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Abstract. Alpine glaciers of Alaska are significant contributors to global sea-level rise. Most Alaskan glaciers lose mass
through surface melt due to increasing atmospheric temperatures. Surface melt may be retained or run off in the snow and firn,
potentially altering regional glacial hydrology. Here, we used field observations and firn modeling to investigate seasonal to
decadal changes in the thermal and physical properties of firn on the Juneau Icefield, Alaska, and assessed the resulting impacts

5 on meltwater retention and runoff. First, we found that measured mean density and liquid-water content generally increased up
to 5% and 71%, respectively, during the 2024 summer season, indicating meltwater retention in the snow and firn and revealing
local or regional aquifers. Second, from 1980 to 2019, modeled firn-air content decreased by between 22% to 35%, driven by
reduced firn thickness and increased firn density. Third, we found that a reduction in modeled firn cold content was a primary
driver of increased meltwater runoff from the firn (0.11-0.16 m i.e. per decade), decreased meltwater refreeze (0.37-0.44 cm

10 i.e. per decade), and onset of seasonal runoff shifted earlier by 4 to 6 days per decade from 1980 to 2019. Our results suggest
that firn on the Juneau Icefield and other similar temperate Alaskan alpine glaciers will continue to lose meltwater refreezing
and storage capacity, routing increased melt directly into runoff. In addition, inter-seasonal shifts in liquid-water retention may

introduce critical uncertainties in mass-balance calculations used for sea-level rise estimates.

1 Introduction
15 1.1 Background

Alpine glaciers of Alaska constitute some of the most rapidly changing parts of the Earth’s cryosphere. Collectively, Alaskan
glaciers contribute 22% of the global land-ice loss to sea-level rise and comprise 38% of worldwide alpine glaciers that are
currently undergoing accelerated thinning (The GLAMBIE Team, 2025; Hugonnet et al., 2021). Under continued atmospheric
warming due to anthropogenic climate change, Alaskan glaciers are projected to remain a principal contributor to global sea-

20 level rise through the end of the century (Fox-Kemper et al., 2021). By 2100@approximately 30% of glacier ice in Alaska is
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expected to contribute to 17 £ 4 mm of global sea-level rise under emission scenario RCP 4.5, relative to 2015 (Hock et al.,
2019).

Most Alaskan glacier mass loss occurs through surface melt (Larsen et al., 2015). The firn layer - the permeable and porous
material from which snow transitions into glacier ice - serves a critical connection between the surface and englacial or sub-
glacial hydrological environment. Firn influences the speed and volume of meltwater flow through a glacier, as well as its
geochemical composition (The Firn Symposium Team, 2024; Fountain, 1996). Rising atmospheric temperatures and increas-
ing surface melt, in turn, can alter regional glacier hydrology, including firn properties and retention capacity. Understanding
firn hydrology is fundamental to characterizing glacier dynamics and mass balance, with broad implications for global sea-level
rise, downstream ecology, and regional water resources (The Firn Symposium Team, 2024). However, the transit of surface
meltwater through the firn remains understudied (The Firn Symposium Team, 2024; Vandecrux et al., 2020), especially on
high-melt and high-accumulation temperate alpine glaciers of Alaska (Stevens et al., 2024), where accumulation zones are
located almost entirely in the wet-snow zone (i.e., characterized by warm snow and some degree of runoff). Consequently, our
physical understanding of meltwater retention and runoff from the firn at these locations remains incomplete, especially with
continued climate changes.

Here, we use a variety of field measurements (stratigraphy, density, and liquid water content), a modeled surface-mass
balance product, and firn modeling to investigate changes in firn properties over seasonal to decadal scales. We focus our study
on the evolution of firn hydrology on one Alaskan glacier system: the Juneau Icefield in the Lingit Aani (i.e., Tlingit land in

southeast Alaska and northwest British Columbia).
1.2 Firn Hydrology

Meltwater flow through the snow and firn is driven by gravity and surface-tension gradients. Flow can occur vertically through
a uniform wetting front or through preferential flow paths depending on climatic and subsurface conditions, or laterally along
stratigraphic transitions (Moser et al., 2024; Hirashima et al., 2019; Clerx et al., 2022). Surface melt that infiltrates firn either
refreezes into ice layers; is retained through the irreducible water content; is temporarily stored in seasonal or perennial features
known as firn aquifers; and/or is drained into the englacial system or glacier'bed via crevasses or moulins. Ultimately, meltwater
discharges as runoff to downstream environments with varying temporal lags dependent in part on firn properties (Colbeck,
1974; Forster et al., 2014; Poinar et al., 2017; Culberg et al., 2021).

The timing and rate of meltwater transit through the firn layer, including retention and runoff, is governed by the thermal
and structural properties (e.g., permeability) of the firn - processes that have been investigated using in-situ data, geophysical
observations, and modeling (Humphrey et al., 2021; Fountain, 1989; Forster et al., 2014; Ashmore et al., 2020; Culberg et al.,
2021; Shadab et al., 2024). Meltwater retention and runoff are influenced by: (1) the amount of meltwater that infiltrates
into the firn, which introduces latent and/or sensible heat; (2) the amount of cold content (i.e., the energy required to bring
the firn to the melting temperature) available to refreeze meltwater; (3) the pore space available to hold meltwater in the

firn (Vandecrux et al., 2020; Humphrey et al., 2021); (4) structural (bulk and microstructural) heterogeneities, which impact
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permeability (McDowell et al., 2023; Machguth et al., 2016); and (5) the interplay of permeability and slope angle (i.e., on
steeper slopes/higher permeability, water can move laterally more easily).

Meltwater refreezes when the cold content of the snow and firn equals or exceeds the amount of h&it within the meltwater.
At the transition from summer to winter, decreasing firn temperatures may refreeze the irreducible water leftover in the firn
(Schneider and Jansson, 2004). In addition, following high-melt seasons, formation of ice layers and ice slabs may release
latent heat and/or section off portions of the deeper firn. These thermal and hyd@§ @91 changes alter the firn’s densification
and response to surface melt by limiting deep melt infiltration, funneling meltwater along gradients, and/or priming firn for
firn-aquifer formation via latent-heat release (e.g., Culberg et al. (2021); Machguth et al. (2016)).

On many alpine glaciers and some polar ice-sheet regions, firn aquifers form in regions with high summer surface melt

! w.e.) and high winter snow accumulation (approximately > 0.8 m w.e. yr—!) (Forster

(approximately > 0.24 — 0.65 m yr—
et al., 2014; Miller et al., 2020). Firn at these locations warms through meltwater infiltration and through refreezing, which
may generate latent and sensible heat exchange.

Firn aquifers form when the thermal energy and mass from local meltwater recharge balance or exceed the corresponding
thermal energy and mass losses from the aquifer - such as cooling from winter sub-freezing temperatures or drainage into
crevasses (Miller et al., 2020)). Formation and expansion of firn aquifers have been observed in the Arctic, driven by atmo-
spheric warming and increasing melt (Ochwat et al., 2021; Horlings et al., 2022; Kindstedt et al., 2025). Firn aquifers are
increasingly important to glacier dynamics and mass balance because they retain meltwater in the firn and prevent immediate
runoff, store mass within the glacier, route water through crevasses to the bed, and/or dampen downstream velocity variations
and can change the seasonal behavior of the hydrological system (Miller et al., 2020; Poinar et al., 2017).

Runoff efficiency and timing are influenced by the interplay of thermal, macrostructural, and microstructural properties
of the snow and firn. This paper specifically focuses on the former two. Water exceeding the irreducible water content that
cannot percolate downward is available for runoff. The irreducible water content is the residual portion of watef}etained in the
pore space of the firn due to capillary forces. While the irreducible water content is generally defined as approximately 6-8%
water saturation or 2-3% of unit volume (Schneider and Jansson, 2004; Colbeck, 1974), some studies define irreducible water
content as a density-dependent relation (Coléou and Lesaffre, 1998). Further, meltwater runoff from the firn may be promoted
by refreezing processes such as ice-layer formation, which may reduce or impederertical percolation, increase lateral flow
along the ice-layer surface into crevasses, and reduce the retention capacity of the firn (Machguth et al., 2016; Culberg et al.,
2021).

