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Abstract. Glacier surges occur across a range of geographical and environmental settings, but are favored by a climate enve-
lope in which polythermal glaciers are common. Thermal structure is known to play a regulatory role in surge propagation, but
whether surging has a long-term influence on thermal structure has been comparatively under-investigated. In this study, we
analyze the intrinsic variability of glacier thermal structure associated with the surge cycle, and its potential impact on surging
behavior itself, in the presence of a stationary climate. We apply a thermo-mechanically coupled Stokes ice-flow model to
an idealized two-dimensional flowband glacier geometry intended to represent a class of small polythermal glaciers in Yukon,
Canada, where changes in surge character have been observed and changes in thermal structure projected. The idealized glacier
is largely temperate in the accumulation area and cold in the ablation area. Surge-like events are induced in the model by pre-
scribing abrupt reductions in basal friction at 15-60-year recurrence intervals. Surging is found to produce glaciers that are,
on average, both smaller and colder than their non-surge-type counterparts. When surge events are sufficiently vigorous, a sec-
ondary, thermally-driven, internal oscillation emerges that dramatically alters the magnitude and spatial extent of surge events.
This oscillation reflects variations in the length of the temperate (thawed) portion of the glacier bed, induced by imbalances
between horizontal advection of temperate ice and vertical conductive cooling. Its amplitude and period are a function of surge
vigor, with periods ranging from ~150-450 years. While the existence, let alone detectability, of such a secondary oscillation
in a non-stationary climate may be questioned, this result motivates a more thorough attribution study of the evolution of surge

character in polythermal glaciers.

1 Introduction

Glacier surges are quasi-periodic fast-flow events that have long fascinated glaciologists (e.g., Meier and Post, 1969, 1987;
Truffer et al., 2021) and are recognized as part of a spectrum of ice-flow instabilities (Clarke, 1987; Lovell et al., 2026). Within
glacierized regions where surging occurs, surges are associated with natural hazards (e.g., Bjornsson, 2010; Bazai et al., 2021;
Lovell et al., 2026), impact water resources (e.g., Round et al., 2017), and complicate estimations and projections of mass
loss (e.g., Arendt et al., 2008; Nuth et al., 2010; King et al., 2021). Glacier surges have been documented at both temperate

and polythermal glaciers, where polythermal glaciers are defined as having both cold and temperate ice (Greve and Blatter,
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2009). Clarke (1976) demonstrates the importance of glacier thermodynamics in regulating the character of polythermal glacier
surges, even in cases where peak flow speeds resemble those of temperate glacier surges.

While significant attention has been given to changes in thermal structure (i.e., the spatial configuration of cold and temperate
ice) as a mechanism for surge initiation and propagation (e.g., Clarke, 1976; Murray et al., 2000; Fowler et al., 2001; Benn
et al., 2019), little work has addressed how surging itself alters long-term glacier thermal structure. Multi-decadal changes in
surge character observed in the St. Elias Mountains of the Alaska—Yukon—British Columbia boundary region suggest generally
diminishing surge vigour in the form of less extensive surge-related advances (e.g., Eisen et al., 2001; Bevington and Copland,
2014), and in extreme cases, the emergence of “slow surges”, where the fast phase of a classical surge fails to materialize
altogether (e.g., Frappé and Clarke, 2007; De Paoli and Flowers, 2009). Projected changes in thermal structure under a warming
climate include both warming and cooling of glaciers (e.g., [rvine-Fynn et al., 2011; Gilbert et al., 2012; Gusmeroli et al., 2012).
Together, past observations (e.g., Sevestre et al., 2015) and future projections (e.g., Wilson and Flowers, 2013) motivate our
interest in elucidating the mutual influence of glacier surging and thermal structure in the absence of climate change.

With polythermal glaciers in mind, we seek to determine whether glacier surging alters thermal structure on long (multi-
surge) timescales, and whether this could have a feedback on surge character and propensity. We focus on small (<15km in
length) glaciers in this study, as the harbingers of change whose surge cycles and thermal structures are known to be evolv-
ing. In approaching this problem from a fundamental as opposed to glacier-specific perspective, we adopt a two-dimensional
(flowband) idealized glacier geometry inspired by a real surge-type glacier in Yukon, Canada (Figure 1a & c). We use the ther-
momechanically coupled ice-flow model E1lmer/Ice (Gagliardini et al., 2013) to produce a steady-state reference glacier,
which we then subject to perturbations of basal friction to produce events of varying magnitude and recurrence interval that re-
semble surges. By observing the glacier’s response to these perturbations and its evolution on various timescales, in the absence

of climate variations, we are able to isolate the intrinsic variability that arises from coupled thermomechanical processes.

2 Modeling approach

Below we describe the idealized glacier geometry, the flowband model structure, the numerical model and the surface forcing,

followed by the suite of simulations conducted.
2.1 Idealized polythermal glacier

We adopt an idealized glacier geometry reminiscent of an ~8 km long unnamed surge-type glacier (RGI60-01.16732; Clarke
et al., 1986; Crompton and Flowers, 2016) which we subsequently refer to as the “reference geometry” (Figure 1a). While
the thermal structure of RGI60-01.16732 is unknown, the thermal structure of several similarly sized glaciers in the region
has been well established (e.g. Wilson et al., 2013; Clarke and Blake, 1991; Clarke and Goodman, 1975) through a combina-
tion of borehole thermometery, englacial radar-scattering measurements and flowband modeling. For example, Wilson et al.

(2013) determined the thermal structure of two glaciers within ~20 km of RGI60-01.16732 to be characterized by temperate



https://doi.org/10.5194/egusphere-2026-913
Preprint. Discussion started: 16 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Mass Balance [m a~!]

Easting [km] “10 5 0 5
594 596 598 600 602 604 606 L L L L
6770 = 2 2 - 3500
6768 - 3000
— L 2500 m
g 2
£ 6766 2
g.
E’ - 2000 >
ES 3
S 6764 o
= - 1500 2
o762 - 1000
@ Density |
6760 0.001 0.002 500
2750 1 ()
v Lo =
© =
£ 2500 §
& pel
o
2 2250 _ =
g Dafly -20 a
Y9000 4 — D‘ally me.an
—— Fit to daily mean
T T T T T T I T

T T
0 1 2 3 4 5 6 7 80 100 200 300
Distance [km] Day of year

Figure 1. Provenance and characteristics of idealized glacier. (a) Location (red box in inset map) and RGI outline of unnamed glacier (RGI60-
01.16732) used to derive idealized geometry and climate. Background image from Sentinel-2, 29 August 2018 (UTM Zone 7N). Base image
for the inset map is courtesy of Esri World Imagery. Note: the RGI outline includes two glaciers, but we only use a flowline (black line) along
the glacier to the east. (b) Modeled (ice-equivalent) mass balance for zero net-balance conditions (m a~1) as a function of elevation for the
nearby Kaskawulsh Glacier (~25 km from RGI60-01.16732 within the red box in (a)) (Robinson et al., 2025). Each point corresponds to a
200 mx 200 m model gridcell. Black line is the quadratic spline used to force the E1lmer/Ice simulations. Orange line (bars) is the kernel
density estimate (normalized histogram) of the area-altitude distribution for the unnamed glacier. (c) Reference glacier flowline geometry
created from smoothed surface and bed profiles extracted along flowline shown in (a). (d) Kaskawulsh Glacier-wide average air temperatures
derived from downscaled and bias-corrected NARR data, with an applied offset of —1.3°C used to achieve zero net balance. Grey lines are
daily glacier-wide average air temperatures for individual years (between 2007-2018). Black line is the daily average of the 12 years. Green
line is the non-linear least squares fit of Equation 19 to the daily average temperatures. Shaded green area represents two standard deviations

of the daily temperature.
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accumulation zones and cold ablation zones, where latent heat from meltwater refreezing within the accumulation zone is the
dominant heat source.

