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Abstract.

Warming in high alpine regions is leading to an increase in glacier surface melt production, firn temperature, and firn
liquid water content, altering regional hydrology and climate records contained in the ice. Here we use field observations
and firn modeling to show that although the snowpack at Eclipse Icefield at 3,000 m a.s.l. in the St. Elias Range, Yukon,
Canada, remains largely dry, meltwater percolation is likely to increase with an increase in extreme melt events associated
with continued atmospheric warming. In particular, the development of year-round deep temperate firn at Eclipse Icefield is
promoted by an increase in extreme individual melt events, rather than a greater number of small melt events or a prolonged
melt season. Borehole temperatures indicate that from 2016 to 2023 there has been a 1.67°C warming of the firn at 14 m depth
(to =3.37 & 0.01°C in 2023). Results from the Community Firn Model show that warming of the firn below 10 m depth may
continue over the next decade, with a 2 % chance of becoming temperate year-round at 15 m depth by 2033, even without
continued atmospheric warming. Model results also show that the chance of Eclipse Icefield developing year-round temperate
firn at 15 m depth by 2033 increases from 2 % with 0.1°C atmospheric warming over the period 2023-2033 to 12 % with 0.2°C
warming, 51 % with 0.5°C warming and 98 % with 1°C warming. As the majority of the St. Elias Range’s glacierized terrain
lies below Eclipse Icefield, the development of temperate firn at this elevation would represent likely indicate widespread
meltwater percolation in this region and a wholesale change in its hydrological system, reducing its capacity to buffer runoff

and severely limiting potential ice core sites.
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1 Introduction

Firn is defined as snow that has survived one melt season, and is found in the accumulation region of glaciers, ice caps and ice
sheets around the world (Miller, 1952). There is increasing evidence that firn columns are warming and melting (Vandecrux
et al., 2024; Horlings et al., 2022; Ochwat et al., 2021; Polashenski et al., 2014; Bezeau et al., 2013), which can alter the snow
and firn structure, temperature and chemistry, compromising the climate record in the developing ice column (Samimi and
Marshall, 2017). Liquid water in the snow and firn can also preclude ice core drilling efforts. In addition, firn water retention
can dramatically delay the release of glacier melt to downstream hydrological systems and act as a buffer to glacier runoff
(Culberg et al., 2021; MacFerrin et al., 2019; Koenig et al., 2014; Harper et al., 2012). When deep percolation and localized
freezing occur, firn storage of surface melt can cause a lag in runoff of years to decades (Harper et al., 2012). Alternatively,
the development of near-surface low-permeability ice layers can lead to increased runoff in the longer term (MacFerrin et al.,
2019; Machguth et al., 2016). Surface melt can be retained in the firn pack, either refrozen in ice layers or in liquid form
as irreducible water, slush fields, or a firn aquifer (Clerx et al., 2022). Firn aquifers account for much of observed firn water
storage and can retain water for several years, both delaying runoff and warming the firn (Ochwat et al., 2021; Miege et al.,
2016; Jansson et al., 2003; Schneider, 1999; Fountain, 1989).

Glacierized high-alpine regions contain unique regional climate records and act as water towers for downstream human
and ecological communities (Miller et al., 2021; Immerzeel et al., 2019; Winski et al., 2018; Fisher et al., 2004). Despite
the importance of warming high-alpine firn columns, comparatively little work has been done on the thermal evolution and
meltwater retention of firn in these regions (e.g. Ochwat et al., 2021; Schneider, 1999; Fountain, 1989) compared to Greenland
(e.g. Amory et al., 2024; Horlings et al., 2022; Culberg et al., 2021; MacFerrin et al., 2019; Machguth et al., 2016; Miege et al.,
2016; Harper et al., 2012). Amplified warming at high elevations (Williamson et al., 2020), combined with high annual snow
accumulation (Marcus and Ragle, 1970) that can insulate underlying firn, make the heavily glacierized St. Elias Range a region
of potentially widespread meltwater retention and active firn aquifer development.

The St. Elias Range (henceforth referred to as “St. Elias”) is a mountain range located in the southwest Yukon, Canada, on
the border between the Yukon and Alaska (Fig. 1). Prior work on the upper Kaskawulsh Glacier, a prominent glacier on the
east side of the range, revealed a firn aquifer that may have developed within the last decade, though its age cannot be well
constrained (Ochwat et al., 2021). In contrast, observations from 2002, 2016 and 2017 at Eclipse Icefield (“Eclipse”), ~350
m higher in elevation than the Kaskawulsh aquifer, have shown a relatively dry snow and firn pack (Kochtitzky et al., 2020;
McConnell, 2019; Yalcin et al., 2006). Firn observations that span twenty years, nearby weather station data, and observed
firn aquifer development at lower-elevation sites in the region make Eclipse a compelling case study for firn evolution and
aquifer development in the St. Elias and in glacierized alpine areas more generally. Here we combine field observations and
firn modeling at Eclipse to determine the conditions required to develop a temperate firn column in a formerly polythermal
high-alpine regime. Specifically, we address the following questions: (1) is there evidence for current and increasing melt
production and percolation at Eclipse? (2) how much warming is required to develop year-round temperate firn at Eclipse? (3)

