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Abstract. As surface melt affects larger areas of the Green-
land Ice Sheet, quantifying the energetic processes governing
the near-surface firn becomes increasingly important. This
work characterizes subsurface temperature and its temporal
variability in the upper meter of firn in the percolation zone
in southwest Greenland from two months of observations in
summer 2024. We provide novel methods for identifying the
snow surface height from high resolution (2 cm and 15 min)
temperature string measurements and further correct the ob-
servations for apparent biases from solar heating. Using these
observations, we identify several thermodynamic layers rel-
ative to the surface. The rapid-response layer is the upper
few centimeters of firn or snow where subsurface tempera-
ture is highly correlated (> 0.9) with skin temperature due
to coupling with the atmosphere and absorption of incom-
ing solar radiation. In the diurnally-responsive layer, temper-
ature still responds to atmospheric variability with large pos-
itive and negative vertical and temporal temperature gradi-
ents, down to approximately 35 cm below the surface. Below
the diurnally-responsive layer, the firn response to seasonal

warming becomes decoupled from diurnal- and synoptic-
scale atmospheric variability with depth; beneath 65 cm be-
low the surface, correlations are less than 0.1 between sub-
surface temperature and skin temperature. While conduc-
tion slowly transports energy below the diurnally-responsive
layer, surface melt and the advection of meltwater or latent
heat can move relatively large amounts of energy that cause
complex temperature gradients. Our results highlight both
the value of high-resolution observations for understanding
energy transfer in the near-surface firn and the need for addi-
tional observations.

1 Introduction

Under a warming climate, an increased area of the Greenland
Ice Sheet (GrIS) is melting (Mottram et al., 2019). Given that
at least 50 % of the contemporary GrIS mass loss is from
changes in the surface forcing (The IMBIE Team, 2020), it is
increasingly important to understand the energetics that drive
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melt at the surface (e.g., Van Den Broeke et al., 2016; Zheng
et al., 2025). Within the accumulation zone of the GrIS more
area is projected to transition from the dry snow zone, where
there is little to no melt, to the percolation zone, where melt
occurs and may runoff or be retained in the firn (McGrath
et al., 2013). Regions of the current percolation zone are
also experiencing more melt, and higher elevations are con-
tributing to runoff (Van Angelen et al., 2014; Tedstone and
Machguth, 2022). These findings collectively underscore the
importance of evaluating energy exchange processes respon-
sible for surface melt in the percolation zone.

The near-surface firn, compacted snow that has survived a
melt season, and younger snow above it are effectively an in-
terface layer that modulates the exchange of energy between
the atmosphere and deeper firn. For simplicity, throughout
this paper we refer to the entire near-surface firn-snow col-
umn simply as firn. The upper tens of centimeters of firn have
a diurnal cycle partially driven by solar absorption (Pfeffer
and Humphrey, 1996; Kuipers Munneke et al., 2009). Venti-
lation can also impact temperature changes in firn given its
porosity (Albert and Mcgilvary, 1992; Colbeck, 1997). La-
tent heat release from meltwater refreezing warms firn (e.g.,
Pfeffer and Humphrey, 1996; Covi et al., 2023), and both la-
tent heat release and conduction contribute to heat uptake in
firn further below (Saito et al., 2024).

“Near-surface” in many of these studies refers to the up-
per ~10m of firn and often does not resolve the upper-
most layers of firn at the snow-atmosphere interface. Part of
the neglect of the upper meter of firn has to do with lim-
itations of temperature observations in firn. For instance,
temperature sensors near the surface are known to expe-
rience preferential heating from solar radiation (e.g., Pfef-
fer and Humphrey, 1996; Humphrey et al., 2012; Samimi
et al., 2020). Observation-based studies of firn temperature
are also limited by vertical resolution. While there are some
datasets with higher resolution temperature profiles (Pfeffer
and Humphrey, 1996; Dadic et al., 2008; Humphrey et al.,
2012; Samimi et al., 2020; Guy et al., 2023), most mea-
surements of firn temperature across the GrIS have vertical
resolution of 50-100cm (e.g., Fausto et al., 2021). These
lower resolution observations are sufficient for studying en-
ergy exchange in firn across the seasonally active layer and
below (e.g., Humphrey et al., 2012), but they are insuffi-
cient to resolve temperature gradients within the upper meter
of firn related to diurnal and synoptic variability of atmo-
spheric forcing. Without adequate observations, assessments
of the upper firn commonly use surface energy balance and
firn models forced at the boundaries with observations of the
lower atmosphere from autonomous weather stations (e.g.,
Van Den Broeke et al., 2011; Vandecrux et al., 2018), some-
times utilizing temperatures from thermistor strings when
available (e.g., Hills et al., 2018). The high resolution tem-
perature datasets from the percolation zone (Humphrey et al.,
2012; Samimi et al., 2020) were used to study meltwater but
not energetic processes.
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Novel measurements from an autonomous research plat-
form installed near the DYE-2 site and Raven skiway in
Greenland (Fig. 1) during May—August 2024 (Gallagher
et al., 2026a) provide an opportunity to examine such en-
ergetic processes in the upper firn. This platform was part of
a lower elevation expansion of the Integrated Characteriza-
tion of Energy, Clouds, Atmospheric State, and Precipitation
at Summit (ICECAPS) program (Shupe et al., 2013). These
observations were targeted at the percolation zone of the
southwestern GrlS, an area that has experienced some of the
most rapidly increasing melt rates in Greenland (Zheng et al.,
2025). The deployment included detailed measurements of
atmospheric fluxes, meteorological parameters, clouds, and
precipitation. In this work we focus primarily on the highly-
resolved observations of temperature in the upper ~ 1 m of
firn that serves as an interface between the atmosphere and
ice sheet.

The goal of this work is to characterize high resolution
temperature profiles and energetic drivers in the upper me-
ter of firn that have received limited attention from previous
observations in the percolation zone. To support this goal,
we first develop methods for processing and correcting high-
resolution temperature observations during the observational
period of May through July. From these observations, we find
enhanced temperature variability in the uppermost centime-
ters of firn due to atmospheric variability that decays with
depth and is complicated by melt and refreeze. We further
quantify energetic fluxes in the subsurface to understand the
partitioning of energy accumulation, which highlights both
limitations of the observations and opportunities for future
improvements.

2 Data and methods
2.1 Field location and instrumentation

The summer 2024 deployment was an autonomous, pilot
extension project of the ICECAPS observatory at Summit
(Shupe et al., 2013). The installation site was near the Raven
skiway and DYE-2 site at 66.48°N, 46.30° W, and 2094 m
above sea level, approximately 140km from the ice edge
(Fig. 1a). Samimi et al. (2021) estimated DYE-2 to experi-
ence an average of 28 melt days during the summer, but the
summer of 2024 was colder and snowier than average across
the GrIS (Poinar et al., 2025).

The instrument platform consisted of a suite of comple-
mentary measurements installed on and around a skid-borne
frame structure collectively called the Cryosphere, Atmo-
sphere, Mass and Energy Observatory (CAMEO). Radiative
fluxes were measured at 2m above the surface using paired
upward- and downward-facing broadband pyranometers and
pyrgeometers, plus an upward-facing pyranometer for si-
multaneously measuring direct and diffuse shortwave radi-
ation components. The surface brightness temperature was
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Figure 1. (a) Locations of observations used in this study in the percolation zone (red star) and Summit Station (blue triangle). Colored con-
tour lines show elevation in kilometers. (b) Instruments used from the autonomous measurement platform collectively called the Cryosphere,
Atmosphere, Mass and Energy Observatory (CAMEO). Photo credit: Matthew Shupe.

measured using a downward-pointing infrared thermome-
ter. Meteorological variables, including a shielded temper-
ature sensor, were measured at 2m height, while winds
were measured using a three-dimensional sonic anemome-
ter at 3.8 m height. Surface height variations were measured
by multiple instruments including an acoustic sounder, a
laser sounder, and multiple GNSS receivers mounted on and
around CAMEO. A Ground Penetrating Radar (GPR) oper-
ated at center frequencies of 5.4 and 7.7 GHz was used to
identify times when liquid water was present within the firn
based on signal attenuation (see Gallagher et al., 2026b).
Firn temperature profiles were measured at 2cm vertical
and 15 min temporal resolution using a temperature string
with digital sensors installed approximately 3 m away from
CAMEQO. A vertical, 5cm wide hole was drilled in the firn
and backfilled with granulated snow after the temperature
string was inserted to a depth of ~ 120 cm. A loop in the tem-
perature string near the surface allowed for the sub-surface
measurements to be horizontally separated from the sup-
port infrastructure, but required a dedicated data merging
approach (see Appendix C). Ice lenses were identified at
some depths adjacent to the temperature string when it was
removed at the end of the measurement period. Two snow
pits were dug 2-3 and ~20m from CAMEO during in-
stallation, and one snow pit was dug between CAMEO and
the temperature string during decommissioning. Snow pits
were approximately 1-1.5 m deep and included manual den-
sity measurements, capacitance based density measurements
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(Denoth, 1989; Wolfspeger et al., 2023), and layer identifi-
cations (Town et al., 2026). For use here, atmospheric ob-
servations (e.g., radiative fluxes, skin temperature, wind) are
averaged to 10 min resolution and interpolated to tempera-
ture string time steps. Instruments used, their uncertainties,
and descriptions of their spatial footprints are listed in Ap-
pendix A.

