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Abstract Glacier speedups occur on daily to centennial timescales. While basal water and subglacial
drainage configuration are thought to drive glacier speedups across these timescales, it remains unclear whether
this forcing always occurs through the same mechanisms. Here, we explore whether the enthalpy model of
glacier surging can explain speedups over a broader range of timescales if modified to account for seasonality in
surface melt and continuous water supply to the glacier bed. We simulate velocity oscillations that range from
seasonal to >100 years. Our model results more closely resemble observations of surges than previous model
versions because ice flow variability at seasonal and multi-year timescales is reproduced simultaneously
through hydrological forcing. Under favorable conditions, seasonal water delivery to the bed gradually
accumulates in a poorly-connected basal drainage system, priming the glacier to surge. Surges themselves are
marked by high water fluxes and enthalpy drainage from the glacier base.

Plain Language Summary Glacier speeds vary over time periods ranging from hours to centuries.
Liquid water present at the base of glaciers affects ice speed but it is unclear whether the links between liquid
water and ice speed are the same across all timescales. Recent efforts to model multi-year cycles of fast glacier
flow, known as glacier surges, show that a gradual build-up of heat and/or water at the base of glaciers could
drive ice flow instabilities. However, this modeling approach has thus far not accounted for seasonal variations
in water flux through glaciers and their influence on glacier flow. In this work we implement seasonal variability
in air temperatures within an existing model of glacier surges. We explore the effects of changing the water
supply to the glacier base, finding that glaciers that do not transmit surface water through the glacier easily are
more prone to surging and that glaciers with a poorly connected drainage system at their base might be more
likely to surge. The simulation of surges here demonstrate that a single set of physical relationships between
water within glaciers and glacier motion can reproduce a spectrum of observed behaviors, without the need for
invoking more complicated physics.

1. Introduction

Glacier velocities vary from sub-daily (Guerin et al., 2021; Stevens et al., 2022) to centennial timescales
(Engelhardt & Kamb, 2013; Van Pelt et al., 2012), with magnitudes ranging from centimeters per day (Iken &
Bindschadler, 1986) to tens of meters per day (Kamb et al., 1985). Surge-type glaciers are traditionally classified
categorically as those glaciers undergoing oscillations in flow speed with multi-year periods, and make up ~1% of
world glaciers by number (e.g., Meier & Post, 1969; Truffer et al., 2021). However, recent observations reveal
many instances where sub-seasonal and annual velocity variations are superimposed onto the surge-cycle (e.g.,
Beaud et al., 2022; Benn et al., 2023; Liu et al., 2024), as well as examples of multi-year velocity oscillations that
overlay seasonal patterns, but do not fully qualify as surges under the criteria laid out in Meier and Post (1969)
(e.g., Herreid & Truffer, 2016). Such a diversity in speedup return periods and amplitudes confounds straight-
forward, binary surge-type and non-surge-type classifications. In the context of such a spectrum of unsteady flow
patterns on multi-year to decadal timescales, what has traditionally been referred to as a “surge” might simply
represent the most noticeable manifestation of multi-year oscillatory ice flow (Herreid & Truffer, 2016; Terleth
et al., 2024).

The enthalpy model assembles multiple individually suggested mechanisms that contribute to oscillatory ice
flow within a single framework (Benn et al., 2019; Sevestre & Benn, 2015). Enthalpy is measured as ice
temperature when below the pressure melting point, and as water content when at the pressure melting point
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(Aschwanden et al., 2012). Enthalpy provides a method to quantify and monitor the energy internal to the
glacier irrespective of thermal regime. Frictional heating, geothermal heating, and water input contribute
positively to the amount of enthalpy at the glacier bed, while heat transfer from the bed to the surface and basal
water drainage decrease enthalpy (Benn et al., 2019). Rather than proposing new ice flow mechanics, the
enthalpy framework has the merit of providing a single unifying measure of the state of the glacier base,
enabling the consideration of oscillatory behavior across a continuous spectrum without a priori categorization
(surging vs. non surging, or Svalbard-type vs. Alaska-type) (Benn et al., 2023; Terleth et al., 2021).

