated suggest that water storage on JIF in many cases
is far greater than that accounted for solely via imbibition. It is likely that the ice lenses within the
snow and impermeable firn below the snowpack both greatly impact this water storage. Some of
the discrepancy between the values in this study versus others may be in the time of year that these
data are collected. All of the 2012 and 2021 data are collected in mid-July where temperatures are
consistently above freezing and rain-on-snow events are possible. Both of these factors may

increase the liquid water content that remains in the snow when these surveys are conducted.
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Evidence of ice lensing is prevalent across JIF supporting that there are large-scale meltwater or
rain events where water percolates deeper into the snowpack before refreezing into an ice lens.

The spatial variability in the liquid water content could vary depending on the time of day
of radar transects and the meteorological conditions prior to surveying. For example, the day
before the radar survey of Taku and Matthes Glacier in 2021, there was a rain on snow event.
Should this be the main impetus for higher liquid water content values on T’aakl Kwaan Sit’i
(TKG3, TKG4, and TKGb), this would mean the snowpack shows high short-term sensitivity to
precipitation (and melt). The spatial variability between the snow pit sites also supports an
increased sampling density of ground truth points. Because in the same year, within a week to 10
days, there is variability in liquid water content between 0 to 19 percent it cannot be assumed that
the conditions are the same across an entire study site.

Such sensitivity has implications for GPR surveys with the goal of surveying the near
surface. Because interpreting depth from GPR surveys depends on accurate assumptions or
measurements of density and water content, such short-term sensitivity observed herein would
require higher temporal sampling density of these ground truth points.

2.5.4. Limitations and Future Work

We cannot make any assertions about changes between years being trends (or not), given that these
two datasets represent endpoints of nearly a decade in time for variables (snow thickness, density,
water content, SWE) that exhibit high spatial and temporal variability. It is possible that warmer
surface temperatures contribute to this difference in water content and density between years. Yet,
it is also possible that variations of water content occur due to annual, daily, or even shorter
controlling factors such as high daily temperatures or rain on snow events. In addition, the degree

of variability between the survey years at the same location demonstrates | cannot make an
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assumption of the same conditions between years even if surveys occur at the same time as years
prior.

2.6. Conclusions

| combined data 150 km GPR data and depth and density data from 31 snow pits across JIF
collected in July 2012 and 2021 to assess the variability in snow properties and calculate SWE.
Depth density trends across JIF within and between years are relatively consistent and liquid water
content ranges from 0-19%. From these two years of extensive, repeated GPR surveys, | observe
high variability in calculated relative permittivity and water content across JIF resulting in
potential for high uncertainty in depth (30.5-54.1 %) and SWE (32.2-56.2 %) when using GPR to
determine SWE. | demonstrate that SWE estimations from GPR require extensive ground truth
campaigns in this temperate, coastal environment due to the spatial variability in liquid water
content in the snowpack. Future work should include quantifying this spatial and, likely, temporal
variability in water content at a higher resolution to better determine SWE from GPR.

As the climate continues to change, the prevalence of liquid water within annual
accumulation may increase, potentially complicating the interpretation of GPR in other Alaskan
and Western Canada glaciers and likely more polar glaciated areas like Greenland and other Arctic
glacier systems. Temperate glacier systems are amongst those predicted to lose mass and
contribute the most to global sea-level rise in the next century as they have a higher sensitivity to
temperature increases (Oerlemans and others, 2005; Rounce and others, 2023). Both ground-
penetrating and airborne radar surveys are common in high latitude glacier and ice sheet surveys.
Temperatures are rising faster at the poles than at the mid-latitudes, especially in the Northern
Hemisphere. In recent years, there have been multiple incidences of rain-on-snow events at

Summit Station in Greenland (Xu and others, 2022). For future interpretations of ground-based
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and airborne radar surveys of these areas to have accurate interpretations of depth and SWE, it is
important to conduct ground-truth campaigns as close as possible to the time of surveying and

across as large of a spatial scale as possible.
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CHAPTER 3
FIRN VOLUME LOSS ACROSS THE JUNEAU ICEFIELD, ALASKA
BETWEEN 2012 AND 2021
3.1. Abstract
Repeat 400 MHz ground-penetrating radar (GPR) transects collected in 2012 and 2021 across the
southern portion of the Juneau Icefield in Southeast Alaska showed significant firn thinning across
the study site. T'aaki Kwaan Sit'i and all tributary branches experienced on average a 3.10 + 1.73
m decrease in firn thickness. Random forest regression and linear regression analyses reveal the
difference in firn thickness across the Juneau Icefield is most correlated with marine proximity
and positive atmospheric temperature difference between firn accumulation periods, variables
related to accumulation and ablation patterns. Firn volume has decreased by over 50 percent during
the study period. Such a decrease will have implications for the future mass balance and meltwater
storage capacity and increases the Juneau Icefield’s vulnerability to current and future climate
change.
3.2. Background
Firn is an important component in any glacier system as it is the surviving accumulation that
densifies into glacier ice. Firn densification processes, including grain-boundary sliding, pressure
sintering, and compression, have been well-documented in polar firn (Herron and Langway, 1980;
Maeno and Ebinuma, 1983; Alley, 1987; Wilkinson, 1988; Stevens and others, 2020). Temperate
firn densification is much less well-constrained. While undergoing its metamorphosis from snow
to glacier ice, firn retains some porosity where air or water can move through. Firn has a profound
influence on englacial hydrology due to its porosity as it stores meltwater temporarily where, in

its absence, glacier ice at the surface is more impervious, acting as a conduit for more immediate
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runoff (aside from at the small-scale grain boundaries and larger scale flow pathways such as
crevasses and moulins which can retain water) (Fountain, 1996; Jansson and others, 2003). The
meltwater storage capacity of firn depends on its porosity and layer thickness (Fountain, 1996).
The short-term meltwater storage that firn and firn aquifers provide is a means to conserve mass
for a slightly longer time and reduce immediate meltwater runoff flux to downstream ecosystems
(Beniston, 2003; de Woul and others, 2006). Increased meltwater runoff may highlight important
icefield-to-ocean linkages including colder water temperatures, increased turbidity, and decreased
salinity in the area of mixing. These important factors are likely to affect micro- to macro-scale
species within the marine ecosystem, such as phytoplankton and salmonids and especially those
that have a narrow range of tolerance (Moore and others, 2009; O’Neel and others, 2015). Further,
depending upon the bed geometry and topographic constraints, the evolution of the firn limit
impacts a glacier’s terminus behavior (Mercer, 1961).

Meltwater and persistent firn aquifers have been observed in firn in many glaciated areas
including, the Juneau Icefield (Verboncoeur and others, AGU Abstract 2019; Case and Kingslake,
AGU Abstract 2020; Johnson and Meyer, AGU Abstract 2022), Svalbard on Holtedalfonna,
Yukon Territory (Christianson and others, 2015) on the upper Seward (Sharp, 1951) and
Kaskawulsh Glaciers (Ochwat and others, 2021), the Greenland Ice Sheet (Koenig and others,
2013; Kuipers Munneke and others, 2014; Forster and others, 2014), and on the Antarctic
Peninsula (Mongomery and others, 2020; van Wessem and others, 2021). This process has been
estimated to reduce the immediate impacts of melt from the Greenland Ice Sheet on contributions
to global sea-level rise (Harper and others, 2012).