Across many alpine glaciers in Alaska, firn volumes have decreased as atmospheric warming has increased (Mannello, 2023;
Larsen et al., 2015). However, few studies have characterized firn hydrology within the wet-snow zone or on temperate alpine
glaciers that have warm temperatures, high-melt rates, and high snow-accumulation rates, especially on Alaskan glaciers with
these qualities (Machguth et al., 2023; Fountain, 1989; Stevens et al., 2024). Recent studies call for increased research on these
Alaskan glaciers to understand firn hydrology, as well as other glaciological applications such as the improvement of firn-

densification models and geodetic mass-balance calculations for more accurate sea-level rise estimates (Stevens et al., 2024).
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Quantifying the impact of atmospheric warming and increasing surface melt on firn properties, especially meltwater retention

and runoff, is critical in high-melt and high-accumulation alpine environments such as those found in Alaska.
1.3 The Juneau Icefield

In this study, we investigate the evolution of firn hydrology on the Juneau Icefield, an interconnected glacier system in the Coast
Range of Lingit Aani (southeast Alaska/northwest British Columbia). As of 2019, the icefield consisted of over 1050 glaciers
(as of 2019) drained by 40 outlet glaciers (Davies et al., 2022). The climate on the icefield is predominantly temperate maritime
with abundant snowfall, temperate conditions, and rainfall during the summer. The eastern part of the icefield is characterized
by a drier continental climate. The Juneau Icefield is highly vulnerable to climate change. Its sensitivity is a result of an
interplay of rising temperatures, increasing equilibrium-line altitudes (ELAs), decreasing albedo and hypsometrically driven
feedbacks, leading to accelerated ice loss especially since 2005 (Hock et al., 2019; Davies et al., 2024). Mass loss on the
icefield is projected to increase in the coming decades, with a potential volume decrease of at least 58% by 2100 compared to
2010 (Ziemen et al., 2016).

The Juneau Icefield ha@;xpansive accumulation zones in the north (>1500 m elevation) and in the south (> 1200 m eleva-
tion) (Davies et al., 2024). Substantial loss of firn volume has occurred across the Juneau Icefield in recent decades (Mannello,
2023). While firn volumes and therefore available porosity are decreasing on the icefield, we expect that cold content is the
primary limiting factor for refreezing meltwater because the snow and firn are nearly isothermal.

Here, we motivate this study with two primary questions: (1) How have melt and firn properties changed over seasonal to
decadal time scales on the Juneau Icefield? (2) How have these firn changes modulated refreeze and runoff? We hypothesize
that the firn thinned and warmed due to increased wintertime temperatures and melt. These changes may have increased
runoff and altered seasonal timing of firn hydrological processes, depending on site location and specific melt events. We use
three modes of investigation in this study: field measurements, a modeled surface mass-balance product, and firn modeling.
We analyze a surface mass-balance product from Ing et al. (2025) to determine changes in surface forcing that drive firn
densification and evolution. We collected field measurements on the Juneau Icefield, Alaska during June and July 2024 to
primarily investigate short-term changes in firn density, liquid-water contef, and stratigraphy. Finally, we contextualize our
measurements by simulating the decadal evolution of firn properties - including density, liquid-water content, retention, runoff

- using the Community Firn Model (Stevens et al., 2020).
2 Methods

2.1 Sites

Our study focuses on four distinct sites on the Juneau Icefield: the Matthes and Llewellyn Glacier divide (MLD); intersection of
the Matthes and Gilkey Glaciers (MG3); Northwest Branch of the Taku Glacier (NWB1); and a firn-covered site in the current

ablation zone of the Taku Glacier (TKG4) (Figure 1). These sites span different climatic regimes characterized by different
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Figure 1. Overview map of the Juneau Icefield and the four primary study sites, situated along the Taku Glacier and two of its tributaries
(Matthes Glacier and Northwest Branch). Core sites are marked by blue crosses (MLD, MG3, NWB1, and TKG4). Sites that are in the
accumulation zone - for which the Community Firn Model was run - are marked by a blue cross and blue circle (MLD, MG3, and NWB1).
The brown rectangle represents the icefield region within Alaska. The base map is derived from the Randolph Glacier Inventory (Consortium

etal., 2023).

altitudes, coastal proximity, and surface-mass balance (Figure 3; Table 3). All sites also have a rich history of previous repeat

120 mass-balance and snow-density measurements (McNeil et al., 2020). MLD is the site with the highest elevation (Table 3) and
lowest melt rate (Table 1); NWBI1 has the closest coastal proximity is NWB1 (Table 3) and highest snow-accumulation rath,'!s
QQNWBl (Table 1); and TKG4 h?lthhe lowest snow-accumulation rates and highest melt rates (Table 1). Sites MLD, MG3, and
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N\QBI are located in the wet-snow zone, while TKG4 is located in the ablation zone. In the results, we discuss climatc@.md

firn modeling at the three sites in the accumulation zone only.
2.2 Climate

Between 1980 to 2019, we analyzed climate - including temperature, surface snow melt, snow accumulation, and rainfall
- at the three accumulation-zone sites using a reanalyzed, downscaled surface mass-balance (SMB) product from Ing et al.
(2025). Ing et al. (2025) simulated historical and future SMB for the Juneau Icefield by forcing the COupled Snowpack
and Ice surface energy and mass-balance model in Python (COSIPY) with three different climate reanalyses, which were
originally dynamically downscaled to southeast Alaska by Lader et al. (2020). Ing et al. (2025) calibrated the model using the
longstanding and rich historical measurement record from the Juneau Icefield.

From the climate products generated by Ing et al. (2025), we selected results from the model using The Climate Forecast
System Reanalysis (CFSR) (Saha et al., 2010) for three primary reasons. First, CFSR was chosen by Lader et al. (2020)
because it is one of the top well-performing reanalysis models for southeast Alaska. Second, the output from the CFSR model
shows good agreement with automatic weather-station observations at the Juneau airport (Lader et al., 2020). Third, the two
alternative reanalyses that Ing et al. (2025) use (i.e., CCSM and GFDL) have higher and lower climate sensitivity than the
CFSR model, respectively, and bracket the results from CFSR while producing similar means to CFSR (Ing et al., 2025). We
use the CFSR climate output from Ing et al. (2025) to determine interannual and daily climate changes, as well as input to the
Community Firn Model. The product’s spatial resolution is 0.01° latitude and longitude, and temporal resolution is daily. We

use a linear least squares regression to calculate trends and rates of change of climate variables from 1990 to 2019.
2.3 Field measurements
2.3.1 Firn cores

We retrieved 13 firn cores at our four study sites (MLD, MG3, NWB1, TKG4) between 2 June and 25 July 2024. We used
a FELICS 2-inch ice-core drill powered by a portable Honda generator to collect repeat cores at all sites (Figure 3; Table 3).
Additionally, to measure surface-melt rates, we installed an ablation stake at each site and recorded surface-snow height at the
time of each firn-core extraction. Repeat firn cores at each site were taken within 1-2 m of each other and retrieved at intervals

ranging from one week to one month a part.
2.3.2 Stratigraphy

We recorded the stratigraphy of each firn core, including ice-lens depth in the core, ice-lens continuity, and ice-lens width;
qualitative grain-size changes; snow-firn transition; and presence of liquid water. Uncertainty in the stratigraphic record is
attributed to ruler accuracy and subjectivity of visual feature identification. We report all layer depths to 1-cm accuracy and are

relative to the first core’s summer-snow surface at the site to account for ablation of the surface. Other reference depths, such
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as the previous summer surface, were difficult to discern within the cores, and the firn-ice transition was not reached for all

cores (Figure 3).
2.3.3 Density

For firn-core sections, we calculated density from mass (weighing the core samples) and volume (knowing the core length and
diameter). Core sections were partitioned every 20 cm except in cases where natural breaks or ice lenses occurred. WeQ report
all depths associated with the density measurements relative to the first core’s snow surface at the site (Figure 3).

We follow Ochwat et al. (2021) and Kindstedt et al. (2025) to assess density and its uncertainties. Density is defined in terms

of mass m and volume V:

p=18 (1)

v
where V = frL (%)2. The variable f is defined a€)cylindrical completeness’ (0-1) (e.g., Ochwat et al., 2021), a subjective
quantity, where 1 represents an intact core and numbers between 0 and 1 represent the fraction of the core’s volume that
is missing. L is the core-segment length and D is the diameter. Density uncertainties can be quantified through random and

systematic uncertainties in mass and volume, per propagation of uncertainties:

R A) e

and

S (1)« (%) +(2)

where dA = WDdTD; dm = 0.3g (which accounts for residual snow and liquid water on the core surface and the scale

accuracy of 0.1g); dL = dD = 0.25 cm (which considers rough and/or crumbly edges of the firn core); df = 0.1 for f = 0.8
and®lf = 0.2 for f < 0.8 (which accounts for more challenging visual inspection of less complete core samples, following
Ochwat et al. (2021); Kindstedt et al. (2025)).