In the interest of computational efficiency, our modeling approach is restricted to a two-dimensional flowband, where effects
of variable flowband width and lateral drag have been neglected (cf. Sergienko, 2012; Gagliardini et al., 2010). We use a
TanDEM-X 90m global DEM (Rizzoli et al., 2017) as the source of surface-elevation data and generate a bed DEM from
the inferred ice-thickness distributions of Farinotti et al. (2019). Given that these estimates are being used to create idealized
profiles to define the reference glacier geometry, realism is important but site-specific accuracy is not. The glacier surface and
bed profiles are extracted at 10 m intervals from a manually corrected flowline that avoids right angles and does not cross flow
units (Maussion et al., 2019). The resulting surface and bed profiles are smoothed using a fifth order Savitzky-Golay filter with
a 210m window (Virtanen et al., 2020). Using the smoothed surface and bed profiles, a structured quadrilateral finite-element
mesh is created using the ElmerGrid program (Réback, 2023). The mesh has a horizontal spacing of 50 m and 15 vertical

layers, which are non-uniformly distributed to achieve higher mesh density at the glacier surface and bed.
2.2 Model description

We model ice flow using Elmer/Ice (Gagliardini et al., 2013), which solves the Stokes equations for an incompressible
thermoviscous fluid by using a non-linear Glen—Nye constitutive law with n = 3 (Greve and Blatter, 2009). We account for
the dependence of the creep parameter A (MPa~3 a~!) on temperature relative to the pressure melting point 7" (K) and water
content w (—). Following Aschwanden et al. (2012), energy is conserved through an enthalpy H (J kg~!) formulation. Because
ice is treated as incompressible, enthalpy is equivalent to internal energy and therefore solely a function of temperature 7" (K)
and water content w (—) (Aschwanden et al., 2012). We follow Gilbert et al. (2014) and Aschwanden et al. (2012) in ignoring
the sensible heat flux in temperate ice and assuming a Fick-type (i.e., diffuse) moisture flux (cf. Darcy-type; Fowler, 1984;

Schoof and Hewitt, 2016). The conservation of energy is therefore written:

p<3£+u-w) Y (5VH) 4 Q, (1)

where u = (u,w) is the velocity vector (m a~!) in the horizontal () and vertical (2) directions, @ is a volumetric enthalpy

source/sink term (J m~ a~!) and & is the enthalpy diffusivity (kgm~' a—') defined as

. H< Hy(P
o (T) < Hil ), )

Ko H Z Hf(P)

where H(P) (J kg~1) is the enthalpy of fusion as a function of pressure P (MPa), k(T') is the thermal conductivity (Ja~! m~1 K1),

¢(T) is the specific heat capacity (J kg=! K~1) of pure ice as function of temperature (Cuffey and Paterson, 2010), .. is the

1

enthalpy diffusivity (kgm~'a~!) of cold ice and k( is a constant temperate ice diffusivity (kg m~' a~') such that kg < k.

1

Note the difference in units between enthalpy diffusivity (kgm~!a~!) and thermal diffusivity (m? a—') from classical heat

transfer problems (Aschwanden et al., 2012). Following Zwinger et al. (2007) we account for both the temperature k;(T) and
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density dependence k,(p) of thermal conductivity as

k, (P)
ko (pice)

where p;ce is the ice density (kg m~3; Table X). Within the porous near-surface layer we parameterize the density dependence

k(p,T) = ki(T), 3

of the thermal conductivity following Oster and Albert (2022) as

k,(p) =0.144exp (3.08 x 1072 p) . 4)
The thermal conductivity of pure ice k;(T) as a function of temperature (Cuffey and Paterson, 2010) is

ki(T) = 9.828exp (—5.7 x 107°T).. (5)
2.2.1 Heat sources and sinks

We account for two distinct energy sources (J m~2 a~') in Eq. (1):

Q =tr (O'lé) + Qlat» (6)

where the first term represents viscous dissipation (i.e., strain heating), which is the trace tr of the product of the deviatoric
stress tensor o’ (MPa) and the strain rate tensor € (a~!), and the second term represents latent heat from meltwater refreezing.
Given the units of the terms in the mechanical equations, the viscous dissipation term in Eq. (6) must be scaled by 106 J M.J !
to be consistent with the units of Q (Jm™3 a™1).

Within the accumulation zone we use a parameterized percolation scheme, similar to that of Gilbert et al. (2012), to prescribe
Q1at- For each vertical layer we calculate

T’iL

Qlat = AtAZ’L

if pi < pt
) @)

0 if p; > ps

where r; (kg m~2) is the specific mass of meltwater refrozen in the ith layer, Az; (m) and p; (kg m~?) are the thickness and
density of the i'"* layer, respectively, At (a) is the model timestep, L (J kg™1) is the latent heat of fusion, and p; (kg m~3) is

the pore close-off density. The specific mass of refrozen meltwater is calculated as
7; = min (Tmaxa Sz) , (3

with S; (kg m~2) the available meltwater in the ith layer and 7.« (kg m~2) the maximum water content that can be accom-

modated:

H; — H; i
i ""*’aq(l_ P )pW7 H; < Hy
L Pice (9)

Tmax =

(Waq —wi) <1 - >,0w; H; > Hy
Pice
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where H; and w; are the enthalpy and water content of the i** layer, respectively, Waq 1s the maximum water content in the firn
column, and p;cc and ps, are the respective densities of ice and water. The additional term (H¢ — H;)/L present when H; < Hy
represents the refrozen water content required to raise the temperature of the firn to 0°C (i.e., to consume the cold content).

The percolation scheme begins at the surface layer (¢ = 1) with
S1=Mpy, (10)

where M (m w.e.) is the surface melt and p,, is the density of water. The scheme then iterates over the vertical layers and

calculates the liquid water available to the next layer (¢ + 1) as
Sit1 = max (S; — Tmax,0). (11)

When 7max = 0 (ie., w = waq) no re-refreezing occurs, as the ith layer cannot accommodate more liquid water. In this case
the meltwater represented by .S; percolates to the next vertical layer. Meltwater runoff (m w.e.) is a diagnostic variable in this
parameterization (cf. Wilson and Flowers, 2013) and is equal to S;1/pw once the scheme has iterated over all the vertical

layers in the firn column. Within the accumulation zone, we parameterize the near-surface material density p(z) (kg m~3) as

p(2) = pice — (Pice — ps) exp (—C' (25 — 2)), (12)

where C' (m™!) is a constant that controls the firn densification rate, p, (kg m~3) is the surface (i.e., snow) density, and z
(m a.s.l.) is the free surface elevation (Cuffey and Paterson, 2010). By rearranging Eq. (12), we solve for the firn thickness

h, = zs — zr (m), where z; (m a.s.l.) is the glacier surface elevation and z; (m a.s.l.) is the elevation where p = p;:

1 pice_ps)
hpy=—=In|——), 13)
r O (picepf

with p¢ (kg m™—2) the pore close-off density.

The surface melt M (m w.e.) used in Eq. (10) is parameterized as
M = fqa PDD, (14)

where f4q is the degree-day factor for snow (m w.e. K~! d=1) and PDD is the number of positive degree days (K d). Following

Calov and Greve (2005) we approximate the number of positive degree days as

A 2 20’(t)2
Ts(t,2) Ti(t, 2)
5 erfc (_\/io(t)> ] dt, (15)

where ¢ is time (a), ¢; and ¢;41 are the times (a) at the current and next model timestep, respectively, Ts(d, z) is surface air

temperature (K) which depends on the elevation and day of year, o(d) is the standard deviation of the air temperature from the
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annual cycle (K) which accounts for diurnal variations and further stochastic variations, and erfc is the complementary error
function. Note that the integral is scaled by 365 d a~! in order conform with the units of fyq (m w.e. K1 d—1).