does the distribution of warming throughout the year and/or among intense heat events matter?
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Figure 1. Study area in the St. Elias Range with firn cores and ground-penetrating radar collected in the 2023 field campaign. The Gulf of
Alaska region is shown in panel (a) with Alaska (AK), Yukon Territory (YT) and British Columbia (BC) labeled in gold. Relevant sites in
the St. Elias Range are shown in panel (b), the extent of which is indicated by the red box in panel (a). Panel (c) shows a closeup view of
Eclipse Icefield, bounded by the red box marked “Eclipse” in panel (b). Elevation contours in panel (c) are given in meters. Base imagery in
panels (b) and (c) is from ESRI.

2 Methods
2.1 Firn core recovery

We recovered three firn cores from Eclipse Icefield between 2 June 2023 and 4 June 2023 (Fig. 1¢). Cores B501 and B502 were
55 drilled from the surface to depths of 16.2 m and 10.9 m respectively at 60.844°N, 139.851°W, 0.6 m apart from each other to
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assess the small-scale spatial variability of near-surface melt features. Core B201 was drilled from the surface to 14.7 m depth
at 60.835°N, 139.830°W (at a similar elevation ~1.5 km to the southeast). Cores B501 and B502 were drilled in one night
over the course of five hours; core B201 was drilled the following night. A summary of core recovery information is given in
Table 1.

Table 1. Firn core recovery information.

Core Location Surface Recovery date  Recovery Bottom depth below
elevation start time the snow surface at
(m a.s.l.) (local time) the time of coring (m)

Ecl23_B501 60.844°N, 139.851°W 3,053 2 June 2023 21:00 (night 1) 15.6

Ecl23_B502 60.844°N, 139.851°W 3,053 3 June 2023 00:30 (night 1) 10.3

Ecl23_B201 60.835°N, 139.830°W 3,058 3-4 June 2023 22:00 (night 2) 14.1

2.1.1 Stratigraphy

We recorded the stratigraphic character of each layer within each core (e.g. opacity, texture, ice layers) in the field and logged
accompanying backlit photos. We describe layers as either “fine-grained” or “coarse-grained”. We use the term “fine-grained”
to refer to sections of firn composed of <1 mm grains that separate readily when force is applied to the core. In this context,
fine-grained firn is firn that shows no visible evidence of melt alteration. We use the term “coarse-grained” to refer to sections
of firn composed of 1-2 mm well-sintered ice grains (Fig. 3b). Unlike the large, faceted grains in surface and depth hoar, which
reduce layer strength, the rounded, well-sintered grains in our coarse-grained firn result in a strong icy layer requiring a saw to
cut through. Despite their sintering, the grains remain readily distinguishable from one another, differentiating these layers from
glacier ice. We use the terms “ice lens” and “ice layer” to refer to regions of solid ice that extend partially and fully across our
core diameter respectively. Uncertainty in our stratigraphy comes from the accuracy of the ruler used to measure core depths,
as well as the subjective delineation of stratigraphic boundaries within the core. The ruler used was marked to the millimeter,
so we report individual layer thicknesses to 0.001 m. However, we report layer depths and thicknesses of stratigraphic sections
spanning more than one core segment to 0.01 m to account for the compounded uncertainty over accumulating core segments.
We report all layer depths relative to the last summer surface (LSS) because of high uncertainty in our measurements of
seasonal snow depth resulting from the visual similarity of seasonal snow and core chips (a drilling artifact) pulled out of the
drill barrel. For visual representation purposes, we show the LSS in all three cores to be located at ~4.25 m depth despite
differences in measured depth. Because we’re focusing on the firn below the LSS, standardizing the core depths to the LSS

provides a more useful visual than standardizing them to the snow surface.
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2.1.2 Density

We recorded density in the field for core B501 starting at 1.92 m depth. We did not record density for the unconsolidated
snow above this because the volume uncertainty of core segments was too high. Core sections were sawed into roughly 10
cm segments, or delineated at existing breaks. We then measured each segment’s length, diameter and mass, and assessed
its cylindrical completeness. Following the methods of Ochwat et al. (2021), we assigned each core segment a cylindrical
completeness value (f) of 0-1, with 1 denoting an intact core and fractional values denoting the portion of core segment
present. For example, a core segment determined via visual inspection to have 5 % of its volume missing due to chipping or

crumbling would be assigned an f value of 0.95. Density (p) was calculated for each core segment using:

p=m/V, with V = frL(D/2)? (1)

where m is mass, V is volume, L is core segment length, and D is the average diameter. We removed outliers from the dataset
if the density was greater than 917 kg m—2 or < 300 kg m~2 below the density of the last summer surface within uncertainty.
We report density for the top depth of each segment. For example, the density value reported for a depth of 3.40 m would be
measured over the segment from 3.40 to 3.50 m depth below the snow surface at the time of coring.