Skin temperature, (7skinrad), S€rves as an independent
measure of the surface temperature to validate the temper-
ature string methods in Sect. 2.2. Tin,rad is calculated from
up- and downwelling longwave radiation after the upwelling
longwave flux has been corrected for an apparent solar bias,
detailed in Appendix B.

2.2 Enabling high resolution subsurface temperature
observations

To evaluate energetic processes of the near-surface firn, the
temperature string data must be processed and corrected.
While some of this processing is specific to the instrument
setup for this campaign, other processing steps are likely ap-
plicable to temperature string measurements more broadly.
First we concatenate the upper and lower sections of the
temperature string (Fig. 1b) because over the observation pe-
riod the lower section of the temperature string was entirely
buried by fresh snow (see details in Appendix C). Next we re-
move and interpolate temperature data that was impacted by
shading of the temperature string. We then develop an algo-
rithm to make a first guess of the firn surface height from the
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temperature profiles. This surface height estimate is needed
for the next step of correcting solar heating of the tempera-
ture sensors because the amount of solar radiation incident on
sensors depends on their depth below the surface. Through
optimization of the solar heating correction we further refine
the surface height. These more general temperature string
processing steps are explained below.

2.2.1 Temperature string solar shading adjustment

The support structure of the temperature string (a ~5cm
diameter aluminum pole with mount plate) shaded its
lower section at certain angles of direct shortwave radiation
(Fig. D1a). This shading caused decreases in temperature
around 15:00 (all times are in UTC) that do not agree with
Tekin.rad (Fig. D1b). Because this shading is not representa-
tive of the surrounding snow conditions, we remove impacted
temperatures and interpolate temporally. This adjustment is
performed on 14 d that experience significant direct incom-
ing solar radiation rather than days with primarily diffuse
radiation, defined as when the diffuse fraction is less than
0.5 between 10:00-17:00. A curve is fit to the time series of
temperature from each height from 46 cm (the highest level
used from the lower temperature string section) to —40 cm
(Fig. DIc). This shading adjustment represents a minimum
of the solar heating since there will still be diffuse light in the
snow pack from the surrounding unshaded snow. At the low-
est levels any changes in temperature from this interpolation
are within the instrument uncertainty. Most of the adjustment
is within the upper 20 cm of snow (Fig. 2a), consistent with
past observations (e.g., Brandt and Warren, 1993).

2.2.2 Surface detection from high resolution firn
temperature profiles

Although there was a suite of sensors installed on site to de-
tect surface height changes, they differ by tens of centimeters
at times due to spatial variability of snow distribution and all
are approximately 3 m or more away from the temperature
string. Because greater precision is needed to study the near-
surface firn, we estimate the surface locally using the data
from the temperature string. The approach takes advantage
of the fact that the thermal properties of snow differ from
those of air, which has been previously used to identify air-
snow interfaces (e.g., Zuo et al., 2018). For this purpose, the
vertical temperature gradient, AT /Az, is calculated at each
time step using centered differencing (Fig. 3a). A running
temporal variance of this gradient is calculated in 24 h cen-
tered windows (Fig. 3b). Some levels are manually excluded
to enhance the surface, including when there is evidence of
lateral transport of melt water below the surface. Levels that
are 40 cm above the surface at installation are also excluded
before 27 June 2024 since the support structure can impact
the vertical gradient. At each timestep, the profile of variance
is normalized vertically, and the first estimate of the surface
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is identified as the height with maximum variance in the pro-
file (Fig. 3c). We further build on this algorithm when cor-
recting for solar heating of the temperature string. Given that
the amount of solar radiation penetrating the firn to the tem-
perature string depends on where the surface is, we use the
solar correction method (discussed next) to further refine the
surface location. The resulting +4 cm offset is applied to all
timesteps and improves agreement with the manual measure-
ment of the surface height from the decommissioning in Au-
gust. Using a 24 h interval for calculating the variance means
that any rapid changes to the surface height may not be well
represented. However, a longer interval is needed because the
diurnal cycle of AT /Az is what drives the maximum vari-
ance.

The temperature string surface height determined by this
algorithm is within the range of independent surface height
measurements (Fig. 3d). The temperature string surface
height detection algorithm has some instances of the surface
height temporarily decreasing more than other surface ob-
servations (e.g., 6 July). This difference could be an issue
with the AT/ Az variance increasing because of advection of
meltwater below the surface. However, the instrument and its
support could also increase local melt, lowering the surface
compared to nearby instruments, that is then preferentially
filled in with drifting/blowing snow.

2.2.3 Solar heating correction for temperature string

There are temperature measurements greater than 0 °C be-
low the surface from the temperature string that indicate the
temperature string is absorbing more solar radiation than the
surrounding firn (Fig. 3d). While past studies have acknowl-
edged solar heating of temperature sensors (e.g., Brandt and
Warren, 1993; Pfeffer and Humphrey, 1996; Samimi et al.,
2020), we choose to correct, rather than ignore or remove,
this bias because our focus is on near-surface temperature
and gradient variability. To do so, our approach is to relate
the temperatures above 0 °C below the surface to transmit-
ted shortwave radiation (SWT) to create a correction propor-
tional to SWT that is then applied for all time steps when
SWT is greater than 0 W m~2.

Because there were no observations of SWT in the snow
or spectral SW measurements, we apply a methodology with
assumptions commonly used by the snow community. First,
we assume a fraction of net shortwave radiation (SWN) at
the surface is in the near infrared (NIR), and that it is entirely
absorbed between the surface and the first sensor below the
surface (e.g., Warren, 1982). The remaining SWT is assumed
to be in the visible range and absorbed exponentially with
depth, z, (i.e., Beer’s law) assuming a constant extinction co-
efficient, «:

SWT =e¢7*(1 — f)SWN. (D
The NIR fraction, f, and extinction coefficient were var-

ied between 0.4-0.6 and 10-35m~!, respectively (Bohren

https://doi.org/10.5194/tc-20-6423-2026



A. Sledd et al.: Summer subsurface temperature variability in the percolation zone

15:00-15:30 timesteps with

interpolation due to t-string shading

6427

all timesteps with t-string solar bias

_10 4

—20 1

_40 4

Depth below surface [cm]
&
o

_50 .

shading interpolation

© solar heating correction

T T

2 4
Temperature adjustment [°C]

o3 LU LU L LT LT T

-60

T T

2 3 4
Temperature adjustment [°C]

o—b....O.QOOO....."""

=

Figure 2. Magnitude of corrections applied to temperature string data. The differences between raw and interpolated temperature values from
the shading adjustment (Sect. 2.2.1) are shown with blue triangles, and corrections due to solar heating of the temperature string (Sect. 2.2.3)
are shown in red circles. In (a), the plotted temperature adjustments are included only for timesteps that have the shading correction applied
when the temperature string is fully shaded, i.e., days when the solar diffuse fraction is less than 0.5 between 15:00-15:30, for both the
temperature string shading and solar heating adjustments. Shown in (b) are solar heating corrections for all timesteps they are applied.
Shading the temperature string gives information about the depth of solar penetration in snow, so the general consistency between the solar
bias correction (red circles) and adjustment due to shading (blue triangles) gives some confidence to the transmitted shortwave assumptions

and the solar bias correction.

and Barkstrom, 1974; Mellor, 1977; Persson, 2012). Values
of 0.5 and 19m~! were chosen to minimize both the num-
ber of temperature measurements above 0°C and the dif-
ference between Tikinrad and the surface temperature from
the temperature string (7sfe,string) (Fig. 4a, b). Our optimized
coefficients for SWT result in about 34 % of SWN being
transmitted at least 2 cm below the surface. For comparison,
Kuipers Munneke et al. (2009) found that 37 % of SWN was
transmitted below 0.5 cm at Summit Station. As part of the
temperature string correction, we regress temperature mea-
surements above 0 °C that occur below the surface against
the computed SWT at their depths.