Current numerical implementations of the enthalpy model are effective at identifying the envelope of climatic
conditions and geometries within which surging occurs (Benn et al., 2019, 2023; Sevestre & Benn, 2015).
However, they have not considered significant aspects of the complexity observed during real surge cycles. In this
paper, we focus on two distinct but related limitations, both identified in Benn et al. (2023): (a) The current
enthalpy model implementation does not include seasonal velocity variability, leading non-surge type glaciers to
have uniform, steady speeds and surging glaciers to have a simple velocity spike amidst multiple years of near-
steady, “quiescent” flow (i.e., that between surges). Meanwhile, glaciers universally exhibit seasonal changes in
flow (e.g., Boxall et al., 2022; Solgaard et al., 2022) and velocity records of surge-type glaciers show seasonal
variations in ice flow velocity persist amid the multi-year fluctuations in flow that define surging events (Beaud
etal., 2022; Benn et al., 2023; Bindschadler et al., 1977; Liu et al., 2024). (b) In the current enthalpy model, liquid
water fluxes to and away from the glacier bed are very low during the quiescent phase. Although surface melt is
produced continuously, the penetration of liquid water to the bed depends on ice velocity through a crevassing
function, and some model simulations have <1% of surface melt reaching the glacier bed (Benn et al., 2019). As a
result, no basal water drainage develops until a tipping point is reached and the bed is fully drained at surge
termination. This model behavior does not capture important elements of glacier kinematics nor the observations
that subglacial discharge varies with surface runoff even during quiescence (Bouchayer et al., 2023; Kamb &
Engelhardt, 1987; Liu et al., 2024; Terleth et al., 2024).

Here, we build upon the numerical implementation of the enthalpy model outlined in Benn et al. (2019) by (a)
introducing seasonality in the air temperature forcing, (b) implementing different minimum values of surface-to-
distributed drainage system water transfer, and (c) varying the subglacial hydraulic transmissivity. These mod-
ifications show that, in addition to an envelope of climatic conditions favorable to surging, glacier-specific at-
tributes determine whether surging occurs. The model reproduces realistic surge-like behavior in ice flow velocity
that, importantly, includes seasonal variation in ice flow and in water exchange with the surrounding environ-
ment. We discuss the resemblance of the modeled behavior to reality as well as possible implications for our
understanding of cyclic ice flow instabilities.

2. Numerical Model

The model of Benn et al. (2019, 2023) is time-dependent but spatially invariant. Here, we begin by briefly
summarizing the existing model, then describe specifics to this study within subsequent subsections. The rate of
change of ice thickness H is

dH o
E—a—m—T, (1)

where a and m are the net annual accumulation and ablation rates. Q; is the ice flux, and [ is the glacier length. The
rate of change of basal enthalpy E is

dE iLrQy
E=Tu+G+piLf/}m_Qcond_p ;Q >

2

where 7 is the basal shear stress, u is the rate of basal motion, and G is the geothermal heat flux. The ice density p;
and latent heat of fusion L account for enthalpy supplied to the bed by surface melt, scaled by a factor 8, which
represents the fraction of water reaching the glacier bed as a linear function of basal motion rate (Section 2.1).
Q.ona 1s conductive cooling and Q,, is the water flux draining away from the bed (Section 2.2). The rate of basal
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Figure 1. Summary of introduction of seasonality into the model. (a, b) Temperature and surface melt vary on a seasonal
cycle. The annual volume of melt produced remains unchanged compared to Benn et al. (2019). (¢) f is the fraction of surface
melt transferred through the glacier to the distributed drainage system depending on basal motion. Dotted lines show the
functions using different values of f,;,, the minimum fraction of surface melt transferred to the bed regardless of ice velocity.

motion, u, is derived from a generalized Weertman-type sliding law under the assumption that the basal shear
stress is equal to the driving stress and the effective pressure is simplified to an inverse relationship with the
thickness of the basal water layer.

Beyond this general introduction, we refer the reader to Benn et al. (2019) for a detailed model description and
numerical implementation, as well as Table S1 in Supporting Information S1 for an overview of the parameters
used here. The following subsections describe the two main changes to the model forcing: varying water supply to
the glacier bed and increasing the range in basal drainage.