Uncertainty in our density measurements comes from a variety of sources and can be calculated based on the uncertainties

in mass and volume with the following:

dm\? [dv\?
venf(2) ()

Mass uncertainty arises from the accuracy of the scale. The scale used has a nominal accuracy of &+ 0.1 g, but we assign a

mass uncertainty of 0.3 g to account for residual snow or water on its surface. Volume uncertainty comprises uncertainty in the
measured segment length and radius (used to calculate cross-sectional area A) and in the subjective assignment of cylindrical

completeness (f):

(9 - () (3)

Our ruler was marked every millimeter, but following Ochwat et al. (2021), we assign dL = dD = 0.25cm to account for

rough-cut core segments with crumbly edges. We then calculate the uncertainty in area using:

dAzwD(%?) “)
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We also follow Ochwat et al. (2021) in assigning an uncertainty of df = 0.1 for f > 0.8 and df = 0.2 for f < 0.8, because a
less complete core is more difficult to visually assess. We calculate the uncertainty for mean density values from the root mean

square of all point values being averaged:

1/2
1
dpi: dp =+ [Z dpil )
N

We report the top depth of all density measurements relative to the snow surface assuming an LSS depth of 4.24 m below
the surface. Consequently, absolute depths reported have an uncertainty of & 0.2 m; however, density calculations depend on
segment thickness rather than absolute depth and therefore use the assigned measurement uncertainty of 0.25 cm. Although
densities can be reported to the top or middle depth of core segments, we report them here to the top of segments for consistency
with our stratigraphy, which we report to segment tops to focus on the transition between melt-altered and unaltered sections

of firn, which is more physically interesting than the midpoint depths of sections.
2.1.3 Borehole temperatures

We obtained temperature measurements from the boreholes of cores B5S01 and B201 using an RBRsolo® T compact single-
channel temperature logger. We allowed the borehole to equilibrate for approximately 12 hours after drilling before installing
or metering any temperature sensors. We obtained one temperature measurement near the bottom of B201 (14.1 m below the
snow surface) after the sensor was allowed to equilibrate in the borehole for 1.5 hours, and one temperature measurement
near the bottom of B501 (15.5 m below the snow surface) after the sensor was allowed to equilibrate in the borehole for 1.5
hours. In addition to these deep equilibrated measurements, we acquired a full-length temperature profile for each core. Due
to time constraints in the field, this was based on 30 s of measurement time at each depth, after 30 s of equilibration time.
After recording the surface air temperature, we lowered the logger into the borehole using a survey wheel while continuously
sampling at a rate of 2 Hz. At 20 cm intervals, we paused lowering and recorded a timestamp to identify the temperature at that
depth. RBRsolo® T temperature measurements have an initial accuracy of 4= 0.002°C, which we apply to our basal borehole
temperatures when the sensor was allowed to equilibrate in the borehole for 1.5 hours. We assign an uncertainty of 0.01°C to
our temperature profiles at 20 cm increments when a 30 s equilibrium time was used; we increase our uncertainty by an order
of magnitude in the interest of being conservative when using the lower equilibration time. Because we were most concerned
with temperatures below 10 m depth, boreholes were only a couple inches across, because surface conditions were very similar
on both days when temperature measurements were collected (sunny, light breeze), we ignore the effects of advective heat

transport.
2.2 Ground-penetrating radar

We collected ground-penetrating radar (GPR) data at frequencies of 900 MHz and 5 MHz, using two different systems to
image the near subsurface (~20 m depth) and full ice thickness (up to 700 m depth) respectively. We collected very high
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frequency (VHF) data on 2 June 2023 with a GSSI system, using a shielded 900 MHz center frequency antenna (model 3101)
and an SIR4000 control unit paired with a Garmin GPSMap78 (horizontal and vertical accuracy of = 3 m). We collected
data at 2,048 samples per scan and 24 scans per second with a range of 240 ns. We collected high frequency (HF) data on 4
June 2023 with a Blue Systems Integrated (BSI) 5 MHz antenna, with 30 m separation between the transmitter and receiver.
We ski-towed both GPR systems at a rate of ~1 ms™! to obtain profiles of stratigraphy between core sites B2 and B5 (Fig
Ic). Radar data were processed in ImpDAR (Lilien et al., 2020) using standard processing techniques, including: clipping
stationary periods, constant trace spacing, bandpass filtering, and normal move out analysis to correct for antenna separation.
HF data were also migrated using the SeisUnix sumigtk routine to correct for hyperbolic reflections from basal topography.
Depth-variable density profiles obtained from shallow (2023 B501) and deep (2002) cores were used to calculate variable,
permittivity-dependent, radar-wave velocities to determine the depth of reflected layers. The LSS was semi-automatically