Both ground-penetrating and airborne radar have been proven to be effective methods to

study firn evolution and firn aquifers (Arcone and others, 1995; Campbell and others, 2013;
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Gascon and others, 2013; Sold and others, 2015; Miége and others, 2016; Chu and others, 2018;
Miller and others, 2020). Ground-penetrating radar (GPR) detects layers of different
electromagnetic properties. In a temperate glacier environment these differences are due to density,
water content, and chemical composition, albeit chemical stratification is less likely than in Polar
glaciers due to meltwater influence (Campbell and others, 2012a; Winski and others, 2012). The
top of the firn layer, or previous summer ablation horizon, is a distinguishable layer in most
radargrams. The lower boundary of the firn layer, or the firn-ice transition, is easy to identify near
the equilibrium line altitude and becomes more difficult to identify in high elevation and
accumulation areas, likely due to a more gradual depth-density gradient at higher elevations (Fig.
3.1).

Firn loss is a physical manifestation of a negative mass balance. In glacier systems
experiencing prolonged negative mass balance and already experiencing retreat, it is expected that
any further decrease in firn thickness and associated firn volume to exacerbate existing glacier
behavior. This decrease in mass influx and associated meltwater storage capacity influences the
system dynamics dependent upon existing bed, hydrological, and terminus conditions (Mercer,
1961).

T'aaku Kwaéan Sit'i (the T'aaku peoples’ glacier, Taku Glacier) drains much of the southern
portion of the Juneau Icefield (JIF) and its 671 km: area (Pelto and others, 2013). It drains mainly
into the Taku Inlet to the southeast of JIF and it is currently protected by its terminal thrust moraine
from more intense frontal ablation (Zechmann and others, 2020). Unlike many glaciers in Alaska,
at the beginning of the study period in 2012, T'aak(i Kwaan Sit'i was still advancing. By the end
of the study period, in 2021, T'aakd Kwaan Sit'i officially had entered into retreat. This retreat is

related to changes in the long-term mass balance of the system where there had been a decreased
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rate in area increase for the decades preceding retreat (McNeil and others, 2020). This change in
behavior may be linked to one or a combination of dynamic thinning, increased firn densification,
or increased surface ablation (Kuippers Munneke and others, 2015). By understanding the
behavior of the firn across JIF, it may be possible to discern which of these is contributing the most
to the overall decrease in mass balance.

The objectives of this study are to (1) quantify firn extent and thicknesses for 2012 and
2021 from GPR and ground-truth where feasible, (2) determine any spatial and temporal trends in
the thickness and distribution of firn, and (3) calculate changes in firn volume between study years.
3.3. Methods
To (1) quantify firn extent and layer thicknesses for 2012 and 2021 from ground-penetrating radar
and (2) determine any spatial and temporal trends in the thickness and distribution of firn, I use
GPR to discern layer thicknesses and spatial analyses to determine significance. To (3) estimate
firn volume change, | differenced layer thickness calculated from the 2021 data from thickness
calculated using the 2012 data across the shared spatial extent.
3.3.1. Ground-penetrating Radar (GPR)
3.3.1.1. Data Collection and Processing
We collected repeat common-offset GPR transects across JIF in 2012 and 2021. These data were
collected with a Geophysical Survey Systems Incorporated (GSSI) 400 MHz model 5103 antenna
and SIR-4000 control unit (2021) or SIR-3000 (2012) along the same GPS tracks in both years.
To quantify the firn layer thickness, | performed several basic radar processing steps. Each
respective branch of radar data across the icefield was time-zero corrected, distance normalized,
stacked, and bandpass filtered with a low pass of 800 MHz and a high pass of 100 MHz. The 2012

transects were distance normalized through GPS track correlation at 50 m intervals. The 2021
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transects were distance normalized using readgssi, an open-source python package
(https://github.com/iannesbitt/readgssi.git). | identified and manually delineated the annual
accumulation (AA) and firn-ice transition (F-1) horizons in the radargrams. When referencing the
AA layer, | mean the accumulation that remains at the time of GPR data collection. Data collection
does not occur at the end of the water year; instead, due to logistical constraints, it is collected
during July concurrent with the Juneau Icefield Research Program’s field program.

3.3.1.2. Interpretations and Assumptions

We interpret the firn layer as that which resides between the depth of the annual accumulation and
of the firn-ice transition. The annual accumulation layer is characterized by continuous horizons
that cross-cut deeper horizons (interpreted as previous ablation surfaces). | followed this AA
horizon throughout the radargram from below the equilibrium line altitude (ELA) to higher
elevation regions to delineate the top of the firn layer. Then, I follow the divergence where deepest
layers dip away from the AA layer up-glacier as the lowest discernable horizon and interpret this
to be the firn-ice transition. It is easier to interpret the firn-ice transition (F-I), at lower elevations
because the bottom of the AA horizon intersects the ELA and associated F-I horizon as an
unconformity. Up-glacier of the ELA, the interpreted F-1 transition is clearly visible internal
stratigraphy beneath the annual accumulation layer for most of the icefield. Several other englacial
layers become visible at higher elevations between the interpreted F-I transition and bottom of the
AA horizon as well. At the highest elevation sites of JIF, the F-1 transition often is difficult to
manually identify as it is a less stark transition. | interpret this smaller change in magnitude to
result from a more gradual depth-density boundary between firn and glacier ice (Fig. 3.1.). Areas
where it was difficult or impossible to confidently identify these horizons were excluded from

these results and analysis.
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Figure 3.1. Schematic representation of common-offset ground-penetrating radar surveys in a
temperate ice environment with representations of the annual accumulation (AA) and firn-ice

transition (F-1) layer delineations.
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To determine the net two-way travel time (TWTT) within the firn layer alone, | calculated
the difference of the TWTT of the respective layers (F-1 — AA). This net TWTT and the assumed
bulk relative permittivity of the firn is then applied to Equation 3.1 to determine the thickness of

the firn layer, z, in each year across all of the profiles,

_ TWTT*v

Bl z=

where v is the radio wave velocity through the firn. In this case, | use the interpretation of common
midpoint surveys collected on JIF in 2015 to determine the bulk relative permittivity of the firn.
These surveys were collected using two 400 MHz model 5103 antennas with a SIR-4000 control
unit at 5 cm and 10 cm intervals. As such, | use a velocity of 0.122 m nst (¢ = 6) for all firn
thickness calculations. Although this value is at the high end of the values presented in Chapter 2,
it is a reasonable assumption given is (1) the result of this deeper, in-situ common midpoint survey
which is the only in-situ measurement available in this location, (2) firn is expected to be denser
than the accumulation layer and extensive firn aquifers have previously been observed in this study
site (Verboncoeur and others, AGU Abstract 2019; Case and Kingslake, AGU Abstract 2020;
Johnson and Meyer, AGU Abstract 2022), and (3) that this value falls within the range of the
correlated refractive indices presented for wet firn on Bagley Icefield (Arcone, 2002). Available
data do not yet allow for an analysis of the spatial variability in relative permittivity of firn and
this is recommended for future studies to consider.

The thickness values for each year were interpolated across the spatial extent of JIF using
the Inverse-Distance Weighting (IDW) method with respect to the three closest reference points.
This spatial interpolation method preserves the true values of the known data and interpolates
between points based on the distance between the unknown location and a number of the closest

known points. This results in rasters of the 2012 firn layer thickness and 2021 firn layer thickness.
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To determine the change in firn thickness across the same spatial extent, | subtracted the 2012 firn
thickness raster from the 2021 firn thickness raster to create one firn difference raster where
negative values indicate a local decrease in firn thickness over the time period and positive values
indicate an increase in firn thickness.