Given the poorly constrained nature of water flow within ice (e.g. Fowler and Iverson, 2022; Haseloff et al., 2019; Schoof
and Hewitt, 2016), we assume instantaneous drainage once a prescribed threshold water content (w) is reached (e.g. Gilbert
et al., 2014; Gilbert et al., 2020). We adopt different thresholds for the porous near-surface layer (wmax,,) and the englacial

environment (Wmax., ) Where Wmax,, < Wmax,, (Table 2).
2.2.2 Kinematic boundary condition

For the time-dependent (i.e., prognostic) simulations we solve the free surface equation

9z +u %
ot * Oz

—ws = b, (16)

where z; is the glacier surface elevation, (us,ws) are the surface velocities obtained from the dynamic governing equations
and b= b(ac7 t) is the surface mass balance (accumulation minus ablation). We assume rigid, impermeable bedrock of elevation

zp(x), thus Eq. (16) must satisfy the inequality
zs(z,t) > 2(x) + hmin V,t, 17

where hp,i, (1) is a small positive ice thickness (hy,i, = 10 m) used to ease the numerical solution of Eq. (16), which is a free

boundary problem subject to the variational inequality (Eq. 17) (Gagliardini et al., 2013).
2.2.3 Surface boundary conditions

We impose a stress-free condition at the free surface (Greve and Blatter, 2009, pg. 67) and prescribe a Dirichlet condition for

Eq. (1):
H, = H (max (T4(t,2),273.15)), (18)

where the surface temperature is defined by:
T oT
Ty(t,2) = Tya + ccOs (271' <t—36"5>) + (2= 2et) 5 (19)

with Tp,, the mean annual air temperature (K) at reference elevation z.¢ (m), o the amplitude of the annual air temperature

cycle (K), T}, the day of year (d.o.y.) of the air-temperature maximum (d) and %—Z the atmospheric lapse rate (Km™1).
2.2.4 Basal boundary conditions
We use a linear Weertman-type sliding law to relate the basal shear stress 71, (MPa) to the basal sliding velocity wy, (ma~1):

0, H < H;
up(H) = , (20)
/BQTbv H > Hf
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where (32 is the basal drag coefficient (m a~'MPa~!). Eq. 20 only permits sliding where the bed is temperate (at the pressure
melting point).
The basal boundary condition on enthalpy (Eq. 1) is dependent on the thermal state of the ice-bed interface z = z,. In the

case of cold ice (H < H(P)) we prescribe a Neumann condition:

C
(VH : nb)‘z:zb = _Qgeoga (21)

where (g, is the geothermal heat flux (J a~!m™?) and ny, is the (outward-pointing) unit vector normal to the bedrock. If the

ice—bed interface is temperate, but there is no overlying temperate ice, we prescribe a Dirichlet condition:

H|,_. = H;(P). (22)

Z=2Zn

In the case that the ice-bed interface is temperate and overlain by a finite thickness of temperate ice, we follow Aschwanden

et al. (2012) in prescribing an insulating Neumann condition:

(VH -ny)|,_, =0. (23)

Z=Zh

We do not account for mass lost/gained through basal melt/freeze-on (i.e., non-zero basal mass balance), leading to small
violations of mass conservation. For a representative simulation with widespread fast sliding as described below, we find a
maximum basal melt rate of ~ 8 cm a~!. Such values are spatially localized in topographic depressions and arise from the use
of the unbounded (linear) sliding law (Equation 20). Even if basal melt rates are overestimated in the model, they still present

< 0.01% violation of the conservation of mass over the span of a surge.
2.3 Surface Forcing

We use air-temperature data and surface mass-balance estimates from the nearby Kaskawulsh Glacier produced by Robinson
et al. (2025) as the surface forcing in our simulations. Surface mass balance is used to drive the dynamics (Eq. 16) and air
temperature is used to prescribe surface boundary conditions for the thermodynamics (Eq. 18) and to calculate the latent heat
from meltwater refreezing (Eq. 7-15). It is important to note that the surface melt (Eq. 14) calculated as part of the meltwater

percolation scheme is not coupled to the surface mass balance estimates used to drive the dynamics.
2.3.1 Surface mass balance

The surface mass balance estimates used in this study, produced by Robinson et al. (2025), employ the mass-balance model
of Young et al. (2021), an enhanced temperature-index melt model (Hock, 1999) driven by downscaled and bias-corrected
North American Regional Reanalysis (NARR) 2-m air-temperature and precipitation data with model parameters tuned by for
the Kaskawulsh Glacier using the glacier-wide 2007-2018 geodetic balance, the average equilibrium line altitude (ELA) and
in-situ mass-balance data. The geodetic balance of the Kaskawulsh Glacier has been negative and closely follows the regional
average over several decades (Berthier et al., 2010), suggesting that this glacier is representative of the larger region (including

our area of interest ~25 km away). To drive simulations of the reference glacier geometry, we create a new field corresponding
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to conditions of zero net balance for the Kaskawulsh Glacier by re-running the mass-balance model with air temperatures
shifted by a constant offset. We then use a second-order spline S(z) (m a~!; black line in Figure 1b) to describe mass balance

as a function of elevation for these zero net-balance conditions, and use this function to drive the simulations described below.
2.3.2 Air temperature

We use the shifted air temperatures to compute the mean daily air temperature over a seasonal cycle at 2193 m a.s.l. (mean sur-
face elevation of the Kaskawulsh Glacier, hereafter the reference elevation z,.r in Eq. 19). We then use a non-linear least squares
fitting routine (curve_fit from scipy.optimize, Virtanen et al., 2020) to fit the air-temperature parameterization (Eq.
19) to the air-temperature timeseries in Figure 1d. Figure 1d demonstrates the seasonal dependence of daily air-temperature
variability as captured in the standard deviation, with greater variability in winter than summer. Therefore, we also fit a second-
order polynomial to the standard deviation of air temperature as a function of time, and use this time-dependent standard

deviation o (t) in the calculation of positive degree days (PDDs) (Eq. 15) for the latent heat source parameterization (Eq. 7).
2.3.3 Initialization and sensitivity tests

Using the reference geometry described above (§2.1), we now determine steady-state configurations as a function of air temper-
ature and mass balance, with the goal of defining a single “reference glacier” to be used as the initial condition for the surging
experiments described below. While the glacier that inspired the reference geometry is not in steady state (e.g., Berthier et al.,
2010), we have chosen a steady-state initialization for simplicity, and we test a range of surface forcings to assess the sensitivity
of steady-state thermal structure to these forcings. For S(z) the second-order spline (m a~!) in Figure 1b, the initialization

simulations use

b(z) = S(2) + Ab, (24a)
Tina = Toma + AT, (24b)
where Ab is a prescribed mass-balance anomaly and b is used in Eq. (16), AT is a prescribed air-temperature anomaly, and
Tma is the perturbed mean annual air temperature at z,¢, which is used instead of T},,, in Eq. (19). As part of the initialization
experiment we conduct a grid search across plausible values of the mean annual air-temperature anomaly AT and the mass-
balance anomaly Ab. We define two parameter sets:
T = {0.0, 0.1, ..., 0.9, 1.0}

(25)
B= {-0.25,-0.26,...,—0.49,—0.50},
where 7 is a 11-element set of mean annual air-temperatures anomalies (A7) and 5 is an 26-element set of mass-balance

anomalies (Ab). The grid search is defined by parameter combinations

BxT ={(AT,Ab)|AT € T and Ab € B}, (26)
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where x is the Cartesian product, and B x 7 is a 286-element set of parameter values. All possible combinations of AT and
Ab are tested in order to thoroughly assess model sensitivity to climatic forcing.

To select a reference model from the simulations above, we first discard all simulations that produce a difference between
the initial and steady state glacier volumes greater than 1% (i.e., outside V' = 1.00+0.01, dotted black contours in Figure 2a).
From the remaining simulations, we aim to select the one situated in the region of Ab-AT space most representative of the
study area that inspired this work. To do this we empirically estimate a relationship between Ab and AT. True perturbations
to mass balance (i.e., Ab) occur via changes in accumulation and ablation which are largely driven by air temperature and
precipitation, but may also involve variables such as cloud cover, wind speed, and humidity (Eq. 4.8; pg 106 Cuffey and
Paterson, 2010). Under the simplifying assumption that mass-balance anomalies Ab are dominantly driven by temperature
anomalies AT, we write

. b
Ab = <8T> AT, 27

where g—g (m a~! K~1) is the mass-balance sensitivity, which we estimate using the mass-balance model output of Robinson
et al. (2025). Neglecting any spatial dependence of the mass-balance sensitivity, we estimate % =—-0.764m a~' K~'. Equa-
tion 27 defines the equation of a line through Ab-AT space (solid white line in Figure 2). We define the reference model as
the simulation within the target volume envelope closest to this line.

Once the reference glacier has been identified, we quantify its sensitivity to numerical and parametric choices in the thermo-
dynamic component of the model. We test the sensitivity to four model parameters: the degree-day factor fqq (m w.e, K=*d=1),
firn column thickness h, (m), maximum englacial water content wey (%), and maximum firn aquifer water content w,q (%).
We also test the sensitivity to the enthalpy initial condition and the number of vertical layers in the mesh. Because prognostic
simulations are computationally expensive (cf., diagnostic simulations), we use the one-at-a-time method where each parame-
ter or model choice is varied independently to limit the total number of simulations (cf., Aschwanden et al., 2019; Hill et al.,
2021). Reference parameter values and the parameter ranges tested are listed in Table 2. The ranges are meant to span physi-
cally plausible values, even if not representative of the study region (Figure 1). Parameter sampling is refined where needed to
resolve the model sensitivity (Nolan, 2023).

