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Abstract. Antarctica’s floating ice shelves experience considerable surface melting, leading to the formation of supraglacial

melt lakes. The presence of surface meltwater and the formation of these lakes leaves ice shelves vulnerable to meltwater-

induced damage. This can lead to the loss of the buttressing effect provided by ice shelves on the grounded ice sheet, thus

increasing Antarctica’s potential sea level contribution. Understanding the surface hydrology of ice shelves in the present and

the future is thus an essential first step to reliably project future vulnerability of Antarctic ice shelves to meltwater-driven5

hydrofracture and possible collapse events. Therefore, we have developed the first comprehensive 3-D Model for Antarctic Ice

Shelf Hydrology and Stability, called MONARCHS.

MONARCHS calculates the surface energy balance of the ice shelf, heat transfer through the ice shelf and the volume of

any subsequent meltwater that is produced when the surface energy balance is positive. The model simulates both vertical and

lateral movement of this meltwater through the firn, calculating refreezing and saturation of firn air space as well the related10

changes in temperature and density. When firn is saturated and surface melt lakes can form, the model simulates the full lake

lifecycle, including lake depth increases and full refreezing.

We present a case study focused on the George VI Ice Shelf on the Antarctic Peninsula where significant melt lake forma-

tion has been observed in recent years. The model shows reasonable agreement in lake extent and depth with observations.

Furthermore, we demonstrate that the speed of lateral meltwater percolation through firn, a key uncertainty in firn modelling,15

has significant consequences for lake extent and depth, suggesting future research should focus on reducing this uncertainty.

This community-driven, open-access model has been developed with input from observations, and will allows us to provide

new insights into the surface meltwater distribution on Antarctica’s ice shelves.

1 Introduction

Floating ice shelves surround 75% of the margin of the Antarctic Ice Sheet (Rignot et al., 2013). They modulate the flow of20

ice towards the ocean by restraining, or buttressing, the grounded ice sheet and are sensitive to changes in the atmosphere and

ocean (Holland et al., 2015). The loss of ice shelves removes their buttressing effect on the grounded ice sheet which has been

observed to cause acceleration of glacier flow, and corresponding sea level rise (Wuite et al., 2015). Uncertainty in the future
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stability of ice shelves and the impact of this potential change in buttressing leads to large uncertainties in Antarctica’s future

sea level contribution (Fricker et al., 2025).25

Melting on the surface of Antarctic ice shelves is much more extensive than previously thought (Bell et al., 2018). The

formation of surface meltwater lakes has been linked with the disintegration of many ice shelves in the Antarctic Peninsula

over the last several decades. The most notable ice shelf collapse occurred in 2002, when many thousands of meltwater lakes

were observed on the surface of the Larsen B Ice Shelf before its collapse over a period of just a few weeks (Scambos et al.,

2004). Several mechanisms have been proposed to explain the role of meltwater in sudden ice shelf collapse, including fracture30

networks caused by lake-induced flexural stresses (Banwell et al., 2013; Banwell and MacAyeal, 2015) and meltwater-driven

propagation of crevasses through the ice shelf (Scambos et al., 2000).

Observational evidence indicates that even on ice shelves not experiencing surface melting, long distance water flow over the

ice surface can import meltwater, lowering local albedo, and potentially causing an acceleration of ice loss in regions previously

thought to be completely dry (Kingslake et al., 2017). Conversely, it has also been suggested that surface rivers may stabilize35

ice shelves by draining meltwater off the ice shelf (Bell et al., 2017). Surface melting on grounded ice also has the potential

to influence ice sheet and thus ice shelf flow, for example in the Antarctic Peninsula (Boxall et al., 2022; Tuckett et al., 2019;

Hanna et al., 2024).

Despite the importance of surface meltwater production, transport and ponding to ice shelf stability, understanding of these

processes is still lacking. The way in which ice shelf surface melt is simulated varies strongly between models, leading to40

large variations in projections of the Antarctic contribution to sea level (DeConto and Pollard, 2016; Edwards et al., 2019). To

date these processes have not been included (in a parameterized fashion or otherwise) in either ice sheet or climate models.

Furthermore, climate models (CMIP5) have known biases in near-surface climate resulting from poor representation of ice

sheet surface processes (Trusel et al., 2015), which in turn leads to biases in surface melt parameterizations.

Without including lateral transport of meltwater across ice shelves, models may overestimate their sensitivity to meltwater45

in some places (where water is removed by lateral transport), and underestimate their sensitivity in other places (where water

is added by lateral transport). The accurate representation of surface hydrology and heat fluxes is essential in predicting the

future stability of Antarctica’s ice shelves, as has been argued in study after study (e.g., Hock (2005); Bell et al. (2017); Bell

et al. (2018)), yet no current model of surface hydrology tackles these processes comprehensively.

The current most comprehensive surface lake development model for Antarctica, that of Buzzard et al. (2018a), simulates50

the surface energy balance and vertical heat and meltwater fluxes through the top of the ice shelf. An approximate catchment

area for each modelled lake is calculated, but this was shown to lead to a high level of variability in the lake depths calculated

(Buzzard et al., 2018a). Alternatively, simple diagnostic parameterizations of spatially-averaged supraglacial lake size metrics

have been developed using models of water transport on ice-sheet-like rough surfaces (Grau et al., 2025). However, such

parameterizations do not account for the production or refreezing of meltwater, nor do they incorporate how water percolates55

through firn, which has been identified as a bias in comparisons of these parameterizations to observations. Models developed

for the Greenland Ice Sheet that do account for transport of meltwater across ice shelf or ice sheet surfaces (e.g. Leeson et al.