In this correction, we also consider the possible impact of
wind ventilation on temperature biases since snow is a porous
medium that allows air movement below the surface (e.g.,
Colbeck, 1989; Albert and Mcgilvary, 1992). Given that the
temperature string is positively biased compared to the sur-
rounding snow, air movement could cause the temperature
string to cool through sensible heat release. Therefore, we
calculate a correction curve for three 2m wind speed bins
each with 33 % of the data. These wide wind speed bins are
chosen due to limited sampling.

Within each wind speed bin, a curve is fit between tem-
perature and SWT. SWT is divided into 20 bins for every Sth
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percentile. In each SWT bin, the median of the largest 15 %
of data (black circles in Fig. 6a—c) is used to fit a correction
curve (red triangles in Fig. 6a—c). We use this upper portion
of the data because the temperature recorded by the temper-
ature string above 0 °C is the minimum possible bias, but it
could be larger if the firn is not melting. However, we use the
median of the upper 15 % of data instead of the maximum
value because we want to avoid overcorrection. The correc-
tion curves are inverse hyperbolic sine functions:

temperature correction = arcsinh ™! (. - SWT), 2)

where « determines the steepness of the IHS curve. « is pa-
rameterized as a function of wind speed using « and the me-
dian wind speeds from each bin (Fig. 6d). Thus, the wind
speed determines the slope of the IHS correction curve for a
given timestep, and the temperature correction is then calcu-
lated using the IHS curve and SWT at each level below the
surface. Wind speed was chosen as a parameter because of
the expectation that given a temperature difference between
the temperature string in the snow and the snow itself, higher
wind speeds would more efficiently reduce the temperature
difference through sensible heat transfer. However, this ef-
fect appears relatively limited with the maximum difference

The Cryosphere, 20, 6423-6452, 2026
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Figure 3. Surface height identification from the temperature string. (a) The vertical temperature gradient (AT /Az) is calculated at each
15 min time step using centered differencing. Positive (red) values are temperature decreases moving downward. (b) The variance of AT /Az
is calculated for a 24 h window for each timestep at each sensor level. (¢) The AT /Az variance shown in (b) is normalized vertically per
time step. The cyan line is the maximum value of the normalized AT /Az variance in each timestep. (d) Observations from the temperature
string are plotted along with surface height estimates from the temperature string algorithm (black) and other surface height observations.

between high and low wind speed corrections on the order of
0.5 °C for large SWT (Fig. 6d).

The surface identified from the AT /Az variance only, i.e.,
before adjusting with the +4 cm offset, is too warm com-
pared to Tkin rad (Fig. 5a). This difference is especially no-
table at night, when no solar correction is applied. Adding an
offset of +4 cm to the surface height improves the agreement
between Tkin,rad and T swing (Fig. 5b). This adjustment is
consistent with the idea that the identified surface is within
the snowpack, where temperature changes are reduced com-
pared to in the atmosphere. This discrepancy between sur-
faces is driven by the overall challenge in physically defining
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the surface of snow, given that it is a highly porous medium.
The level at which different processes begin or end, i.e., so-
lar radiation extinction, conduction, or convection, can define
different interfaces, and will be discussed later in the results.

This methodology has a number of tunable parameters: the
fraction of NIR absorbed near the surface; the visible extinc-
tion coefficient; the number of wind speed bins; what data
are chosen to fit the correction curve; the magnitude of offset
applied to the surface height estimate; and the choice of cor-
rection curve. These parameters are varied and tested against
how many points below the surface have temperature above
0°C; the difference between Tifc swing and the independent
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Tekin.rad; and the profiles of temperature at timesteps where
melt is likely (Fig. 4).

There are also a number of limitations to this correction,
and the temperature string measurements, in general: the
digital temperature sensors used in the temperature strings
have suspected temperature-dependent bias (e.g., Sledd et al.,
2024); the extinction coefficient should vary as a function
of snow properties and/or presence of melt water (e.g., Per-
ovich, 2007); the correction is determined from data when
the surface is melting but applied to all times; NIR frac-
tion could vary under clear or cloudy conditions; the results
have a high dependence on the surface height identification,
which is done with the uncorrected temperatures; and tem-
perature string surface temperatures are still biased warm at
night when there is no SWN. Many of these uncertainties are
hard to quantify.

Despite these uncertainties, the solar heating correction
improves how the subsurface temperature measurements
compare to independent measurements of surface tempera-
ture. The number of temperature observations greater than
0 °C below the surface is reduced from ~ 7500 to fewer than
2500 (Fig. 4a), and the mean difference between the Ttc string
and Tkin,rad 1s —0.1 °C (Fig. 4b). There should still be some
observations greater than 0 °C since there is instrument un-
certainty for individual sensors. While there are no observa-
tions of SWT, the shading adjustment (Sect. 2.2.1) provides
information on the depth and magnitude of solar absorption
by the temperature string. The magnitude of the solar heat-
ing correction is similar to the shading adjustment below the
surface (Fig. 2a). The heating correction, when limited to the
same time steps as the shading adjustment, only follows the
largest shading correction for a given depth. This may be due
to the fact that the shading adjustment represents a minimum
of the solar heating since there will still be diffuse light in the
snow pack from the surrounding unshaded snow, or it could
be a result of determining the solar bias correction when the
surface is melting and the firn has different properties than
when there is no melt. However, the overall agreement pro-
vides some confidence in the solar heating correction and as-
sumptions used for it.

2.3 Subsurface flux calculations

Temperature changes both respond to and drive energy trans-
port in firn; therefore, we outline our approximation of sub-
surface fluxes in this section. We calculate the change in in-
ternal energy, U, i.e., storage, over 20 cm thick layers at time,
n:

ST peiAZY 2™ (Tenst — Ton—t)
U=pciAz— =
8t (g1 — th—1)
where ¢; is heat capacity, T is temperature, ¢ is time in sec-
onds, and z is the vertical coordinate. The mean density, p,
of each layer is calculated from manual measurements made
during the installation and decommissioning of the instru-

, 3
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ments (Appendix A; Town et al., 2026) and linearly interpo-
lated in time. Estimating step changes in density instead of
linear trends slightly impacts the magnitude of fluxes over
time but not the temporal variability or general conclusions
of this work. New snow is assumed to have a mean density
of 150kgm™3 and standard deviation of 50kgm~3, which
is within the range of measured surface density values. This
assumption does not impact the main results. The layer thick-
ness of 20 cm is chosen to account for uncertainty due to
spatial variability, particularly the vertical distributions of ice
lenses that differed between the snowpit and at the temper-
ature string observed during the decommissioning. Conduc-
tion, FC, is calculated at the boundaries of each layer, e.g.,
—20 and —40 cm for a layer, as:

FC = —kg, “)
8z

where the thermal conductivity, &, is calculated from density
using Eq. (1) from Calonne et al. (2019). FC is defined as
positive upward towards the surface. The net conduction into
or out of a layer, AFC, is calculated as the difference between
conduction at the top and bottom with positive values repre-
senting more energy conducted into the layer than leaving it.
The absorption of SW in a layer, SWA, is given by

SWA = (1 — e_KD) SWT, (5)

where D is the layer thickness, 20 cm. Taken altogether, the
energy budget of each layer below the surface is described
by:

SWA + AFC + S = U. (©6)

S represents processes that are unaccounted for, such as the
latent heat release from refreezing (a source) or sublimation
(a sink). It also includes the uncertainty from all of the other
terms. The terms in Eq. (6) are presented in Fig. D4 with S
calculated as the residual. We do not calculate the residual
for the top layer because it would require accounting for the
atmospheric fluxes, which is beyond the scope of this work.