3.3.2. Firn Volume

To estimate firn volume, | created an area that encompasses the overlap between surveys in both
2012 and 2021. For each year, | buffered the survey transects on the glacier centerlines by 1 km
on each side, except for those on Echo Glacier which were buffered by 0.5 km on each side since
the glacier is narrower than the other main tributary branches. | also buffered the cross sectional
transects by 0.5 km. These boundaries were chosen as opposed to the total surface area of the
glaciers because this closely-bounded area is more likely to capture the firn volume without being
subject to more severe uncertainties with interpolation along more linear features of the input radar
transects especially considering the lack of strong predictive power of regression or deep learning
techniques for firn thickness (Maurer and others, in review). I then clipped the resulting geospatial
raster layers using the intersect tool on ArcGIS Pro to maintain only the area covered by both the
2012 and 2021 datasets, therefore maintaining a constant surface area over which to compare
volume change between 2012 and 2021 (Fig. 3.2). | created a triangulated irregular network (TIN)
from the raster data representing the depth of firn for both years with a Z tolerance of 0 and a Z
factor of 1, meaning that the TIN should match the input raster exactly. | calculated firn volume
above the reference plane with the Polygon VVolume tool using a reference height of 0, therefore
calculating the volume of firn where values are greater than zero for each year. Finally, I calculated
the difference between the firn volume in 2012 from that of 2021 to estimate firn volume change

over this study period.
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Additionally, I repeated these steps with an IDW raster of the difference in firn thickness
between 2012 and 2021. As opposed to the individual years of firn thickness rasters, this one
included both positive and negative values (not just positive values). This consideration meant
calculating the volume both above and below the reference plane (positive and negative values)
where the volume above the reference plane represents firn volume increase and that below the
reference plane represents volume loss. The sum of these, where volume increase is positive and
decrease is negative, represents the overall change in firn volume over the study period.

3.3.3. Analysis and Trends

3.3.3.1. Spatial and Temporal Trends

To determine any spatial and temporal trends in the thickness and distribution of firn, I generated
descriptive statistics for both years of data and the calculated change for the entire spatial extent.
To evaluate the spatial variability, | calculated descriptive statistics for each individual branch.
This division of data presents an idea of how the mean, standard deviation, and range compares
between branches. | calculated and identified the areas with higher and lower percent change in
firn thickness. To determine the temporal variability, | compared the 2012 and 2021 firn thickness
descriptive statistics and calculated the percent change in firn at each point.

3.3.3.2. Evaluating Covariance Snow accumulation, ablation, firn thickness, and firn extent are
influenced by multiple variables. | assessed the relative importance of several of these variables
that may impact changes in firn on JIF for each point using a random forest regression model. The
purpose of implementing this regression is to assess the relative importance and correlation of each
variable and is not for prediction purposes. I ran the random forest regression model using the
RandomForestRegressor from sci-kit learn (Pedregosa and others, 2011). This model was run with

the following parameters: 1,000 trees, a 75/25 percent training/testing split, and a random state =

51



@ 2012 Radar Transects
@ 2021 Radar Transects
[1 Buffer of Shared Extent

¥ L (4. : - ’A
4 o . »

P

kmi® :
» N Ny

134,60 134.53°W 134.47°W 134.40°W 134.33°W 134.27°W 134.20°W 134,13°W 134.07W 134.00°W 133.93°W

Figure 3.2. (a) Study site relative to Alaska and Northwest Canada (pink box). (b) Study site in
relation to the Juneau Icefield (JIF), highlighting the southern portion (pink box). (c) Surface
area over which firn volume is calculated (seafoam green) created from the shared buffered area

of the radar transects collected in 2012 (pink) and 2021 (black).
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42. 1 ran multiple random forest regressions to identify the variables with the greatest relative
importance by first assessing the entire suite of variables, then iteratively excluding the variable
with greatest relative importance in the next run. These results then informed the subsequent linear
regression analyses to evaluate the individual variable correlation with the difference in firn
thickness.

These variables include, elevation, distance from a moisture source, slope, curvature,
proximity to exposed bedrock, and difference in the average number of positive degree days
(PDDs) seasonally in the 5 water years preceding the accumulation during the radar collection
years. These variables were chosen to consider position, surface characteristics, and ablation at
each point.
3.3.3.2.1. Positional Variables The positional variables include elevation and distance from a
moisture source. Elevation influences both temperature and precipitation and distance from a
moisture source impacts precipitation patterns. Elevation is determined using a digital elevation
model (DEM) of JIF generated by the Polar Geophysical Center at 10 m resolution. | reprojected
this raster from NSIDC Sea Ice Polar Stereographic North Projection to UTM Zone 8N to match
that of the GPR transects. Elevation data are extracted to each data point across JIF. Points are
representative of individual scans in the GPR transects. Distance from a moisture source is
calculated from the delineation of the coastline closest to JIF as per methods in Maurer and others
(in review). This coastline borders the Favorite Channel and Gastineau Channel. I use the Near
tool in the Analysis Toolbox on ArcGIS Pro to calculate the planar distance from each point on
JIF to the delineated coastline.
3.3.3.2.2. Surface Variables The surface variables include slope and curvature. Slope was

calculated using the same DEM used for elevation data. | used the Slope tool in the 3D Analyst
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Toolbox on ArcGIS Pro to calculate a raster of slope across the study site, then extracted the values
at each point. Curvature, the rate of change of the slope, was also calculated from this DEM but
using the Curvature tool in the 3D Analyst Toolbox on ArcGIS Pro.
3.3.3.2.3. Ablation Variables The ablation variables considered are proximity to exposed bedrock
and seasonal changes in the number of positive degree days during 5 water years preceding the
survey years. These variables impact the amount of heat entering the system. | defined proximity
to exposed bedrock as the minimum distance from each point to the edge of the glacier as outlined
by the Randolph Glacier Inventory 6.0 for Alaska (RGI60). To do so, | first merged the extent of
all of the glacier polygons on JIF into one polygon and then created a second polygon that
encompassed the entire JIF. Using the Erase tool (Analysis toolbox), | erased areas of the second
polygon that contained the glacier area to result in a rock outcrop polygon. With the Near tool
(Analysis toolbox), I calculated the minimum distance from each point to the exposed bedrock.
The metamorphosis of snow to glacier ice on a temperate glacier occurs on a sub-decadal
scale. Changes in the seasonal number of positive degree days during the 5 water years preceding
the survey years are anticipated to impact the ablation potential of snow and firn. This was
calculated using the National Weather Service and National Oceanic and Atmospheric
Administration’s Climate and Past Weather NOWData for daily average temperature at the Juneau
International Airport (8 ma.s.l.). For 2012, this includes 2006-07, 2007-08, 2008-09, 2009-10, and
2010-11 encompassing every day between 01 September 2006 to 31 August 2011. For 2021, these
are 2015-16, 2016-17, 2017-18, 2018-19, and 2019-20 which include every day from 01
September 2015 to 31 August 2020. These data were compiled into daily seasonal temperatures
(DJF, MAM, JJA, SON) at the airport for the 5 years preceding 2012 and 2021. I used the

elevations at each point extracted from the Polar Geophysical Center DEM to calculate the daily
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temperature at all points using a lapse rate of -5°C km+ (McNeil and others, 2020). For each point,
I summed the number of positive degree days, which I define as any day with a temperature above
0°C, and then took the average of these days per season at each point. This was done for both the
2012 and 2021 seasonal data. Finally, I calculated the difference between the average number of
positive degree days per season leading up to 2012 from those leading up to 2021 to calculate the
difference in the number of positive degree days at each point per season.