picked across the VHF profile; a full description of this picking can be found in Lilien et al. (2020).
2.3 Firn modeling

We model the firn pack evolution over a period of 20 years (2013-2033) at Eclipse using the Community Firn Model (CFM),
an open-source, modular model framework coded in Python 3 and available for download on Github (Stevens et al., 2020). We
used the CFM to simulate firn density and temperature evolution as well as meltwater retention and refreezing. We parameterize
firn density evolution using the densification scheme from Kuipers Munneke et al. (2015) and a time-invariant surface density
derived from sensitivity testing (Table 2). The densification equation from Kuipers Munneke et al. (2015) was calibrated for use
in Greenland using firn data from sites spanning a range of climates, and it is reasonable to assume that the climate at Eclipse
is similar to some locations in Greenland. Any firn densification model is possibly subject to tuning biases (e.g., Kuipers-
Munneke model was tuned using RACMO climate data, so biases in RACMO will affect the model tuning). We do not expect
that use of a different firn densification equation would change our results and conclusions. The CFM uses a bucket scheme to
simulate meltwater percolation, and it uses an enthalpy-based heat transfer scheme to simulate heat diffusion in the presence
of phase changes. We use a parameterization for thermal conductivity from Calonne et al. (2019) and a Neumann boundary
condition, simulating down to 50 m depth. We force the model with air temperature data from a weather station near the ice
divide between the Kaskawulsh and Hubbard Glaciers (30 km away, “Divide AWS”; Fig. 1b), surface melt calculated from air
temperatures using a simple degree day model, and mean annual accumulation rate of 1.4 m w.e. a~! (McConnell, 2019) with
monthly scalars applied. We calculate these scalars using an in situ snow accumulation record from Divide. We use four years
of complete coverage (2004, 2005, 2006, 2008) to compute each month’s mean fractional contribution to annual accumulation.
When incorporated into the CFM, we distribute each month’s portion of the annual 1.4 m w.e. evenly across the days of the
month. We elevation-correct Divide AWS air temperatures to Eclipse (~400 m higher) using a lapse rate of —3.98°Ckm *
following Hill et al. (2021).

We spin the model up from ~1983-2013 (exact spinup time varies slightly among model runs as it is the time required
to refresh the entire firn column and therefore dependent on densification rate and surface melt) using downscaled North

American Regional Reanalysis (NARR) air temperatures for Eclipse from 1983 to 2013 (Jarosch et al., 2012). We also test the
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Table 2. Suite of degree day factors (DDFs) and surface density values tested in model tuning. A total of 300 DDF and surface density

combinations were tested.

Variable Values Source

DDF (mm °C~1d™1) 2.6 5.8 MacDougall et al. 2011: minimum (2.6 mm °C~1d~!) and maximum (8.2 mm
3.0 6.2 °C~'d™") values derived from 2008 and 2009 data on two glaciers in the
34 6.6 Donjek Range*. The glaciers are located between 60.783°N and 60.950°N,
3.8 7.0 and 139.083°W and 139.217°W, and range from 1,890-3,100 m a.s.l. in
4.2 74 elevation.
4.6 7.8
5.0 8.2
5.4

Surface density (kg m™?) 225 430 McConnell 2019: surface density measured in Eclipse 2016 core (430 kg m™?)
250 440
275 450 Ochwat et al. 2021: seasonal snow density measured in Kaskawulsh 2018
300 460 cores (450 kg m~2). The drill site was located at 60.78° N, 139.63° W at an
325 470 elevation of 2,640 m a.s.l.
350 480
375 490 Pulwicki et al. 2018: minimum (227 kg m ™) and maximum (431 kg m %)
400 500 measured surface density values over three glaciers in the Donjek Range*. The
410 510 glaciers were located between 60.791° N and 60.992° N, and 139.079° W and
420 520 139.246° W, covering an elevation range from 1,899-3,103 m a.s.1.