3 Results

In this section we first use the corrected temperature mea-
surements to investigate temperature variability with time
and depth for approximately the first month of observations
to assess the transition from spring into the melt season. Next
we quantify the temperature variability over the whole ob-
served season, largely focusing on the average diurnal cycle
with depth and key energetic processes. Finally, we shift per-
spectives to investigate how temperature variability impacts
subsurface energy fluxes and the accumulation of energy in
the subsurface over the melt season.
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Figure 6. (a—c) Correction curves for solar heating of the temperature string within the firn for wind speed ranges given in the subtitles.
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3.1 Subsurface transition to melt

The first month of observations began with cold, dry condi-
tions that transitioned to warming and eventually melt events.
This progression is shown in profiles of temperature (Fig. 7c)
and vertical (Fig. 7d) and temporal (Fig. 7e) gradients in the
subsurface. For these temperature-related profiles, depth is
in reference to the surface on 18 May when the tempera-
ture string was installed. Tsfe string is compared t0 Tikin, rad in
Fig. 7b, which also shows episodes of surface melt. Net long-
wave radiation is plotted in Fig. 7a to show the significant
shifts in surface radiation related to atmospheric variability,
and SWA is plotted in Fig. 7f. Recall that in our framework
variability in SWA over time is due to differences in SWN
only, and not due to any changes in optical properties of the
snow, because we assume the extinction coefficient is con-
stant in time.

In the first two weeks of observations, subsurface temper-
ature primarily varies within the upper tens of centimeters in
response to atmospheric variability. Before 5 June, Tstc string
and Tkin,raa range from roughly —10 to —30 °C at night and
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—15 to —5°C during the day (Fig. 7b), but below —50cm,
the temperature only varies from —15 to —12 °C (Fig. 7¢). At
—100 cm depth the temperature changes less than 1 °C over
that time. Overall, Tife suring agrees with the magnitude and
timing of the diurnal cycle of Tgin rad, With a 4+0.6 °C av-
erage difference and a root-mean-square error of 1.5 °C over
this time period. The near-surface warming is coincident with
the largest values of SWA, with roughly two thirds of SWN
absorbed within 2 cm of the surface (Fig. 7f). The strongest
temperature gradients also coincide with the largest SWA
values, suggesting that increased temperature from SWA in-
duces a temperature gradient and thus increases the conduc-
tive flux near the surface. The magnitude of warming in the
uppermost firn is approximately twice as large as the cooling
and extends further down, leading to the firn 20-50 cm below
the surface warming by 3-5 °C by the end of May.

The first observed surface melt event occurs on June 5
after a series of warm days. Before this melt event, night-
time temperatures remain below —10°C but were consis-
tently above this temperature for multiple nights after, sim-
ilar to the daytime temperatures in May. On the afternoon
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of 5 June, Tskin,rad and Tt string are both within uncertainty
of 0°C (Fig. 7b). Melt is confined to a shallow layer several
centimeters near the surface because the temperature profiles
show substantial remaining cold content below (Fig. 7c). Be-
tween 5-9 June, the upper 10 cm experiences less frequent
and weaker cooling (Fig. 7e), and the vertical temperature
gradient is almost always positive (Fig. 7d), indicating en-
ergy is continually conducting downwards from the relatively
warm surface to colder firn below. After this event, depths
below —10 cm warm by 1-3 °C.

Additional melt occurs in the following week, accompa-
nied by the advection of meltwater that altered the subsur-
face temperature structure. Between 9—10 June there is melt
during the day, and through the night Tyip rad remains above
—2°C due to persistent cloud cover, indicated by net long-
wave radiative fluxes greater than —30 Wm™2, which limits
surface cooling (Fig. 7a-b). In addition to melt at and imme-
diately below the surface, there is evidence of lateral move-
ment of meltwater that creates a local temperature maximum,
shown by the 0°C temperature below —60cm (Fig. 7c).
While horizontal flow has been documented before (e.g.,
Humphrey et al., 2012), we suspect the support structure of
the temperature string caused local downward channeling of
meltwater that moved horizontally to the temperature string
based on ice layers seen when removing the instrument at the
end of summer (Fig. D2). Regardless of the exact origins of
this meltwater, it alters the subsurface through the release of
latent heat as it refreezes, such that the temperatures at those
depths are never as cold as prior to this event and the entire
observed firn column warms (Fig. 7¢).

The latent heat from refreezing of this meltwater impacts
the observed temperature structure over the following five
days. At levels where liquid water was present, the surround-
ing firn warms as latent heat is released from the liquid
water freezing. The increased temperature from liquid wa-
ter/refreezing processes within cold firn at depth produces
greater vertical temperature gradients away from the liquid
water. These greater vertical temperature gradients indicate
that there is increased conduction both upwards and down-
wards to conduct heat away from this source of latent heat
(green and pink dipoles at Ocm on 11 June and at —70cm,
relative to the initial surface, on 12 June in Fig. 7d), which
are coincident with relatively large warming and cooling in
time (Fig. 7e). As the atmosphere and skin temperature cool
relative to the previous day, the subsurface remains warm and
anegative (upward) vertical temperature gradient continually
persists near the surface for the following two days (Fig. 7d).
This phenomenon seems to be a consequence of latent heat
release from freezing meltwater rather than from SWA since
there is less SWN for the first two days after melt. This
event highlights complexities of temperature gradients near
the surface that would be excluded from lower resolution ob-
servations, particularly during melt and refreeze processes.
While the surface location has some uncertainty, Tstc string 1S
in good agreement with Tgin rad during this period, and if
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the surface were below the negative AT/ Az values, Tste string
would be larger than Tin rad. (Fig. 7b). Another melt event
occurred 17 June with similar signatures of increased verti-
cal and temporal temperature gradients near the surface with
impacts down to —75 cm (Fig. 8d, e). Together, these events
influence the seasonal temperature progression.

3.2 Subsurface temperature variability and its drivers

In this section we investigate the energetic signatures of the
near-surface firn: how the temperature varies with depth and
time aggregated over the whole season. To do so, we shift
perspectives from considering temperature relative to the
temperature string height, as in Fig. 7, to temperature rela-
tive to the surface (Fig. 8). Note that because the surface is
always at O cm, any surface height change modifies the depth
of observations throughout the column in Fig. 8a. This co-
ordinate system highlights the (sub)surface relative to the at-
mosphere and allows us to quantify temperature variability
(Fig. 8b), correlations with Ty rad and Tyfe siring (Fig. 8c),
and warming trends over the season (Fig. 8d), all with depth
relative to the surface. We explore the relevant processes by
presenting diurnal cycles of temperature; vertical and tem-
poral temperature gradients; and SWA, again with respect to
the surface, in Fig. 9. Based on these temperature measure-
ments, we identify and name notable thermodynamic layers
in the upper meter of firn that respond to atmospheric vari-
ability on different time scales:

— Rapid-response layer: upper several centimeters of
diurnally-responsive layer that respond in step with at-
mospheric variability; the most relevant processes in
this layer include solar absorption and likely ventilation.

— Diurnally-responsive layer: the upper tens of centime-
ters that show changes in temperature and gradients over
the diurnal cycle; the most relevant processes are so-
lar absorption and conduction; this behavior has been
noted in Greenland by Pfeffer and Humphrey (1996)
and Kuipers Munneke et al. (2009).

— Seasonally-responsive layer: below approximately
—60cm where the firn is no longer instantaneously
correlated with atmospheric variability but responds to
seasonal warming; the most relevant process is conduc-
tion; essentially the seasonally active layer that extends
down to a depth where there is no seasonal temperature
change relative to the annual mean temperature (e.g.,
Colgan et al., 2018; Saito et al., 2024).

The specific depths for each layer are approximate and
likely vary in time and space. Although we only name firn
below —60cm as the seasonally-responsive layer, the entire
upper meter is traditionally considered part of the season-
ally active layer that has a distinct annual temperature cycle.
While melt and latent heat release also impact temperature
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and gradients in all the layers, we do not label them as defin-
ing processes since melt is episodic in these observations and
modulates typical energy exchange processes. Further details
of the specific characteristics and processes that define and
cause variability within these layers are discussed in the rest
of this section.