Additionally, I summed the average number of positive degrees per season and annually
for each of these preceding 5-year periods. | then took the difference of the numbers of positive
degrees between 2012 and 2021 at each point to approximate the degree of heat difference.

3.4. Results

3.4.1. Ground-penetrating Radar

3.4.1.1. 2012 Results. Clear horizons were visible in the radar transects in 2012. Multiple horizons
were discernible within the interpreted firn layer. Cross-sectional transects showed the U-shaped
nature of the firn layer moving away from the sidewalls (Fig. 3.3). Longitudinal centerline profiles
displayed increasing two-way travel time between the interpreted annual accumulation layer and
the firn-ice transition layer. The interpreted firn-ice transition layer was often wavy in character
and most clear at lower elevations and more difficult to discern at higher elevations up-glacier.

At the time of data collection, the average thickness of firn in 2012 was 5.78 m + 2.86 m.
Total firn thicknesses ranged between 0 to 14.32 m. Areas with the thickest firn both on average
and overall in 2012 include, Matthes-Taku (6.19 m £3.76 m), Northern-Northwest Branch (7.16
m + 1.27), and Southern-Northwest Branch (3.76 m + 1.56 m) (Fig. 3.4). Demorest Glacier had
the lowest average firn thickness (3.19 m = 1.10 m). These thickness values were calculated using

a relative permittivity of 6.

55



a) W Distance (km) E

2.5

5.0

Depth (m)

7.5

10.0

b)

“ Acc

2.5

5.0

Depth (m)

7.5

e , Glacier
Dokt ; Ice
10.0 L

CL-1 6L-2

Figure 3.3. (a) Radargram of Echo Branch cross-section across Echo Centerline 1 (CL-1) and
Echo Centerline 2 (CL-2). Depth (left) calculated using a relative permittivity of 6 and two-way
travel time (TWTT, right). (b) Interpretations of the accumulation layer and the firn-ice

transition.
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Figure 3.4. Firn thickness (m) along radar transects in 2012 using a relative permittivity of 6.
Color scale represents low values in light yellow and increases in tones of greens to blues for

higher values.
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3.4.1.2. 2021 Results. Multiple horizons were visible within the interpreted firn layers for all of
the transects with firn. Transects collected moving up-glacier and across an ice divide, including
Northern-Northwest branch, Southwest Branch, and Matthes-Taku, showed general trends of
increasing horizon two-way travel time of the interpreted firn layer moving up-glacier. This was
not a linear increase and was more undulatory in nature. Near the interpreted ice divide, there are
the longest two-way travel times defining the firn layer before they then decrease again moving
away from the divide.

The average thickness of the firn in 2021 was 2.95 + 2.31 m (Table 3.1). Areas with the
greatest amount of firn include, Northern-Northwest Branch (5.77 £ 1.29 m), Southern-Northwest
Branch (3.79 £ 1.31 m), and Echo-Right (2.37 + 1.60 m) (Fig. 3.5). These thickness values were
calculated using a relative permittivity of 6. Notably, within the shared study extent, Demorest

Glacier had no firn in 2021.
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Figure 3.6. 400 MHz centerline profiles of Echo Glacier — Center in (a) 2012 and (b) 2021. Depths are interpreted with a relative
permittivity of 6 (v =0.122 m ns!) and interpreted annual accumulation (AA), firn (F), and firn-ice transition (F-1) are indicated. (c)

Location of profile relative to the southern portion of the Juneau Icefield is from F to E.
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with increasing magnitude).
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Glaciers, Northern-Northwest Branch (NWBN), Southern-Northwest Branch (NWBS), and

Southwest Branch (SWB).
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2012 (m) [ 2021 (m) | Difference (m) | Percent Change (%)
(2021-2012)

Mean 6.04 2.95 -3.10 -58.2
Standard Deviation 2.76 2.31 1.73 30.3
Minimum 0.00 0.00 -8.64 -100
25% 3.95 0.35 -3.96 -90.4

50% 5.93 3.26 -2.90 -55.8

75% 7.52 4.59 -1.99 -35.8
Maximum 14.32 8.52 1.45 29.9

Table 3.1. Descriptive statistics for firn thickness, firn thickness change, and percent change for

the shared extent of 2012 and 2021 radar transects. Data coverage of the same spatial extent.

Year Firn Volume Total Su rface Area for
(10°m3) Calculation (108 m?)
2012 10.5 1.69
2021 5.11 1.66
o
IDW of Difference in Firn Thickness -5.20 1.66

Table 3.2. Firn volume and surface area of calculation in 2012 and 2021 from individual years.

Additionally, firn volume and surface area of calculation for an IDW raster of difference in firn

depth.
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3.4.1.3. Change in Firn. Compared to 2012, the 2021 radargrams showed an overall decrease in
thickness and extent of firn in all centerline transects (Fig. 3.6, Figs. A.1-A.4). An example of this
is Figure 3.6 where the firn line on Echo Glacier-Right has moved 3.5 km upglacier between 2012
and 2021. Additionally, the firn layer has decreased ~5m at its thickest point. Where firn still exists
in the 2021 surveys, the shape of the firn layers appear similar to that at the same location in 2012.
Across the study site, there was an average difference in firn thickness of -3.10 £ 1.73 m
(Fig. 3.7). The general trend shows an overall decrease in firn across JIF with an average percent
change between 2012 and 2021 of -58.2 percent (Table 3.1). Areas that experienced the greatest
average percent decrease include Demorest Glacier (100 percent), Echo Glacier-Center (80.9),
Southwest Branch (71.8), and Matthes-Taku (71.2) (Fig. 3.8, Table B.2). The Northern-Northwest
Branch centerline and cross section and Southern-Northwest Branch experienced firn loss at a
lower local percent change than other areas.
3.4.2. Firn Volume
Firn volume was calculated over a total surface area of 1.66 *10% m? with interpolated depths to
the shared extent buffer (Fig. 3.9). The estimated volume of firn across the study site in 2012 and
2021 is 10.5*108 m3 and 5.11*108 m3, respectively (Table 3.2). This decrease represents a loss
of 51.3% of firn volume over a decade.
3.4.3. Analysis and Trends
3.4.3.1. Random Forest Regression
Multiple regressions were performed by selectively removing or including variables to determine
importance with each iteration. Relative importance from the random forest analysis revealed that,
of the input variables, marine proximity (relative importance = 0.67) has the greatest impact on

the predictive power of the regression. After marine proximity, the variables with greatest
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importance were as follows, difference in annual positive degrees, elevation, and distance to
exposed bedrock determined from elimination of the previous most influential variable. Most
random forest regressions had a mean absolute error of 0.01 to 0.03 m. One, considering only
difference in positive degree days seasonally and difference in annual positive degrees, had a mean
absolute error of 0.18 m.