*a subrange in the St. Elias

model sensitivity to three other spinup schemes using different air temperature datasets (Appendix A): 1) elevation-adjusted
Divide AWS data from 2013 to 2024 repeated for the duration of the spinup, 2) synthetic climate data selected from a Gaussian
distribution of temperatures based on elevation-adjusted 2013-2024 Divide AWS data, and 3) like spinup scheme (2) but with
a historical 0.024°Ca~! rate of temperature change (Williamson et al., 2020) applied for the duration of the spinup such that
the mean annual temperature at the start of the main model run is consistent with elevation-adjusted 2013 Divide AWS data.
All model spinups are forced with a mean annual accumulation rate of 1.4 m w.e. a~!. For our spinup sensitivity tests, we
test each spinup scheme with 15 different degree day factor (DDF) values used to estimate surface melt from air temperatures
and 20 different surface density values (Table 2). During all sensitivity testing, the model was spun up from 1983 to 2013, and
then run through the end of our in situ data in 2024. Across these tests, downscaled NARR temperatures provided the most
conservative baseline firn temperatures below 10 m depth.

We then use the NARR spinup to explore the model’s sensitivity to this suite of DDF and surface density values. Our range
of DDF values (2.6-8.2 mm °C~! d~!) is bounded by the minimum and maximum DDFs derived from 2008—2009 in situ
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data from two glaciers on the northeast side of the St. Elias Range (MacDougall et al., 2011). Our tested surface density values

span the range from 225-520 kg m—>

, covering the full range of surface snow densities measured at Eclipse (McConnell,
2019), at two sites near the Kaskawulsh/Hubbard Divide (Ochwat et al., 2021; McConnell, 2019), and over three glaciers in
the nearby Donjek Range (Pulwicki et al., 2018). Locations and elevations of measured regional surface densities are found in

Table 2. We refined the surface density spacing between 400-520 kg m 3

since in situ data suggest this is the most reasonable
range of surface density estimates for Eclipse. We select a representative pairing (DDF = 6.2, p = 450 kg m~3) from all the
combinations of DDF and surface density values that produce no liquid water down to 14 m depth in the firn in both spring
2016 and spring 2023 (consistent with firn cores and GPR showing no evidence of liquid water at those times), and a firn
temperature between —2°C and —4°C at 14 m depth in spring 2023 (consistent with 2023 borehole temperature measurements).
We refer to this selected model as our "reference model". Our exploration of model sensitivity to DDF and surface density
values is detailed in Appendix A.

We run the model with approximately one-day timesteps. After spinup (~1983 to 2013), we apply the elevation-adjusted
Divide AWS temperature data as forcing from 2013-2024, and then run the CFM under a suite of climate scenarios from
2024-2033, including: (a) continuation of current climate, (b) 0.1°C cooling, (¢) 0.1°C warming, (d) 0.2°C warming, (e)
0.5°C warming, and (f) 1°C warming by 2033. We generate synthetic air temperatures for all 2024-2033 climate scenarios by
computing the mean and standard deviation of the 2013-2024 Divide AWS daily mean temperature values (computed from
hourly measurements) for each day of year. We then assign synthetic daily air temperatures randomly drawn from Gaussian
distributions described by these means and standard deviations. Temperatures for scenario (a) are drawn from the distribution
described by the mean and standard deviation of 2013-2024 data. Temperatures for scenarios (b-f) are drawn from distributions
with a prescribed rate of change applied to the mean such that the specified degree of warming or cooling for each scenario is
reached by December 31, 2033. For each climate scenario, we run the model fifty times and calculate the percentage of model
runs that produce temperate firn at 15 m depth by 2033.

To examine the conditions associated with the production of year-round temperate firn at 15 m depth, we quantify the mean
winter temperature, melt season start, melt season end, melt season length and total PDDs each year. We also quantify the
number of individual melt events and each one’s magnitude. We define melt events as any period over which the snow surface

is continuously melting without refreeze.
2.4 Comparison among St. Elias study sites

To contextualize the firn conditions at Eclipse, we compare our results with data from two neighboring sites near the ice
divide between the Kaskawulsh and Hubbard Glaciers: Icefield Divide Camp (60.68°N, 139.78°W; 2,603 m a.s.l.), which we
refer to as “Icefield Camp” to avoid confusion with reference to the broader Kaskawulsh/Hubbard Divide area, and the upper
Kaskawulsh Glacier (60.78°N, 139.63°W; 2,640 m a.s.l.), which we refer to as “Kaskawulsh” (Fig. 1b). On 4 June 2018, VHF
(400 MHz) and HF (5 MHz) ground-penetrating radar data were collected at Icefield Camp; for a full description of GPR
deployment and processing, see McConnell (2019). In the same year, two firn cores were recovered from the upper northern

arm of Kaskawulsh Glacier by Ochwat et al. (2021). The cores were each 8 cm in diameter and drilled 60 cm apart from each
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other to depths of 36 m (Core 1) and 21 m (Core 2); liquid water was encountered at 34.5 m below the surface in Core 1
(Ochwat et al., 2021). Stratigraphy of both cores and density of Core 1 were measured in the field; densities for a subset of
samples from Core 2 were measured after transporting the core from the field to nearby Kluane Lake Research Station. For a
complete description of Kaskawulsh core recovery and analysis, see Ochwat et al. (2021).