2.1. Water Supply to the Glacier Bed

We calculate melt from air temperature with a positive degree day factor, defined to ensure that the yearly melt
volume remains equal to the yearly melt volume in Benn et al. (2019) under equal climatic conditions (Figure 1).
To add seasonality in the air temperature and the corresponding surface melt signals, we make the air temperature
T a periodic function of time ¢, measured in years:

T(t) = T, + u sin(2a1), 3)

where T, is the annual average temperature, and y is the amplitude of annual temperature oscillations. The
fraction of surface melt reaching the glacier bed is controlled by the ramp-function f, which describes an ice
velocity-dependent crevassing extent (Benn et al., 2019). The variable # describes that portion of supraglacial
water that accesses the bed, interacts with the subglacial hydrologic system, and can impact ice dynamics.
Therefore, 1 — fis that portion routed around, over, or through the glacier without interacting with the modeled
subglacial hydrologic system. We note that this 1 — f share of the surface melt could include water routed into
large moulins that feed directly into well-developed, efficient subglacial channels and that passes through the
glacier with very little effect on ice dynamics (e.g., Andrews et al., 2014; Bartholomaus et al., 2011; de Fleurian &
Langebroek, 2023; Flowers & Clarke, 2002a). As in Benn et al. (2019), when ice velocity increases, the glacier
surface becomes more irregular and crevassed, disrupting supraglacial water flow to discrete moulins and pro-
moting spatially distributed englacial water transfer. We suggest that this transition from point-source to
distributed water delivery to the glacier bed is what matters most in the crevassing feedback, rather than the total
volume of surface melt transferred to the bed (e.g., Dunse et al., 2015; Sevestre et al., 2018). Furthermore, we
make an addition to the definition of f relative to Benn et al. (2019). We set:
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The value of u; describes the rate of basal motion at which crevassing expands beyond a baseline extent, and u,
describes that velocity at which crevassing entirely disrupts the formation of distinct supraglacial streams that
interact with crevasses to form moulins.

Decreasing u; and u, allows a larger share of surface melt to directly enter the modeled hydrological system, but
doing so reduces the potential for water transfer to the glacier bed to increase with surge onset as described in for
example, Dunse et al. (2015). Additionally, u; and u, are poorly-constrained parameters with little observational
basis. In this work, we leave u; and u, fixed at 10 m/year and 100 m/year, respectively, and define f3;, as the
minimum fraction of surface melt that reaches the subglacial distributed hydrologic system, ranging from O to 1,
even at low rates of basal motion. As such, the distinction we make compared to Benn et al. (2019) is that we allow
for non-zero water inputs when there is normal baseline crevassing through S,

2.2. Basal Drainage

Basal drainage is described following Benn et al. (2019):
_ . a K. . l/254/3
0, =K(p;g sin O)w* + ¢ W(p,»g sin 0) . (5)
c

The first term on the right hand side describes the distributed drainage component, which is driven by a gravi-
tational gradient (p;g sin 6, with @ the glacier bed slope, equal to the surface slope) and strongly dependent
(@ = 5) on the thickness of the water film w (Flowers & Clarke, 2002b). K is a free parameter describing the basal
hydraulic transmissivity, encapsulating several different basal characteristics that affect how easily liquid water
diffuses through the subglacial environment (Benn et al., 2019). This includes the hydraulic conductivity of
subglacial tills (Fischer et al., 2001; Hubbard & Maltman, 2000) and the effects of small scale bed roughness on
subglacial water flow (e.g., Creyts & Schoof, 2009). The properties of the subglacial bed may vary among
glaciers, so we explore the effect of varying K, as done in Benn et al. (2019). We refer to K as a multiple of its
value in Benn et al. (2019), K, (K, = 2.3 x 1077 kg™ m? s%). We consider values of K that range between
0.005 X Ky and 10 X K, nearly four orders of magnitude, similar to the range of reported subglacial hydraulic
transmissivities (e.g., Iken et al., 1996; Kulessa & Murray, 2003; Lai et al., 2021; Sommers et al., 2023).

The second term on the right hand side describes the channelized drainage component, also driven by a gravi-
tational gradient. ¢ is a fill-fraction allowing the channels to be partially filled during times of falling discharge
(Benn et al., 2019). K, is a constant describing channel roughness, W.. is a constant describing channel spacing,
and S describes channel cross sectional area.