Initialization simulations and sensitivity tests are run for 3 ka, with a timestep Atp of 1 a for ice dynamics (i.e., mechanical
equations: S2, S4, & 16) and a timestep At of 0.1 a for thermodynamics (Eq. 1). The thermodynamic equation uses a smaller
timestep to ensure adequate sampling of the seasonal cycle in the air-temperature forcing (Figure 1d). The mechanical equations
use a larger timestep to maximize computational efficiency, since the Navier—Stokes solver is the most computationally
expensive solver used. All simulations start at £ = O with isothermal (temperate) initial conditions, except for sensitivity tests
where the initial conditions are varied. For the initialization experiments, we enforce a no-slip boundary condition (i.e. 3% = 1)

at the glacier bed, such that u,(x,z) = 0.
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2.3.4 Forced surges

Using the reference glacier from the initialization experiments, we conduct idealized numerical experiments to understand the
mutual influence of glacier surging and thermal structure in a stationary climate. As modeling of surge initiation (e.g., Minchew
and Meyer, 2020) and propagation (e.g., Th@gersen et al., 2019) are active areas of research, we merely attempt to emulate the
effects of surging by prescribing surge-like perturbations to basal traction as in Morin et al. (2023).

In the first set of surging experiments, a two-year surge-like perturbation (henceforth referred to simply as a “surge” for
brevity) is imposed, as one to two years represents a typical duration of the fast phase of a surge in the St. Elias Mountains
(e.g., Meier and Post, 1969; Murray et al., 2003; Sevestre and Benn, 2015). Surge vigor is varied by using nine logarithmically
spaced values of the basal slip coefficient (3?) ranging from 1073 to 10~* m a~! MPa ™. Sliding can only occur where the
ice—bed interface is at the pressure melting point (Eq. 20). We further restrict sliding to 2z, <2400 m a.s.l. to inhibit excessive
drawdown in the steepest highest region of the accumulation zone. Following the surge, sliding is set to zero during a 4 ka
quiescent period. This sequence of a 2 a surge and a 4 ka quiescence is then repeated a second time, for a total simulation
time of 8004 a. Because the initial condition represents a steady state with respect to the climate forcing (e.g., Figure Sla & c),
which is never the case for surge-type glaciers (Meier and Post, 1969; Sevestre and Benn, 2015), the purpose of this experiment
is two-fold: (1) to understand how a single surge event alters thermal structure independent of climate and (2) to quantify the
thermodynamic recovery timescale following a surge.

In the second suite of surging simulations we force 2 a surges with recurrence intervals Ty of 15, 30 and 60 a irrespective
of whether the glacier geometry has recovered between surges. Simulations are run for 9ka and use the recovered steady-
state configurations (§2.3.3) as the initial condition. Simulation results are compared to the initial condition, which we take
as representative of a non-surge-type glacier, in order to characterize the effects of surging. As in the previous experiment,
we restrict sliding to z;, < 2400 ma.s.].. In this case we used 30 logarithmically spaced values of 32 from le™3 to le™
ma~! MPa~!. For all surging experiments, the ice-dynamics timestep (A¢p) and thermodynamics timestep (Atr) are both

set to 0.05 a during the surge, whereas Atp = 1 a and At = 0.1 a during quiescence.
2.4 Simulation strategy

Five diagnostic scalar metrics are computed for each simulation to allow for quantitative comparison between simulations
with different surface forcings and/or prescribed surge characteristics: glacier volume per unit width V/ (=), length L (km),
fraction temperate F'T (—), fraction temperate bed F'T}, (—) and mean enthalpy H (J kg—1). These metrics and their temporal
evolution are also used to determine whether a given simulation has reached a (dynamic) steady state. More information about

these scalar metrics and how they are calculated can be found in §S2 of the supplementary material.
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Figure 2. (a) Relative volume per unit width V'’ (—), (b) fraction temperate F'T' (—), and (c) mean enthalpy H (kJ kg~1) at the end of the

3 ka initialization simulations. (a) Solid black horizontal line is the V' =1 contour, dotted black lines are V' =1 4 0.01 contours. (a-c)

Dashed white lines represent plausible Tra—Ab relationships for arbitrary 7}, assuming constant g—%. Solid white line is the relationship

that corresponds to T, from Table X. Black circles indicate simulations run as part of initialization the grid search (Eq. 25).
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3 Results: initialization and sensitivity tests
3.1 Initialization

Across the 0.25ma~" variations in Ab and 1°C variations in AT, all 286 simulations produce the same general thermal
structure (Figure 3), which is characterized by a cold ablation zone and a mostly temperate accumulation zone with water
content at or near the maximum value (we,=1%). At the lowest values of AT, surface melt is sufficiently restricted that cold
ice is produced along the headwalls and advected to the central accumulation zone, thereby bisecting the temperate ice produced
by meltwater refreezing at the surface and strain heating along the ice-bed interface (AT = 0.0 °C in Figure 3).

The mass-balance anomaly is the primary control on steady-state glacier volume, while the mean annual air temperature
only exerts a minor control (Figure 2a, Sla,b vs. Slc,d). A 0.25ma~! change in Ab produces an average change of 60% in
V’, while a 1°C change in AT produces an average change of only 4 % in V'. Most of the change in V' with AT occurs
over the lower values of AT (< —0.4,°C), where surface melt is sufficiently restricted and cold ice is produced in the upper
accumulation zones (Figure 3). Despite the 60% variation in glacier volume across the grid search, nearly all glaciers reach a
steady state, defined by < 1% change in V'(t) over the last 500 a of the initialization simulation (e.g. Figure Sla & c). The
eight glaciers that do not meet this criteria have steady-state terminus positions that lie on retrograde bed slopes (shaded red
region Figure S1b & d). The maximum change in V' (¢) for all 286 simulations over the last 500 a is 1.16%.

The mass-balance anomaly Ab again is an important control on all three thermodynamic metrics (Figure 2), while AT exerts
little influence over glacier volume (Figure 2a). While changes in Ab do significantly alter the thermodynamic metrics, it is
important to note that only changes in AT alter the thermal structure itself (Figure 3). For a fixed value of AT, the changes in
the thermodynamic metrics with Ab occur for two reasons. First, as the ELA lowers (via less negative Ab values) the area over
which latent heat (Q)1,¢) is produced increases, meaning more temperate ice is created. Second, with less negative Ab values,
the glaciers become longer (Figure S1b) and, more importantly, thicker (Figure S1b), meaning advection rates increase. Less
negative values of Ab therefore produce more temperate ice and higher advection rates, which serve to transfer temperate ice
more efficiently down-glacier. The combined effect of a stronger heat pump and greater advection rates means F'T" and H all
increase with increasing mass balance (Figures 2 a, 2b, 2b). The changes in thermal structure (and therefore the thermodynamic

metrics) with AT primarily occur due to the restriction of surface melt over the upper reaches of the accumulation zone.
3.2 Reference glacier

Using the change in relative volume and perturbed air temperature criteria outlined in §2.3.3, we identify a reference glacier as
the grid search member initialized with AT = —0.5°C and Ab=—0.36my (Figure S2). The reference glacier has mean
and maximum ice thicknesses of 122 m and 236 m, respectively. The ELA is 2273 m a.s.1., resulting in an accumulation area
ratio of 0.4. Surface melt (Eq. 14) occurs over the entire accumulation zone but meltwater runoff only occurs over the lower
half of the accumulation zone, meaning the firn aquifer in the lower half of the accumulation zone is saturated. Like all glaciers
in the grid search described above, the reference glacier has a temperate accumulation zone and cold ablation zone (Figure 3),

with a small amount of cold ice formed on the headwall (Figure S2a). A seasonally variable layer forms in the ablation zone,
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and columns are different mean annual air temperatures AT (°C) at z,o¢. Dotted black line is the initial profile. Fraction temperate F'T" (—)

and relative volume per unit width V' (—) at 3 ka are reported in the bottom left of each subplot.

