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Abstract. Subglacial drainage is a crucial component of the dynamics of glaciers and ice sheets, through its impact on basal
sliding, ice flow velocities, and ultimately, glacier mass loss. Numerical models of subglacial drainage that combine both
distributed and channelized flow in 2D have enabled many studies of subglacial hydrology and its link to ice flow. However,
existing 2D models are fundamentally limited by their inability to incorporate the physical representation of ice uplift, when
water pressure reaches ice overburden, and free-surface flow at atmospheric pressure. We present GlaDS-2, a new subglacial
drainage model that addresses this modeling gap by incorporating bounded subglacial water pressures into a novel, unified,
and mass-conserving formulation. GlaDS-2 builds upon the Glacier Drainage System (GlaDS) model by including physics-
based representations of ice uplift and free-surface flow in addition to pressurized subglacial flow, and implicitly captures the
evolving boundaries between different flow regimes. We showcase the new capabilities of the model by simulating a rapid
supraglacial lake drainage on both synthetic and real topography from North Lake in Greenland. The model simulates the
formation and dissipation of a traveling subglacial water blister inducing transient ice uplift, captures regions of free-surface
flow at the ice margins, and integrates the modeling of proglacial flow dynamics. Our simulations demonstrate that the spatial
and temporal extent of the ice uplift following the lake drainage is influenced by both englacial storage and the pre-existing state
of the subglacial channel network. Overall, GlaDS-2 provides an improved numerical foundation for future coupled subglacial

drainage and ice-flow modeling.

1 Introduction

The subglacial drainage system is a key driver of transient fluctuations in basal sliding and, thus, of ice-sheet and glacier flow.
Changes in this system can be driven, for example, by internal drainage dynamics (e.g. Stearns et al., 2008), climate-driven
variations in surface meltwater input (e.g. Sundal et al., 2011), episodic lake drainages (e.g. Maier et al., 2023), or glacier retreat
(e.g. Zhao et al., 2025). Understanding these dynamic relationships therefore requires comprehensive modeling of subglacial
processes. To this end, numerical models of subglacial drainage have evolved to simulate water flow in two dimensions at the
ice-bed interface and generally feature both distributed and channelized drainage, often based on linked cavities (Walder, 1986;
Kamb, 1987; Hewitt, 2011) for the former and ice-incised R-channels (Rothlisberger, 1972; Nye, 1976) for the latter. In their
implementation, these models either are physics based (e.g. Schoof, 2010; Hewitt, 2013; Werder et al., 2013; Bueler and van
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Pelt, 2015; Sommers et al., 2018; Felden et al., 2023), emulate physics-based models (e.g., Verjans and Robel, 2024), or are
based on parameterizations (e.g., de Fleurian et al., 2014; Beyer et al., 2018; Kazmierczak et al., 2024).

The Glacier Drainage System (GlaDS) model (Werder et al., 2013) is one of the most widely used physics-based sub-
glacial drainage models that incorporates distributed and channelized flow. In the classification of Flowers (2015), GlaDS is
a latest-generation, physically-based, two-dimensional, multi-element model. It has been implemented and used in its original
MATLAB version (e.g., Dow et al., 2016; Hill et al., 2023), within the ice flow model Elmer/Ice (e.g., Gagliardini and Werder,
2018; Scholzen et al., 2021; Cook et al., 2022), within the ice flow model ISSM (e.g., Ehrenfeucht et al., 2023; McArthur et al.,
2023), and in other independent codes (e.g., Downs et al., 2018; Brinkerhoff et al., 2021).

Previous two-dimensional models, including GlaDS, neglect ice uplift caused by hydraulic jacking and fail to capture free-
surface flow by restricting the subglacial space to a permanently water-filled state. The reason for these two omissions is that
their thus far proposed implementations are non-trivial from both a mathematical and numerical point of view. However, ice
uplift is often observed during the rapid drainage of supraglacial lakes (e.g. Das et al., 2008), above subglacial lakes (e.g. Gray
et al., 2005), during spring events before the efficient summer drainage system is developed (e.g. Iken et al., 1983), in glacier
surges (e.g. Kamb and Engelhardt, 1987), and in jokulhlaups (e.g. Huss et al., 2007), among others. Likewise, free-surface flow
is often present on steep slopes and near land-terminating ice sheet outlet glaciers and glacier termini (e.g. Nienow et al., 1996).
Properly incorporating all three subglacial water pressure regimes would improve the physical accuracy of subglacial drainage
modeling in many scenarios. In the bigger picture, this improvement holds direct relevance to ice flow modeling through the
well-established impact of effective pressure on ice sliding speed and, thus, ice-sheet-driven sea-level rise (e.g., Schoof, 2010;
Stevens et al., 2018; Maier et al., 2023; Zhao et al., 2025).

Small-scale models that take into account ice uplift have been proposed, such as elastic models for the rapid drainage of
surface lakes in Greenland (e.g., Tsai and Rice, 2010; Lai et al., 2021). Ice uplift and free-surface flow directly incorporated
into GlaDS or another latest-generation hydrology model is thus far limited to two companion papers (Schoof et al., 2012;
Hewitt et al., 2012), but their numerical implementation was restricted to one dimension. Their approach is computationally
demanding due to the three different physical regimes solving different model equations, and their domain boundaries needing
careful tracking and enforcement of mass conservation. Therefore, a crucial next step for future studies is to scale these
implementations into two dimensions and enhance their numerical performance.

A recent study by Zhang et al. (2025) developed a model for subglacial blisters as a viscous water flow component under
an elastic ice sheet, connected to a two-dimensional subglacial drainage model through a leakage term. This approach can
effectively incorporate the ice uplift behavior associated with subglacial blisters in two dimensions, but it remains restricted to
the modeling of blisters resulting from supraglacial lake drainage events, and does not incorporate free-surface flow.

In this work, we introduce GlaDS-2, a new subglacial drainage model that builds upon GlaDS and includes ice uplift,
pressurized flow, and free-surface flow regimes in two dimensions. Our implementation is based on a bounded equation for the
water pressure, and a mass-conserving approach that does not require the boundaries between regime domains to be tracked;
they can instead be obtained by post-processing. The spatial grids and numerical solver are designed to be compatible with

GPU computing, which will enable large-scale, high-resolution simulations in future work.
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The paper is structured as follows. In Sect. 2, we introduce the physics and numerical approach implemented in GlaDS-2.
In Sect. 3, we compare the results of our model to those of Schoof et al. (2012) and Hewitt et al. (2012). In Sect. 4, we use
GlaDS-2 to simulate a rapid supraglacial lake drainage on synthetic topography (Sect. 4.1) and on real topography (Sect. 4.2).

In Sect. 5 and Sect. 6, we discuss our results, show avenues for future work, and present concluding remarks.

2 Methods

GlaDS-2 simulates subglacial water flow through both the distributed and channelized drainage system. The former system is
modeled with subglacial sheet equations (Sect. 2.1), and the latter with R-channel equations (Sect. 2.2). The model runs on a
two-dimensional domain (x, y) € Q with boundary 6€2, on which bed elevation B = B(z, y) and ice thickness H = H(z, y)
are defined. The model requires initial conditions of the subglacial drainage system, boundary conditions on §§2, and a definition
of the water input m on (2. The variables and parameters used in the model are listed in Table 1 and 2, respectively.