3.4.3.2. Positional Variables

Elevation had the third greatest relative importance of the included variables in the random forest
regression. This random forest regression considered the entire suite of available data where there
were no missing values. A linear regression of the difference in firn thickness between 2012 and
2021 with elevation yielded a weak negative correlation (R?=0.0622) where, as elevation increases
there is an increase in firn loss. This relationship is most evident at higher elevations (>1600 m
a.s.l.) and otherwise there is not much of a trend observed across JIF. When this is broken down
into a linear regression by the individual tributaries and cross-sections, differences in firn thickness
on Demorest Glacier (R?=0.2905), Matthes-Taku (R?=0.2492), Northern-Northwest Branch cross-
section (R?=0.1773) had the highest correlation with elevation, though opposite directional
relationships (Fig. B.5). The remaining profiles in order of decreasing correlation, Northern-
Northwest Branch, Southern-Northwest Branch, Echo Glacier-Right, Southwest Branch, and Echo
Glacier Cross section, had R?values <0.1.

Marine proximity was the most impactful variable in the random forest regression in
predicting the difference in firn between 2012 and 2021. In a simple linear regression, difference
in firn thickness has a weak negative relationship with marine proximity (R?=0.1408). The farther
from the coastline (least proximal) a point is, the greater the loss in firn thickness. When broken

down into tributaries and cross sections, the correlation is strongest for Demorest Glacier
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(R?=0.6858), Northern-Northwest Branch cross section (R?=0.5509), Echo Glacier-Right Cross
Section (R?=0.5509), and Matthes-Taku (R?=0.2687). The remaining branches and cross sections
have generally stronger correlations with marine proximity than with elevation as follows, Echo
Glacier-Right (R?=0.1366), Southern-Northwest Branch (R?=0.0960), Southwest Branch
(R?=0.0869), Northern-Northwest Branch (R?=0.0514), and Echo Glacier-Center (R>=0.0021)
(Fig. B.6).

3.4.3.3. Surface Variables

Slope and curvature were amongst the variables with the least relative importance in the random
forest regression. In a linear regression, changes in firn thickness essentially show no correlation
slope (R?=0.0016) or curvature (R?=0.0087). When broken out into separate branches and cross-
sections, most of the surveyed areas center around curvature of 0 and slopes between 1-2°.
3.4.3.4. Ablation Variables

Distance from exposed bedrock had the fourth most importance in predicting firn thickness
change, with less relative importance in the random forest regression than the positional variables,
though higher than the surface variables. A linear regression shows a weak negative relationship
between difference in firn thickness and distance to exposed bedrock, where the farther from the
side walls a point is, the greater the decrease in firn thickness between years (R?=0.0701). The
areas with the greatest correlation between the difference in firn thickness and distance from
exposed bedrock were Southwest Branch (R?=0.2115), Southern-Northwest Branch (R?=0.2058),
and Echo Glacier-Right cross section (R?=0.1729). Some correlation was observed for Matthes-
Taku (R?=0.1285), Northern-Northwest Branch (R?=0.1195), while relatively none was observed
for Demorest Glacier (R?=0.0668), Echo Glacier-Right (R?=0.0458), Echo Glacier-Center

(R?=0.0457), and Northern-Northwest Branch cross section (R?=0.0450) (Fig. B.7).
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Difference in average positive degrees had the second greatest importance in predicting
firn thickness change outside of marine proximity. In a linear regression, this variable has a very
weak correlation with difference in firn thickness (R?=0.0458). That said, the relationship between
these variables amongst individual branches was much greater for Demorest Glacier (R?=0.2931),
Matthes-Taku (R?=0.2088), and Northern-Northwest Branch cross section (R?=0.1777). Most of
the other branches and cross-sections had similar or weaker correlation coefficients than the overall
dataset, Northern-Northwest Branch (R?=0.0956), Echo Glacier-Right (R?=0.0221), Southern-
Northwest Branch (R?=0.0202), Echo Glacier-Center (R?=0.0105), Echo Glacier-Right cross-
section (R?=0.0060).

Across the entire study site, all areas experienced an increase in the average number of
positive degree days per season between the 2006-2011 period and the 2015-2020 period. There
were no points where there was an average decrease. Areas below 1500 m a.s.l. experienced the
greatest number of increased average positive degree days between the firn accumulation seasons.
3.5. Discussion
3.5.1. Firn Volume
Over about a decade of time, JIF has lost approximately over 50 percent of its firn volume. This
scale of loss has implications for the future of JIF as a whole. The loss of this important input to
glacier ice will decrease the overall ice volume and likely means that the contributions to sea-level
rise from JIF are likely to increase. With less of this layer to buffer both the ice from the atmosphere
and downstream ecosystems from rapid meltwater discharge, this loss could become a trend.
Though drastic, because of the short residence time of firn in this area, this decrease in firn is likely
due to decadal or sub-decadal trends in accumulation and ablation and thus are not irredeemable

(without considering any effect on feedback loops).
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It is possible to derive surface velocity from feature tracking and image pairing with the
Inter-mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE) dataset. A time series
analysis of these available data from 1985-2018 demonstrate that the centerline velocity of
T'aakd Kwaan Sit'i has not varied substantially outside of one standard deviation of the mean
historical velocities (Fig. 3.10). | interpret this as a consistent velocity field trend through time and
consider that observed changes are not likely to be the effect of increased dynamic thinning.
Therefore, | do not attribute the observed firn thinning to dynamics and hypothesize it is more
likely a combination of potential factors such as, increased ablation, decreased accumulation, or
increased rate of firn densification. Gaps in the availability of calculated surface velocity limit
these conclusions.

It is interesting to see such a drastic change in the firn volume on JIF especially considering
the main outlet glacier of this portion of the icefield was advancing until the mid-2010s. If this
difference in firn volume is a trend related to the initiation of retreat of T'aaki Kwaan Sit'i, it is
likely a trend that is occurring for other Alaskan alpine glaciers and icefields where retreat has
been ongoing. | would expect that perhaps more dramatic changes or trends might emerge in these
systems too. In addition, modeling results suggest that despite some firn thickening at high
elevations on the Greenland Ice Sheet, accelerated coastal firn thinning has been observed between

1980 and 2014 attributed to increased surface melt (Kuipers Munneke and others, 2015).

69



1 standard deviation - 2015
— 2010 2016
4001 — 2011 — 2017 2
—_ 2012 —_— 2018
2013 —— Average 1985-2018
2014
300 A
5
E
2
‘G 200 4
o
S
100 4
0 -
110 100 90 80 70 60 50 40 30

Point

Figure 3.10. Average of the annual velocities with one standard deviation (grey) between 1985-2018 at each point along T’aaku
Kwaan Sit’i and Matthes Glacier where data are available. Individual years of data near the time period of interest (2010-2018) are
plotted in increasingly warm colors in more recent years. Point 110 on the left corresponds to the head of Matthes Glacier which flows

into Taku Glacier where point 30 is nearest to the terminus.

70



3.5.2. Analysis and Trends

3.5.2.1. Positional Variables Because both marine proximity and elevation influence
accumulation, these variables are most akin to representing accumulation patterns across the
icefield in lieu of annual measurements of the entire study area. It then makes sense that these are
the variables that have the greatest influence on the predictions of the random forest regression,
given that firn existence depends first on there being accumulation. Areas that are most marine
proximal maintained more firn, lost less firn than areas that were less marine proximal. This trend
makes sense where less snow might fall further from the moisture source due to rain shadowing
and more snow falls closer to the moisture source both due to moisture source proximity and rapid
orographic uplift. With this difference in initial inputs, even with uniform ablation, areas with
greater accumulation would maintain and develop more firn.