but does not alter the thermal structure more than ~ 25 m below the free surface. Maximum speed is ~ 25 my~! 1.5-2.5 km
along the flowline from the headwall (Figure S2b). This area also corresponds to the area of maximum Péclet number (Figure
3c). Energy transport in the temperate ice is advection dominated (Pe > 1) owing to the low diffusivity of temperate ice,
while energy transport in the cold ice is diffusion dominated (Pe < 1). Pe is discontinuous along the cold—temperate transition
surface (CTS), due to the discontinuity in x (Eq. 2). Pe = 0 along the ice-bed interface, even in the temperate ice regions, due

to the no-slip (i.e. u, = 0) boundary condition (Figure S2c).
3.3 Sensitivity tests

Parameters that limit the amount of meltwater refreezing (i.e. latent heat production) in the firn aquifer have the strongest
effect on our model results (Figure S3), consistent with the work of Wilson and Flowers (2013). As latent heat production
decreases, glaciers become colder and larger in our simulations (Figure S3). Since the degree day factor (fqq) and the firn

aquifer thickness (h,) have the greatest ability to limit latent heat production, with the former reducing the amount of surface
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melt available for refreezing and the latter reducing the amount of refrozen meltwater that can be accommodated by firn aquifer
(Figure S3i & ii), our model is most sensitive to reductions in these parameters. The maximum englacial water content (wey,),
which alter ice flux through the w-dependent ice-flow enhancement factor (Eq. S18), results in a (nearly) linear change in F'T’,
H, and V' across the seven values tested. Across the nine values tested, the maximum firn aquifer water content (w,q) has a
negligible effect on the steady-state configuration of the reference glacier. For more information about the reference glacier’s
sensitivity to each of the parameters tested, see Nolan (2023).

The initial condition for enthalpy has no effect on the steady-state configuration of the reference glacier (V’, FT, H) across
the 10°C range tested. While the initial condition does not alter the steady-state configuration, it does alter the time required to
reach steady state, with lower temperatures requiring longer. A doubling of number of vertical mesh layers (/V,) from 15 to 30
results in < 0.5% difference in V’. The two meshes converge to the same values of F'T, but the N, = 30 mesh has a slightly
smaller seasonal envelope in F'T'. The finer mesh more accurately resolves the seasonal layer, resulting in small differences in
mean enthalpy (< 2 kJkg~! K~!). These small differences in enthalpy are confined to the near-surface and do not alter the

steady-state configuration significantly.

4 Results: forced surges
4.1 Steady-state recovery after a single surge

Following the surges, all simulations irrespective of surge vigor (i.e., set by the value of 3?) converge to the same configuration,
which is slightly (~ 1.25%) smaller in volume (V') than the reference glacier (Figure 4a). The recovered values of fraction
temperate (F'T") and mean enthalpy (H) are X and X % larger, respectively (Figure 4b,c). The time to reach these recovered
steady states increases with increasing surge vigor (i.e., decreasing 32) and is about ~2.25 times longer for V' (2425 a) as
compared to FT and H (1084 a) (Figure 4). The longer timescales for dynamics variables (e.g., V) to reach steady state
than thermodynamics variables (e.g. F'T, H) are consistent with results from the initialization experiments and expectation
(Cuffey and Paterson, 2010). The recovery timescales are much longer than typical surge-recurrence intervals, suggesting that
polythermal surge-type glaciers in the St. Elias Mountains do not achieve a thermodynamic steady state between surge events
(e.g., Wilson et al., 2013). The recovery timescales shown in Figure 4 should be considered an upper bound, as we do not
include crevassing in our model which should shorten the thermodynamic response time (Gilbert et al., 2020).

Analogous experiments with an isothermal temperate version of the reference geometry produce similar magnitude dif-
ferences in relative volume as the thermomechanically coupled experiments (compare Figure S4 and Figure 4a). Given the
consistent differences in V’ between the thermomechanically coupled and isothermal simulations and the consistent recovered
configuration despite changes in 32, we suggest the small differences in recovered relative volume are due to mass-balance—
elevation feedbacks, rather than thermodynamic effects. We caution against over-interpretation of the small differences in
recovery values of FT and H relative to their reference values (Figure 4b,c): the prescribed constant firn-column thickness
above the ELA (Eqn. 12) is too simplistic to resolve the elevation-dependent feedbacks that would have the potential to alter the

recovery values. Specifically, changes in accumulation, and therefore firn-column thickness, as a function of surface elevation
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Figure 4. Recovery following two-year surges at 0 and 4 ka (vertical pink line). (a) Relative volume per unit width V. (b) Fraction temperate
FT. (c) Mean enthalpy H (kJkg~' K~1). Dotted black lines denote the steady-state (i.e., pre-surge) values of the reference glacier. The

time axis is broken between 2-3.75 ka and 67 ka for better visualization of transient responses.

are not explicitly resolved in our model. While the surges do not alter the recovered thermodynamic configuration in the model,

we cannot exclude this possibility with a more physically realistic representation of surface processes.
4.2 Periodic surges

Surging results in smaller (Figure 5a) and colder (Figure 5b and c) glaciers relative to the initial condition. Surging has pre-
viously been shown to alter glacier mass balance and therefore volume (Adalgeirsdéttir et al., 2005), but here we further
demonstrate that glaciers become smaller with increasing surge magnitude (decreasing 3? in Figure 5a). Surges alter mass
balance by transporting mass from the reservoir zone to the receiving zone where ablation rates are higher; over the cycle
of multiple surge events the increased ablation results in a smaller glacier volume when subject to the same surface forcing
(Adalgeirsdottir et al., 2005). As the magnitude of the surge increases, the amount of mass transported to lower elevations
increases, resulting in smaller, thinner glaciers (Figure 5a). These glaciers have lower advection rates, meaning a reduced flux

of temperate ice down glacier and higher rates of conductive cooling (i.e., vertical diffusion), resulting in colder glaciers over-
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Figure 5. Transient response to prescribed periodic surge events with a surge cycle (7%) of 30 a for eight values of 32 (colors). Decreasing
values of 3% correspond to greater rates of basal sliding (Equation 20). Note the break in the x axis from 36 ka. (a) Relative volume per
unit width V. (b) Fraction temperate FT. (c) Mean enthalpy H (kJ kg~ K~'). Grey on the logarithmic number line in (c) denote the full
suite of 3% values sampled, while red markers denote the simulations plotted here. Low amplitude, high frequency oscillations in FT" (b) and
H (c) correspond to prescribed surges, while high amplitude, low frequency oscillations for 52 < 4.6 x 10™*m a~* MPa ™! are unforced.

Only a subset of 3% values are plotted to highlight the emergence of the unforced oscillation.

all (Figure 5b & c). The effects described above could be even more pronounced with a model that accounted for crevassing,
where surface-area increase from crevassing may lead to greater ablation and cooling (cf. Gilbert et al., 2020).

For surge events with a 30-a return interval (Figure 5), the relationship between glacier volume/thermal structure and surge
vigor (as controlled by 3?) is simple until 52 < 4.6 x 10~* m a~! MPa~! , whereupon an unforced low frequency (= ﬁ
a~!) oscillation emerges in all three time series (V/, FT, H) shown in Figure 5. To examine the mechanism by which these

unforced oscillations arise we examine the representative case of 3% = 3.16 x 107* m a~! MPa~! in more detail.

4.2.1 Oscillation mechanism

Figure 6 (a—d) shows timeseries of fraction temperate F'T" (—), fraction temperate bed F'I}, (—), ice thickness at the ELA
hgra (m), and average surface speed || (m a=1), from 7.5-9.0 ka for 3% = 3.16 x 10~* m a=! MPa~! and T} = 30 a. Figure
6 (e—g) shows snapshots of the longitudinal strain rate ¢, (a~'; Figure 6e), enthalpy H (J kg~!; Figure 6f), and velocity
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magnitude |u| (m a~!; Figure 6g) at t = 8.04 ka (green dashed line), t = 8.13 ka (orange dashed line), and ¢ = 8.25 ka (purple
dashed line) in Figure 6a—6d). All four timeseries exhibit the low frequency oscillation with a period of = 300 a, but the phase
and shape of the oscillation vary between timeseries, with F'T" (Figure 6a) being the only quasi-symmetric oscillation. With
more gradual rising limbs and steeper falling limbs, F'T}, (Figure 6b) and |u| (Figure 6d) are in phase with one another because
the length of temperate bed (Figure 6b) directly governs the area that can be activated by the surge (Equation 20), thereby
controlling the average speed attained by the surge (Figure 6d). For example, at t = 8.04 ka (Figure 6e.i, 6f.i, 6g.i) the extent of
temperate bed (Figure 6b) and surge magnitude (Figure 6d) are at their minima, with extensional strain rates (€4, < 0; Figure
6e.1) and high flow speeds (Figure 6g.1) confined to a limited reach along the flowline due to the limited extent of the temperate
bed (Figure 6f.i).