The approach in GlaDS-2 builds upon the physics for the subglacial sheet and channels in GlaDS (Werder et al., 2013), uses
a structured grid comparable to Hewitt (2013), and incorporates the subglacial regimes of ice uplift and free-surface flow as in
Schoof et al. (2012) and Hewitt et al. (2012). Similar to Bueler and van Pelt (2015), our approach is mass-conserving and uses
a closure relation that defines water pressure as a function of the amount of water.

When including the physical regimes of ice uplift and free surface flow, the regions on which these occur are themselves
part of the solution. This poses a free-boundary problem, which was previously solved through variational inequalities (Schoof
et al., 2012). We instead implement a front-capturing approach, solving a single set of equations for all three regions and using
a piecewise closure relation connecting system variables, which we detail in Sect. 2.1.

To model ice uplift without coupling to an ice-flow model, we assume hydrostatic ice overburden pressure and static ice
thickness. Consequently, ice uplift is represented as occurring instantaneously once subglacial water pressure equals ice over-
burden pressure. The implications of these simplifying assumptions are discussed in detail in Sect. 5.3.

Including free-surface flow directly extends our modeling approach to the proglacial zone (where the ice thickness is zero).
Fundamentally, representing flow at atmospheric pressure allows the same governing equations to be solved in both unpres-
surized subglacial space and unglaciated regions, enabling a continuous transition between subglacial and proglacial water

flow.
2.1 Subglacial sheet equations

We describe the distributed drainage system together with the englacial system and define h to be the total volume of water
per unit area of the bed (the water can be anywhere within the ice column, see Fig. 1a). This is partitioned into the flowing

thickness h,,, and a thickness of stored water, h.:

h = hy + he. (D
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Table 1. Variables of the model and their units.

Description Symbol  Units
Time t S
Horizontal coordinates T,y m
Along channel coordinate s m
Sheet water height h m
Flowing sheet thickness hw m
Stored water thickness he m
Mean cavity height hg m
Storage capacity thickness Ah m
Water pressure Pw Pa
Hydraulic potential 10} Pa
Effective pressure N Pa
Sheet water flux q m?s~?
Sheet flux along channel Qe m?s~!
Melt input m ms~!
Channel cross-section S m?
Water-filled channel cross-section Sw m?
Channel radius R m
Water-filled channel height R m
Channel discharge Q m3s?
Dissipation power = Wm!
Pressure-melting power I Wm™?
Effective diffusivity Deg m2s7!
Effective velocity Vert ms !

When the flow is pressurized, as assumed in the original GlaDS model, the flowing thickness h,, is equal to the locally-averaged
cavity height h, the evolution of which we discuss below. But under conditions of ice uplift we now allow h,, > hy, and under
free-surface flow we have h,, < hg, as illustrated in Fig. 1a. Note that our notation is slightly different from that used in the
original GlaDS model, where h was used to mean h,, here, and only the pressurized case was considered.

The stored component h, is most easily thought of as englacial storage, which is assumed to be proportional to the basal
water pressure p,,,
he = ey 22, @)

Pwd

where e, represents the englacial void ratio. However, it is also possible to interpret h. as other stored water, the volume of

which is proportional to water pressure (such a relation might occur due to linear elastic deformation of fractures within the ice,
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Table 2. Parameters of the model with their default value and units.

Description Symbol Units Value
Sheet conductivity k m"/4 kg™ 1/2 0.01
Channel conductivity ke m®/? kg™ 1/2 0.1
Flow law area exponent « - 5/4
Flow law grad. exponent B - 3/2
Rheol. const. cavities A Pa~"s™! 6.75x 107

Rheol. const. channels A Pa~"s™! 6.75x 107
Glen’s law exponent n - 3
Englacial void ratio €v - 107*®
Cavity spacing lr m 2
Basal sliding speed Up ms™? 3.2x1076°
Bump height hr m 0.1
Sheet melt width le m 2
Clapeyron slope Ct KPa~! —7.5x1078
Heat capacity of water Cw Jkg7'K™! 4220
Latent heat of fusion L Jkg™! 3.34 x 10°
Water density Puw kgm 3 1000

Ice density i kgm™3 910
Gravitational accel. g ms 2 9.81
Bed elevation B m

Ice thickness H m

Ice overburden pressure i Pa

2Except where explicitly modified in Sect. 3 and Sect. 4.1.1

PEquivalent to 100ma~—!

for example). Similar relationships (though not necessarily linear) have been used by Flowers and Clarke (2002) and Bueler
and van Pelt (2015), where they instead assumed storage occurred in porous sediment.

Since we restrict p,, not to exceed the ice-overburden pressure p; (detailed below), the maximum amount of storage is

Ah= e, :ev&H7 3)

Y pwy Pw

where H is the ice thickness (here, we take p; = p;gH, though when coupled to a Stokes ice-flow model, it should be replaced

by the normal stress o, at the bed).
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Figure 1. Sketch of the different regimes in the subglacial sheet and channels. (a) Side view of subglacial sheet drainage and englacial
storage in ice uplift, pressurized flow, and free-surface flow regimes. (b) Cross-sectional view of an R-channel above the subglacial sheet, in
its fully-filled, partially-filled, and empty regimes. Fully-filled channels take place with ice uplift or pressurized flow in the sheet, partially-

filled channels with pressurized flow in the sheet, and empty channels with free-surface flow in the sheet.

105 Considering (1), (2), and (3) allows us to relate the water pressure directly to h through a closure relation that bounds the

water pressure between atmospheric and ice overburden pressure:

s if h>hy+Ah
Pw=21 pi(h—hg)/Ah if hy <h<hy+Ah )
0 if 7 < hy.

This is the key component of the model that distinguishes the three physical regimes in the subglacial water sheet:

— Ice uplift: A > hy+ Ah. Cavities and englacial storage are both completely filled, and additional water entering the sheet
110 is accommodated through hydraulic jacking, with the value of the water pressure staying constant at ice overburden

pressure. In this regime, h, = Ah and h,, = h — he.

- Pressurized flow: hy < h < hg+ Ah. Cavities are completely filled with water, and additional water entering the sheet is
incorporated into englacial storage in an elastic manner, elevating the value of water pressure from atmospheric pressure

and up to ice overburden pressure. In this regime, h,, = hgy and 0 < h, < Ah.

115 — Free-surface flow: h < hy. Water flows through cavities that are partially filled, with the value of water pressure staying

constant at atmospheric pressure. In this regime, h,, = h and h, = 0.

Within the proglacial zone, p; = 0 holds true independently of h and h, (the latter being physically meaningless in this
region of the domain). Consequently, the value p,, = 0 is enforced on proglacial water flow by design, as the upper and lower
pressure boundaries in Eq. (4) collapse to atmospheric pressure.

120 We have not yet said anything about the average cavity height g, which itself can vary in space and time. As detailed in
Hewitt (2011) and Werder et al. (2013), this is assumed to evolve through a combination of opening by sliding over bedrock
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bumps, and closing through creep closure, following the relation

oh U 2
8—;’ — Tb (hy —hy) — —AhgN™, 5)

where ¢ is time, uy, is the basal sliding speed, [,. the typical horizontal cavity spacing, h,. is the typical bedrock bump height, n
is the exponent in Glen’s law, A represents the multiplication of the rheological constant of ice times an order-one geometrical
factor that depends on the shape of the cavities, and N = p; — p,, is the effective pressure. In our model, N is always non-
negative (a consequence of the definition of the subglacial water pressure in Eq. (4)), so Eq. (5) implicitly ensures that h,
remains bounded between 0 and h,..

We define the water flux through the distributed sheet q using the Darcy-Weisbach relation for turbulent flow:
a=—kh3,|Vo|"* Vo, (6)

where k is the sheet conductivity, « and /3 are the water flow law exponents, and ¢ is the hydraulic potential driving the flow.