We analyze repeat firn cores to examine changes in the mean firn density through the summer season. We calculate mean
core density using core sections that span identical depth intervals relative to the surface of the first core drilled at each location
(representing the earliest core in the summer season). Because we did not take ablation-stake measurements at MG3, we are

unable to calculate mean-density changes at that site.
2.3.4 Liquid Water Content

We used an A2 Photonics WISe sensor (e.g., Webb et al. (2021)) to determine liquid water content (LWC) in the snow and firn.

The sensor measures dielectric permittivity - the property characterizing the degree of electrical polarization in response to an
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external electric field - with a 325 cm® sampling volume and marked uncertainty of 1 % vol LWC. Measurements were sampled
at approximately 20-cm spacing on the firn cores for samples without ice lenses. We used Equation 4 to convert permittivity

(k) to volumetric liquid water content (6,,) (Webb et al., 2021):

k= [1.0+0.0014(p, — 10006,,) + 2 x 107 (ps — 10000,,)*] + (0.016,, + 0.462 )k, (4)

where p; is density; k,, is the relative permittivity of liquid water at O degree Celsius; and the bracketed part of the equa-
tion accounts for the impact of dry permittivity. For these calculations, we used measured density for p, because concurrent
permittivity and density measurements were available, and dry density cannot be directly measured after melt begins. We
acknowledge that this approach may positively bias our LWC calculations.

We also calculated mean LWC for repeat firn cores, defining comparable straigraphic intervals across cores based on the
ablation rate and core length. Due to the lack of ablation-stake measurements at MG3, calculations of mean LWC changes were
not possible at that site, as we could not establish the common depth range shared by repeat cores. Note that our LWC values
are reported in percent volume (defined as the volumetric percentage of total volume of the material), and not water saturation

(defined as the amount of pore space occupied by liquid water).

9299000000

Z'AQ The Community Firn Model

We use the Community Firn Model (CFM) to simulate firn evolution at accumulation-zone sites MLD, MG3, and NWB1. The
CFM is an open-source, modular model framework that is designed to simulate the evolution of a variety of firn properties
including density, compaction rate, temperature, liquid water content, runoff and refreezing. The model framework includes
13 firn-densification equations in its current version. (Stevens et al., 2020). The CFM uses a one-dimensional Lagrangian
framework to track the properties of firn parcels as they compact from the surface into glacier ice. Input to the model includes
snow-accumulation rate, skin temperature, and surface-snow density, as well as others that may be required for different firn
models.

We simulate the evolution of firn density, temperature, liquid-water contentfJunoff and refreezing from 1980 to 2019 with the
Kuipers Munneke et al. (2015) densification equations. We choose the Kuipers Munneke et al. (2015) densification equations
because they were developed to simulate firn densification in north and central Greenland and are often used for melt-affected
areas. We also implement a bucket meltwater percolation scheme to handle meltwater flow through the firn.

We use the CEM’s bucket scheme, one of many treatments of meltwater retention and flow within water-saturated firn
layers. Bucket schemes implemented in firn-densification models are one of many treatments of meltwater retention and flow
within water-saturated firn layers. In bucket schemes, water may percolate downward when the water exceeds the capillary
capacity of the firn parcel and will stop either when the water reaches a firn parcel that has enough cold content and pore
space for refreezing, or when there is an impermeable layer such as an ice layer in which case the meltwater runs off (The Firn
Symposium Team, 2024). If not refrozen or runoff in a particular parcel, the remaining water from each parcel will continue to

o0

percolate to the subsequently deeper parcel until all water is refrozen or runoif'P#hile there are limitations with using bucket
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meltwater percolation schemes, currently, more complex models do not reliably model firn meltwater processes better than
approaches that use a simple bucket scheme (Vandecrux et al., 2020; Verjans et al., 2019). Further, recent studies have used
bucket schemes successfully in environments similar to our study area (e.g., Ochwat et al., 2021; Kindstedt et al., 2025).

We configured the model to treat ice layers with a density of 830 kg m~2 or greater and a minimum thickness of 10 cm as
impermeable. As a result, water that encountered such layers immediately became runoff. We set the irreducible water content
as dependent on the dry density, following Coléou and Lesaffre (1998). The CEM uses an enthalpy scheme to simulate heat
transfer due to meltwater refreezing.

We force the CFM with the CFSR SMB product from Ing et al. (2025) over 1980 to 2019 (Figure 2). We also prescribe a
surface density of 350 kg m®. Qualitative analysis that tested surface densities showed that 350 kg m® produced the best fit
between the modeled depth-density profile and our observed depth-density profiles. Normalized Root Mean Square Deviation
(NRMSD) values between the modeled and measured depth-density profiles are shown in Table 2.

Early in the melt season, the upper snow layer (350 kg m?) either melts away or densifies, and the modeled surface becomes
slightly denser snow (~ 400 kg m®) (Figure A7 and Figure A9). This is in agreement with our measured surface densities
from this study’s firn cores (Figure 3) as well as previously published snow-pit density measurements from the Juneau Icefield
Mannello (2023).

We spun up the model over 50 years by cycling the 1981-1990 climate interval five times following Medley et al. (2022).
This approach was long enough to remove any firn leftover from the model’s initial condition. We ran the model with one-
day timesteps, and output firn density, temperature, firn thickness, depth-integrated porosity (firn-air content), melt volume,
refreeze, runoff, and liquid-water content.

Further, we quantified the cold content, a key parameter determining the firn’s meltwater refreezing capacity. We define the

cold content (C'C') for the upper 20 m of the firn column following (Culberg et al., 2021):

z=0m

CC=c¢ / Pj (TJ — Tmelt) de. (5)

z=20m

Where c is the heat capacity of ice; p;, T}, and dz; are the density, temperature, and thickness of layer j in the model, and

Tmelt 1s the melting temperature of ice.
3 Results

3.1 Changes in climate

We examined snow accumulation, skin temperature, snow melt, and rainfall at the three sites in the accumulation zone (MLD,
MG3, NWB1) for 1980-2019 (Figure 2 and A1; Table 1 and A1)9At MLD, MG3, and NWBI1 from 1980 to 2019, mean annual
surface temperature was -6.0, -5.4, and -4.6 °C, and increased at a rate of 0.20, 0.16, and 0.22 °C per decade, respectively.

Mean cumulative annual snow accumulation was 2.6, 2.4, and 2.9 m i.e. a—! for MLD, MG3, and NWB1, and decreased ata
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Figure 2. Mean annual climate at each site in the accumulation zone (MLD, MG3, NWB1) derived from the product by Ing et al. (2024):

mean annual skin temperature (a-c), cumulative annual snow-accumulation (d-f), and cumulative surface melt (g-i).

rate of -0.12, -0.12, and -0.16 m i.e. a—* per decade from 1980 to 2019. Mean cumulative annual surface-snow melt was 0.9,
1.1, and 1.5 mi.e. a—! for MLD, MG3, and NWBI1, respectively, and increased at 0.11, 0.11, and 0.16 m i.e. a—! per decade
from 1980 to 2019. Mean cumulative annual rainfall is 0.15, 0.18, and 0.46 m i.e. a—! for MLD, MG3, and NWB1, with no
long-term change.

We compared the mean annual cumulative melt and the mean annual cumulative rain to mean annual cumulative snow

accumulation (Figure A3; Table Al). From 1980 to 2019, the melt-to-snow-accumulation ratio increased at a rate of 0.07
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Figure 3. Stratigraphy of the repeat firn cores at sites a) MLD, b) MG3, ¢c) NWB1, and d) TKG4. All surfaces are corrected for ablation,
except MG3, where no ablation measurements exist. Repeat cores were taken within 1-3 m of each other. Stratigraphic differences suggest
sometimes significant local variability in the snow and firn even in high-melt environments like the Juneau Icefield. Large volumes of liquid

water were found at the base of the TKG4_C1 core. Note that there is no TKG4_C2 core, due drill malfunction.