We also contextualize the Eclipse, Icefield Camp and Kaskawulsh sites within the St. Elias Range by producing a regional
hypsometric curve for the region’s glacierized terrain. We derive this curve from the ArcticDEM digital elevation model at 10
m resolution, and highlight areas ranging from 2,600 to 3,000 m a.s.l., which cover the elevation band between our sites of

interest.
2.5 Firn changes at Eclipse over time

The St. Elias Range has been an area of glaciological study for decades. To investigate how firn at Eclipse has changed over
time, we compare our 2023 data to other measurements made at Eclipse since 2002:

(1) We compare 2023 GPR data to both VHF (400 MHz) and HF (10 MHz) GPR data from 2016, described in McConnell
(2019).

(i) We compare 2023 density measurements to values measured in firn cores drilled in both 2016 and 2017 (McConnell,
2019). Density in the 2016 Eclipse ice core was measured by weighing each core segment (to the nearest 10 g) and dividing
by the volume computed from one length measurement using a ruler (£ 0.5 cm accuracy) and the average of three diameter
measurements using calipers (& 0.5 mm accuracy).

(iii)) We compare 2023 borehole temperatures to values measured in 2016 using a string of iButtons and Easylog USB
temperature sensors lowered into a borehole and allowed to equilibrate for over 24 hours before logging data. iButton and
Easylog sensors were both deployed at a sample rate of one per 300 s and both sensors have an instrumental accuracy of 0.5°C.
For depths with multiple sensors, the mean of the temperature readings was taken as the final value.

(iv) We compare 2023 density measurements to values from a 130 m ice core recovered in 2002 (Kochtitzky et al., 2020;
Yalcin et al., 2006). Density values for the 2002 core were calculated in the field using bulk mass and volume measurements

3

at 1 m increments (Kochtitzky et al., 2020; Kelsey et al., 2012). Ice layers were assumed to have a density of 910 kg m™> and

accounted for in the bulk density calculations.
3 Results
3.1 Stratigraphy

The stratigraphy of all three 2023 cores shows ice layers, ice lenses, and melt-affected firn throughout the core (Fig. 2). The
first ~4 m of all three cores comprise the seasonal snowpack, with the last summer surface (LSS) appearing as a crusty layer
of melt-affected firn. Unless otherwise specified, all following stratigraphic depths are reported relative to the LSS, which we
designate as below the LSS or “BLSS”.

10
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Figure 2. Stratigraphy of the three firn cores drilled at Eclipse Icefield in 2023. The position of the LSS 0 mark in the lefthand depth scale is

the mean LSS depth (4.27 m).

In core B501, most of the top meter of firn below the LSS is coarse-grained and contains several hairline to 1.0 cm ice

layers (Fig. 2). Approximately 1 m BLSS, the firn transitions from coarse-grained and very melt-affected to fine-grained with

fewer melt features. It remains fine-grained until 3.40 m BLSS, where there is a sharp transition from fine- to coarse-grained

firn. The largest sections of fine-grained firn occur from 2.15 to 3.40 m BLSS (1.25 m thick) and from 7.54 to 8.83 m BLSS

11
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Figure 3. Example backlit photos from core B501 of: (a) undisturbed firn (6.97 m BLSS), (b) coarse-grained firn (3.40 m BLSS), (c)
clustered thin ice layers (6.36 m BLSS), and (d) a thick (>10 cm) ice layer (5.46 m BLSS). Depths refer to top of the core segment below

the last summer surface (BLSS).

(1.29 m thick). The rest of the core contains clusters of ice layers and lenses, or is otherwise melt-affected based on texture
and appearance. The thickest ice layer in the core begins at 5.46 m BLSS and is 12.0 cm thick. Core B501 has a total firn ice
content of 5 % by volume and 40 % of its length below the LSS (11.34 m) is visibly metamorphized and/or melt-altered (ice
layers, coarse-grained, and melt-affected sections as shown in Fig. 2).