We define the latter as

¢:pwg(B+hw)+pwa @)

where p,, is the density of water, g is the gravitational acceleration, B is the bed elevation. Unlike the original GlaDS model
(Werder et al., 2013), we retain the influence of the sheet thickness %, on the depth averaged water pressure (assuming a
hydrostatic profile), and are therefore specifically taking p,, to be the water pressure at the top of the flowing part of the sheet.

To help visualise the hydraulic potential in the figures, we also define the bed elevation potential,
Pm = puwgB, ®)
and the overburden hydraulic potential,
¢o = pwgB +pigH. )
From the bounds on the water pressure we always have ¢,,, < ¢ — ppghy < Pg.
2.2 Subglacial channel equations

We include channelized flow on a discrete subset of the two-dimensional domain, defined by the edges of the prescribed
numerical mesh. Channels open through melt due to energy dissipation in turbulent flow, and close through viscous creep. The

time evolution of a channel’s cross-sectional area S follows the equations

05S =+11 2
=2 — Z A.SN™, 1
ot i L n" -5 (10)
- ¢ ¢
E=—Q=C —l.q.—, 11
Qas Ge (11)
Opw

II= —cicwpw (Q + flc(Ic) (12)

Os '’
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where () is the discharge along the channels, = corresponds to the melt originating from the potential energy dissipated by
water flow, II to the melt or freeze from the heat originating from changes to the pressure melting point of the ice on the
channel walls (note that our sign convention for both IT and ¢; differ from Werder et al. (2013)), A, is the rheological constant
of ice in the channels (as we assume semi-circular channels, no geometrical factor is absorbed into A.), s is the coordinate
along the channel, [. is a length scale representing the width of the sheet around a channel that contributes to channel melt, g,
the discharge in the sheet along the channel direction, c; is the Clapeyron slope, ¢, is the specific heat capacity of water, and
f is a switch to prevent channel size from becoming negative:

1 ifS>0o0rqg. 2 >0,
f= 3 (13)

0  otherwise.

We allow the water-filled section of the channels S,, to be lower or equal to their total cross-sectional area S. The first case
corresponds to partially water-filled channels, and the latter case to fully water-filled ones. To find S,,,, we assume that channels
have a semicircular area with radius R, thus S = 7 R2 /2, and we calculate the water-filled height R,, as

h@ w
Ry, = min ( R> — min <p, R). (14)
v Pwg

The water-filled cross-section .S, can then be found using R, as the circular segment apothem through the relation

S,, = min (S— <R2arccos (%) — R/ R? —Ri) , S) . (15)

The different regimes for channel flow are illustrated in Fig. 1b. Each channel regime corresponds to a specific flow regime
in the surrounding sheet: fully filled channels co-occur with either ice uplift or pressurized sheet flow, partially filled channels
with pressurized sheet flow, and empty channels with free-surface sheet flow.

Discharge in the channels @ follows the turbulent flow law

B—=2 %
0s’

9¢

Q= ke 0s

(16)

similar to Eq. (6), and where k. is the conductivity of the channels, and « and 3 are the same flow law exponents as in Eq. (6).
We keep the conductivity k. constant by assuming in Eq. (16) that S,, is of semi-circular shape. This is a slight simplification
with respect to the truncated semi-circular shape of S, in Eq. (15), see Schuler and Fischer (2009) for a more thorough

treatment.
2.3 Combined mass conservation

We assume for simplicity that the volume of the water in the channels is negligible (i.e. they conduct water at a rate () without

themselves providing any storage capacity). Conservation of mass is then expressed as

oh 90 S+11
 tVrat ook =mt ==

d(x.), a7
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where m is the melt input, and the delta function J(x..) is non-zero at the 1D subset of the domain x. on which channels are
defined. (If the volume of water stored in the channels were included, an additional small term 9.5, /9t §(x.) would appear on
the left hand side of this equation, which could be handled numerically but would add disproportionate complexity to benefit).

Boundary conditions on Eq. (17) can be defined through h or q. This is straightforward for set values of i such as in the
case of ocean-terminating glaciers where h at a proglacial boundary remains at sea level, and for set values of q such as in the
case of a known inflow or outflow (including no flow). It is less straightforward for boundary conditions on water pressure. In
this case, e.g., in the case of imposing atmospheric pressure at a boundary, we use the ghost-point method and impose h on a

point outside of the numerical grid from the condition p,, = 0.
2.4 Numerical approach

We use finite differences to discretize the 2D domain. Specifically, we implement a structured, staggered grid, with constant
grid spacing (Az, Ay) as shown in Fig. 2. Variables h, hy, and m (and derived variables ¢, p.,, h., he, Ah) are defined on the
cell centers. The sheet flux components, 9 = (g, gy), are defined in a staggered way, on their respective cell edges. Channel

discharge (), as well as channel variables S and S,, (and derived variables R, R,,, =, and II), are defined on the cell edges.

Az
— >
1 1 1
T T T
Ayl + o —+ e —+— o —+
1 1 1
T T T
4+~ e —+ e —+ e —+
1 1 1
T T T
-~ e —+ e —+— e -
1 1 1
T T T
e h,hg,m

- qn7Q7 Sy S’w

Figure 2. 2D staggered grid showing spatial discretization and variable locations. g, denotes the normal component of q on each cell edge,

such that g, = g, on vertical edges (—) and g, = gy on horizontal edges (| ).

We solve the mass conservation equation (Eq. (17)) for h as the main partial differential equation (PDE). This differs from
the approach in the original GlaDS implementation, which instead solved a PDE for the hydraulic potential ¢. By solving for
the conserved quantity /, and using a conservative numerical method as detailed below, mass conservation is directly ensured.
Also notably, the transitions from free-surface flow to pressurized flow, and from pressurized flow to ice uplift, do not need to
be tracked and can instead be found in post-processing.

At each time step, our numerical approach executes the following steps:
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1. hy, Pw, ¢, Sw, g, and @ are computed using the relations (1), (4), (7), (15), (6), and (16), respectively.
2. The time-step size is calculated from the values found in step 1 as detailed in Sect. 2.5.

3. hisupdated by integrating PDE (17) for mass conservation, using a forward Euler scheme in time and central differences

in space.
4. hg and S are updated by discretizing the ODEs (5) and (10), respectively, using semi-implicit Euler in time.
2.5 Time-step size calculation

Since we use explicit time integration, the time step must be calculated from stability bounds. We find the approximate values
for these bounds by linearizing the equations at each time step, and identifying diffusive and advective components of water
flow in Eq. (17). We distinguish these components by finding the values of the effective diffusivity D.g and effective velocity
Vg, such that

A+ Q6(x.)8 ~ —Degt (h, VR)Vh + Vg (h, VR)h + £, (18)

where § is the unit vector in the direction of channel flow, and f represents the terms that do not depend on h and Vh. As ¢ and
@ are nonlinear in i and Vh, a full decoupling of diffusive and advective terms is not straightforward. Deg and Vg are defined
by identification from q(h, Vh) and are pointwise functions of the state of the system. We distinguish two different values for
each effective coefficient, the first corresponding to the regimes of ice uplift and free-surface flow (Deg ¢ and Vg y¢), and the

second corresponding to pressurized flow (Deg , and Vg ), yielding

Defrut = pug (khS + keSS0(xc)) V| 2, (19)
Dest p = €, ' pug (KhS, + keSgo(x.)) [Vo|” 2, (20)
Vet .ut = kahl ' Vel Vo + hy Qo (x.)8, @1)
Veip = hy'q+e; ' keaRSS V| 2V (22)

We then compute the time-step size At as

(23)

. 2 .
At — Cmin ( min (Az, Ay) min (Az, Ay) ) 7

Amax (Dest uf, Derrp) " 2max ([Ves,ut oo - [ Vel o)

where C is a factor that we determine empirically. In the simulations, we find that C' = 1/2 is sufficient for stable time integra-
tion. The maximum is computed between all the local values at each grid cell, and ||-|| ., denotes the L, norm.