(MLD), 0.08 (MG3), and 0.10 (NWB1) per decade; the melt and rain-to-snow-accumulation ratio increased at a rate of 0.08
(MLD), 0.09 (MG3), and 0.11 (NWB1) per decade; and the rain-to-accumulation ratio showed no significant trends.
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Figure 4. Measured density (blue lines), uncertainty estimates for observed density (shaded region), modeled depth-density profile for 1 June
2019 (dotted black line for accumulation zone sites), and measured liquid water content (blue circles) at the four sites. a) Site TKG4; b) Site
NWBI; ¢) Site MG3; d) Site MLD.

We also calculated high-melt years, defined as a year that exceeds one standard deviation above the long-term average mean-
annual melt. For MLD, there are 6 high-melt years (1989, 2004, 2009, 2013, 2016, and 2019); for MG3, there are 7 high-melt
years (1989, 1990, 2004, 2009, 2013, 2015, and 2019); and for NWBI, there are 8 high-melt years (1989, 1990, 1993, 2004,
2009, 2013, 2016?and 2019). Most high-melt year@)ccurred within the last ten years of the interval, with 1989, 2009, 2013,
and 2019 common to all the three sites.

Analysis of seasonal climate for all accumulation-zone sites is shown in Table 1§Mean annual winter temperatures (calcu-
lated from October to March) were -11, -9.8, and -8.3 °C' and increased by 0.31, 0.23, and 0.34 °C per deacade from 1980 to
2019 (Figure A2; Table AT). Onset of the melt season was on average 15 May (MLD), 12 May (MG3), and 6 May (NWB1),

with no signifcant trends. The intensity of melt has also increasecpat all sites, where the number of "melt events" (defined as
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Table 1. Means and linear regression fits fochlimate over 1980-2019 at the three accumulation-zone sites in this study: MLD, MG3, and
NWBI, derived from the climate product from Ing et al. (2025). Additional statistics are shown in Table A1

MLD MG3 NWBI

Surface temperature (°C) -6.0 -5.4 -4.6
Surface temperature trend (°C per decade) 0.20 0.16 0.22
Snow accumulation (m i.e. a_l) 2.6 2.4 29

Snow accumulation trend (m i.e. a~ ! per decade) -0.12 -0.12 -0.16
Melt rate (mi.e.a~ ') 0.9 1.1 1.5

Melt rate (m i.e. a~* per decade) 0.11 0.11 0.16
M:A ratio trend (per decade) 0.07 0.08 0.10
Winter temperature increase (°C per decade) 0.31 0.23 0.34

Melt days > 0.5 mm per day trend (days per decade) 5.8 5.5 b“o

—v

Table 2. Normalized Root Mean Square Deviation (NRMSD) calculated ?}?rr%deled depth-density profile for 1 June 2019 and the measured
depth-density profiles shown (Figure 4).

Core MLD MG3 NWBI1
C1 0.2180 0.1907  0.2637
c2 0.2408 0.2361 0.2933
C3 0.2562 0.2355  0.1890

days with melt > 0.5 mm per day) increased at a rate of 5.8 (MLD), 5.5 (MG3), and 5.3 (NWB1) days per decade from 1980

to 2019. Statistics related to all climate analysis are shown in Table 1 and Al.
3.2 Field Measurements

We also compared and tracked firn-core changes within an Eulerian framework, accounting for ablation as well as core length

to establish consistent reference depth intervals.
3.2.1 Density

Denisities for all repeat cores at MLD, MG3, NWB1, and TKG4 are shown in Figure 4. Densities vary due to ice layers, liquid
water, and differences in snow and firn dry density. Mean density for all firn cores through the 2024 summer are shown in Table
3. Note that meanQdensities also include both liquid and solid phases. Increases in mass occurred at all sites over the season
but did not increase linearly or monotonically, with a 4.6% increase in density at MLD, 1.1% increase in density at NWB;

and 1.8% increase in density at TKG4. We note that some of the mean density changes observed between repeat firn cores
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are within the uncertainty range. For example, mean densities remain within uncertainty bounds between the first two cores at

MLD and TKG4. Densities decreased between NWBI1 core 1 and core 2, however, all mean densities subsequently increased.
3.2.2 Liquid Water Content

The measured volumetric liquid-water content (LWC) generally ranges from 10 to 25 % vol. at alfkites (Figure 4; Table A4). We
collected LWC measurements at approximately 40-cm depth intervals - about every other core sample - until the firn density
exceeded the sensor’s threshold (approximately 550 kg m~2). Logistical time constraints prevented LWC measurements in
July.

Depth-averaged LWC generally, but not always, increased over the summer season (Table 3): with a 27% increase in LWC
at MLD; 71% increase in LWC at NWB; and 46% increase in LWC at TKG4. Site TKG4 generally exhibited the highest LWC
of all sites, with a mean core value > 17 % vol. and highest values at 34 % vol.). Liquid water was observed draining from
the base of TKG4_C1 (not shown in Figure 4), although no WISe-sensor measurements were taken on the core. Notably, we
did not find liquid water during subsequent sampling at site TKG4. Site NWB1 exhibited high LWC (up to 34 % vol.) near
the surface but similar lower LWC to MLD at depth (approximately 7-14 % vol. mean LWC) and generally lower LWC than
TKG4. For NWB1, mean LWC increased then decreased through the season. In contrast, LWC at MLD increased (by ~ 2-3 %
vol.) between the two cores at all depths, especially in the upper 3-4 m. LWC sampling at MG3_C1 was limited to nine times
before the drill became immobilized due to freezing. Total uncertainty of LWC measurements accounts for instrument errors

(1 % vol.) and potential melting of the samples between recovery and measurement (which we designate as 2 % vol.).

PIPPPH? Stratigraphy

290

295

300

The stratigraphy of all cores was a mixture of snow, firn, ice layers, and some variation in grain size. Upon retrieval of one
core (TKG4_C1), we observed liquid water draining from the deepest core sections. Grain size was only intermittently and
qualitatively noted on the cores when significantly large or fine, and therefore we do not provide a detailed description of grain
transitions.

In COI‘CLQVILD_CI and MLD_C3, the upper 6 and 5 m, respectively, were mainly snow. In contrast, core MLD_C2 hathwo
significant ice layers in the upper 2 m (up to 6 cm thick) and some smaller (0.25 cm) ice layers. At the snow-firn transition for
each core at MLD, there were a cluster of ice layers: small to large ice layers in MLD_C1 and MLD_C2 (0.25-3 cm thick),
and larger (> 0.25 cm) ice layers in MLD_C3 (up to 11 cm thick). Large snow crystals occur above the snow-firn transition in
MLD_CI. Below the snow-firn transition in core MLD_CI1, there were three isolated ice layers (1-2 cm), and a multitude of
hairline ice layers throughout. In contrast, there were clusters of ice layers (1-2 cm and up to 8.5 cm in thickness) around 10 m
in depth and 14-17-m in depth in core MLD_C2. Thick ice layers (3-22 cm thick) clustered also around 10-m in depth in core
MLD_C3, shortly before its end at 13 m.

In the upper O - 3 m of the snow in cores NWB_CI1, NWB_C2, NWB_C3, there were smaller ice layers (0.25 cm-1 cm in
C1; 0.25-2 in C2; and 0.25-3 cm in C3). Coarse snow grains existed in the 2-4 ' m above the snow-firn transition. Below the

snow-firn transition, significant ice layers were identified in cores NWB_C1, NWB_C2, NWB_C3 but with variable clustering
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Table 3. Elevation, marine proximity (defined as shortest distance to the Pacific Ocean), and changes in mean density and liquid-water
content (LWC) across repeat firn cores, calculated for shared depth intervals unique to each site. Each repeat firn core at a given site was
drilled within 1-2 m of each other and retrieved within one week to one month a part. Since ablation was not measured at MG3 and LWC
was not measured in MG3_C2 and MG3_C3, we cannot accurately compare core sections and cannot accurately compare mean-density or

LWC changes there. Instead, we show the average snow density and LWC for MG3_C1 only.