Quantity hgpa (Figure 6¢) is antiphased with respect to F'Ty, (Figure 6b) and |u| (Figure 6d). Variations in hgpa are
instructive for understanding variations in F'7j, because the horizontal position of the ELA is the lower boundary of the latent
heat pump (Equation 7 & 12; Figure 3), and therefore marks the location of the cold—temperate transition surface (CTS) at the
glacier surface. Changes in hgr,a reflect changes in the flux of ice from the accumulation zone which controls the length and
slope of the CTS (e.g. Figures 3 and 6f ). When surges are confined to a limited reach of the glacier (e.g., when the length of
temperate bed is at a minimum), each surge causes some thickening of the glacier at the EL A, eventually resulting in the hgypa
maximum illustrated by the green dashed line at ¢ = 8.04 ka in Figure 6¢c. The increased hgy,a increases the flux of temperate
ice from the accumulation zone which by ¢ = 8.13 ka has caused the length of temperate bed to increase (Figure 6f.ii), in turn
increasing the surge magnitude (Figure 6d & 6g.ii). Surges of increased magnitude and extent result in progressive thinning
of the accumulation zone, as reflected in hgra (Figure 6¢, between green and purple dashed lines), yielding the antiphase
relationship between F'T3, and hgr,a. By t = 8.25 ka, hgpa, and therefore the flux of temperate ice, has decreased sufficiently
that F'T}, can no longer be sustained due to conductive cooling from the surface (note thin layer of temperate ice near the bed
in Figure 6f.iii); thereafter, F'T}, decreases dramatically (Figures 6b, after the purple dashed line) thereby restricting the extent
of the subsequent surge. The near coincidence of troughs in F'I" and peaks in F'T3, (Figure 6a & 6b) arises because the entire
ice column must cool before F'T, decreases.

The position along the flowline of the dynamic balance line (DBL) relative to the ELA, is illustrative of how this oscillation
occurs. On the rising limb of hgr,a (Figure 6c¢, green dotted line), the ELA is below the dynamic balance line and therefore
falls within the receiving zone of the surge (Figure 6e.i, 6f.i, 6g.1) causing the step-line increases in hgy,a every 30a associated
with the individual surge events. In the middle of the falling limb of hgr, o (Figure 6¢, orange dotted line) the dynamic balance
line is co-located with the ELA (Figure 6e.ii, 6f.ii, 6g.ii), and the abrupt changes in hgy,a nearly vanish. Toward the end of the
falling limb of hgy, 4 (Figure 6c, leading up to the purple dotted line) the ELA is above the dynamic balance line (Figure 6e.iii,
6f.iii, 6g.iii) and thus falls within the reservoir zone, such that surges produce step-like decreases in hgr,a (Figure 6¢). The
drawdown at the ELA continues until hg o reaches a minimum (Figure 6c, after purple dotted line), at which time conductive

cooling rapidly reduces F'T3, (Figure 6b) and the cycle repeats itself.
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shown in (a) .

4.2.2 Oscillation emergence

To elucidate the conditions required for the secondary periodicity to emerge and be sustained, we again examine the 7; = 30 a
simulations. The oscillation emerges when the value of 32 is sufficiently low (Figure 5), corresponding to low values of basal
friction and therefore high surge velocities. Such conditions give rise to high fluxes of temperate ice across the ELA during
surges, and large associated changes in ice thickness, both of which exacerbate thermal disequilibrium between surges. This
thermal disequilibrium is characterized by an extended temperate bed, which draws the dynamic balance line below the ELA,
a condition required for the secondary oscillations to be sustained as described above.

For the oscillations to be maintained (Figure 7a), the glacier must be able to sustain vigorous enough surges that the DBL
can propagate below the ELA at times (Figure 7b), while the thermodynamic feedbacks during quiescence must also allow
the DBL to rise above the ELA at times. For some values of (32, oscillations arise with the initial glacier geometry but then
disappear as the glacier geometry adjusts to the negative mass-balance anomalies arising from the forced surges (Figure 7 a.ii
& b.ii). Figure 7 b.ii illustrates a DBL that oscillates above and below the ELA until the oscillation becomes damped (prior to
5.5 ka), at which point the DBL remains just above the ELA.
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We examine the full suite of simulations to investigate variations in the emergence conditions as function of surge recurrence
interval T. As Ty increases, more vigorous surges (driven by lower values of 3?) are required to initiate and sustain the
oscillation. Longer surge return intervals allow for more recovery between surge events, producing thicker glaciers which
in turn produce greater fluxes of temperate ice from the accumulation zone, leading to greater persistence of an extensive
temperate bed. The net result is that lower values of 32 are required to initiate oscillations in the presence of longer surge
return intervals (Figure 8). For example, oscillations occur at 32 = 8.577 x 10~* m a~—! MPa~! for Ty = 15 a, whereas 3° =

4.29 x 104 m a~! MPa~! is needed to initiate oscillations for T, = 30 and 3% = 2.51 x 10~* m a~! MPa~! for T, = 60.
4.2.3 Dependence of oscillation period and amplitude on surge vigor and return interval

Next, we examine the oscillation period as a function of surge vigor (controlled by 32) and recurrence interval (T}) (Figure 8).
Oscillation period is calculated as the average distance between peaks in the F'T" timeseries from 6-9 ka in the simulations.
Repeating the calculation with V"’ or H produced similar results. The oscillation period changes with 32 and T} because both
parameters control the timescale over which the thinning of the accumulation zone occurs (Figure 8a). 32 controls the flux
during the surge—with lower values producing more vigorous surges—which is the mechanism that thins the ice column and
initiates the oscillation.

Over the series of multiple surge events, the DBL moves below the ELA producing the oscillation as described in §4.2.2,
while Ty defines the time between surges. Simulations with a longer recurrence interval 7y have a greater oscillation period
(Figure 8a). At lower values of 32, the oscillation periods appear nearly quantized (Figure 8a) owing to small differences in
advection rates. Surge recurrence interval also produces significant variations in oscillation amplitude (Figure 8b), which is
more difficult to reliably quantify and interpret than the variations in period. Amplitude varies non-monotonically with 32,
generally increasing at low values of 32 (associated with the most vigorous surges) and then decreasing at higher values of 32
(Figure 8b). The more complicated relationship between oscillation amplitude (as compared to period) and surge vigor is in
part due to the small range of amplitudes (Figure 8), which themselves vary between oscillation cycles. The non-monotonic
changes in T near the peaks and troughs of the oscillation (Figure 5b), owing to the superimposed effects of surge events,

further complicate the calculation of amplitude compared to period.
5 Discussion

5.1 Model simplifications and limitations

Given the idealized nature of this study, there are numerous simplifications in the model implementation and limitations to the
experimental approach which we seek to enumerate here. The model simplifications include: our treatment of the firn aquifer
(cf. Gilbert et al., 2014), omission of meltwater refreezing in crevasses and therefore a source of latent heat (cf. Jarvis and
Clarke, 1974; Seguinot et al., 2020; Gilbert et al., 2020), use of a linear Weertman sliding law (cf. Gillet-Chaulet et al., 2016;
Barnes and Gudmundsson, 2022), the idealized flowband geometry (cf. Sergienko, 2012), the lack of lateral drag parame-
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Figure 8. Fraction temperate (F"I") oscillation (a) period and (b) amplitude as function of 32 as assessed from 6-9 ka in the simulations.