An important consequence of the definitions in Eq. (19)—(22) is the key role of the parameter e, on numerical performance.
In pressurized flow, through both Def;, , and Vg, p,, the order of magnitude of the time step bound largely relies on the order
of magnitude of e,. Namely, the runtimes for simulations with larger e, (i.e., e, > 10~3) are significantly faster than those for

simulations with smaller e, (i.e., e, < 107?).

10
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Figure 3. Three steady state drainage systems of a synthetic stepped glacier under uniform melt input 7. Numerical results from GlaDS-2
are shown in dotted lines, and reference steady states from Schoof et al. (2012) and Hewitt et al. (2012) in solid red lines. The left column
shows sheet-only model results, whereas the middle and right columns show coupled sheet and channel model results. Note the different
y-axis scales across the different columns. (a) Hydraulic potential ¢, bed elevation potential ¢,, and overburden potential ¢o. (b) Water
sheet height & and cavity height h4. Regions with h > hg correspond to ice uplift, h = h, to pressurized flow, and h < hg to free-surface
flow. (c) Channel cross-section S and water-filled cross-section S,,. Regions with S, = S correspond to fully-filled channels, and S, < S

to partially-filled channels. (d) Channel discharge and width-integrated sheet discharge.

3 Model comparison

A core aim of our study is to extend the 1D numerical implementation of the model described in Schoof et al. (2012) and
Hewitt et al. (2012) into 2D. Therefore, in this Section, we compare the results from our model to those of their implementation,
hereafter referred to as the 1D implementation, for a set of representative examples originally presented in the 2012 companion
papers.

A key difference between the models is that our model incorporates englacial storage via the englacial void ratio e,,, whereas
this component is absent from the 1D implementation. To allow for comparison between the two models, we set e, = 107°
in our model. This value is chosen small enough to keep the englacial sheet height generally negligible, and large enough to
not significantly impact model performance through its effect on reducing stable time-step size. Another difference is that, in
the 1D implementation, the typical separation of channels is prescribed to 200 m (as the second dimension is not modeled),
whereas in our 2D model the value of this separation is free to evolve and would appear as an output. However, as the edges of
our numerical grid determine the possible locations of channels, we can impose the prescribed channel separation in our model

through setting the grid spacing in the y direction to 200 m. The grid spacing in the x direction can be chosen freely for this
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comparison, and we set its value to 500 m. Last, to compare our model to the 1D implementation, we display results along a
1D cross-section of our 2D domain.

The presented examples illustrate steady states of a synthetic stepped glacier under a uniformly distributed melt input. The
examples are selected such that they span all three subglacial water pressure regimes in the sheet and all channel flow regimes,
enabling to compare model behavior across all possible physical states.

In Fig. 3, at high melt input m = 20 mm d ' and with sheet-only flow (left column), the steady state displays pressurized
flow in all of the domain except near the terminus, where ice uplift occurs. With the same high melt input, the steady state with
channels (middle column) no longer displays ice uplift, as channel opening allows the subglacial water pressure to decrease.
In this case, sheet flow is pressurized throughout the domain. At lower melt input 7 = 5 mm d ! (right column), the domain
includes pressurized flow together with free-surface flow. The latter is present in regions where the drainage space is large
enough to transport the water without needing to pressurize it, namely at the top of the domain, on the steeper slopes and at the
terminus.

The steady state results also include all different regimes in channel flow. At the higher melt input (middle column), channels
carry a significant portion of the subglacial discharge, and combine sections where they are fully water-filled on shallower
slopes, and partially water-filled on steeper slopes and at the terminus. At lower melt input, channels remain small throughout
the domain and the majority of subglacial flow is carried by the sheet. Channels are fully water-filled on shallower slopes, and
are larger and empty on steeper slopes and at the terminus.

This comparison shows that the steady states reached by GlaDS-2 are mostly indistinguishable from those presented in
Schoof et al. (2012) and Hewitt et al. (2012), throughout the different water pressure regimes in the sheet, the different regimes
in channel flow, and the transitions between each of them. The same result extends to the other test cases featured in the
companion papers. Although the two models differ in several details of their implementation, they reach equivalent steady-state
solutions for all provided examples. We therefore conclude that our model can be used as an extension of the 1D implementation
into 2D.

4 Simulation of a rapid supraglacial lake drainage

Rapid supraglacial lake drainages have been widely observed on the Greenland Ice Sheet (e.g., Das et al., 2008; Stevens et al.,
2015; Chudley et al., 2019). In these events, millions of cubic meters of water are drained into the subglacial system within
just a few hours. This sudden water input can temporarily induce ice flow acceleration as the water is drained downstream
(Andrews et al., 2018; Mejia et al., 2021; Maier et al., 2023) through its effect on inducing ice uplift and decreasing effective
pressure. Quantifying how subglacial water pressure and the surrounding drainage network evolve during these lake drainages
is critical to understanding their impact on ice velocity and long-term ice sheet mass loss (Andrews et al., 2014; Maier et al.,
2023).

We use GlaDS-2 to simulate a rapid supraglacial lake drainage both on synthetic (Sect. 4.1) and real topography (Sect. 4.2).

Through these simulations, we demonstrate the model’s capability to quantify transient subglacial water pressure dynamics
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during and after lake drainage. Specifically, we capture the ice uplift driven by a propagating subglacial water blister and, by

selecting a land-terminating glacier, we additionally simulate the transition to free-surface flow near the ice margins.
4.1 Synthetic topography

The synthetic topography is defined by a constant-sloped bed and a quadratically decreasing ice thickness (Fig. 4b). The
spatial domain spans 50 x 15 km?, where the last ~ 3 km along the x direction have zero ice thickness and thereby represent
the proglacial region. We use a spatial resolution of 500 x 500 m?, and impose an incoming subglacial sheet flux of 1 mm? s—!
on the upstream boundary (corresponding to 0.015 m? s~! total inflow), zero flow on the lateral boundaries, and atmospheric
pressure at the boundary in the proglacial zone. As initial conditions, we set the subglacial system at a steady state using a
constant, uniformly distributed melt input of 1 mm d~! (corresponding to ~8.7m? s~! total melt). The same melt input is
maintained throughout the simulation.

To simulate the supraglacial lake drainage, we input the lake volume directly into the subglacial sheet into a single grid
cell located at (z, y) = (10, 7.5) km (Fig. 4a). We set the total lake volume to 44 x 10° m?, and the total input time of the
supraglacial lake to 1.4 h, matching the data used in the real topography runs (Sect. 4.2). For numerical stability, and because
further details are not known, we input this volume as a parabolic pulse in time, from ¢ = 0 to ¢ = 1.4 h, with its peak at the
half-time of this range. We track the response of the subglacial system to this lake drainage event by running the simulation for
300 h following the drainage onset.