Date Elevation (m) Marine Proximity (km) Mean Density (kg m~3) Mean LWC (% vol)

MLD_Cl1 2024-06-11 1900 165 520 8.9
MLD_C2 2024-06-18 1900 165 519 11.3
MLD_C3 2024-07-22 1900 165 544 =
NWB1_C1  2024-06-09 1500 140 523 7.3
NWB1_C2 2024-06-16 1500 140 504 14.3
NWB1_C3 2024-06-21 1500 140 529 12.5
TKG4_C1  2024-06-07 1120 150 543 16.8
TKG4_C3  2024-06-15 1120 150 541 18.2
TKG4_C4  2024-06-20 1120 150 553 24.6
MG3_C1 2024-06-13 1780 160 425 1.9
MG3_C2 2024-07-20 1780 160 = =
MG3_C3 2024-07-25 1780 160 = =

9

and thickness.'In core NWB_C1, many clustered ice layers (up to 4.5 cm thick) existed from 10-12 m depth. In contrast, in
core NWB_C?2, several isolated ice layers occurred at 11 m depth (up to 4-5.5 thick) but were fewer than core NWB_C2. Core
NWB_C3 had the most ice layers at NWB1, with many clustered and isolated ice layers between 8 and 14-m in depth (up to 6
cm thick and multiple > 4 cm thick).

We identified small ice layers (0.25-3 cm thick) in the snow of cores TKG4_C1, TKG4_C3, TKG4_C4, and TKG4_CS5.
From 3-5 m depth core TKG4_CS5, there were 10-cm and 20-cm port?o%s? 3 %quid?wQagrQ sature tngSIIOW.QIl TKG4_C1, we
encountered liquid water spilling out of the base of the drill at and above the firn-ice transition. In the firn of TKG4_C1, a
section of smaller ice layers (0.25-1 cm thick) occurred between 6 and 7.5 m. In TKG4_C4, a section of smaller ice lenses
(0.25-3 cm) were present between 5 and 7 depth. A section of large ice layers (1-5.5 cm) occurred between 5-6.5 m depth in
TKG4_C3, and between 6 and 7 m depth in TKG4_CS5.

QIn MG3_C1 there were ice layers from 0-3 m in the snow of all repeat cores. In the upper 1 m of MG_C1, there was a 12-cm
section of large crystals. In MG3_C2 and in MG3_C3, there were ice layers (0.25-4 cm) in the upper 2 m. In cores MG3_C2
and MG3_C3, there were larger ice layers (>0.25 cm) in the upper 3 m, whereas in MG3_C1 there were only hairline ice layers.
Some small ice layers occured in the firn of MG3_C2 (1-2 cm thick). In contrast, substantial ice layers existed in the firn of
MG3_C3 (up to 12.5 cm thick).
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Table 4. Select modeled firn results from the Community Firn Model (Stevens et al., 2020) using the Kuipers Munneke firn model with a
bucket scheme and irreducible water content defined by Coléou and Lesaffre (1998), forced with CSFR climate data derived from Ing et al.
(2025) from 1980-2019 .

MLD MG3 NWBI1

Firn-thickness change 1980-2019 (%) -16 21 -27
Firn-thickness change 2010-2019 (%) -6.4 % -7.6 % -20 %
Firn-air content change 1980-2019 (%) -22 -27 -35
Firn-air content change 2010-2019 (%) -21 -27 -35
Refreeze trend 1980-2019 (cm.i.e. per decade) -0.44 -0.37 -0.42
Runoff trend 1980-2019 (m i.e. per decade) 0.11 0.12 0.16
Relation of melt/rain and refreeze trend (% per decade) -0.84 -0.62 -0.43
Relation of melt/rain and runoff trend (% per decade) 29 3.0 2.8
Mean melt onset 1980-2019 15May 12 May 6 May
Mean start of runoff season 1980-2019 20 June 17 June 12 June
St?ur?of runoff season trend 1980-2019 (days/decade) -4.1 -5.2 -6.3
Cold content trend 1980-2019 (0.05 MJ m 2 per decade) -0.86 -0.57 -0.73
Days per year with cold content < 0.05 MJ m~? trend (days per decade) 1980-2019 -1.5 -1.1 -1.7

3.3 Modeling results

To investigate changing firn properties over decadal timescales, we simulated the firn column at study sites in the accumulation
zone (MLD, MG3, and NWBI1) from 1980-2019 using the Community Firn Model. Model results are discussed in relation to
a1l mx 1 m firn column, due to the model’s 1-D framework, and are summarized in Table 4. Statistics related to the analysis
are shown in Table A2.

Modeled bubble close-off depth decreased, ice-rich layers were introduced into the firn (Figure 5a-c), and modeled snow
andQ firn temperatures increased from 1980-2019 (4d-f). Specifically, the 5-m temperature cooled below 0 degrees during the
winter season less frequently over the period at all sites.

Modeled relative changes in annual FAC were evaluated across two intervals: 2019 compared to 1980 (F' AC5019—F AC19s0),
and 2019 compared to 2010 (F AC5019 — F AC5010) following similar firn-air content analyses (Veldhuijsen et al., 2024). We
utilize the mean annual FAC to smooth the high seasonal variability arising due to the FAC’s non-linear dependencies on snow
accumulation, temperature, and melt. Rather than using a linear regression - which is unsuited to the non-linear nature of the
complete time series - we calculated percent change. Modeled mean annual FAC decreased by 22% (MLD), 27% (MG3) and
35% (NWB1) from 1980 to 2019, and decreased by 13% (MLD), 16% (MG3) and 28% from 2010-2019 (Figure 6; Table 4).

Similarly, we calculated percent change of firn-column thickness (defined here as from the surface to bubble close-off depth)
and mean density (defined as the depth-averaged density of the firn column)(Figure 6; Table 4). Modeled mean annual firn
thickness decreased by 16% (MLD), 21% (MG3) and 27% (NWB1) from 1980 to 2019, and decreased by 6.3% (MLD), 7.6%
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Figure 5. Modeled profiles of density (a-c) and modeled firn temperature (d-f) from 1980 to 2019 from Kuipers Munneke (2015) firn-
densification model at the MLD site (a and d); MG3 site (b and e); and NWBI site (¢ and f). Temperatures are shown at 3-m depth (light
orange), 5-m depth (dark orange), and 8-m depth (red). Bubble close-off depth (approximately 830 kg m~2) is delineated as the white line

on plots a-c. The temperature at 8-m depth was always at or very near 0 °C over this interval, see Figure AS.

(MG3), and 20% (NWB1) from 2010 to 2019. Modeled mean density increased by 2% (MLD), 2% (MG?3) and 4% (NWB1)
from 1980 to 2019, and increased by 3% (MLD), 3% (MG3) and 6% (NWB1) from 2010 to 2019.

Modeled annual cumulative refreeze in the firn is generally low for all sites (Figure 7a-c; Table 4), and overall decreased
at a rate of 0.4 cm i.e. per decade at all sites, with two recent spiked in annual refreeze in 2012 and 2017. Modeled annual
cumulative runoff (Figure 7d-f; Table 4) from the firn is also highly variable, and generally increased at a rate of 0.11 (MLD),
0.12 MG3) and 0.17 (NWB1) m i.e. per decade.

Modeled annual depth-averaged liquid-water content (LWC) (Figure 7a-c) decreased at a rate of 2.4 (MLD), 6.2 (MG3), and
7.2 (NWB1) cm i.e. per decade. Model results also suggest that layers of LWC > 10 % vol are retained inter-annually (Figure
A6) at or near bubble close-off for all sites; in the shallow firn (0-20 m) at MLLD and MG3 from 2008 to 2019; and at NWB1
from 1985 to 1990.

Further, the relation of annual melt/rain and refreeze in the firn decreased while runoff increased (Figure 8). The relation of
melt/rain and refreeze in the firn decreased from 1980 to 2019 at a rate of 0.84% (MLD), 0.62% (MG3) and 0.44% (NWB1)
per decade. The relation of melt and rain and run off from the firn increased at a rate of 2.9% (MLD), 3.0% (MG3), and 2.8%
(NWBI1) per decade.
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Figure 6. Model results from the Kuipers Munneke (2015) firn-densification model: a) firn thickness; b) firn-air content (FAC); c) mean

density of the full firn column down to bubble close-off depth.

We define the onset of the melt season as five consecutive days of melt. The mean day of the melt-season onset is 15 May
(MLD); 12 May (MG3); and 6 May (NWB1). Seasonally, a tradeoff exists between runoff and refreeze in the firn. The onset
of spring runoff exhibits high variability, advancing earlier in the season by 4.1 (MLD), 5.2 (MG3), and 6.3 (NWB1) days per

decade from 1980-2019

3.4 Cold content

We quantify the cold content in the upper 20 m of firn at MLD, MG3, and NWB 1. Modeled annual mean cold content decreased
355 at all sites from 1980 to 2019 (Table 4) at a rate of 0.86 (MLD), 0.57 (MG3), and 0.73 (NWB1) MJ m~2 per decade (Figure

(Table 4 and A2).
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Figure 7. Modeled cumulative annual refreeze in the firn (a-c), modeled cumulative annual runoff (d-f), and modeled annual depth-averaged
liquid-water content (LWC) in the firn (g-i), from 1980 to 2019.