The direction of the relationship between elevation and difference in firn thickness is
different than one might expect. As opposed to there being more firn loss at low elevations, with
an increase in elevation, there is more firn loss at high elevations. One potential explanation for
this relationship is that areas low in elevation and close to the ELA had little firn to begin with in
the initial 2012 survey year. Hence, any loss or complete disappearance in firn could be lesser in
magnitude than to higher elevation areas.
3.5.2.2. Surface Variables
Slope and curvature had little influence or impact on the change in firn thickness between years,
which makes sense given that these are surface expressions and not necessarily indicative of firn
thickness in this study area where there are not intense slopes. Perhaps firn thickness could be
more heavily influenced in areas with greater variability and magnitude of slope or curvature, but

this was not observed on JIF.
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3.5.2.3. Ablation Variables

Distance from exposed bedrock and difference in positive degree days both showed moderate
relative importance on the difference in firn thickness between 2012 and 2021, according to the
random forest regression. Though a weak relationship, the further a point from exposed bedrock,
the greater the loss in firn thickness is observed. Perhaps this is an effect of shading, wind drifting,
or avalanching onto the areas closer to valley side walls allowing for less firn loss. But, equally
s0, this effect could be similar to that of elevation where areas close to the sidewalls generally have
less firn to begin with due to longwave radiation from the bedrock. Further, more detailed analyses
in these bedrock-proximal regions would be useful to elucidate the specific causes.

The difference in average annual positive degrees between firn accumulation seasons had
an unexpected relationship with the difference in firn thickness between years for the overall
dataset. Instead of increases in the average annual positive degrees being correlated with greater
firn loss, the opposite is true. This could potentially be explained by the elevation dependence of
temperature calculations at each point (Figs. A.5, A.8). Similar to how lower elevation areas had
low relative firn thickness when compared to the rest of the study site, these highest elevation
regions experienced the greatest increase in the number of positive degree days and in the annual
average difference of positive degrees between firn accumulation seasons.
3.5.2.4. Smaller-scale Relationships
Overall, there was no individual variable that was strongly correlated with the difference in firn
thickness across JIF between 2012 and 2021 when considering the entire surveyed area. That said,
when the data was broken into individual tributaries and cross sections, multiple variables

correlated with firn thickness difference. However, correlation varied across the icefield and were
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both positive and negative for the same variable depending on the tributary. This suggests that
smaller-scale relationships are impactful (Figs. A.5-A.11).
3.5.3. Assumptions and Limitations
Calculations of firn thickness in each year are based on the assumption that the relative permittivity
of temperate firn across JIF is 6 (v = 0.122 m ns). From the common midpoint surveys (CMP)
conducted in 2015, it is reasonable to apply this relative permittivity to the firn layer. However,
the CMP surveys were spatially and temporally constrained to a relatively small regions and time
period and the properties of firn that affect relative permittivity (i.e., density and water content)
are likely spatially and temporally variable. More refined estimates of firn volume and meltwater
capacity would benefit from reduced uncertainties in water content, depth-density profiles, and
changes to these two properties over time, across JIF. Despite the likely large quantitative
uncertainties in firn volume derived from differencing the 2012 from the and 2021 data, the firn
thickness reduction is obvious from the data, qualitatively (Fig. 3.6 and Figs. A.1-A.4).
Additionally, it is important to acknowledge that this is not a time series analysis. Instead,
it is a change analysis with two endpoints. This constrains my ability to make conclusions about
how fast change is occurring. There is only an absolute change demonstrated, instead of
incremental change. This may overlook some of the firnpack evolution. That said, by being
influenced by multi-year processes, firn existence, thickness, and volume does hold an indication
of multi-year trend.
3.5.4. Implications
Within a decade of time, this drastic change in firn volume is concerning and likely connected to

the regional shift towards lower annual mass balances and overall mass loss (Berthier and others,

73



2018; Rounce and others, 2023). Over 50 percent loss in firn volume over a decade reduces
contributions to ice volume and will likely continue or exacerbate glacier retreat in the region.

Because firn itself is an important component of glacier structure and hydrology, its overall
decrease in thickness and volume has implications for englacial and proglacial hydrology. Such a
decrease in firn reduces the glacier system’s ability to buffer runoff. In a smaller column of firn
over glacier ice, it would be expected that water would move more quickly through this column
than one of greater depth. This could increase the potential for local flooding and have implications
for the future of JIF.

Because the terminus is currently protected by its proglacial shoal, changes in meltwater
discharge may outweigh the balance between sediment flux contributing to terminus protection
and meltwater flux that may erode this protection (Zechmann and others, 2020). Recent modeling
of Eklutna Glacier in Southcentral Alaska demonstrates the increase in annual discharge and a
decreasing mass balance with warmer temperatures (Geck and others, 2021).

As T'aakl Kwéan Sit'i retreats, it may also develop into a lake-terminating glacier,
potentially exacerbated by meltwater runoff. Such a change could have profound impacts on
glacier mass loss and dynamics (Truffer and Motyka, 2016) and downstream ecosystems. One
example is Yakutat Glacier which is a low elevation, lake-terminating glacier located in southeast
Alaska and is about half the area of T'aaki Kwaan Sit'i with similar mean annual precipitation.
Though lower elevation than JIF, modeling results predict substantial retreat and thinning through
the rest of the century (Trissel and others, 2015). Llewellyn, Mendenhall, Gilkey and other
glaciers draining from JIF have each resulted in the formation of lakes at their termini, potentially

acting as a positive feedback loop that further enhances glacier retreat.
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The effect of JIF firn thinning on englacial and downstream hydrology will evolve over
time. In the short-term, it might expected to see increased incidence of saturated firn aquifers and
surface runoff during the peak melt season. This meltwater flux could infuse colder water and
more eroded sediment into the downstream ecosystem, affecting species sensitive to water
temperature, sediment flux, and turbidity. In the long-term, should T'aaku Kwaan Sit'i recede or
erode its terminal moraine becoming a marine or lake-terminating glacier in an over-deepened bed,
this could then reduce the influx of meltwater and entrained sediment to Taku Inlet. The transition
from a protected terminus to a lake or marine-terminating glacier might introduce more potential
for melt to the system. In an over-deepened bed, this presents the potential to affect ice dynamics
through increased subglacial meltwater movement, marine (or lake terminating) ice cliff instability
with active calving, and increased ice velocity.

While firn albedo is lower than snow, it is still higher than glacier ice. In this way, it
protects glacier ice from direct insolation where it exists. With thinner firn there is less of a buffer
between the atmosphere and glacier ice. This has the potential to increase the system’s sensitivity
to instances of extreme temperatures and melt.

Ziemen and others (2016) predict a 58 to 68 percent decrease in ice volume from 2010 JIF
ice volume by the end of the century under the RCP6.0 (+ 2.8°C, globally) emissions scenario
modeled with the Parallel Ice Sheet Model. Overall, such extensive firn thinning increases JIF’s
vulnerability to climatic change and may be the start to more rapid JIF retreat in the near future.
3.6. Conclusions and Remaining Questions
Analysis of firn thickness across the Juneau Icefield in 2012 and 2021 from repeated 400 MHz
GPR surveys revealed there has been an overall firn thinning across the study site. This firn

thinning has resulted in a calculated firn volume loss of 51.3 percent over the study period.
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Analysis from both random forest regression relative importance and linear regression of variables
that may explain this decrease in firn thickness showed that marine proximity, annual difference
in positive temperature degrees, and elevation, were the most well-correlated variables, though
these relationships varied across tributaries.