3. Results
3.1. Seasonally Variable Water Supply to the Glacier Base

We reproduce the previously published surging behavior using the model setup of Benn et al. (2019), with annual
accumulation of 0.6 m.w.e. and mean annual temperature of —8°C (Figure S1 in Supporting Information S1).
However, when we introduce seasonality in meltwater production and the modified meltwater supply to the bed,
surges no longer occur without further modification to the model. The model output shifts from sudden speedups
every ~ 8 years (Figure 2a) to a regime of annual speedups driven by the melt season influx of surface runoff
(Figure 2b). Each year, surface melt reaches the bed when temperatures rise above freezing, but ice speeds are low
and only 10% of surface runoff is transferred to the glacier bed (Figure 2b). The seasonal initiation of melt input
increases basal enthalpy, lowers effective pressure, and accelerates ice-velocities, triggering an acceleration akin
to a “spring speed up” (e.g., Anderson et al., 2004; Mair et al., 2003). Increased basal water thickness (w) briefly
drives significant drainage from the distributed component of the drainage network (Equation 5), followed by a
drop in ice-velocities. Thus, seasonal enthalpy gains also dissipate seasonally.
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Figure 2. Comparison of output variable timeseries for two model realizations, both with the same climatic parameters. All variables are normalized by their respective
maximum values. (a) Case with §,;, = 0 and no seasonal temperature fluctuations. This corresponds to Case 3 in Benn et al. (2019). (b) Case with the introduction of
seasonal temperature fluctuations and where at least 10% of surface meltwater reaches the glacier bed at all times.

3.2. Variation in Distributed Drainage System Supply and Hydraulic Transmissivity

Our model solutions exhibit a wide range of behaviors dependent on choices for f;, and K (Figure 3). All model
solutions for f,;, > 0 contain annual oscillations in ice velocity, thickness, and other characteristics. To describe
longer-timescale oscillations, we identify the return period of maxima in sliding velocity (or equivalently, ice
thickness). All parameter combinations to the left of the 2-year contour in Figure 3a (~15% of the investigated
parameter space) contain oscillatory behavior with a return period of 2 years or more. The longest return period in

=0and K = 0.005 X K. Return periods decrease rapidly with
increasing values of K. Return periods also decrease with increasing values of f.;,. At K = 0.005 X K,
Puin = 0.075 yields 100-year surge intervals, and f,,;, = 0.12 yields 10-year surge intervals. As f,,;, increases,
increasingly low values of K are needed to produce multi-year speedups, and vice-versa. However, the depen-

the parameter space is >1,500 years, for /3,

min

dence of return period on K and f,;, is not consistent everywhere, and sets of these parameters produce only
seasonally varying velocities (e.g., K < 0.2 X K, with f;, > 0.12, Figure S3 in Supporting Information S1). We
quantify the duration of the active phase of the surge cycle by the duration of dynamic thinning (Text S2, Figure
S2 in Supporting Information S1). The duration of dynamic thinning varies between <1 year and ~ 22 years,
depending on K and f_;,, but with a different functional relationship than that of surge recurrence. Surge
recurrence and surge duration are independent. Lower values of K tend to drive longer surges (Figure S4 in
Supporting Information S1), while the dependence on water delivery to the distributed system during quiescent
phases (ﬂmin) is more complicated.

3.3. Modeled Surge Cycle

Here we discuss one specific parameter combination of §;, = 0.1 and K = 0.01 X K, to demonstrate new
insights provided by the modified enthalpy model. This parameter combination produces surges every 16 years
with 3.3 years durations, and its solutions are representative of a wider range of the parameter space (Figure 3).
More unusual results that are uncommon within the K — f,,;, phase space, including non-periodic behavior, are

TERLETH ET AL.