9). Modeled winter (Nov 1 - April 30) cold content also decreased at a rate of 1.54 (MLD), 1.07 (MG3) and 1.68 (NWB1) MJ

m~? per decade (Figure A12). Consequently, the number of days with cold content < 0.05 MJ m~2 increased at a rate of 7.3
(MLD); 7.6 (MG3); and 8.3 days per decade (NWB1) (Figure A1T).

—che following sections, we address the central motivations of this study:
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Figure 8. Percent of modeled mean annual melt and rain that refroze in the firn (a-c), and percent of modeled mean annual melt and rain that
ran off from the firn (d?f)erom 1980 to 2019.

1) How has the firn on the Juneau Icefield evolved over seasonal to decadal time scales?

2) How have these firn changes modulated refreeze and runoff?

First, our measurements suggest that the mean density and liquid water content (LWC) increased through June and July of
2024 at the four sites, indicating local retention of meltwater in the snow and firn during the summer melt season.

Further, model results for the three accumulation-zone sites indicate that firn-column thickness decreased by 16-27% from
1980-2019. A substantial portion of this thinning occurred between 2010 and 2019, driven by decreased surface mass balance
characterized by increased melt and decreased snow accumulation. The modeled'cold content in the firn decreased at a rate
of 0.57-0.86 MJ m~2 per decade while the number of days with near-zero cold content increased by 7.3-8.3 days per decade.
This depletion of cold content contributed to increased meltwater runoff from the firn (0.11-0.16 m i.e. per decade), decreased
modeled meltwater refreeze in the firn (0.37-0.44 cm i.e. per decade), and an earlier onset of the spring runoff season (4.1-6.3

days per decade).
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Figure 9. Mean annual cold content calculated from model results for the three sites: a) MLD, b) MG3, and ¢) NWB1, from 1980-2019.

4.1 Climate

Across the Juneau Icefield, rising atmospheric temperatures drive increasing ELAs and decreased mass balance (-0.68 £ 0.15
mw.e. a ') (Ing et al., 2025; Berthier et al., 2018), with a doubling of mass loss during the 1979-2010 to 2010-2020 time
periods (Davies et al., 2024). Specifically, previous studies have shown increases in winter temperature and melt on the icefield
(Davies et al., 2024), in the context of widespread trends of increasing temperaturesQ and expanding melt seasons in other
regions across Alaska (Blaskey et al., 2023; Winski et al., 2018)) and in the Yukon (Kindstedt et al., 2025). At our three study
sites, we identified symptoms of these larger changes: between 1980-2019, winter temperatures across all three study sites on
the Juneau Icefield increased (0.22-0.34 °C per decade) (Figure A2), increased melt (0.11-0.16 m i.e. per decade), increased
melt intensity, and decreased in snow accumulation (2.4-2.9 m i.e. per decade) (Figure A3), leading to decreased surface mass

balance. Based on our results, this has likely contributed to a variety of implications on Juneau Icefield’s firn: (1) thinning and
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disappearance of the firn layer, especially since 2012; (2) a higher-density firn column and decreased firn-air content; and (3)

decreased capacity for refreezing and increased runoff. We elaborate on these impacts below.
4.2 Firn changes

Our measurements of LWC in the snow and firn are similar to LWC observations from previous studies for snow on the Juneau

Qlceﬁeld (e.g., volumetric LWC was 1.7%-5.7% in 2012, and 2.1%-16% in 2021 (Mannello et al., 2025); and a single measure-

ment of 3.5% in 2018 (Clayton, 2022)). Seasonal snowpack, and snow and firn studies at other locations, such as Colorado and
Idaho, US; the Greenland Ice Sheet; and Switzerland find similar magnitudes of LWC, including from geophysical observa-
tions (0-19% vol., Webb et al. (2018); 0-10 % vol. Heilig et al. (2018); 4-5 % vol., Heilig et al. (2015); and over 10 % vol.,
Bonnell et al. (2021)), and from similar measurement techniques to this study (i.e., Denoth meter and Snow Fork) (between
0-10 % vol.; Techel and Pielmeier (2011)).

We found that measured depth-averaged density and liquid water content (LWC) generally, but not always, increased through
June and July of 2024 (Table 3), confirmed by model results (Figure A9). Inter-seasonal variability in the snow’s LWC over
the summer season has also been observed in previous studies on the icefield (Mannello et al., 2025). Most of our LWC
measurements are higher (and at times, substantially higher) than the irreducible water saturation (2-3 %), which suggests
that the water flux out of the firn is not as rapid as its generation, either becauséhe snow and firn do not have high enough
permeability, and/or because the hydraulic head is not high enough to accommodate the meltwater flux into the system. Diurnal,
seasonal, and spatial variations in LWC'in the snow and firn are a result of variable meltwater processes that modulate liquid
water flux in and out of the snow and firn (e.g., LWC history, snow-melt rate, rainfall, snow and firn macro- and microstructure,
and drainage into crevasses) or variations in slope.

Our results indicate retention of meltwater in the snow and firn during the beginning of the melt season on the Juneau
Icefield, as well as other transient processes such as meltwater infiltration and draining into crevasses and/or spatial variability
of water movement due to microstructure and macrostructe (e.g., discontinuous ice lenses). However, any liquid water that
drains is not captured in the measurements. Because the cores were taken within 1-2 meters, spatial variability may contribute
to uncertainty in the LWC measurements and comparison between repeat firn cores.

The repeat firn cores also revealed numerous discontinuous horizons, suggesting that layering in the snow and firn across
the Juneau Icefield is complex. The differences in stratigraphy between each of sites and between each repeat firn core (Figure
3) highlights that considerable spatial variability even exists in the snow andQﬁrn of high-melt temperate alpine glaciers.
These spatiotemporal variations in stratigraphy result from the impacts of snow structures (e.g., sastrugi and wind crusts)
and stratigraphic variations (e.g., microstructural and macrostructural layer variations in the snow and firn that translate to
differential permeabilities) on snow-melt processes and melt infiltration on the scale of micrometers to meters.

For example, we found ice layers and lenses tend to extend across the entire firn core, as well as features that do not (e.g.,
discontinuous ice layers and ice conduits). Horizontal and continuous ice layers may suggest a more homogeneous wetting
fron?during melt infiltration that is less controlled by stratigraphic barriers, while ice conduits and discontinuous ice layers

suggest preferential flow. Very thin ice layers (< 0.25 cm) that were observed widely in all firn cores may represent surface
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refreezing instead of meltwater infiltration into the snow and firn (e.g., Kindstedt et al. (2025)). We identified several thick
ice layers in the firn (e.g., the largest ice layer was 22 cm in core MLD_C3), as well as clusters of thick ice layers in most
cores. These may form from repeated, intense, and/or long melt events, and/or represent a thick stratigraphic barrier to which
subsequent liquid water may refreeze onto.