Firn thinning may occur through one or a combination of decreased accumulation or
increased ablation, increased dynamic thinning, and an increased rate of firn densification. Future
research should consider quantifying the other potential causes of firn thinning. This would include
the rate of firn densification in temperate glacier systems over short, near annual timescales and
in-situ measurements of surface velocity over multiple times during the years to determine any
possible impact of dynamic thinning on firn thickness. Additionally, future studies should seek to
limit assumptions in regard to the relative permittivity of the firn spatially and temporally by
performing extensive ground truthing campaigns. This includes more detailed analysis of spatial
and temporal variations in depth-density profiles and meltwater stored within the firn. Finally, it
is worth considering a continuation of these repeated surveys to see the development of firn

through time, and to better understand temperate firn processes.
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CHAPTER 4
CONCLUSIONS & FUTURE WORK

4.1. Conclusions
This research focused on examining the spatial and temporal properties of snow and quantifying
snow water equivalent and firn volume across the Juneau Icefield between 2012 and 2021. The
basis of this analysis was built upon repeated 400 MHz ground-penetrating radar (GPR) surveys
across the southern portion of the Juneau Icefield (JIF) collected with the Juneau Icefield Research
Program in 2012 and 2021.
4.1.1. Variable Snow Properties and Snow Water Equivalent from Ground-penetrating
Radar Across the Juneau Icefield, Alaska (Chapter 2)
Snow water equivalent (SWE) is one way to quantify and monitor the annual mass balance of
glaciers, water resources, and potential contributions to sea-level rise. SWE across Alaskan
glaciers, which outside of the polar continental ice sheets are experiencing the greatest degree of
mass loss, is highly variable (Hugonnet et al., 2021; McGrath et al., 2015).

In Chapter 2, | presented the results of analysis of the annual accumulation in 2012 and
2021 from GPR surveys and mass balance snow pits to assess the snow water equivalent and liquid
water content across JIF. Density trends with respect to depth are similar across JIF within and
between years. Ground-truth efforts for assessing bulk radio wave velocity and relative
permittivity of the snowpack suggest widespread variability in liquid water content across the
study site and annually. This variability has the potential to result in high uncertainty in depth and
SWE calculations from GPR. Accumulation, measured in SWE, at the time of surveys was greater

in 2012 than in 2021. Overall, this research demonstrates that in temperate and maritime glacial
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systems, estimating SWE requires extensive ground-truth campaigns to account for the spatial
variability in liquid water content in the snowpack.

4.1.2. Firn Volume Loss Across the Juneau Icefield, Alaska between 2012 and 2021 (Chapter
sl;%rn is a crucial part of glacier systems as it is the snow accumulation that remains after the ablation
season and over time densifies into glacier ice. Additionally, it acts as short-term meltwater storage
which buffers runoff release to downstream water reservoirs or resources. How much firn
accumulates and remains after each year serves as a multi-year record of recent accumulation and
ablation trends.

In Chapter 3, with the same common-offset GPR dataset, | focused on the changes in firn
thickness, volume, and meltwater storage capacity of the surveyed portion of JIF. Significant firn
thinning was observed across the entire study site, with very few small areas of firn thickening,
between the initial survey year in 2012 and the repeated survey in 2021. This resulted in an
estimated over 50 percent decrease in firn volume over this decade. Changes in firn thickness were
most correlated with variables related to accumulation patterns, namely marine proximity and
elevation. Subsequent analyses of recent meteorological data revealed that firn accumulation
period, the five water years preceding the surveys, in 2021 showed a positive change in the number
of positive degree days for every day of the year when compared to the firn accumulation period
for the 2012 surveys.

4.2. Limitations
These conclusions are limited to relative change analysis as opposed to trend analysis because this
research considers two years of data that serve as end points to the time period of interest. Thus,

this does not allow for attribution of specific changes between 2012 and 2021 directly to climatic

change, though this is certainly a possible impetus for melt-influenced variability in liquid water
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content during the summer, variability in large-scale accumulation patterns and snow water
equivalent, as well as, decreases in firn volume.

As Chapter 2 outlines, for better interpretation of GPR data on temperate glaciers in a
changing climate, it is crucial to conduct extensive ground-truthing campaigns to inform and
validate any assumptions for radio wave velocity to calculate depth. While this was feasible and
implemented for work with the annual accumulation layer, this was not the case with the firn layer.
As accumulation at this study site can be 3-5 m of snow or more to excavate before reaching firn,
it is difficult to determine the thickness of the firn layer itself through the methods available during
data collection. While a common midpoint survey is a great tool to determine radio wave velocities
at a point location, it’s limited in implementation to point location much like firn coring. As such,
the difference in firn thickness between years is subject to some added uncertainty and conclusions
drawn from this should include this as a caveat.

From available data, it is not possible to discern exactly what is the main cause of firn
thinning, especially as firn accumulation and survival is subject to multi-year timescales. Firn
thinning may be caused by decreased snow accumulation, increased ablation, increased rate of firn
densification, dynamic thinning, or a combination of these factors. Observed thinning does not
appear to be due to dynamic thinning. Understanding which of these additional factors is the
dominant cause for firn thinning in this region would have implications for better predicting glacier
behavior.

4.3. Remaining Questions and Future Work
Future studies should consider a higher degree of temporal resolution for repeated surveys if the
goal is to conduct time series analysis. This might include data collection along repeated survey

tracks within the same season or in years in closer succession.
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To better ground-truth layer thicknesses and radio wave velocities, future research might
consider using firn coring at the sites of mass balance pits to record density and depth of the firn.
An additional step-up from this to provide a more continuous and non-destructive acquisition of
radio wave velocity variation and firn depth simultaneously would be to use a multi-offset ground-
penetrating radar instrument at the same or similar frequency. This continuous information would
better inform assumptions for radio wave velocity, water content, and density in temperate firn,
reducing the uncertainty of depth calculations (Meehan and others, 2021). Additionally, because
liquid water content can exhibit temporal variability, there remains a question of how variable this
property is on different timescales. This could be examined with repeated common-offset or multi-
offset surveys on a shorter temporal timescale of hours, days, or weeks.

Future work considering the factors related to firn thinning should consider a similar
approach to addressing ground-truthing radio wave velocities in temperate firn: firn coring and
multi-offset radar, for the aforementioned reasons. An additional consideration would be to use an
ultra-high frequency Autonomous phase-sensitive Radio Echo Sounder (ApRES) to measure strain
rate in the firn.

Finally, this study focused entirely on the Juneau Icefield, AK and it would be interesting
to expand these efforts to other areas to potentially upscale these conclusions or better quantify

uncertainty in methods between regions.
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APPENDIX

DJF MAM JJA SON Annual

Mean 2.2 12.9 0.2 4.5 19.8
Standard Deviation 1.4 4.0 0.3 1.2 6.0
Minimum 0.2 6.4 0.0 2.2 11.2
25% 1.0 8.0 0.0 3.4 13.8

50% 1.8 14.0 0.2 4.2 19.8

75% 3.6 16.4 0.2 5.8 25.4
Maximum 4.8 17.8 1.4 6.2 28.2

Table A.1. Descriptive statistics on the difference in the number of positive degree days per

season between the firn accumulation seasons.