5of 10

ASULII] SUOWWOY) dANE2I)) d[qedridde ayy Aq pauIaA0T axe sa[dNIe Y 35N JO SI[NI 10§ AIRIQIT UIUQ AJ[TAL UO (SUOTIPUOD-PUE-SULIA)/WOY K314 ATeIqI[aur[uo//:sd)y) SUONIpUo)) pue suIa ], 3y 33 *[$70T/L0/67] uo A1eiqry auruQ LI © snewojoyueg Kpowt], £q £1SZ1 " TDYT0T/6T01° 01/10p/wod Aaim’ Kreiqijaurjuorsqndnge//:sdny woij papeojumo(] ‘€z ‘40T ‘ LO0SF61



.Y d N |
MI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112514

ﬂmin b ﬂmlu
0.08 012 0.16 0.2 0 0.04 0.08 012 0.16 0.2
103 20
z 10
Qo
102 £ = 5 =
B g
g O =
2 X 2z
3 3
10! & s
[ 1 =1
‘ 05

-------- surface melt

[ melt flux

reaching the bed
basal enthalpy

sliding velocity
effective pressure
conduit diameter
subglacial dis.
ice thickness

5 10 15 20

time (years rel. to surge onset)

Figure 3. (a) Return period of the highest amplitude speedup present in the modeled basal motion as a function of §,;, and K. Solid contour shows a 2-year return interval
(i.e., the shortest potential return period that could be identified as a surge) and dotted contours indicate 10-year and 100-year return intervals. No dynamically stable
model solutions exist below K = 0.005 X K (Figure S2 in Supporting Information S1). Only seasonal speedups are produced when f,,;, > 0.25. (b) Surge duration,
determined as the time interval between the maximum modeled ice thickness and the consecutive minimum modeled ice thickness, as a function of f;, and K. Note the
Y-axis and color-map are on logarithmic scales. (c) Model solution for f;, = 0.1 and K = 0.01 X K. All variables normalized by their respective maximum values, and
time is defined relative to the first year with a clear peak in sliding velocity. Legend as in Figure 2.

presented within the Supporting Information S1. The first half of quiescent phases (e.g., year 3—year 10 in
Figure 3c) show net, but non-monotonic decreases in basal enthalpy. The second half of quiescent phases (e.g.,
year 11-year 16) are marked by net, but non-monotonic, accumulation of basal enthalpy. Seasonally evolving
channel size is present throughout the quiescent phase. The melt season influx of water to the distributed drainage
system causes decreasing annual minima in effective pressure from 50% of its maximum value in year 11 in
Figure 3c (5§ years prior to surging) to 25% of its maximum value in year 16 (at surge initiation). During this time,
seasonality in conduit diameter is superimposed on a multi-year pattern that sees channel size peak ~ 1.5 years
after surge termination (year 4.5 in Figure 3c), then decrease to ~5% of the maximum value by year 9. Over the
5 years leading up to the next surge, the conduit diameter increases to ~15% of its maximum value. In years 0 and
16 (the years of surge initiation), the wintertime effective pressure remains below 80% of the ice overburden
pressure, allowing increased wintertime basal motion. The surge then materializes as a 3.28 year period of dy-
namic thinning and ~ 10-fold increases in ice velocity, with above quiescent wintertime velocities maintained
between the two surge summers (Figure 3c). The subglacial discharge volume increases during the surge sum-
mers, reaching up to 100-fold its summertime quiescent levels. Mid-surge peak subglacial discharge is largely
accommodated by the distributed drainage system, although the channel size continues to grow during and several
years after the surge. At the conclusion of the three surge years, basal enthalpy remains above ~ 40% of its
maximal value and wintertime effective pressure remains below 40% of overburden pressure. However, ice
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thickness has decreased by ~30%, leading to lower driving stress, and the subsequent melt-season speedup has a
lower magnitude. Because basal enthalpy (i.e., subglacial water content) remains high, there is continued growth
of the channelized drainage component until year 4 (~ 1.5 years after the surge). Wintertime basal enthalpy
decreases to reach values near zero nearly halfway through quiescence. Wintertime effective pressure increases
after the surge to match overburden pressure by year 5 (~2 years after the surge) (Figure 3c).