In core B502, the first meter of firn below the LSS lacks the large crystals observed in core B5S01, but does contain numerous
hairline to 1.0 cm thick ice layers (Fig. 2). The largest sections of fine-grained firn occur from 1.80 to 3.03 m BLSS (1.23 m
thick) and from 3.72 to 4.82 m BLSS (1.10 m thick). The thickest ice layer in core B502 begins at 1.41 m BLSS and is 10.0
cm thick. Core B502 has a total ice content of 3 % by volume and 19 % of its length below the LSS (5.96 m) is melt-altered.

In core B201, the LSS is defined based on the first appearance of coarse-grained firn rather than a crust as in B501 and
B502 (Fig. 2). The top meter of firn below the LSS is coarse-grained and contains several ice lenses. At 1.18 m BLSS, the
firn transitions from coarse- to fine-grained. The largest sections of fine-grained firn occur from 1.70 to 2.71 m BLSS (1.01 m
thick) and from 7.10 to 8.90 m BLSS (1.80 m thick). Core B201 has three ice layers over 10 cm thick, the largest being at least
33 cm, where we stopped drilling because of mechanical difficulties. Core B201 has a total ice content of 10 % by volume and

27 % of its length below the LSS (9.91 m) is melt-altered.
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Ice content and melt alteration of cores B501 and B201 from the LSS down to 14.15 m depth (below snow surface) are
summarized in Table 3. Although all three cores differ in their ice content and layer characteristics, we focus on the difference

between cores B501 and B201 to maximize the depth of overlap for a greater sample domain.

Table 3. Ice content and melt alteration of cores B501 and B201 from the LSS to 14.15 m depth below the snow surface.

core % ice content by vol. % of ice layers >1 cm thick by vol. % of total ice content in thick layers % melt features by vol.

B501 3% 24 % 82 % 17 %
B201 10 % 48 % 93 % 27 %

3.2 Density

265 Density measurements for core B501 are shown in Figure 4. We report density values beginning at 1.92 m depth (below the
snow surface) because of high uncertainty in our volume measurements for the surface snow. The mean density from 1.92 m
to the LSS at 4.24 m depth is 612 & 20 kg m—>. Seasonal snow above the LSS was dry with no ice content. We focus here on
the firn below the LSS, much of which shows signs of melt alteration. The mean density of the top 2 m of firn below the LSS
is 638 £ 21 kg m~3. The mean density of the top 10 m of firn below the LSS is 689 4= 10 kg m~3. The mean density of the

270 bottom 2 m of the core is 722 + 23 kg m 3. The mean overall density of core B501 is 679 4= 9 kg m~3. In general, density
increases with depth throughout the core. However, cyclic variations can be seen, which are likely seasonal, particularly in the
top 10 m. Individual ice layers can also be identified by peaks in density. Note that although measured densities for these ice

layers are implausibly high, their values are physically reasonable within uncertainty.
3.3 Borehole temperatures

275 We obtained borehole temperatures down to 14.1 m depth (below the snow surface) for B201 and to 15.5 m depth (below the
snow surface) for B501 (Fig. 5). Both profiles show an initial cooling for the top ~3 m, which then transitions to a warming,
with a temperature minimum just below —8°C in the top 4 m of the profile. In B201, the warming continues until ~12 m
depth, below which the profile shows a temperature stabilization and slight cooling. In B501, the warming that begins around
3 m depth continues through the bottom of the profile domain (15.5 m). At 14 m depth, B2’s temperature is —1.74 £ 0.01°C
280 and BS’s temperature is —3.37 &+ 0.01°C. Although the temperature probe was continuing to equilibrate in the borehole at 1
minute (30 s equilibration and 30 s measurement), our fully equilibrated spot measurements (indicated by stars in Figure 5) are
consistent with measurements acquired after only 30 seconds equilibration. We therefore consider our full temperature profiles

to be adequately representative of borehole conditions.
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Figure 4. Firn densities of 2023 core BS01 with uncertainty values (gray) and a best-fit logarithmic curve (red). Measured densities begin at

1.92 m because the snow above that depth was too crumbly for accurate volume measurements.

3.4 Ground-penetrating radar

Clear, continuous englacial horizons are observable throughout the radargrams, which is generally indicative of a non-temperate
snowpack (Fig. 6). For example, our VHF (900 MHz) radargram shows a continuous reflector between 3 and 4 m depth (Fig.
6b), which we interpret to be the LSS. The LSS is determined to be at 3.66 m at site B2 and 3.60 m at site BS, differing from
the average LSS depth observed in our firn cores because of assumptions about the radio wave velocity used to interpret the
GPR data. Similarly, our HF (5 MHz) radargram shows a continuous reflector at ~150 m depth, which we interpret to be the
ash layer associated with the Katmai eruption of 1912 (Yalcin et al. 2007; Fig. 6¢). Our HF radargram also shows the total ice
thickness, which ranges from ~400 m to greater than 700 m (Fig. 6¢). The deepest ice is found near the center of the profile,
with the bedrock sloping up toward either end. Bedrock is located 484 m below the surface at site B2 and 566 m below the

surface at site B5. There is no evidence for a firn aquifer in any of our GPR data.
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Figure 5. Borehole temperatures measured at Eclipse in 2023. Full 2023 profiles (circles) were acquired with 30 s sensor equilibration at
each depth. Near the bottom of each borehole, one measurement (star marker) was acquired after allowing the sensor to equilibrate for 1.5

hours.