Periods remain unchanged when calculated with a different timeseries (e.g., H).

terization (cf. Gagliardini et al., 2010), and small violations of mass conservation by neglecting the basal mass balance (cf.
455 Aschwanden et al., 2012). Limitations of the experimental approach include: use of prescribed basal-friction perturbations that
are instantaneous and occur over the full extent of the temperate bed to represent surge-like events, exploration of only a single

glacier thermal structure, and use of a stationary climate forcing. Below we discuss the most important of these simplifications.
For a more detailed discussion of all items see Nolan (2023).

5.1.1 Surface processes

460 The prescription of a constant firn-column thickness (Equation 13) and our simplified firn-aquifer parameterization (Equations
7-15) are too simplistic to capture temporal changes in the firn aquifer resulting from elevation-dependent feedbacks, which

could produce hysteresis in thermal structure following a surge. A simplistic treatment of surface firn processes was necessitated
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by our use of a prescribed net mass balance (from Robinson et al. (2025)), rather than a surface process model that explicitly
calculates accumulation, melt, and refreezing. Given the numerous simplifications made in our idealized approach, we deemed
it preferable to use a prescribed mass-balance forcing that was realistic for the geographical area that inspired this work than
to implement a surface-process model, which would require additional tuning. Our approach introduces conservation of mass
violations, as the melt calculated as part of the meltwater refreezing scheme (Equation 7) is not explicitly coupled to the
surface mass balance. Compared to the unresolved firn processes however, the above shortcoming has a negligible impact on
our results as the steady-state thermal structure is insensitive to plausible changes in meltwater production. Future work would
benefit from implementation of a surface process model that includes meltwater percolation in firn (e.g., Gilbert et al., 2012;

Gilbert et al., 2020).
5.1.2 Forced surge events

While the use of forced surge events to study the effects of surging has a long history (e.g., Campbell and Rasmussen, 1969;
Clarke, 1976; Adalgeirsdéttir et al., 2014; Young et al., 2022), surges are not externally forced in reality but rather arise from
an internal dynamic instability (e.g. Clarke, 1987). However, given the incomplete understanding of the physical mechanisms
responsible for surge initiation (e.g. Minchew and Meyer, 2020; Thggersen et al., 2019), prescribing perturbations in basal
traction to elicit surge-like behavior seemed a reasonable choice given the focus of this study.

While we chose to prescribe surge events at a constant time interval (irrespective of glacier geometry), an alternative would
have been to prescribe events when a mass-accumulation threshold is reached, mimicking some observations (e.g. Eisen et al.,
2001). In this case, the surge recurrence interval would vary as a function of surge vigor (governed by the basal friction
coefficient 3%) and the chosen accumulation threshold. Whether this approach would lead to the multidecadal surge-recurrence
intervals characteristic of the Yukon glaciers that inspired this study remains untested. Initial attempts to implement a mass-
accumulation threshold condition proved computationally costly, as the short timestep associated with surging (Atp = Aty =
0.05 a) was required for the entire transient simulation. The quasi-periodic nature of surge events (Meier and Post, 1969) has
been attributed to a mass-accumulation threshold required to initiate surging which would be achieved at a roughly constant
interval in a stationary climate. While some surge-type glaciers adjust their recurrence intervals to mass inputs (e.g. Eisen
et al., 2001; Striberger et al., 2011), others continue to surge at a nearly constant recurrence interval (e.g. Abe and Furuya,
2015; Bevington and Copland, 2014; Nolan et al., 2021), irrespective of changes in mass balance. The observation of (nearly)
constant recurrence intervals, especially under negative mass-balance conditions (e.g. Zemp et al., 2019; Young et al., 2021),
lends some support to our approach.

An additional limitation of our approach is the instantaneous and spatially widespread nature of the prescribed changes in
basal traction to initiate and terminate surging. In the absence of modelling progressive changes in basal traction (e.g. Young
et al., 2022), we cannot realistically represent conditions leading up to a surge whereby protracted acceleration is observed in
both temperate and polythermal glaciers (e.g. Frappé and Clarke, 2007; Jay-Allemand et al., 2011). Observations also show
that surges initiate over a limited area of the reservoir zone and can propagate both up and down glacier (e.g. Altena et al.,

2019). Properly simulating surge propagation during the active phase would not preclude oscillations from occurring, but it
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would likely complicate the relationship between surge vigor and oscillation emergence. Finally, in order to mimic quiescence,
whereby restricted flux out of the reservoir zone leads to mass build up in excess of the climatological recovery from a surge
event (e.g., Eisen et al., 2001), we have imposed a no-sliding condition at the glacier bed between surges rather than attempting
to model multiple and more nuanced processes that might contribute to flow resistance (e.g. Flowers et al., 2011). Employing
additional mechanics to restricted mass flux during quiescence would also restrict the flux of temperate ice, resulting in slightly

colder quiescent conditions. Nevertheless, the basic thermal structure required for the oscillation to emerge would persist.
5.1.3 Flowband geometry

The use of a flowband geometry (i.e., the plain strain approximation) is the most significant simplification made in the model
formulation. In response to bedrock bumps, flowband models not only overestimate velocity perturbations, but produce per-
turbations with different structures (e.g., different locations of the global maximum, different numbers of local maxima and
minima) than their three-dimensional (3D) counterparts (Sergienko, 2012). By ignoring transverse variations in bed topogra-
phy, bed undulations are assumed to be infinitely wide, meaning ice can only flow up and over the undulations, as compared to
the more complicated over-and-around flow, which occurs in three dimensions (Sergienko, 2012). Furthermore, during surges,
the transfer of stress to lateral margins (e.g. Schoof, 2005; Thggersen et al., 2019) becomes an important component of the
global force balance that was entirely neglected in our model formulation. Given the idealized (i.e., non site specific) nature
of this study, flowband geometries were highly appealing so as to avoid site-specific 3D peculiarities of any individual glacier,
along with the added benefit of being more computationally efficient than 3D models. If flowband models are used in similar

future work, a lateral drag parameterization ought to be included (e.g., Gagliardini et al., 2010; Pimentel et al., 2010).
5.1.4 Glacier thermal structure

Finally, and perhaps most importantly, the scope of our findings are limited by having only simulated a single reference
glacier geometry with a particular thermal structure (cf., Figure 1 from Irvine-Fynn et al., 2011), which is characteristic of
small polythermal glaciers where significant meltwater refreezing in the accumulation zone occurs (e.g. Wilson and Flowers,
2013). From the surface-forcing gridsearch (§3.1), we show that the steady-state thermal structures are robust to large (~ 40
m) changes in mean ice thickness, and therefore commensurate changes in flux (Figure 3). The sensitivity test results (§3.3)
indicate that the only way to alter the glacier thermal structure is to restrict or enhance the extent of surface melting which
is not highly sensitive to modest changes in surge-reservoir size. A more realistic treatment of reservoir-zone formation as
discussed in §5.1.2 would produce a thermal structure similar to, but slightly colder than, our result (Figure 6f.iii). Provided
that the thermal structure remains fundamentally unchanged, we would still expect the secondary oscillations to emerge.

The environmental conditions needed to achieve the thermal structure used in this study are not unique to Yukon/Alaska but
also occur in Svalbard (e.g. Sevestre et al., 2015; Lovell et al., 2026), another location with a high concentration of polythermal
and surge-type glaciers (e.g. Jiskoot et al., 2000). While the thermal regimes of large surge-type glaciers in Yukon are largely
unmeasured, polythermal conditions have been observed based on borehole measurements at Steele Glacier (Jarvis and Clarke,

1975), where vertically extensive cold ice in the upper reaches of the glacier was detected in multiple boreholes. Future work
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should prioritize both models and observations of thermal structure (e.g. Ochwat et al., 2021; Jacquemart et al., 2025) for a

variety of glaciers spanning a realistic range of geometric characteristics and environmental settings.
5.2 Analogs to the secondary periodicity