The diurnally-responsive layer is most strongly coupled to
atmospheric variability and experiences the largest warming
on daily to seasonal timescales. SWA is concentrated near
the surface and drives the rapid-response layer. Based on our
calculations, there are fewer than 5 W m™—2 of SWA absorbed
below 10 cm at local solar noon (15:00), which is consistent
with the maximum variability of temperature being largest
at and just below the surface (Fig. 8b). The rapid-response
layer has the largest standard deviation and highest correla-
tion with Tskin,rad and Tife sring because it regularly experi-
ences warming and cooling each day (Fig. 8b, c). Although
nighttime Tsfe suing (blue line, Fig. 9b) is slightly higher than
the average Tkin rad OVer the same time period (blue triangle),
there is overall good agreement between average Tsfc string
and Tkin rad. The nighttime minimum temperature extends
down to around —15 cm, while the warming signature from
the daytime persists down to —30 cm until 05:00 the follow-
ing morning (Fig. 9a).

SWA alone cannot explain the depth of the diurnally-
responsive layer because SWA is small below —10 cm, while
temperature varies diurnally down to about —35cm below
the surface. Increased temperature near the surface from
SWA can induce a temperature gradient that increases con-
duction further below the surface. The depth of the diurnally-
responsive layer represents how far down the energy into the
surface can be conducted until the diurnal temperature forc-
ing near the surface shifts, which depends on how efficiently
energy is conducted and the magnitude of the energy input.
At the surface, the vertical temperature gradient is on average
negative (green in Fig. 9c and black line in Fig. 9d), which
implies that on average there was more energy being con-
ducted upwards to the surface. This average negative vertical
gradient at the surface is perhaps unexpected given an as-
sumption of net energy into the surface, i.e., a positive gra-
dient, to warm it and eventually cause melt during summer.
Part of this result is due to the specific set of observed events,
such as snowfall occurring after surface melt that insulated
relatively warm temperatures, which are averaged together
with occurrences of positive vertical temperature gradients
(e.g., May dates in Fig. 7d). The average values reported
in Fig. 9 also include melt at the surface, which has a dis-
tinct impact on vertical temperature gradients: because melt-
ing snow has an upper bound of 0 °C, the vertical tempera-
ture gradient goes to 0°Ccm™! over the depth where snow
is melting and the magnitude and frequency of downward
AT/Az is effectively truncated. Below this depth AT /Az
can increase to move the energy further down into the firn,
and any percolation of meltwater will also warm the firn and
release latent heat. If the surface refreezes while there is still
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liquid water below, energy can also be conducted upwards as
the meltwater freezes at depth.

Further below the surface, the seasonal warming is driven
by conduction with episodic contributions from latent heat
release due to refreezing meltwater. Below approximately
—20cm, the temporal standard deviation of temperature de-
creases linearly, and the temperature below —1m is about
half as variable as the surface temperature (Fig. 8b). The lin-
ear decrease of temperature standard deviation with depth
fits with conduction being linearly dependent on AT /Az,
whereas the strongest variability at the surface corresponds
to where AT /Az and SWA are both large (Fig. 9d, h). The
maximum AT/Az during the day occurs at lower depths
than the minimum AT /Az, indicating that daytime warm-
ing penetrates deeper than can be cooled at night, leading to
a diurnal excess of energy that contributes to seasonal warm-
ing at depth (Fig. 8d). Below the diurnally-responsive layer,
the average AT /Az is weakly positive, meaning energy is
conducted down into the firn over summer. This average
also includes melt and refreeze events that cause relatively
large vertical temperature gradients both upwards and down-
wards from a given level. However in these observations such
events are not frequent enough to have a significant impact on
the average AT/Az at lower depths. The constant AT /Az
at depths below the diurnally-responsive layer is consistent
with the rapid decline of correlation between surface temper-
ature and the temperatures at depth (Fig. 8c). Below —60 cm
the correlation is near zero, indicating that below this depth
the firn no longer responds directly to changes from the atmo-
sphere because its influence is dampened by the intervening
firn.

The correlation between temperature at lower depths and
the surface is also impacted by melt. The solid lines in
Fig. 8b—c include the entire time series of temperature with
depth, but the dashed lines exclude 11-12 June, when we sus-
pect there was instrument-induced meltwater and horizon-
tal advection and channeling to lower depths. This event in-
creases the correlation between temperature below —60 cm
and the surface because it warmed the firn at those levels
around the same time that the surface warmed. Although
this event had real impacts on the subsurface temperature,
its magnitude and timing likely do not represent typical con-
ditions or relationships between the subsurface and atmo-
sphere. From both the full time series and the time series ex-
cluding that melt event, the correlations between the surface
and temperature below approximately —60 cm are small.

While depths 50cm below the surface warm approxi-
mately linearly, near the surface there is a complex interplay
between the seasonal warming trend and the changing sur-
face height. Figure 8d shows 4-week running means calcu-
lated at every 2 cm below the surface. These trends show that
the diurnally-responsive layer in the upper 10-20 cm experi-
ences the most variability and warming over the season com-
pared to lower depths. The temperature variations, such as
those around 2, 8, and 25 June, are due to increased surface
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Ocm. (b) Standard deviation of temperature over time from the temperature string (blue lines) and Tgip raq (red circle). (¢) Correlation
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(c), dashed horizontal lines indicate the approximate lower levels of the rapid-response layer (—6 cm where the correlations are > 0.9),
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height from fresh snowfall that shifts the depth relative to the
surface, as opposed to a sudden temperature warming caused
by meltwater percolation or advection. There appears to be
a maximum in mean warming below the surface compared
t0 Tife,string OF Tskin,rad trends, i.e., black dashed line vs teal
10 cm depth. This fact could be due to snowfall accumulation
at the surface that lowers the surface temperature. Or, there
could be more warming below the surface due to local tem-
perature maxima from refreezing and latent heat release. It is
possible these processes are even combined, such that fresh
snowfall insulates the increased temperatures below the sur-
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face so those depths do not cool as efficiently as the surface,
but they are difficult to disentangle with this set of observa-
tions.

3.3 Quantifying seasonal energy exchanges

Given the above processing and quality-assurance of the sub-
surface temperature measurements, we now use them to in-
vestigate how energy is distributed between different subsur-
face fluxes. By calculating SWA (Fig. D4a), change in in-
ternal energy (U; Fig. D4b), and difference in conduction
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across the layer (Fig. D4d), we can solve for the residual us-
ing Eq. (6) and assess closure, with any residuals represent-
ing the energy associated with melt and refreeze (Fig. D4e).
These fluxes are calculated for 20 cm thick layers, relative to
the initial surface, rather than relative to the surface at each
time steps as in the last section; only when the surface height
is at or above 20 cm from the previous layer is a new layer

The Cryosphere, 20, 6423-6452, 2026

included because the change in internal energy depends on
thickness (Eq. 3). This criteria means layers above O cm only
appear after 20 cm of snow has accumulated and that there
can be gaps in the time series in Fig. 10 when the surface
height is lowered during melt. The residual term is not calcu-
lated for layers at or near the surface. This exclusion is done
because the atmospheric fluxes would need to be included
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for closure of surface layers, which is the subject of ongoing
work. “Surface layer” in this context refers to the full 20 cm
layer that is at or closest to the surface at a given time. The
time series of fluxes presented in Fig. D4 are further inte-
grated in time so that each flux in Fig. 10 quantifies the total
cumulative energy associated with each process over the ob-
served time period, allowing us to assess the energy associ-
ated with different processes as the firn warms and responds
to melt.

Nearly all SWA accumulates in the surface layer
(Fig. 10a), which leads to a pattern of large energy accumula-
tion in a given layer at the surface until it is buried under new
snow. For example, the (0, —20) cm layer gains ~ 36 MJ m~2
by 1 June. After the surface height increases in early June,
SW is absorbed above this layer, and the cumulative SWA
in the (0, —20) cm layer plateaus. This pattern repeats for
the next surface layer, (20, 0) cm, from around 8 to 27 June.
The surface layer also has the greatest variability of cumula-
tive internal energy (Fig. 10b). While the (0, —20) cm layer
is near the surface, cumulative internal energy changes vary
from approximately —0.7 to +0.5MJm~2 as SWA warms
the snow and then the snow cools to the atmosphere. This
rapid variability diminishes as new snow accumulates above
the layer, and after the first week in June this layer changes
internal energy like other subsurface layers: more gradually
with net positive values. As with SWA, new surface layers
show larger variability for cumulative internal energy that de-
cays as the layer is buried under new snow.