At all three sites, model results suggest that a negative surface mass balance (increased melt and decreased snow accumu-
lation) contributed to firn thinning from 1980-2019. At NWB1, melt actually exceeded accumulation in 2019, which suggests
that NWB1 possibly has entered the ablation zone, concurrent with recent icefield-wide ELA increases (Pelto, 2019). As a
result of firn thinning, mean firn-column density increased from 1980-2019 (3-5%) and firn-air content decreased (22-35%).
Mean annual LWC decreased in the firn column from 1980-2019. Increased firn-column densities are due to increased densifi-
cation rather than increased retention, because runoff far exceeds refreezing or LWC, which has been observed at other Alaskan
glaciers (Stevens et al., 2024). Factors that also may influence spatial variability of mass balance between sites, and thus firn

thickness and thinning on the icefield, include marine proximity and elevation of the site (Mannello, 2023).
4.3 Thermal changes

On the Juneau Icefield, the cold content in the firn governs the capacity of the firn to refreeze meltwater, due to its near-
isothermal nature. Available pore space is another parameter that can regulate the firn’s capacity for runoff and refreeze;
however, it is likely not the primary limiting factor on the icefield because the available pore space exceeded 8-10 m, whereas
the total volume of generated melt was orders of magnitude smaller (0.5 - 2 m). From 1980-2019, firn cold content accumulated
seasonally in the upper 20 m, and the firn became fully temperate (7" = 0°C) by early summer each year. This annual exhaustion
of cold content contrasts sites such as interior Greenland, where a subsurface cold reservoir persists year-round (Vandecrux
et al., 2020) and meltwater refreezing in the firn is governed by a variety of factors (including available pore space, cold content,
and meltwater availability). The lack of substantial cold content underscores the limited capacity of warm, temperate firn on
the Juneau Icefield, and similar glaciers in Alaska, to buffer against meltwater loss to sea-level rise through refreezing.
Warming winter temperatures diminish the seasonal replenishment of the firn cold content, likely driving the onset of runoff
earlier in the year (4.1-6.3 days per decade from 1980-2019). The runoff and refreeze seasons overlap during late May and
early June for the three sites, when there is still enough winter cold content in the upper 3-5 m of the snow/firn column to
refreeze some liquid water (rain and/or melt) that is introduced into the system. After the melt season progresses and the
snow/firn column becomes entirely isothermal, runoff dominates the firn in mid June to early July until the end of the summer
melt season in October. We isolated runoff and refreeze variability from surface-melt and rainfall variability by calculating
the respective percentages of melt and rainfall that ran off or refroze. While the amount of surface melt increased at 0.11-0.16
m i.e. per decade from 1980-2019 and the percent melt and rain that ran off from the firn increased (2.8-2.0% per decade),
the percent melt refroze in the firn decreased (0.44-0.84% per decade) from 1980-2019. At some sites, runoff and refreeze
do not change symmetrically, which indicates local transient liquid water storag&in the firn. We expect thaftontinued winter

warming, increasing and intensified melt (i.e., lengthening of the melt season, increase in melt events, and increase in high-
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melt years), decreasing cold content, and increasing ELAs will continue to deplete firn cold content, increase percent runoff,

decrease percent refreeze, and drive an earlier onset of a runoff-dominated processQQin the firn.
4.4 Aquifers

Liquid water storage in the firn (i.e., a firn aquifer) may occur if melt and/or rainfall input to temperate firn is greater than the
drainage rate, causing the LWC to surpass the irreducible water saturation (2-3% vol) and for the snow or firn to temporarily
accumulate liquid water storage. Previous studies in Greenland show that firn aquifers contain between 5-25 % vol liquid water
(Koenig et al., 2014) which may persist seasonally to perennially. Seasonal late summer/early autumn firn aquifers have been
documented in high-accumulation and high-melt regions of temperate alpine glaciers such as in the Oetztal Alps in Austria,
Storglacidren in Sweden, and South Cascade Glacier in the United States (Fountain, 1989; Fountain and Walder, 1998; Jansson
et al., 2003; Oerter and Rauert, 1982; Schneider, 1999). Our results indicate that aquifers in the snow and firn occur locally
to regionally in the accumulation zone of the Juneau Icefield, developing during times of high melt and even at the onset of
the melt season. This interpretation is supported by: (1) LWC measurements (mean from 7.3-24.6 % vol in all but MG3_C1)
(Figure A4; Table 3) exceeding the irreducible water content, which match or exceed the observed range of LWC values for
Greenland firn aquifers; (2) measured LWC and density increased through June, indicating transient liquid-water retention
(Table 3); (3) liquid water draining from the base of the firn at TKG4 (the only site in the ablation zone) in the first core on 07
June 2024, indicating temporary liquid-water storage; and (4) modeled results showing interannual liquid-water retention at all
sites, indicating long-term liquid-water storage (> 10 % vol) (Figure A6).

While modeling indicates liquid-water storage can persist between melt seasons, and early-season LWC measurements
often exceed the irreducible water content, we cannot confidently confirm year-round liquid-water persistence in the snow
and firn due to a lack of mid-winter field observations. Determining the precise timing, inter-annual persistence, and spatial
evolution of these aquifers on the Juneau Icefield remains challenging to assess due to the spatial and temporal limitations of our
fieldwork and datasets. The presence of these potentially widespread firn aquifers have critical impacts on mass-balance related
calculations - including for accurate geodetic mass-balance estimates and corrections to ground-penetrating radar velocities
used to estimate of SWE (e.g., Stevens et al. (2024); Mannello et al. (2025)). In addition, aquifer evolution ifalso important in

understanding hydrological controls on ice dynamics (e.g., through continuous or episodic drainage through crevasses).
4.5 Broader Impacts

The Taku Glacier is one offthe main outlet glaciers of the Juneau Icefield. Because the accumulation and firn zones constitute
approximately 83% of the Taku Glacier (Pelto et al., 2013), our localized results likely scale to the majority of the glacier and
may apply broadly to other locations in the accumulation zone of the Juneau Icefield. Thus, a substantial decrease in refreeze
capacity in recent years, along with increase in runoff, may have occurred and expanded across the accumulation zone of the
Taku Glacier and broader Juneau Icefield.

To contextualize our results, we perform an idealized calculation to determine the net change in meltwater discharge from

the firn of the Taku Glacier routed into the Taku River drainage. By scaling the modeled 1980 to 2019 firn runoff across the
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Taku Glacier’s accmulation area (558 km?; Pelto et al. (2013)), we estimate that firn runoff from the Taku Glacier may have
increased from 1980 to 2019 by 2.1-4.4 x 108 m3. This estimate is approximately 32-72% of the total ablation over a single
year for the Taku Glacier, assuming the area-averaged ablation rate of 0.83 m w.e. yr—!; McNeil et al. (2020)) over the area of
the Taku Glacier (725 km?; McNeil et al. (2020)).

While the substantial uncertainties inherent tdhis idealized calculation, it generally suggests some capacity of the firn to
modulate downstream hydrology, and indicates that downstream hydrology may adapt as the Juneau Icefield’s firn properties
evolve. An important next step from this idealized calculation will be to implement a full regional simulation with a firn model
to encompass the entire accumulation zone of the Taku Glacier and even the Juneau Icefield.

Because the firn layer modulates the timing and volume of water flow through a glacier (Fountain, 1996), we suggest that
increased runoff from the firn and decreased refreezing, in tandem with long-term firn thinning, may increase the propagation
rate of surface melt and rainfall into downstream hydrology. While some liquid water input is accommodated by refreezing
and LWC (both of which decreased in the model from 1980 to 2019), the percent that becomes runoff from the firn increased
across all sites. Consequently, melt and/or rain events may be more promptly propagated downstream, possibly contributing to
a higher likelihood for downstream flooding or highly variable stream flow. Depending on melt and rainfall variability, these
firn changes may contribute to broader hydrological changes on the Juneau Icefield. For example, earlier shifts of total glacier
runoff into downstream environments may contribute to changes in stream temperature and clarity, and consequently may
impact species, such as salmon, that prefer certain freshwater conditions (Young et al., 2021).

Future icefield-wide increases in atmospheric temperature will cause increasing surface melt and rising ELAs, which will
accelerate glacier mass loss due to hypsometrically controlled feedbacks because of the plateau-like nature of the Juneau
Icefield (Ing et al., 2025; Davies et al., 2024). We suggest that these feedbacks will continue to deplete the firn, decrease
the firn cold content, and increase firn runoff. Subsurface warming and a declining capacity for meltwater retention through
refreezing characterize recent temperate Arctic firn changes, including in Svalbard, on the Penny Ice Cap (Baffin Island), and
on Eclipse Icefield (Yukon) (Noél et al., 2020, 2018; Kindstedt et al., 2025).

Firn warming is less reversible than firn cooling, due to the nonlinear effects of temperature on firn-densification processes
that increase densification, decrease pore space and decrease firn thickness. This effect is especially accentuated by latent-heat
release due to meltwater refreezing (Thompson-Munson et al., 2024). Therefore, the likelihood of regenerating cold content in
systems such as the Juneau Icefield, where long-term firn warming has occurred, is low.