Ice stream activation—stagnation cycles, initially formulated by MacAyeal (1993) as an internal mechanism for Heinrich Events
(Heinrich, 1988), are an example of thermodynamically controlled oscillations. While representations of these cycles have var-
ied from zero-dimensional lumped-parameter models (e.g., Robel et al., 2013) to complex ice-dynamic models (e.g., Marshall
and Clarke, 1997; Feldmann and Levermann, 2017), the underlying mechanism is the same: the ice-bed interface oscillates
between cold and temperate conditions, where ice streaming (i.e., sliding) is enabled during temperate conditions. The internal
nature of the thermal oscillations and independence from atmospheric and oceanographic drivers (cf. Bassis et al., 2017; Mann
et al., 2021) has hindered their ability to explain the observed relationship between Heinrich events, Dansgaard—Oeschger cy-
cles, and variability in Atlantic meridional overturning circulation (Marcott et al., 2011). Nevertheless, the mechanism initially
proposed by MacAyeal (1993) does serve to explain the past and present stagnation of ice streams along the Siple Coast of
Antarctica (Robel et al., 2013) which appear to occur on shorter timescales than Heinrich Events (e.g. Catania et al., 2012).
Like ice stream activation—stagnation cycles, the period and amplitude of the oscillations we document are determined by
the timescales of conductive cooling. But instead of ice-surface temperature, geothermal heat flux, and accumulation rates
setting those timescales (MacAyeal, 1993; Robel et al., 2013), surge vigor (3%) and the time interval between surge events
(T) are the primary controls on the oscillations we document. Changes in ice-surface temperature, geothermal heat flux, and
accumulation/ablation rates would likely shift the parameter envelope in which the oscillations emerge. The difference in
controlling parameters, however, is a result of the secondary oscillations being superimposed on the (forced or primary) surge-
cycle oscillations, whereas the ice-stream cycles arise as a primary (unforced) oscillation. Without the forced surge events,
which enable the length of temperate bed to vary as a function of the position of the DBL versus the ELA, these glaciers would

achieve a stable (i.e., non-oscillatory) steady state (§3.1).
5.3 Likelihood of observing the secondary periodicity

Given the simplifications (e.g., idealized flowline geometry, simplistic treatment of surface boundary processes) and limitations
(e.g., forced surge events, stationary climate forcing) of our numerical modeling approach, one may question the likelihood of
observing the secondary oscillations if not their existence. First and foremost, glacier response to real climate forcing may be
expected to obscure these unforced secondary oscillations. The stationary climate forcing used in this study to isolate internal
processes is unrepresentative of reality, including in Yukon now (e.g. Young et al., 2021) or in the recent (~ 1000 a) past
(Porter et al., 2019). The presence of secondary oscillations, as modeled here, would be difficult to distinguish from long-term
climate-driven changes, upon which glacier surges are superimposed. Furthermore, surge propensity and thermal structure are
evolving with climate (e.g. Gilbert et al., 2012; Wilson et al., 2013; Delcourt et al., 2013), making our use of a stationary
climate and forced surges even further from the present reality. Finally, given that climate-driven glacier mass deficits appear

to undermine surge propensity and/or vigor (Dowdeswell et al., 1995; Copland et al., 2011; Bevington and Copland, 2014;

25



565

570

575

580

585

590

595

https://doi.org/10.5194/egusphere-2026-913
Preprint. Discussion started: 16 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Frappé and Clarke, 2007), it stands to reason that these deficits would also undermine the secondary oscillations, which depend
on a threshold mass flux (Figure 7).

Even if these oscillations do occur, it would be difficult to identify them given that so few glaciers in any region includ-
ing Yukon (cf., Natuddy/Lowell Glacier (Bevington and Copland, 2014), Dian Zhur/Donjek Glacier (Abe and Furuya, 2015;
Kochtitzky et al., 2019), Fisher Glacier (Partington et al., 2025), and Tweedsmuir Glacier (Sharp, 2021)) have been observed
over multiple surge cycles. For T = 30 a, ~ 8 surge cycles occur over the shortest period of the secondary oscillation (Figure
8 b), which is many more surge cycles than have been directly observed at any individual glacier. Among the glaciers that
have been observed over multiple surge cycles, it is not clear how many are polythermal, a pre-requisite for the secondary
oscillations. While there is nothing in our model formulation that prohibits the secondary oscillations from occurring in other
geographic locations with polythermal surge-type glaciers, for example Svalbard (e.g., Sevestre et al., 2015), longer recurrence
intervals (Dowdeswell et al., 1991) mean even fewer glaciers would have been observed over multiple surge cycles, making
any secondary oscillations more difficult to identify. It also remains to be seen whether the secondary oscillations emerge in
glaciers with polythermal structures different than the those tested here.

Given the limitations of our numerical modeling approach, it is impossible to assert that these secondary oscillations occur
in nature, let alone could be observed. We have, however, demonstrated that ice dynamics and thermodynamics can interact
over multiple surge cycles and dramatically alter surge characteristics. What role steady-state or transient thermomechanical
processes play in observed changes in surge characteristics (e.g., Frappé and Clarke, 2007; De Paoli and Flowers, 2009; Beving-
ton and Copland, 2014) remains to be seen. Future work investigating the evolution of surge propensity in a changing climate
should prioritize thermomechanical modeling in order to identify coupled processes that might alter surge characteristics. We
have demonstrated one possible consequence of the relationship between the dynamic balance line and the equilibrium line al-
titude that may motivate more careful and widespread attention to this relationship in observational studies of surging glaciers.
Cataloging the position and extent of the reservoir zone on surging glaciers, for example from maps of surface-elevation change

through a surge cycle, may contribute to understanding observed variations in surge vigor.

6 Conclusions

Using a thermomechanically coupled Stokes model applied to a idealized flowband geometry meant to be representative of
a small polythermal glacier in sub-Arctic Canada, we have investigated aspects of the interplay between glacier surging and
thermal structure in the presence of a stationary climate. The steady-state reference glacier was characterized by a polythermal
structure strongly influenced by meltwater entrapment, with a largely temperate accumulation area and cold ablation area.
Surge-like perturbations were applied to the reference glacier by abruptly reducing basal friction where the bed is temperate
at regular intervals (15, 30, 60 years). We found that glaciers become both smaller and colder with increasing surge vigor
(controlled by the prescribed reduction in basal friction) and decreasing recurrence interval. When these surge-like events
become sufficiently vigorous, a secondary oscillation emerges associated with oscillations in the extent of temperate bed

which themselves arise because the timescale of thermodynamic recovery from a surge exceeds the prescribed surge return
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Variable  Description Value Units
- Seconds per year 31536000 sa”?!
To Reference temperature 200 K
Totr Temperature at triple point of water 273.16 K
Poir Pressure at triple point of water 6.12x 107* MPa
B Clausius-Clapeyron constant 9.8 x 1072 K MPa ™!
L Latent heat of fusion 3.33 x 10° Jkg™*
Ps Surface (snow) density 350 kgm™3
o Pore-close-off density 830 kgm™3
Pice Density of ice 910 kgm™>
Pw Density of water 1000 kgm™>
Acceleration due to gravity 9.756 x 105 m a?
n Flowlaw exponent 3 -
T, Limit temperature 263.15 K
At Flowlaw prefactor if 77 (H) > T, 9.12x 102  MPa 3a™!
A~ Flowlaw prefactor if 7 (H) < T 7.65x10%  MPa 3a”!
Qt Apparent activation energy if T'(H) > T 6 x 10* Jmol™*
Q™ Apparent activation energy if T'(H) < T 1.15 x 10° Jmol™*
R Ideal gas constant 8.31 Jmol *K™!
Ko Temperate ice enthalpy diffusivity 3.295x10°  kgm ta”!
Qgeo Geothermal heat flux 1.73 x 10° Jm2a"!

Table 1. Physical constants and fixed model parameters used throughout experiments below.

interval by one to two orders of magnitude. Slipperier beds were, in general, associated with shorter period, higher amplitude

oscillations. The emergence of this secondary oscillation demonstrates, in principle, that ice dynamics and thermodynamics

can interact over multiple surge cycles and dramatically alter surge characteristics. Whether such a phenomenon exists in a real

(non-stationary) climate, let alone would be detectable, remains unknown. This result does, however, invite questions about

whether observations of evolving surge characteristics are entirely attributable to changes in climate, mass balance and glacier

geometry.

Code and data availability. Code developed for this study is available at https://github.com/andrewdnolan/thermal-structure
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Symbol  Description Reference value  Test range Units
faa Degree-day factor for snow 6 1-8 mm w.e. K~1d™!
hp Firn thickness 13 4-40 m
Wen Max englacial water content 1 0-3 %
Wagq Max firn aquifer water content 5 1-15 %
IC Initial condition 0 —10-0 °C
N, Number of vertical layers 15 30 —

Table 2. Parameters varied in the sensitivity tests.

6.1 Physical Constants and Parameter Ranges
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