4. Discussion

While the model results show that certain parameter combinations of low basal hydraulic transmissivity and
restricted water supply to the distributed drainage system yield both annual and multi-year variability in ice
velocities (Figure 3), we acknowledge the simplified physics when trying to infer quantitative meaning from these
values. For example, the basal transmissivity parameter K encompasses multiple processes: we do not untangle
the respective roles of subglacial roughness and till porosity, and there are likely non-linear behaviors and re-
sponses within each of these characteristics that we do not account for here (e.g., Beaud et al., 2022; Minchew &
Meyer, 2020; Thggersen et al., 2019). Climate is also known to impact the occurrence of surges (Sevestre &
Benn, 2015), which in this framework would impact the pacing of water delivery to the bed in ways potentially
similar to our K and f;, parameters. We do not explore the relationships between climate and surge charac-
teristics here. Additionally, the simplistic nature of the model prevents any evaluation of spatial heterogeneity in
drainage, crevassing extent, or friction characteristics even though these characteristics could be crucial to the
surging mechanism(s) (e.g., Haga et al., 2020).

Despite the simplified physics of the model, the simulated oscillations in glacier velocity, thickness, and drainage
resemble realistic surge cycles. We simulate seasonal speedups that escalate in amplitude in the lead up to the
surge (Figure 3b), consistent with observations (Liu et al., 2024; Raymond & Harrison, 1988). The increasing
amplitude of the modeled seasonal speedups are driven by gradually accumulating basal enthalpy, which results
from an excess of basal water supply relative to basal drainage and a gradual increase in ice thickness and driving
stress (Text S4 in Supporting Information S1). The crevassing feedback (Dunse et al., 2015; Sevestre et al., 2018)
in the model accentuates surging by driving a rapid increase in surface water delivery to the distributed drainage
system (year one in Figure 3b). We model active phases that last between <1 and ~22 years (Figure 3b) and that
show continued seasonal fluctuations in the drainage system discharge and in glacier velocities (Figure 3c), also
reflecting observations (Benn et al., 2023; Liu et al., 2024; Terleth et al., 2024). At the end of modeled surges,
effective pressure remains low, the volume of basal water remains above 50% of the surge-time maximum, and
the channelized drainage system continues to grow (Figure 3c). Because the model permits surge termination
prior to the full drainage of the glacier bed, the simulations show continuous and seasonally varying subglacial
discharge, plus gradual drainage of the glacier bed in the years following the surge, further mirroring field ob-
servations (Terleth et al., 2024; Zhan, 2019). Surge termination in the model is driven by a combination of
improved drainage and a ~ 30% reduction in driving stress that results from dynamic thinning of the glacier during
the surge (Figure S5 in Supporting Information S1). The influence of driving stress in surge termination agrees
with numerous observations of mass depletion from the reservoir zone (e.g., Guillet et al., 2022; Jiskoot
et al., 2001; Lauzon et al., 2023; Nolan et al., 2021). While surge initiation has long been explicitly linked to
critical driving stress values in the reservoir zone (Eisen et al., 2005; Liu et al., 2024), our novel model results
strengthen the notion that the interplay of subglacial hydrology and changes in driving stress drive the entire surge
cycle, including surge termination.

The notion that basal water trapped in a distributed subglacial drainage system drives surging is long-standing
(Fowler, 1987; Kamb, 1987; Kamb et al., 1985). However, the mechanism exhibited by the enthalpy model is
different from earlier theories of hydrologically-driven surging in that the poorly-drained distributed drainage
system plays a key role in priming the glacier to surge, rather than during the surge itself. Our model
implementation retains the Benn et al. (2019) characteristic that surges are the result of a mass and enthalpy
build-up during the quiescent phase, and shows that this process can persist under seasonally evolving basal
drainage. Parameter combinations that limit water supply to the distributed drainage system during quiescence
(ﬂmin) and limit the connectivity of the distributed drainage system (K) are required to produce surges in the
model. The surge phase is then marked by a period of active subglacial water drainage prior to surge termi-
nation, reflecting field observations (Terleth et al., 2024). In the model, the water supply (S, <0.12) from
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surface melt and basal hydraulic transmissivity (K) must be restricted such that there is insufficient water flux
during quiescence to “flush and drain” the distributed system annually, allowing basal enthalpy to accumulate
(Equation 5). The root of the unusual behavior of surge-type glaciers may thus lie in their quiescent dynamics,
rather than in their surging dynamics, when water drainage is more similar to the mid-summer configuration of
a non-surging glacier.