3.5 Firn modeling

Assuming a continuation of current climate conditions through 2033, our reference model predicts little change in firn temper-
ature below 10 m depth; over fifty replicate runs, our median predicted firn temperature is —1.75 °C at 10 m depth, —1.50 °C at
15 m depth, and —1.34 °C at 20 m depth in 2033. However, our range of predicted firn temperatures is 5.31 °C at 10 m depth,
4.06 °C at 15 m depth, and 3.53 °C at 20 m depth, with the reference model producing temperate firn for at least some of the
fifty replicate runs at each depth (Fig. 7). Eclipse therefore appears to be near a threshold for supporting temperate firn below
the penetration depth (~10 m) of the annual temperature wave.

Additionally, firn conditions (even below 10 m depth) at Eclipse are sensitive to changes in air temperature and exhibit
threshold behavior with projected warming (Fig. 8). Over 50 replicate model runs with 0.1°C cooling by 2033, firn at 15 m

depth has a 4 % chance of being temperate year-round in 2033, compared to a 6 % chance over 50 replicate runs under a
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Figure 6. Ground-penetrating radar data showing the last summer surface (LSS), Katmai volcanic ash layer and bedrock across a transect
between core sites B5 and B2. Panel (a) shows surface, LSS and Katmai layer elevations; panels (b) and (c) are radargrams from the 900
MHz and 5 MHz systems respectively. Yellow and red dashed lines indicate the surface location of core sites BS and B2 respectively. The
x-axes of panels (a-c) are all on the same distance scale; however, the core site locations vary slightly between the shallow (900 MHz) and
deep (5 MHz) profiles because the transects skied with the two systems were not exactly aligned. Two-way travel time (TWTT, lefthand

axis) is used to calculate depth (righthand axis).

continuation of current climate or with 0.1°C warming. The probability of firn at 15 m depth becoming temperate year-round
increases to 26 % with 0.2°C warming, 72 % with 0.5°C warming and 98 % with 1°C warming by 2033. The evolution of
density, liquid water content and temperature over the full firn column is shown under each modeled climate scenario in Figure
9 for a model run randomly selected from the fifty replicates.

Conditions associated with the development of year-round temperate firn at 15 m depth include lower mean winter tem-
perature, higher total melt season positive degree days (PDDs) and greater magnitude of individual melt events. We find a
significant (p < 0.05) difference (independent samples t-test) for mean winter temperatures during all years after 2025 between

model runs that do produce year-round temperate firn by 2033 and those that do not (Table B1).
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Figure 7. Firn temperature (a-j) and liquid water content (LWC; k-1) timeseries and distribution plots for replicate runs of our reference
model at Eclipse Icefield. Temperatures are shown at 0 m (a-b), 5 m (c-d), 10 m (e-f), 15 m (g-h), and 20 m (i-j) depth. LWC is calculated
for the entire firn column. A degree day factor (DDF) of 6.2 and a surface density of 450 kg m ™2 were used for all fifty model runs. All
model runs were forced using downscaled NARR air temperatures during the spinup period (pre-2013), elevation-corrected Divide AWS data
from 2013-2024, and temperatures randomly drawn from a Gaussian distribution described by the mean and standard deviation of elevation-
corrected 2013-2024 Divide AWS temperatures from 2024-2033. Forcing temperatures from 2024-2033 assume a continuation of current
climate conditions. Gray bars show odd-numbered years (e.g. 2015, 2017, etc.). Values on the x-axis of the righthand panels (distributions)
correspond to those on the y-axis of the lefthand panels (timeseries). Distributions include all output values over the course of 2033 (Jan 1

through Dec 31).

Additionally, for model runs that do not produce temperate firn, the median of the total melt season PDDs (over all model
runs for any given year) never exceeds 35 (Fig. 10). In contrast, the median total melt season PDDs over all model runs that do
produce temperate firn by 2033 ranges from 31.58 in 2025 to 52.88 in 2033. Finally, we find a significant (p < 0.05) difference
(Wilcoxon Rank Sum test) for the total melt season PDDs, the number of individual melt events, and the median melt event
magnitude (mm) between model runs that produce temperate firn at 15 m depth and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>