Figure 4 illustrates the transient subglacial dynamics captured by the model during the simulated time period. The drained
lake water volume induces localized ice uplift and propagates down-glacier as a traveling subglacial blister (Fig. 4a). The lake
drainage has a clear impact on the subglacial water pressure throughout the simulation time (Fig. 4a—b). Shortly after the lake
drainage, at ¢t = 2 h, the increase in water pressure is confined to the area around the injection site, but subsequently expands
to affect the entire modeled domain as the blister advances toward the terminus, most notably at ¢ = 90 h.

As the subglacial blister travels downstream, its vertical profile alters significantly. In particular, the magnitude of ice uplift
progressively decreases over time (Fig. 4c). This reduction in height is driven by the horizontal expansion of the blister,
which allows water to leak laterally into the surrounding drainage system and accounts for the domain-wide pressure increase
observed in the pressure fields.

At the glacier terminus, the model captures a dynamic transition in flow regimes (Fig. 4c—d). Prior to the subglacial blister
reaching the terminus, the area shows free-surface flow at atmospheric pressure, both in the subglacial sheet and channels, up to
~ 6 km inward from the end of the domain (and, correspondingly, up to ~ 3 km inward from the glacier terminus). Howeyver,
as the blister drains at the terminus, the terminal region temporarily switches to a state of high water pressure inducing ice
uplift in the sheet, pressurizing the channels and increasing their size. This event at the terminus coincides with an increased
water height in the proglacial zone, effectively capturing a rapid flooding behavior. Once the water volume in the subglacial
blister has evacuated from the glacier, the terminal region returns to free-surface flow regime by 300 h.

The model also tracks the impact of the lake drainage on the subglacial channel system (Fig. 4d). Because this simulation

uses a low melt input, no significant subglacial channel network is present prior to the drainage event. Consequently, while
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Figure 4. Time evolution of the subglacial system induced by the rapid drainage of a supraglacial lake on synthetic topography, through six
representative time instances. (a) Snapshots of the flotation fraction p., /p; on the modeled domain. The area with p,, /p; = 1 (outlined in
black) contains ice uplift, while p., /p; = 0 (outlined in white) indicates free-surface flow. The gray dashed line shows the cross-section along
which the 1D evolution of variables is plotted in (b). (b) Overlaid snapshots of the hydraulic potential ¢. (c) Overlaid snapshots of the sheet
thickness h, cavity height hg, and englacial storage capacity thickness Ah. The subglacial sheet displays ice uplift where h > hg + Ah,
pressurized flow where hy < h < hy 4+ Ah and free-surface flow where h < hy. (d) Overlaid snapshots of channel cross-section .S, and
water-filled cross-section S,,. Channels are fully filled where S, = .S, partially filled where S,, < S, and empty where S,, = 0. Regions

with empty channels coincide with regions with free-surface flow in the sheet.

the sudden surge of lake water contributes to localized frictional channel melting, it is insufficient to, on its own, drive the
development of a fully evolved channel network due to its short duration. The overall change in channel cross-sectional area

remains small throughout the domain, leaving the subglacial system largely unchannelized both during and after the event.
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Figure 5. (al)—(a5) Time evolution of the subglacial blister outlines on the synthetic topography for different values of the englacial void ratio

e,. (b) Comparison of subglacial blister volume over time for the different values of e,. Note that the curves for e, = 10~ % and e, =107°

are overlapping.

The main persistent impact of the drainage is localized at the terminus, where a slightly enlarged channel remains visible at

t = 300 h. In the terminal region, where ice thickness remains low, ice overburden pressure is insufficient to drive rapid viscous

creep closure, allowing the enlarged channel to persist after the lake drainage event.
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4.1.1 Dependency on e, parameter

The englacial void ratio e, plays a key role in our model in two distinct ways. First, it acts as the regularization parameter in
the equation relating water pressure to subglacial sheet height (Eq. (4)). Second, it carries physical meaning by modulating the
volume of water that is stored englacially. While this physical behavior does not alter steady-state configurations, it strongly
influences transient subglacial dynamics (Werder et al., 2013).

To illustrate the dependency of our results on this parameter, we reproduce the synthetic topography simulation (Fig. 4a)
for values of e, ranging from 1076 to 10~2. In Fig. 5, we show the different time evolution of the resulting subglacial blister
resulting from each value of e,,.

The modeled outlines of the subglacial blister (Fig. 5a) show that its location and spatial extent are nearly identical for
e, =107% and e, = 1075, At these lower values, the englacial storage capacity is virtually zero, meaning the parameter
affects only computational efficiency through its impact on the time-step size. This effect is further confirmed by the evolution
of the subglacial blister volume (Fig. 5b), which we calculate as the integral of h,, — hg over its area. The volume curves are
indistinguishable between e,, = 1076 and e, = 107, where e, acts solely as a regularization parameter and does not represent
a physically impactful storage term in the system.

Increasing the englacial void ratio to e, = 10~* produces minor variations in the response of the subglacial system to the
supraglacial lake drainage. The blister propagates down-glacier slightly more slowly, covers a marginally smaller lateral area
(Fig. 5a), and maintains a slightly lower volume and thus less ice uplift throughout the simulation (Fig. 5b). This variation
is driven by a fraction of the blister volume being incorporated into the available englacial storage. A larger englacial void
ratio of e, = 1073 results in a marked increase in this physical behavior of the system: a much higher amount of water can be
held in englacial storage, allowing the blister to be accommodated englacially before the blister can reach the terminus. As a
result, the blister travels only about half the distance and persists for about half the time compared to the e, = 10~* case. This
attenuation is even more pronounced at e,, = 1072, where the blister remains highly localized, persists for only approximately

20 h, and is rapidly absorbed by the surrounding englacial storage capacity.
4.1.2 Dependency on channelization

The response of the subglacial system to rapid supraglacial lake drainage depends fundamentally on its preexisting state. A
channelized system—typical of high-melt summer conditions—drives a markedly different evolution of induced ice uplift
than a distributed system characterizing low-melt winter conditions. Due to their greater localized flow efficiency, channels
accelerate both the propagation and the drainage of the subglacial blister.

We illustrate the effect of channelization on our results by reproducing the synthetic topography simulation (Fig. 4a) using
two different distributed melt inputs: a high-melt scenario of m =20 mm d~! and the original low-melt scenario of m =
1 mm d—!. Under the high-melt conditions, the steady-state system is channelized across a large portion of the domain (Fig. 6a).
For this comparison, we use a smaller lake volume of 20 x 10° m? to prevent the high-melt drainage from overflowing the

domain boundary.

16



345

350

355

https://doi.org/10.5194/egusphere-2026-4310
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

al m =20 mm d~', channelized

15 o —t=2h
=10 —t=10h
< ) —t=20h
> 517 0

0 —t=30h

t=40h
a2 m =1 mmd~', unchannelized t=50h

154
=10 t=60h
= (@ Iele =7or
> 57 t=80h

0+ T T —t=87h

0 20 40
X (km)
b
& 2.0x107
E I
= 1.5x107 | h
S 1.0x107 - chann.
- hann.
$ 5.0x10° - une
@
o I Ix :
0 50 100
t(h)

Figure 6. (al)—(a2) Time evolution of the subglacial blister outlines on the synthetic topography for different values of melt input and cor-
responding channelization. The black lines in (al) indicate the locations of subglacial channels carrying discharge @ > 1 m3 s™!. (b) Com-

parison of subglacial blister volume over time for the two different melt forcings and corresponding channelization.