DEM | ECHO_C | ECHO_R | MT | NWBN | NWBS | SWB

Mean -100 -80.9 -55.8 -711.2 | -27.1 -474 | -71.8
Stand. Dev. [ 0.0 18.0 26.1 25.8 15.2 16.3 33.6
Min -100 -100 -94.8 -100 | -66.9 -100 -100
25% -100 -92.0 -80.9 -100 | -36.7 -55.2 | -100
50% -100 -88.3 -58.7 -68.1 | -29.9 -47.0 | -100
75% -100 -714.9 -33.5 -56.3 | -12.8 -38.6 | -52.2
Max -100 -33.3 0.6 -5.3 11 -3.1 14.4

Table A.2. Descriptive statistics of the percent change in firn thickness across the study site by

tributary branch.
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Figure A.1. Centerline 400 MHz surveys of Echo Glacier — Right in (a) 2012 and (b) 2021,
located from G to E on the location map (Figure 3.3c). Two-way travel time (TWTT) shown

with depth (m) interpreted with a relative permittivity of 6 (v = 0.122 m ns%).
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Figure A.2. Centerline 400 MHz surveys of Matthes-Taku in (a) 2012 and (b) 2021, located
from A to J on the location map (Figure 3.3c). Two-way travel time (TWTT) shown with depth

(m) interpreted with a relative permittivity of 6 (v =0.122 m ns).
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Figure A.3. Centerline 400 MHz surveys of Southern-Northwest Branch in (a) 2012 and (b)
2021, located from I to D on the location map (Figure 3.3c). Two-way travel time (TWTT)

shown with depth (m) interpreted with a relative permittivity of 6 (v = 0.122 m ns™?).
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Figure A.4. Centerline 400 MHz surveys of Southwest Branch in (a) 2012 and (b) 2021, located
from 1 to D on the location map (Figure 3.3c). Two-way travel time (TWTT) shown with depth

(m) interpreted with a relative permittivity of 6 (v = 0.122 m ns™?).
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Figure A.5. Difference in firn thickness (m) between 2012 and 2021 versus elevation (m a.s.l.) for each main tributary.
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tributary.

95



Demorest Echo-Centar Echo-Right
1 [ ]
000 1800 .| l‘l 1600 4 I r (] ' [ .
_;;-z-.m E 16001 O'ﬁ tl o |Eroolg .' Ezma : *
5 £ a0 ’ : I , -
1200 4 (]
E 20030 4 E § (] ' E 1500 ohs 8 w'
- = =
. 3 o0, : 1
2 15007 3 1000 2 s & . .
o w e ad o gon 4 ' ! ' o ‘ . [ ] 1
2 2 8 g o g 1000 l‘ Vet
21000 4 2z 800 ¢ 2 so0d . z “.f..
E E £ E .J‘ 8
i o = = o as
2 00 g e & 4004 & sop . l"
400 F
i . 200+ ’ ]
-8 6 4 - -5 Ja 53 5 51 5 4 3 2 Y n Za 3 2 1 o
Differencs in Am Thickness (mi Difference in Firn Thicknzss (m) Differance in Firn Thickress (m) Difference in Firn Thicknzss (m)
Matthes Taku Nartharn NW Branch Southern Nw Branch Southwest Branch
2750 2000 ' ’ . ' [ 3000 1 41 1 Y '
= = = = 2000
E 25001 E £ . E
3 1800 J l .. '1 > 2500 "l ' -\. * l ’
a a o o
5 2250 5 0 :
E E 1600 'l i ’ " § ‘. E 1500 ‘
T 2000 4 T T o000 HE
2 ¢ e, || : I. I
a & 1400 1 ‘ ko] . & l . 4
£ 1250 - 7 5 < e h-' < 1000
i 5 ] I . 2 15004 0 e L v 0 ‘ a
1500 E 1200 ) J ’ £ P Ll v - E
] = M = =
: : () | e £ ol
1250 1 1000 'l (] ‘ " . "
i] il
1000 . . . - v . - v . - v L ' . . . v . 04, .
-8 -6 -4 -2 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 -5 -4 3 =

Difference in fim Thickness (mi

Figure A.7. Difference in firn thickness (m) between 2012 and 2021 versus distance from exposed bedrock (m) for each main

Difference in Firm Thickness (m)

Differance in Fim Thickress fm)

tributary.

96

Difference in Firn Thl’knﬂ‘i fm})




LY
(=]

200 4

140

Annual Diffarance in & Positive Degrees

208

199 4

ual Difference in & Posilive Degress
=

-8 -6 -4 -2 0
Difference in Am Thickness (m}
Matthes Taku
" v v v
-8 -6 -2 -2

Difference in Aim Thickness (mi

Demorast Fcho-Centar Fcho-Right
2150 [ | UL e o ° 195 C
£ q g 1734 H
) H]
& E) &
190 .
& s & 172 g & Lo
s . ® 1 s’ ¢ e . '..*l s
Z 2106 v 2 2 £ 185
5 A 1714 f i
£ L] & F | £
- u . . # 180 » ™
£ 20is Z 170 . o £ * W
: s l . u 175 .
€ - e .
Foan @ ] 7] ' ] - 8
ézuf'ﬂ z._?u—,gd [ & . Y sen 8 ™4
= 0 .
& a . ! o] e 0
=g = | =
:_2;..-5 ‘3163 ™Y ' a8 ?16- .: s aa o %
c . [ ee | ¢ = .
T k- of [ ] [1™
200.0 167 L} 160 g
el ¢ I * » . &
-5 -4 -3 -2 -1 -5 -4 -3 -2 -1 -5 -4 -3 -2 -1 o
Difference in Firn Thicknsss (m) Differance in Fimn Thickness [m) Difference in Flon Thicknzss (m)
Northern N Branch Southern Nw Branch Southwest Branch
170 L I ‘“:.3:' 5o s ') . .. .’ .
& o £ 200 HEE
5 168 U : : .
: % : ]
o 14 PRELLER 13
£ o 1 H o 2 1901 2 r ° % sem
“n . ™ ™ W
164
5 " < ...'.‘ LI P 0 ]
[ ] [ I L # ]
€ 162 ) = LB0 P 5 ol
g ¢ o¥ * u “ g HE
B lsoq @ e a . " ) m £ 190 HER ye
£ L £ 170 = . 4
2158 520 g oy 8 o ‘
3 o %8 | E “. e Pl 2 ’
£ 156 & 160 : b [ ] . .
< o -
-
184 " & o ‘“ .‘“. 180 'S IT L. ™ v
-6 s 1 3 2 A 0 e 6 -5 -4 -3 -2 -1 -5 -4 3 = -1 0

Difference in Firm Thickness (m)

Difterance in Firm Thickness [m)

Difference in Firn Thickness (m}

Figure A.8. Difference in firn thickness (m) between 2012 and 2021 versus distance from annual difference in positive degrees for

each main tributary.
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Figure A.10. Difference in firn thickness (m) between 2012 and 2021 versus elevation (m a.s.l.).
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99



BIOGRAPHY OF THE AUTHOR

Mikaila Mannello is originally from West Chester, Pennsylvania. She completed her B.S.
in Environmental Science with additional concentrations in Geographic Information Systems and
International Relations at the University of Pittsburgh in December of 2020. She is enthusiastic
about all things ice, radar, rock climbing, and skiing. When she’s not in the field or writing her
thesis, you can find her on the trails, climbing, or getting coffee with friends. After receiving her
degree, Mikaila will be pursuing a Ph.D. in Earth and Climate Sciences at the University of Maine.
Mikaila is a candidate for the Master of Science degree in Quaternary and Climate Studies from

the University of Maine in December 2023.

100



	Spatial and Temporal Variability in Snow Properties and Firn Volume Across the Juneau Icefield in Southeast Alaska
	Recommended Citation

	tmp.1706809703.pdf.872uv