In contrast to layers near the surface, lower layers show
net positive cumulative internal energy, consistent with the
subsurface warming over the summer (Fig. 10b). Cumula-
tive changes in internal energy in subsurface layers are gen-
erally more gradual over time, with the exception of melt
and advection events. The melt event on 11 June, discussed
in Fig. 7, caused sharp, temporary increases in cumulative in-
ternal energy for layers at and below 0 cm. When the surface
began melting, the upper firn was already relatively warm
and then limited to 0°C, so the change in internal energy
over (20, 0)cm was similar to past variability. In contrast,
changes in internal energy in subsurface layers were an or-
der of magnitude larger because the firn was initially much
colder, so the advection of liquid water caused a relatively
large increase in internal energy, similar in magnitude to the
rest of the seasonal cumulative warming in the subsurface by
the end of July. The liquid water in these levels either froze or
percolated further into the firn, and so the cooling firn man-
ifests as a decrease in internal energy, albeit never to values
as low as before the melt event. This pattern repeats itself on
17 June during another melt event.

For subsurface layers, there is net downward conduction
because the firn at this time of year is generally colder with
depth, excluding times with lateral transport of meltwater
(Fig. 10c). For subsurface levels, the amount of cumulative
conduction by the end of the season decreases with depth, by
roughly half, since the temperature gradients decrease with
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depth (e.g., Fig. 7d). Levels at or near the surface have little
to no cumulative conduction in comparison because the ver-
tical temperature gradient changes sign with the diurnal cycle
(e.g., Fig. 9c). Over (0, —20) cm there is initially a small pos-
itive (upward) cumulative conduction before 5 June, but once
this layer is sufficiently buried by new snow, conduction be-
gins a relatively steady negative (downward) trend. The ad-
ditional surface layers deposited over time show net positive
cumulative conduction by the end of the season, consistent
with negative vertical temperature gradients at the surface,
given that melt events earlier in the season warmed the firn
relative to the new snow.

For layers that are always below the surface, i.e., (=20,
—40) and below, the cumulative net conduction is either near
zero or positive through the season, so conduction warms
that layer of firn (Fig. 10d). Generally this process is steady
with approximately linear increase over time. Again, the ex-
ceptions are melt or advection events when local tempera-
ture maxima create relatively large vertical temperature gra-
dients, such as on 11 June, as in Fig. 7d. When a layer is at or
near the surface, then cumulative net conduction is negative.
For instance, cumulative net conduction for the (20, 0) cm
layer is negative until there is another full layer above it, at
which point the net change in cumulative conduction is zero
or slightly positive. The (0, —20) cm layer shows a similar
pattern until 1 July, after which there is a net loss of energy
through conduction.

The sum of SWA, AFC, and internal energy should be zero
in the absence of phase change and/or the advection of liquid
water. Broadly, this expectation is met through mid-June in
Fig. 10e. The sharp increases in the (0, —20) layer, which is
near the surface, on 11 and 17 June are followed by plateaus
of cumulative energy over 12—-17 and 18-28 June that are
consistent with the premise that the energy gained from melt
and energy released as liquid water refreezes is transferred
to lower layers via conduction. Lower layers show similar
sharp increases in cumulative energy on 12 June, when it ap-
peared there was horizontal advection of meltwater (Fig. 8e).
However, these increases are followed by similarly sharp de-
creases, i.e., energy sinks, that could be explained by refreez-
ing of the meltwater.

By the end of June, the high uncertainty in firn thermal
properties limits meaningful interpretations of the cumula-
tive residual energy in Fig. 10e. Several of the subsurface
layers show gradual negative trends for cumulative energy
beginning in the middle of June. According to Pfeffer and
Humphrey (1996), apparent heat sinks at depth can occur
when the actual thermal conductivity is lower than what is
assumed, i.e., the calculated conductive flux leaving a layer
is larger than the actual flux, making it appear that there is net
energy lost. Apparent heat sources can also appear when the
actual thermal conductivity is higher than what is assumed.
Any such errors in the fluxes would also accumulate. The
opposite could be true for the (0, —20) layer, which shows
an increasing amount of cumulative energy that is not from
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Figure 10. (a) Cumulative subsurface fluxes including absorbed solar radiation (SWA), (b) storage or change in internal energy (U), (c)
conduction (FC), (d) the net conduction into or out of a layer (AFC), and (e) source terms calculated as the residual (S). Conduction is
calculated at specified levels, and all other variables are calculated over 20 cm layers relative to the initial surface when instruments were
installed. In (a), the solid line is calculated assuming an extinction coefficient of 19 m~!, and the shading represents = 20 % uncertainty in
the extinction coefficient. For (b—e) the solid line is calculated using the mean density averaged over each layer, and the shading around lines
for a given layer represents + 1 standard deviation from density measurements within the layer boundaries, shown in Fig. S3. Vertical gray
shading indicates times when Tgin rad ~ 0 °C.
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conduction or SWA, so the density, derived thermal conduc-
tivity, and conductive flux could be underestimated. Ther-
mal conductivity is calculated using density from snowpits,
which have their own uncertainty, measured at the beginning
and end of the observations and linearly interpolated (see
Fig. D3a, c). Assuming step changes for density, as opposed
to linear, impacts the magnitude of cumulative storage and
conduction but not the variability in time or general relation-
ships of energy accumulation between layers (not shown).

4 Discussion and conclusions

Through this work we have created a set of high-resolution
temperature observations from the upper meter of firn in the
percolation zone of southwest Greenland in summer. The
creation of the dataset requires methods for identifying the
firn surface and correcting solar heating of the tempera-
ture string, and both techniques could be generally applied
to other temperature string observations. Addressing these
measurement complications, which have often caused near-
surface firn temperature measurements to be ignored (e.g.,
Pfeffer and Humphrey, 1996; Dadic et al., 2008; Humphrey
etal., 2012; Saito et al., 2024), was necessary for understand-
ing energy variability in the near-surface firn. With the cor-
rected observations, we identify key thermodynamic layers
in the near-surface firn: the rapid-response layer in the up-
permost few centimeters that is directly coupled to the at-
mosphere; the diurnally-responsive layer in the upper tens
of centimeters that is driven by diurnal variability from the
atmosphere; and a deeper seasonally-responsive layer that
is decoupled from short-term atmospheric variability. The
high vertical resolution of our observations is also crucial for
evaluating the variability because more common coarsely re-
solved observations (e.g., 0.5 m vertical resolution) cannot
resolve the impact of the atmosphere on these layers within
the upper meter of firn.

The processes we have identified are consistent with past
studies in Greenland, but provide higher temporal and ver-
tical resolution. Pfeffer and Humphrey (1996) noted that di-
urnal pulses of energy extended to 20—40cm in the perco-
lation zone of an outlet glacier on the west coast of Green-
land, consistent with the approximately 30 cm depth found
here. Kuipers Munneke et al. (2009) also found that SWA
was an important component to explain the diurnal cycle
of near-surface temperature at Summit Station. Outside of
Greenland, Chen et al. (2013) also observed enhanced vari-
ability of temperature and gradients near the surface in a sea-
sonal mountain snowpack in winter and spring. Past studies
(e.g., Saito et al., 2024) found a tradeoff between latent heat
release from refreeze and conduction to move heat deeper
into the firn, specifically that conduction moves more en-
ergy at higher elevations with less melt. We also observe a
tradeoff between conduction and latent heat due to temper-
ature profiles becoming isothermal when melt occurs. How-
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ever, we find that conduction responds to the warming of la-
tent heat release, particularly near the surface, because sur-
face melt was episodic rather than continuous. The complex
near-surface temperature gradients in response to melt and
refreeze cause subsurface temperature maxima. High resolu-
tion temperature observations are needed to resolve the pos-
sible nonlinear temperature gradients in the upper tens of
centimeters, which are entirely missed by lower resolution
temperature strings.

Our interpretations of the near-surface processes are con-
strained by our measurements and their respective uncertain-
ties. The upper few centimeters that are most strongly cou-
pled to the surface and atmosphere could also be impacted by
wind pumping or ventilation under certain conditions (e.g.,
Albert and Mcgilvary, 1992; Bartlett and Lehning, 2011) that
could also act quickly to produce rapid change in tempera-
ture. However, we do not have observations of air movement
below the surface to fully explore this process. Temperatures
within the upper 20 cm, and particularly in the rapid-response
layer, have the largest corrections applied from solar heating
of the temperature string (Fig. 2b), which itself depends on
the identification of the surface height within the observa-
tions. The high correlation and standard deviation near the
surface could also be explained by uncertainty in the sur-
face height detection with sensors actually being in the atmo-
sphere. However, the strong correlation between the Tgin rad
and Tife suwing gives some confidence that the surface is cor-
rectly identified.