Fine-grained, soft, basal sediments are one source of low hydraulic transmissivity conditions (e.g., Doyle
et al., 2022; Flowers & Clarke, 2002a; Stone & Clarke, 1993) and are found at the bed of most surging glaciers
(Harrison & Post, 2003). Surging occurrence has been explicitly linked to soft beds (Bouchayer et al., 2023;
Jiskoot et al., 1998; Murray et al., 2000), although such trends might also reflect the low shear strength of tills
aiding fast basal motion (Truffer et al., 2000) rather than only hydrological characteristics. Meanwhile, our results
demonstrate that no distinguishable features of the basal drainage system need be present that separate surge-type
glaciers from non-surge-type glaciers (Raymond et al., 1995). To draw more definitive conclusions, future work
could consider spatial heterogeneity in the drainage system during quiescence. For example, Crompton
et al. (2018) suggest that transitions from harder substrates to soft beds below the glacier might provide ad-
vantageous conditions for surging. Furthermore, basal hydraulic transmissivity has been suggested to be strongly
variable over glacier beds (e.g., Rada Giacaman & Schoof, 2023; Sommers et al., 2023), and spatially distributed
modeling could prove helpful in determining the configuration and required extent of low-transmissivity con-
ditions that promote surging (e.g., Tsai et al., 2022).

In addition to the envelope of climatic conditions favorable to surging suggested in Benn et al. (2019), our model
results suggest that glacier specific water supply and drainage characteristics (e.g., f,,;, and K) influence the
propensity to surging and the duration of the surge cycle. While the impact of K on surge propensity was
identified previously Benn et al. (2019), lower values of both parameters produce longer surge recurrence in-
tervals (Figure 3a) but the active phase duration decreases with K (Figure 3b, Text S5 in Supporting Informa-
tion S1). These glacier-specific factors might help explain why surging and non-surging glaciers exist in close
proximity under similar climates (e.g., Guillet et al., 2022; Post, 1969; Sevestre & Benn, 2015). The model
solutions in Figure 3c newly capture several key features that have been observed for surging glaciers. First,
annual, seasonally-driven oscillations in ice velocities persist throughout the quiescent and surging phases of the
surge cycle. Second, water flux continues through the basal environment during all stages of the surge cycle.
Importantly, there is a continuum of seasonal to multi-year speedups that arise naturally from the model, and that
are achieved with the same effective pressure-dependent, monotonic sliding law. While we certainly do not
discard the possible importance of ice velocity-weakening basal resistance to flow as a mechanism for surging
(Minchew & Meyer, 2020; Thggersen et al., 2019, 2024), it is noteworthy that such behavior is not needed to
produce surges in our model. There is also no need for a dramatic change in the characteristics of the subglacial
hydrologic network, such as a sudden transition from channelized to distributed drainage (Kamb, 1987), to trigger
or terminate surging. Instead, our model suggests that surges can be the expression of a combination of cir-
cumstances occurring throughout the surge cycle and described by a single physical system, rather than requiring
more complicated surge-specific binary ice flow mechanics.

5. Conclusion

Our model results show that a simple, periodic, hydrological forcing can drive variability in ice velocity at
multiple timescales simultaneously. Using the basal enthalpy-driven surge cycle of Benn et al. (2019) as a starting
point and working from fixed climatic parameters with seasonally variable surface melt, we investigated the effect
of varying the minimum fraction of surface melt reaching the distributed basal drainage system and the hydraulic
transmissivity of the distributed drainage system. We produce seasonal oscillations in ice velocity throughout the
investigated parameter space. Additionally, smaller portions (<12%) of surface melt consistently supplied
directly to the distributed drainage system, combined with subglacial environments that have low hydraulic
transmissivities favor surging in our model. Conversely, lower portions of supraglacial water that interact with the
subglacial drainage system and more transmissive distributed systems inhibit surges. Our findings are derived
from simulations made with a simplified zero-dimensional model. Nevertheless, the features we identify show
many similarities to both observed surges and non-surge-type glaciers, and our extended model provides a
physically-based, straight-forward explanation for diverse, temporal patterns in glacier velocity.
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