The modeled subglacial blister outlines (Fig. 6a) show distinct differences between the two scenarios. At high melt input,
the subglacial blister initially (¢ < 20 h) extends over a larger horizontal area and travels more slowly than with a low melt
input, characteristic of a distributed system that is previously heavily pressurized by melt and has reduced available englacial
storage capacity. As the blister reaches the developed channel network (£ > 20 h, z > 20 km), its propagation accelerates as a
portion of the blister volume is accommodated into efficient channel flow. The acceleration is strongest in sections of the blister
aligned with channel pathways, which effectively reshapes its geometry. Consequently, by ¢ = 80 h, the intersecting channel
has split the original shape into two distinct, smaller blisters.

The time evolution of the blister volume (Fig. 6b) further reflects how channelization impacts drainage speed. As the blister
increasingly extends into the channelized domain, its total volume decreases at an accelerating rate compared to the low-melt,
unchannelized case. Ultimately, the blister is completely drained ~ 10 h earlier under channelized conditions, even considering

that this system must evacuate a significantly larger volume of background melt.
4.2 Real topography: North Lake in Greenland

To show the applicability of the GlaDS-2 to a real-world setting, we run the model for a drainage of North Lake (68.72°N,
—49.50°W) in Greenland as described in Das et al. (2008). We use the bed elevation and ice thickness data from BedMachine

v6 (Morlighem et al., 2020, 2025). The spatial domain in our simulation is ~7500 km?, and covers the region between
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Figure 7. Map view of the model domain for the North Lake simulation, in western Greenland. Channel flow ) averaged per grid cell on
the modeled domain, after 400 days of evolution of the subglacial system under the temperature index model detailed in Eq. (24)—(25). This
state of the subglacial system is set as the initial condition in the supraglacial lake drainage simulation on real topography. The gray dashed
curve shows the cross-section along which the subglacial system is plotted in Fig. 8. Data is shown only for the ice-covered domain. Spatial

coordinates are in EPSG:3413 coordinate system, the underlying topographical data is from BedMachine v6 (Morlighem et al., 2025).

approximately 68.25°N—69.02°N latitude and 49.05°W—51.47°W longitude (Fig. 7). We use a spatial resolution of 1000 x
1000 m?, and impose zero-flow conditions on all four domain boundaries. While this is a simplification that reduces the
validity of results near the boundaries and at the proglacial zone, it simplifies the numerical implementation and should not
significantly affect the area influenced by the supraglacial lake drainage. As initial condition for the lake drainage, we let the
subglacial system evolve to near a steady state over 400 days, after which the evolution of the system becomes negligible,
except at the proglacial zone as a consequence of the imposed no-flow conditions. As forcing we use melt typical for early-
summer temperatures, using a temperature index model for calculating the melt throughout the domain. With this model, the

melt input m at each point (z, y) is defined as
m(z, y) = cxmax (0, T(z, y)), 24)

where we set the melt factor to ¢; = 2 x 1078 m s~ K~! (producing early-summer melt values consistent with Stevens et al.

(2018) in the same region), and
T(x,y) =To+ca(E(z,y) — E), (25)

where T = 11°C is the average early-summer temperature at the nearest weather station in Kangerlussuaq, the lapse rate is
¢ =—0.006 Km™!, E (z,y) is the surface elevation, and Ey = 50 m is the elevation of the weather station. Running the
model on the domain with this melt input over 400 days, we find that a significant portion of the subglacial system becomes
channelized (Fig. 7). The same temperature, and therefore melt input distribution, is maintained throughout the supraglacial

lake drainage simulation.
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Figure 8. Time evolution of the subglacial system induced by the rapid drainage of North Lake, through six representative time instances.

(a) Snapshots of the flotation fraction p,, /p; on the modeled domain. The area with p., /p; = 1 (outlined in black) contains ice uplift, while

pw/pi = 0, (outlined in white) indicates free-surface flow. The gray dashed curve shows the cross-section along which the 1D evolution

of variables is plotted in (b). (b) Overlaid snapshots of hydraulic potential ¢. (c) Overlaid snapshots of sheet thickness h, cavity height

hg, and englacial storage capacity thickness Ah. The subglacial sheet displays ice uplift where h > hgy + Ah, pressurized flow where

hg < h < hg+ Ah and free-surface flow where h < hg. (c) Overlaid snapshots of channel cross-section .S, and water-filled cross-section

Sw. Channels are fully filled where S,, = .S, partially filled where S,, < .S, and empty where S,, = 0. Regions with empty channels coincide

with regions with free-surface flow in the sheet. In b—d, the horizontal axis marks the distance traveled along the curve drawn in (a), in the

direction from northeast to southwest. The underlying topographical data for panels (a) & (b) is from BedMachine v6 (Morlighem et al.,

2025).
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To simulate the supraglacial lake drainage, we follow the same approach as described for the synthetic topography: we input
the lake volume directly into the subglacial sheet, into a single grid cell at the location of North Lake (Fig. 8a). We set the
total lake volume to 44 x 10% m?, and the total input time of the supraglacial lake to 1.4 h, as detailed in the first documented
drainage of North Lake in Das et al. (2008). Again for numerical stability and because further details remain unknown, we
input this volume as a parabolic pulse in time, from ¢ = 0 to ¢ = 1.4 h, with its peak at the half-time of this range. We track the
response of the subglacial system to this lake drainage event by running the simulation for the 300 h following the drainage
onset.

Figure 8 shows the transient subglacial dynamics captured by the model during the simulated time period in response to
the drainage of North Lake. The drained lake water volume induces localized ice uplift, which propagates a few kilometers
downstream as a traveling subglacial blister (Fig. 8a). The lake drainage has a clear impact on the subglacial water pressure
throughout the simulation time (Fig. 8a—b). Shortly after the lake drainage, at ¢ = 2 h, the increase in water pressure is restricted
to the area around the injection site, but in time expands to affect an area spanning tens of kilometers in each horizontal
direction, as the blister advances along its flow path and leaks into the surrounding subglacial drainage system.

The vertical profile of the subglacial blister evolves as it travels downstream. Its height progressively decreases over time
and reacts to the geometry of the local topography (Fig. 8c). As the blister thickness decreases, it expands horizontally and
simultaneously leaks into the surrounding drainage system, resulting in the increased values observed in the pressure field.
Notably, ice uplift is also reduced as the blister reaches the beginning of the channel network (Fig. 8c—d).

The model captures the free-surface flow regime occurring near the ice margins across a large portion of the glacier outline
(Fig. 8a), and is also reflected in both the sheet and channels near the terminus (Fig. 8c—d). Unlike in the synthetic topography
simulation, where the subglacial blister drains at the terminus, here the blister volume is accommodated locally within the
inland subglacial system. Therefore, the blister drainage neither directly affects the flow regime closer to the margin, nor
increases the channel size at the terminus. However, the free-surface flow regime at the terminus does evolve throughout the
simulation, which can be attributed to the no-flow boundary conditions enforced in this simulation. Where a constant sea-level
water height h would be expected in this proglacial region, the restriction of outward flux effectively models a proglacial lake
that continuously fills with glacier water discharge. This progressive filling mechanism is captured by the rising water levels at
the terminus in both the sheet and channels over time.