Another limitation of this study is the fact that the obser-
vations only cover two months of data during a year with
limited melt. In this dataset melt is episodic. We would ex-
pect more or continuous melt to reduce near surface variabil-
ity in the rapid-response and diurnally-responsive layers as
temperature would be limited to 0 °C. Energy transport into
the seasonally-responsive layer could increase either through
stronger temperature gradients between the isothermal firn
above or through percolation of meltwater.

Given such uncertainties, there is still room for improve-
ment. For future observations, temperature profiles should be
accompanied by surface height observations as part of the
installation to avoid complications of spatial heterogeneity.
Co-located SW observations in the subsurface, such as from
a light chain or harp (e.g., Katlein et al., 2021), would also
improve the solar bias heating correction and provide direct
observations of SWA. Improvements could be made to the
temperature string installation to limit instrument induced
melt. Consideration should also be given to the support used
for the temperature strings given the evidence we find of the
manufacturer-provided support pole influencing temperature
gradients (Fig. C2).

While we attempted to quantify the energy associated with
percolation and refreezing of meltwater, uncertainty from
density and thermal conductivity estimates limits its inter-
pretation. More frequent, if not continuous, observations of
firn density and/or thermal conductivity profiles are needed
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to calculate subsurface fluxes with reduced uncertainty to ac-
quire the energy associated with melt and refreezing from
residuals, consistent with the conclusion from Van Tiggelen
et al. (2024). Improved estimates of subsurface energy fluxes
are also crucial for comparing them to atmospheric radiative
and turbulent fluxes given that the magnitude of subsurface
fluxes at depth can be a similar order of magnitude as the un-
certainty in atmospheric fluxes. Higher temporal resolution
observations of firn properties would also be useful for study-
ing feedbacks in the subsurface, such as how the formation
of ice lenses or depth hoar could interact with temperature
gradients and subsurface fluxes (e.g., Colbeck, 1989; Gehl
et al., 2025).

Although modeling the subsurface is beyond the scope of
this work, future studies would benefit from incorporating
firn models. While it is clear observations with high verti-
cal and temporal resolution are necessary for observing and
understanding the near-surface firn temperature variability,
it remains to be seen if resolving such processes with high-
resolution is necessary for modeling the overall seasonal evo-
lution of ice sheets. Observations of firn temperature profiles
could be supplemented by models used to quantify energy as-
sociated with surface melt and refreeze processes (e.g., Covi
et al., 2023). Such analyses are not included in this work due
to the complexities of these observations; in particular the
advection of meltwater to the temperature string violates the
assumption of a closed system used in 1D models (e.g., Char-
alampidis et al., 2016). Models could also benefit from using
the thermodynamic layers to evaluate energy transfer in the
near surface firn, ideally with additional observations to en-
sure statistical robustness.

A natural extension of this work would be to relate the at-
mospheric fluxes to the firn temperature observations. While
we showed the coupling between Tin rad and temperature
with depth, the atmospheric drivers of Tgkin rad could be fur-
ther explored. Future work will further investigate the impact
of atmospheric variability on the full surface energy budget
and subsurface temperatures. Such an analysis will help to
quantify the energy related to melt from atmosphere and sub-
surface perspectives through the surface energy budget that
couples them.

The Cryosphere, 20, 6423-6452, 2026
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Appendix A: Instruments

Details of the instruments used, along with their uncertainties
and footprints, are provided in Table A1l.

Table A1. Instruments used to measure or derive variables used in study. Unavailable uncertainties are listed as N/A.

Variable (symbol)

Instrument(s)

Uncertainty

Footprint

Broadband up- and down-

pyrgeometers; Hukseflux IR-20

LWU: 1 Wm™2, LWD:

hemispheric; ~5m

welling longwave radiation 26 Wm2 circle on surface

(LWU, LWD)

Broadband up- and down- pyranometers; Hukseflux 3.1Wm™2 hemispheric; ~5m

welling shortwave radiation SR-30 circle on surface

(SWU, SWD)

Direct downwelling short- pyranometer; Delta-T SPN1 5% hemispheric

wave radiation

Skin temperature (7gkin, rad) derived from broadband ~04°C ~ 5m circle on surface
radiation measurements

Surface brightness temperature  infrared thermometer 0.14°C ~ 2 m circle on surface

(8-14 um); Apogee

Firn temperature (7')

temperature string (2 cm

0.5°CforT >—10°C;

vertical column

resolution); SAMS Enterprise 0.5-2°C for
SIMBA T <—-10°C

Firn density (p) manual cutter; capacitance N/A 2 x 2m plane
based; American Avalanche
Association (2022)

Wind speed 3D sonic anemometer; Metek 03ms~! point measurement
pu-Sonic Cage MP

Air temperature (7y;;) met package; Vaisala PTU307 04°C point measurement

Melt index ground penetrating radar (5.4, N/A vertical column
7.7 GHz); similar to Brangers
et al. (2024) and Brangers et al.
(2024)

Surface height, relative laser sounder; RM Young 1-2cm point measurement
SNOdar

Surface height, relative acoustic sounder; Campbell 1.2cm point measurement
Scientific SR50

Surface height distribution Open GNSS Research 2.8cm ~ 100 m area

Equipment; Pickell et al.
(2025)
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Appendix B: Solar heating correction for skin
temperature and upwelling longwave flux

The skin temperature (7Tskin,rag) Was derived using a radio-
metric method and serves as an independent measure of the
surface temperature to validate the temperature string meth-
ods. It is calculated from up- and downwelling longwave ra-
diation (LWU, LWD, respectively):

LWU — (1 —s)LWDT/“
, (B1)

Tskin, rad = |: co

where o is the Stefan-Boltzmann constant, and ¢ is snow sur-
face emissivity, assumed to be 0.985 (Warren, 2019, and ref-
erences therein). Without any corrections, Eq. (B1) produces
Tkin,rad values greater than 0 °C (Fig. Bla). These unphys-
ical measurements occur more frequently with greater inci-
dent shortwave radiation, which suggests that there is solar
heating of the pyrgeometer domes, as has been documented
over snow-covered surfaces (e.g., Kuipers Munneke et al.,
2009). We assume the bias is due to heating of the downward
looking pyrgeometer, i.e., a bias in LWU, because the up-
ward looking pyrgeometer can more efficiently emit excess
heat to the atmosphere. Therefore we develop a correction for
the upwelling longwave flux and then recalculate Tin rad to
ensure that the surface energy budget and Tkin rad are physi-
cally consistent.

The magnitude of a Tkinradg Measurement greater than
0 °C is the minimum bias, so we subset the data to calculate a
bias correction only for the points we are most confident that
the surface is actually melting. This subset includes timesteps
when the air temperature is greater than 0 °C, Tyin raqa > 0 °C,
and the GPR melt index (Gallagher et al., 2026a) is > 0.6
(Fig. B1b). Under these conditions, we calculate the bias in
longwave flux, ALW, as
ALW =LWU — (1 — ¢)LWD — ¢o Ts‘l‘dn’rad, (B2)
substituting Tkin rad = 273.15 K. We assume a linear rela-
tionship between the longwave bias and upwelling shortwave
radiation that is incident on the downward looking pyrge-
ometer, and use linear least-squares regression to determine
the slope and intercept (Fig. B1b). The upwelling flux is cor-
rected at all times, and then Tin rad is recalculated.