Understanding spatiotemporal variability of internal accumulation in the firn (i.e., liquid water storage from rain and melt,
and refreezing) is fundamental to many polar glaciological applications. First, knowing liquid water storage in the firn is critical
for accurate calculations of mass balance from geodetic methods, a common method to assess mass change on Alaskan alpine
glaciers that often uses a uniform correction factor for volume to mass conversion (Huss, 2013; Stevens et al., 202-%. On the
Juneau Icefield, we suggest that both transient liquid water and firn aquifers may store significant mass that is not accounted
for in the density assumptions in volume to mass conversions, and will complicate geodetic mass-balance calculations that are
not based at the end of the summer season. Second, liquid-water changes impact the radar-wave velocity and the correction

of travel time to depth (e.g., Mannello et al. (2025)), and consequently uncertainty in radar-derived depth can introduce large
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uncertainties (up to 45 %) in SWE calculations (Mannello et al., 2025). With increasing melt earlier in the season, Mannello
et al. (2025) suggested that radar-derived SWE estimates should consider the spatiotemporal variability of liquid water content
in the snow even during spring surveys of the Juneau Icefield. Third, the timescales of firn-aquifer drainage and other transient
liquid water storage (whether episodic or continuous) in the snow and firn is currently unknown, and may impact downglacier

seasonal ice-velocity fluctuations.
4.6 Future work

While the Juneau Icefield remains one of the most studied glacier systems in the world, comprehensive assessments spanning
the full firn column and its hydrology have historically been lacking. This study is the first to our knowledge to characterize
decadal to seasonal evolution of the icefield’s firn hydrology, including meltwater retention and runoff.

We recommend continued research into firn evolution on temperate Alaskan alpine glaciers, including understanding the
heterogeneity of meltwater processes, especially in high-melt climate regimes like the Juneau Icefield. Our study is localized
to four study sites monitored in June and July of 2024 and contextualized by model simulations from 1980 to 2019. Given
these spatial and temporal limitations, future in-situ measurements capturing a full summer season and additional distributed
measurements across the icefield are required to constrain broader regional variability. In addition, due to a lack of field
measurements at large, and/or the limitations of point measurements, firn models are commonly used to determine firn evolution
over wide spatiotemporal scales and are invaluable tools for constraining firn evolution.

However, there are inherent uncertainties and limitations in how firn-model results can be interpreted. Future studies in-
vestigating how uncertainties and variability among climate products manifest in firn-model output would help quantify the
uncertainty in firn-model results on the Juneau Icefield and similar glacier systems. We hypothesize that different climate forc-
ings would produce varied firn profiles but that the trends would resemble our results on decadal time scales. In this study, we
assumed that using a simple bucket scheme simulates meltwater processes accurately enough to assess the decade-scale trends
in firn properties, following other studies in similar regions (e.g., Ochwat et al., 2021; Kindstedt et al., 2025). However, due
to their instantaneous nature, they may not accurately simulate the timing of meltwater runoff or percolation depths because of
uncertainties in ice-layer permeability and lack of preferential-flow processes. While we hypothesize that changing the param-
eterizations in the bucket scheme would have limited effects on decadal trends in our study because, for example, the firn at
our sites is temperate and changing the threshold for an impermeable ice lens would not likely change the percent of meltwater
that runs off substantially (i.e., ice lenses do not block access to cold porosity in our case). We suggest that future work should
explore detailed model intercomparisons, which would be required to fully understand the effects of climate forcing and model
physics, but are beyond the scope of the present work.

QS Conclusions
Alaskan glaciers contribute 22% of the global land-ice loss to sea-level rise and, due to continued atmospheric warming, are

expected to remain a principal contributor at least through the end of the century (The GLAMBIE Team, 2025; Hugonnet
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et al., 2021). Most Alaskan glaciers lose mass through surface melt, which is often routed through the firn and may be stored
temporarily as liquid water or ice, or run off downstream. Here, we used field observations and firn modeling to investigate
seasonal to decadal changes in the thermal anle physical properties of firn on the Juneau Icefield, Alaska. First, measured mean
density and liquid water content generally increased up to 5% and 71 %, respectively, during the onset of the 2024 summer
season, indicating meltwater retention. Our results suggest that potentially widespread snow and firn aquifers exist across the
icefield, indicated by high LWC (> irreducible water saturation, 2-3 % vol, and up to a depth-averaged mean of 25 % vol).
Driven by increased atmospheric temperatures, increased surface melt, and decreased snow accumulation, the modeled firn-
air content decreased between 22% to 35% from 1980 to 2019. Our results also indicate decreased firn cold content from
1980 to 2019, driving increased meltwater runoff from the firn (0.11-0.16 m.i.e. per decade), decreased meltwater refreeze
in the firn (0.37-0.44 cm i.e. per decade), and shift of runoff onset 4.1-6.3 days per decade earlier in the season. Our results
suggest that firn on the Juneau Icefield and other temperate Alaskan alpine glaciers may continue to lose long-term refreezing
capacity. Increasing firn runoff and thinning firn may also propagate surface melt and rainfall to more rapidly integrate into
downstream hydrology. In addition, inter-seasonal shifts in liquid-water retention (including firn aquifers) on the Juneau Icefield
and similar regions, may introduce critical uncertainties in mass-balance calculations for sea-level rise estimates. Future studies
should expand in-situ firn observations across the Juneau Icefield and other temperate Alaskan glaciers to further quantify

spatiotemporal variability of meltwater processes and long-term impacts firn evolution in a warming climate.
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Figure Al. Mean annual cumulative rainfall for the three accumulation-zone sites, derived from Ing et al. (2025): a) MLD; b) MG3; ¢)
NWBI.
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Figure A2. Mean annual winter temperatures for the three accumulation-zone sites, derived from Ing et al. (2025): a) MLD, b) MG3, and ¢)
NWBI.
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Figure A6. Modeled liquid-water content (LWC) evolution for the three sites: a) MLD, b) MG3, and ¢) NWBI.
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Figure A10. Modeled onset of runoff (day of year) for: a) MLD, b) MG3, and c) NWBI.
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Figure A11. Number of days per year with cold content < 0.05 MJ m~2 for a) MLD, b) MG3, and c) NWBI, derived from the modeled
results.
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¢) NWBI, derived from model results.
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Table A1. Statistics related to climate results and associated linear regressions.

MLD MG3 NWBI1
Temperature (°C) o 0.6 0.6 0.6
B (°C/decade) 0.20 0.16 0.22
R? 0.102 0.061 0.118
p value 0.025 0.068 0.017
Accumulation rate (m.i.e. a~ 1) o 0.5 0.5 0.5
B (m.i.e. a~*/decade) -0.12 -0.12 -0.16
R? 0.091 0.095 0.106
p value 0.032 0.030 0.023
Melt rate (m.i.e.a™") o 0.3 0.3 0.5
B (mie.a '/decade)  0.11 0.11 0.16
R? 0.191  0.161 0.167
p value 0.003 0.006 0.005
Rainfall rate (m.i.e. a~ ') o 0.1 0.1 0.2
B8 0.01 -0.01 0.00
R? -0.0029  -0.0096 -0.0257
p value 03525 04333  0.8854
Winter temperature (°C) o 1.3 1.2 1.3
B 0.31 23 34
R? 0.052 0.021 0.064
p value 0.088 0.188 0.065
M:A ratio o 0.2 0.2 0.2
B8 0.069 0.076 0.01
R? 0.1971  0.1905  0.1989
p value 0.0024  0.0028  0.0023
(M+R):A ratio o 0.2 0.2 0.3
8 0.077 0848 0.1081
R? 0.0848
p value 0.1892  0.1776  0.1507
Melt days > 0.5 mm per day (days) o 0.2 0.2 0.3
8 5.8 55 53
R? 0.202 02284 02152
p value 0.0024 0.0012  0.0017
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Table A2. Statistics related to firn-model results and associated linear regressions.

MLD MG3 NWBI
Refreeze (m.i.e.a~!) B (m.ie.a '/decade) -0.004 -0.004 -0.004
R? 0.144 0.144  0.138

p value 0.010  0.002 0.011

Runoff (mie.a™') B (mie.a '/decade) 0.109 0.115  0.163
R? 0.161 0.167  0.138

p value 0.006 0.006  0.011

LWC (m.i.e.) B (m.i.e./decade) -0.024 -0.062 -0.072
R? 0478 0.646  0.604

p value 0.00 0.00 0.00

Percent Refreeze (%) B (%/decade) -0.840 -0.617 0.438
R? 0.185 0.173  0.178

p value 0.004 0.005  0.004

Percent Runoff (%) B (%/decade) 2.899 3.015 2.804
R? 0.090 0.137  0.106

p value 0.034 0011  0.023
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