This simulation uses a relatively high melt input, under which a developed channel network is present prior to the drainage
event (Fig. 7). Therefore, the results also display the interaction of the lake drainage with the preexisting subglacial channel
system (Fig. 8d). At the lake location, which is initially unchannelized, the sudden water injection contributes to localized
melting of channels that gradually close due to ice creep once ice uplift has subsided, mirroring what is observed in the
synthetic results on an unchannelized domain. A transition in behavior occurs upon reaching preexisting channels at ~ 40 km
along the plotted curve. As the blister intersects the channels, the sudden influx of water drives a minor increase in their cross-
section, which persists throughout the simulation, outlasting the subsidence of ice uplift in the sheet. While the lake drainage

has a low overall impact on the channel network, conversely, these results are consistent with the marked impact of a developed

20



410

415

420

425

430

435

440

https://doi.org/10.5194/egusphere-2026-4310
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

early-summer channel network on reducing ice uplift by enabling the efficient subglacial system to rapidly accommodate the

drained water volume.

5 Discussion
5.1 Modeling approach and contributions

Subglacial water flow frequently spans regimes that differ from the assumptions of existing two-dimensional drainage mod-
els—namely that neither ice uplift nor free-surface flow occurs. In reality, excess water volume is accommodated through ice
uplift once water pressure exceeds ice overburden pressure. At the other extreme, instead of dropping to unphysical negative
values, subglacial pressure remains at atmospheric levels as channels and cavities transition to free-surface flow. Until now,
incorporating these physical behaviors has been computationally tractable only in one dimension (Schoof et al., 2012; Hewitt
et al., 2012). The main contribution of this work is the GlaDS-2 model, which addresses this gap by incorporating all three
pressure regimes (pressurized flow, ice uplift, and free-surface flow) into a two-dimensional framework, while handling the
transitions between them without the need for solving the computationally demanding free-boundary problem as was done in
the previous one-dimensional implementation.

To date, modeling subglacial drainage in the presence of ice uplift and free-surface flow has relied on formulating a free-
boundary problem using variational inequalities (Schoof et al., 2012; Hewitt et al., 2012). This approach then necessitated to
solve different equations in each of the regions. In our model, we instead solve the same set of equations in all regions and
use a closure relation (Eq. (4)) to determine the water pressure as a function of the water sheet thickness. This constitutes a
front-capturing approach, and requires a conservative discretization, which we implement in our method. As an advantage of
this approach, mass conservation is built into the model by construction.

Fundamentally, this framework is analogous to the enthalpy method used in ice temperature modeling (e.g., Aschwanden
et al., 2012). Rather than explicitly tracking the cold-temperate transition boundary, the enthalpy method solves a single con-
servation equation for energy across the entire domain, paired with a thermodynamic equation of state relating energy and
temperature. In our formulation, the closure relation (Eq. (4)) serves as the direct equivalent to this equation of state, enabling
a similarly unified approach. Another method to which our framework is analogous to is the Preismann slot method in hy-
draulics (Preissmann and Cunge, 1961; Cunge and Wegner, 1964). This method was established to simulate both free-surface
and pressurized flow in a tunnel using the one-dimensional shallow water equation (more recently, a two dimensional extension
was established (Maranzoni et al., 2015)). It adds a thin slot above the tunnel to change the pressurized flow into free-surface
flow, albeit with a very rapidly-varying water level. This slot is analogous to our englacial storage, which makes water volume
related algebraically to water pressure via the closure relation.

GlaDS-2 improves on the original GlaDS (Werder et al., 2013) in a number of ways. Unlike GlaDS, it is capable of handling
strongly variable water inputs due to the inclusion of ice uplift. This physical omission in the original model manifested as
frequent, widespread overpressure (p,, exceeding overburden pressure) during seasonal simulations of alpine glaciers (Werder

et al., 2013). Another example of this behavior would be the supraglacial lake drainage presented here, where the original
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GlaDS would simulate extreme overpressures coupled with a very slow deflation of the subglacial blister. While the drainage
model of Hewitt (2013), which is similar to GlaDS, was later modified to include elastic sheet uplift (Banwell et al., 2016;
Stevens et al., 2022), this addition only partially mitigates overpressure rather than preventing it entirely. Including free-surface
flow also resolves a number of issues in the original model. It improves boundary condition handling: First, no-flow conditions
can now be prescribed on mountain-glacier flanks and ice-sheet margins without inducing spurious negative pressures. Second,
users no longer need to manually pre-determine and place outflow Dirichlet points to prevent the numerical instabilities that
occur when these outlets inadvertently become water inflow points. Moreover, the free-surface flow regime allows GlaDS-2
to also seamlessly simulate proglacial water flow. Remarkably, even though GlaDS-2 extends the original model with new
physics, it retains the exact same set of physical parameters.

By successfully reproducing the results of the only previous model that incorporated all three subglacial water pressure
regimes (Schoof et al., 2012; Hewitt et al., 2012), we verify that our mathematical formulation (which is equivalent to theirs as
e, — 0) and its numerical implementation are sound. Consistent with these previous studies, ice uplift occurs in steady-state
configurations only when no channels are modeled. When channels are present, ice uplift arises only in transient conditions
or where there is a depression in the hydraulic potential (e.g., Clarke, 2005). Free-surface flow, on the other hand, occurs on
steep sections and is more prevalent at lower discharge. This is supported by early theoretical work (Hooke, 1984), tracer
experiments (e.g. Seaberg et al., 1988), and recent seismic noise observations (Gimbert et al., 2016). Moreover, free-surface

flow can be present in partially-filled channels while the flow in adjacent subglacial cavities remains pressurized.
5.2 Application to rapid supraglacial lake drainages

The rapid drainage of a supraglacial lake on a land-terminating glacier, represented by our synthetic topography simulations
(Sect. 4.1) and by the Greenland Ice Sheet sector in our real topography simulations (Sect. 4.2), is an ideal test case for these
regimes. This scenario exhibits transient ice uplift induced by a subglacial blister forming around the lake injection site, free-
surface flow at the ice margins and in the proglacial zone, and rapid fluctuations in subglacial water pressure as the lake drains
in a matter of hours. While this setup has been simulated by previous models (Tsai and Rice, 2010; Dow et al., 2015; Lai et al.,
2021; Zhang et al., 2025), our model is the first general-purpose subglacial model to simulate such behavior in 2D, without
requiring the addition of extra model components such as separate blister or hydrofracture models.

We use our experiments on subglacial blister evolution (Sect. 4.1) to demonstrate the dual role that the englacial void ratio
e, plays in our model: while it serves as a numerical regularization parameter for e, < 107>, it acts as a physical parameter
driving a distinct evolution of subglacial water pressure regimes for e, > 10~*. The supraglacial lake drainage simulations
spanning these different englacial storage cases are consistent with the interpretation of a large englacial void ratio acting as a
damping term for subglacial water pressure fluctuations (Werder et al., 2013). Specifically, our model results demonstrate that
this damping directly impacts the persistence of ice uplift induced by the drainage, by limiting both its spatial and temporal
extent. A similar role of englacial storage in subglacial blister dissipation was identified by Stevens et al. (2022), and this

influence was found to be smaller than that of sheet conductivity.

22



475

480

485

490

495

500

505

https://doi.org/10.5194/egusphere-2026-4310
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The interaction between a rapid supraglacial lake drainage and the subglacial channel network is modeled in our experiments
on synthetic (Sect. 4.1) and real (Sect. 4.2) topographies. Our results show how a developed channel network affects the
response of the subglacial system to the large water volume input, accelerating the propagation of the subglacial water blister
and, consequently, the subsidence of the induced ice uplift. Moreover, the model results indicate that the short duration of the
lake drainage is insufficient to force the development of an efficient subglacial channel network on its own (contrary to what
was previously postulated by e.g., Sole et al. (2011) and Cowton et al. (2013)). This absence of significant channelization
induced by the lake drainage is consistent with both the 1D elastic modeling implemented by Dow et al. (2015) and the direct
observations of Mejia et al. (2021), which demonstrate the dominant role of the preexisting subglacial system in the pressure
reduction following the drainage. Moreover, our simulated blister evolution aligns closely with the 2D blister model by Zhang
et al. (2025), where the subglacial blister decays rapidly under summertime conditions and is split into two parts as water is
routed into an intersecting channel.