While this correction is empirical, the results are con-
sistent with physical expectations that Tgin raq is limited
to a maximum of 0°C. The corrected Tgin rad also gener-
ally agrees with independent infrared brightness tempera-
ture observations (Fig. Blc), which are insensitive to solar
heating. We estimate the uncertainty in Tgin rad from un-
certainty in emissivity (£0.015), LWU (+1Wm~2), and
LWD (2.6 Wm~2) added in quadrature. The uncertainty
estimates in LWU and LWD are from Cox et al. (2023).
The uncertainty for upwelling longwave flux increases by
< 0.1 Wm™2 from this correction, and the uncertainty for the
corrected Tkin,rad 1S £ 0.4 °C.
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Figure B1. (a) Raw skin temperature (Tkin rad) Observations plotted against upwelling solar radiation (SWU). (b) Regression of longwave
flux bias against upwelling shortwave radiation (SWU) used to determine a correction for upwelling longwave radiation (LWU). The y-axis
represents the difference between measured LW fluxes and expected longwave emission for a melting surface when Tyip raq is 0 °C. Only
time steps when the air temperature (7y;;) is at least 0 °C, Tgkin rad is above 0 °C, and the GPR melt index is greater than 0.6 are used for the
linear regression (red line). (¢) Comparisons of uncorrected and corrected Tgkin, rad Measurements against brightness temperature.
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Appendix C: Temperature string height adjustments

To install the temperature string, a vertical hole was drilled in
the firn and backfilled with snow after the temperature string
was inserted to a depth of ~ 120 cm. The upper meter of the
temperature string was mounted to a plastic mount plate se-
cured to an aluminum support pole, and the lower section was
looped at the surface then over a supporting piece of wood
and into the surface (Fig. Cla, c¢). This configuration was de-
signed so that the temperature sensors in the firn could be
installed vertically yet away from the support pole that pro-
truded into the subsurface, in order to mitigate measurement
issues from heating and wicking of meltwater. Additionally,
this approach meant that there were multiple measurements
from the same string over the lowest part of the atmosphere
directly above the surface. This design was chosen with the
expectation that there would be net ablation at the site, i.e.,
the surface would lower over time. As it turned out, there was
net accumulation over the season, and the lower temperature
string section and the wood support were eventually buried
(Fig. C1b).

To provide a consistent temperature profile, we combine
the lower section below the support arm and the upper sec-
tion along the vertical plastic mount plate, effectively remov-
ing the looped section of the string. Both sections have sen-
sors at the same heights between 6—58 cm relative to the sur-
face height at installation, but there are differences between
temperature sensors at the same height relative to the surface
that we attribute to spatial heterogeneity of the snow, differ-
ences in thermal capacity of the plastic support compared to
the snow, and possible biases in individual sensors (Fig. C2).
Over all heights and times, the mean difference in tempera-
ture is 0.39 °C with a standard deviation of 1.4 °C and a mean
absolute difference of 1.6 °C. Concatenating the lower sec-
tion and the upper section at a particular height would create
artifacts in the vertical temperature and gradients, so an offset
is applied to the upper section at and above the height where
the two sections are combined. This choice assumes that the
lower section is more representative of the firn because it is
freestanding.

The offset is calculated and applied at two different heights
for different time periods due to surface accumulation. For
the first time period, 20 May-27 June, the splice height is
446 cm relative to the surface height at installation, so all
firn temperature measurements are from the lower tempera-
ture string section because the offset height is above the sur-
face height. This choice eliminates potential discontinuities
in vertical profiles. On 27 June there was a large accumula-
tion event that increased the surface height by roughly 25 cm
(Fig. C2). After this time the splice height is set to +6 cm,
meaning that the upper 50 cm of observations in the snow
were from the upper temperature string section. The lower
offset height has smaller differences between the upper and
lower sections in temperature (Fig. C2e) and vertical temper-
ature gradient (Fig. C2f) compared to near the surface.

The Cryosphere, 20, 6423-6452, 2026
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Figure C1. (a) Temperature string shortly after installation in May 2024. Photo credit: Matthew Shupe. (b) Temperature string during
decommissioning in August 2024. Photo credit: Anne Sledd. (¢) Schematic of temperature string. Credit: Laura Lipuma. The lower section
(red) was installed to be freestanding but was buried by fresh accumulation.
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Figure C2. Differences in temperature (a, ¢, €) and vertical temperature gradient (AT /Az; b, d, f) between upper and lower sections of
the temperature string defined in Fig. 1c. The black horizontal lines show the offset height used when concatenating the temperature string.
Before 27 June (black vertical line) the offset height is 446 cm, comfortably above the firn surface. After 27 June the offset height is +6 cm,
where differences in observed temperature and vertical gradient are smaller than closer to the surface.
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Appendix D: Supplemental figures
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Figure D1. (a) Shading of the lower temperature string section, captured by a GoPro camera results in (b) lower temperature measurements
that disagree with independent air and skin temperature measurements (black dashed and solid lines. (¢) Suspect data are removed for days
when the diffuse fraction is less than 0.5 between 10:00-17:00. The time series is then interpolated using spline fits to fill in missing data.

Figure D2. Evidence of channeling down the temperature string support and over to the free standing temperature string below the surface
found when removing the temperature string. Additional interpretation provided in the video supplement.
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Figure D3. (a) and (c) show profiles of density measurements using manual (black and grey, “man”) and capacitance (blues, “cap”) based
methods when the instruments were installed (a) and decommissioned (c). Different symbols in (a) represent two different snowpits (1 or
2). (b) The mean density for 20 cm layers linearly interpolated over time, with the shading indicating & 1 standard deviation. These density
estimates are used to calculate internal energy and thermal conductivity for conduction in Figs. 10 and D4.

The Cryosphere, 20, 6423-6452, 2026 https://doi.org/10.5194/tc-20-6423-2026



A. Sledd et al.: Summer subsurface temperature variability in the percolation zone 6449

200
E| — SWN
150 [40, 20) cm
N [20, 0) cm
£ [0, -20) cm
Z 100 = [-20, -40) cm
< = [-40, -60) cm
¥ 50 = [-60, -80) cm
0 HAUBUAUANONAURMBULY V ¥ W V'V B ULV VNV VYV VIIIAY YU VALILVE FVUVVVIUY WY AVISVIYIVIVYV IR IVIENIVUU]
05-22 06-01 06-08 07-15 07-22
400
300 E [40, 20) cm
[20, 0) cm
& 200 A [0, -20) cm
£ = [-20, -40) cm
= 100 [ [-40, -60) cm
> hl { = [-60, -80) cm
0 — -AW'"".““". = P
-100 -
05-22 06-01 06-08 06-15 06-22 07-01 07-08 07-15 07-22
15 A 42 cm
22 cm
2cm
I -18 cm
[0 -38cm
:.'.'W— R TN MR o AR T M e 58 cm
B 78 cm
06-01 06-08 06-15 06-22 07-01 07-08 07-15 07-22
15 4
[40, 20) cm
\ [20, 0) cm
& 1 | A [0, -20) cm
£ WY Mmmm'r'h'---nq,u-.v-um."*"‘}'w-q.:.w,nx‘q‘ R | [-20, -40) cm
2 m [-40, -60) cm
pr = [-60, -80) cm
= |
05-22 06-01 06-08 06-15 06-22 07-01 07-08 07-15 07-22
400
300 A [20, 0) cm
[0, -20) cm
& 200 = [-20, -40) cm
; 100 [ [-40, -60) cm
2 l B [-60, -80) cm
0 - it e
-100 A

05-22 06-01 06-08 06-15 06-22 07-01 07-08 07-15 07-22
Month-day in 2024

Figure D4. Subsurface fluxes include absorbed solar radiation (SWA) (a), storage or change in internal energy (U) (b), conduction (FC)
(c), the net conduction into or out of a layer (AFC) (d), and the residual (S) (e). Conduction is calculated at specified levels, and all other
variables are calculated over 20 cm layers relative to the initial surface when instruments were installed. Shading around lines for a given
layer represents uncertainty due to the range of density measurements, shown in Fig. D3. Vertical gray shading indicates times when Tkin rad
~0°C.
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Data availability. Snow  pit  observations are  available
from Town et al. (2026) (https://catalogue.ceda.ac.uk/uuid/
aef72bc18a244465a721646babf3018a/, last access: 26 February
2026). Temperature string data are available from Sledd et al. (2026)
(https://doi.org/10.18739/A2RJ48X3W). GPR data are available
from Hawley et al. (2026) (https://doi.org/10.18739/A2PK0743C).
Radiative flux and meteorological observations are available from
Gallagher et al. (2026b) (https://doi.org/10.18739/A21V5BG69).

Video supplement. The video supplement provides interpretation of
ice layers around the temperature string (referred to as SIMBA and
SIMBA chain) during decommissioning of instrument, shown in
Fig. D2 (https://doi.org/10.5281/zenodo.19360813, Guy and Sledd,
2026).
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