Overall, the rapid lake drainage simulation of North Lake in Greenland (Sect. 4.2) demonstrates the model’s capabilities on
real topography. A precise reconstruction of this specific event is beyond the scope of this study and would require site-specific
parameter calibration (in particular, the sheet conductivity has been found to be a critical parameter governing the blister size
and dissipation (Lai et al., 2021; Stevens et al., 2022)), concurrent topographic and drainage data, and boundary conditions
derived from a catchment runoff study. Nonetheless, our model predicts subglacial blister dimensions and ice uplift duration
at the ice-bed interface (up to ~ 8 m height, ~ 5 to 10 km width, and ~ 4 days, respectively) that agree well with measured
surface values for North Lake drainages (~ 0.7 to 2 m height, ~ 5 km width, and ~ 1 to 10 days reported in Das et al. (2008);
Stevens et al. (2015, 2024)). The remaining discrepancy is consistent with our subglacial model not being coupled to an ice-flow
model. This coupling would impact the modeled surface blister dimensions and duration by accounting for stress redistribution
within the overlying ice and elastic deformation during the early stages of blister evolution.

Our simulations additionally showcase the model’s ability to represent transient proglacial environments. In the synthetic
case (Sect. 4.1), the model captures a transient proglacial flooding event, onset by the drainage of the subglacial blister at the
terminus. On real topography (Sect. 4.2), imposing a no-flow boundary condition effectively models a proglacial lake filling
with discharge over time. Integrating these proglacial flow dynamics into subglacial modeling follows from the inclusion of
free-surface flow, and offers a distinct advantage for understanding the downstream impacts of subglacial drainage processes,

such as flood wave propagation or sediment transport.
5.3 Model limitations and future directions

A current limitation of GlaDS-2 is its reduced numerical performance due to the constraints on the time step size (Sect. 2.5).
For the simulations presented in this work, time-step sizes range from tenths of a second to tens of seconds, with runtimes
spanning from a few minutes to several days on a single CPU. A future version of GlaDS-2 should incorporate implicit time
integration, which would enable significantly higher performance by allowing time-step sizes on the order of hours to days,
enabling simulations at finer resolutions and across broader parameter ranges. Furthermore, because all our model components

are paralellizable, we envision improving model performance by porting the next version of GlaDS-2 to GPUs.
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A further limitation of GlaDS-2 is that its structured rectangular grid constrains the geometry of the emergent channel
network, as channel formation is only allowed along grid edges. This introduces a directional bias, which is particularly
pronounced when a channel should naturally follow a diagonal path relative to the grid. This grid limitation is common to
other structured-grid models (e.g., Schoof, 2010), and its impact can be mitigated in a future model version by incorporating
channels located at diagonal grid edges (e.g., Hewitt, 2013).

As with other subglacial drainage models, direct validation of GlaDS-2 is constrained by the inherent difficulties of access-
ing and measuring the subglacial environment in situ. Consequently, model validation must rely on contextualizing borehole
measurements in 2D, and on indirect proxies. Because our model explicitly simulates physical ice uplift and transitions to free-
surface flow, its transient outputs can be indirectly evaluated against surface displacement measurements, as we performed for
our subglacial blister comparison, as well as against ice dynamics changes (e.g., Riesen et al., 2010), or seismic signatures of
turbulent channelized flow (e.g., Gimbert et al., 2016). The model’s ability to simulate proglacial water flow dynamics opens
new avenues for catchment-scale validation by comparing simulated outflow magnitude and locations, and transit velocities
against terminal discharge measurements and dye-tracer travel times. Thus, at least the overall efficiency and routing behavior
of the modeled drainage network could be evaluated without requiring direct access to the glacier bed. However, the main av-
enue to make use of the available direct and indirect observations would be to integrate parameter inversion capabilities into our
model. Tracer transit times and borehole observations have been shown to partially constrain GlaDS parameters (Irarrazaval
et al., 2019, 2021). However, ice dynamics observations can also be leveraged if a coupled subglacial drainage and ice-flow
model is inverted. Brinkerhoff et al. (2021) used such a coupled model inversion for a sector of the West Greenland ice sheet
to provide the best estimates to date of key GlaDS parameters.

Further work includes coupling GlaDS-2 to an ice-flow model. Without this coupling, we assume hydrostatic ice-overburden
pressure, a static ice thickness, and a prescribed sliding velocity that contributes to cavity opening. As a consequence of the
hydrostatic assumption, ice uplift occurs instantly as water pressure reaches ice overburden pressure. In reality, ice uplift would
require pressures exceeding overburden pressure to initiate ice deformation. This overpressure of the subglacial water would
result in a locally non-hydrostatic stress distribution within the ice, resulting in ice deformation, lateral stress coupling and
changes in ice thickness. On short time scales, such as for supraglacial lake drainages in Greenland, the deformation would
occur elastically, whereas on longer time scales, such as for slowly draining and filling subglacial lakes in Antarctica, the defor-
mation would be viscous. Adequately representing these processes would require coupling a fully three-dimensional ice-flow
model with visco-elastic ice rheology. Applying the coupled model at continental scale would likely require parameteriz-
ing uplift-related, non-hydrostatic processes so that they could be represented within simpler, more computationally efficient
depth-integrated ice-flow models, such as DIVA (Goldberg, 2011).

6 Conclusions

In this study, we have presented GlaDS-2, a new subglacial drainage model that builds upon the original GlaDS (Werder et al.,

2013) and that uses a novel, unified formulation to incorporate the subglacial regimes of ice uplift and free-surface flow as
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described in Schoof et al. (2012) and Hewitt et al. (2012). We improve on these previous studies by extending the numerical
model from one to two spatial dimensions. Adding the free-surface flow regime additionally improves the tractability of setting
boundary conditions, and integrates proglacial water flow modeling. Our implementation ensures mass conservation, allowing
implicit capturing of the boundaries separating different flow regimes.

We have demonstrated the model’s capabilities by simulating a rapid supraglacial lake drainage event on both synthetic
topography and real topography from North Lake in Greenland (Das et al., 2008). Our model simulates the formation of
a traveling subglacial blister inducing ice uplift, and captures regions of free-surface flow at the ice margins. Notably, the
predicted spatial extent and duration of ice uplift on real topography agree in order of magnitude with on-site observations
(Das et al., 2008; Stevens et al., 2015, 2024).

Through a parameter sensitivity study, we show that englacial storage and preexisting channelization in the subglacial system
strongly influence the spatial and temporal extent of ice uplift induced by such rapid drainage events. Our findings align with
previous work indicating that while dissipation of the subglacial blister is dominantly mediated by the distributed subglacial
system, this behavior shifts when a pre-established channel network is present (Dow et al., 2015; Mejia et al., 2021; Zhang
et al., 2025).

These advancements in GlaDS-2 lay the foundation for improving future coupling of subglacial drainage to ice-flow models,
by providing physically consistent subglacial water pressures to constrain and employ in basal sliding laws. Integrating this
subglacial framework with an ice-flow solver will enable a more realistic representation of how transient ice uplift and free-

surface flow modulate glacier velocities and, ultimately, govern the long-term evolution of glaciers and ice sheets.
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