(2012), Banwell et al. (2012), Gantayat et al. (2023), Clerx et al. (2024)) do not account for all of the full surface energy
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Figure 1. Schematic showing processes and information flow in MONARCHS.

balance, the complete lake lifecycle over multiple years (and the associated evolution in the ice shelf), or the retention of

meltwater within firn.60

The Antarctic research community has collectively indicated that key priorities for future research include: determining

controls on the extent, variability, and magnitude of Antarctic surface melt, lakes and rivers; and the identification of ice shelves

that are likely to accumulate meltwater in the future (Kingslake et al., 2019; The Firn Symposium Team, 2024). To address these

priorities, we have developed a comprehensive model of Antarctic surface meltwater: MONARCHS (Model Of aNtARctic iCe

shelf Hydrology and Stability). MONARCHS incorporates a surface energy balance calculation, meltwater production, the65

vertical and horizontal movement of meltwater, potential refreezing of meltwater and meltwater lake formation, expansion and

refreezing. This enables the model to simulate meltwater lake evolution and distribution for any ice shelf in Antarctica.

This manuscript is organized as follows: in Section 2 we describe the model structure and constitutive equations; in Section

3 we outline model test cases; we present a case study in Section 4; we carry out model validation in Section 5 and discuss

these results and their relationship to past research on supraglacial hydrology in Section 6.70

2 Model Overview

The 1-D vertical column model of (Buzzard et al., 2018b), described in Section 2.1), calculates the surface energy balance of

the ice shelf, the volume of any meltwater produced and the change in heat and density as water percolates down through the

column. MONARCHS, shown in Figure 1, expands this column model to a 3-D numerical model of meltwater distribution

within and on the surface of an ice shelf, allowing meltwater to move between columns.75
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Figure 2 shows the top-level structure of MONARCHS, including configuration steps, input/output and the model physics.

When simulating processes occurring within a vertical column, each column is initially assumed to behave independently.

Only after meltwater production and vertical water percolation rates have been calculated does the model consider the lateral

movement of water between the columns at both the surface and subsurface, up to the pore closure depth, which here is defined

as any vertical grid cell with a density of greater than 830 kg m−3.80

In order to account for the differences in spatial and temporal scale between the processes occurring in the vertical column

model (∼cm, the scale of individual ice lenses), and processes occurring in the lateral transport model (∼100 m, the scale of

lakes or larger), we implement asynchronous operator splitting to couple the vertical column model elements to the horizontal

transport equations. The vertical column model has a short time step (∼hours) which is integrated multiple times between each

lateral timestep (∼days), but the time steps and coupling frequency can be altered to suit the area and resolution of a given85

simulation.

Due to the large differences in scale between vertical and horizontal grid cells, only water is transported between vertical

columns during the horizontal water routing routine, horizontal heat diffusion is assumed to be negligible. Such an assumption

is reasonable since there are not strong differences in vertical and horizontal heat diffusivity and vertical gradient of temperature

within snow, firn and ice are typically much larger than horizontal gradients, thus meaning that horizontal heat fluxes across 1D90

columns is negligible compared to vertical heat fluxes within columns. Enthalpy transport thus only occurs between columns

as a result of water movement.

2.1 1-D firn, ice and lake model

The 1-D firn and ice column model of Buzzard et al. (2018a) forms the core of MONARCHS, and has been refactored into the

Python programming language for efficiency, usability and accessibility. The column model still retains all the key physics of95

the Buzzard et al. (2018a) model, as demonstrated in Figure 3. Key parameters and typical values used in the results presented

here are found in Appendix A.

During each timestep MONARCHS is run, the surface energy balance for each grid cell is calculated, and the processes

shown in Figure 3 are incorporated where relevant, depending on whether the grid cell contains a lake or not. In the basic

model state (no lake present) the surface energy balance is used to calculate the ice surface temperature (T (z = 0, t)) according100

an implicit nonlinear equation:

εFLW + (1−α)FSW − εσT 4 +FSens +FLat =




k ∂T

∂z +φρiceLdH
dt , T = Tfrz,

k ∂T
∂z , T < Tfrz,

(1)

where T is temperature (K) (with Tfrz being 273 K), ρ is density (kg m−3), t is time (s), z is height (m), ε is the surface

emissivity, α the surface albedo, FLW and FSW are the incoming longwave and shortwave energy (W m−2), σ is the Stefan-

Boltzmann constant (5.67× 10−8 W m−2 K−4) and FSens and FLat are the sensible and latent heat fluxes (W m−2). On the105

right hand side, φ is the solid fraction of the firn which can take a value between 0 and 1, L is the latent heat of fusion as phase
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Figure 2. Flowchart showing the high-level workflow of MONARCHS, including configuration, data input, physics, output and validation

steps.
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Figure 3. The key physical processes incorporated in the 1-D column model in MONARCHS: (1) The surface energy balance is calculated

from input flux data; (2) Heat transfer through the firn; (3) Meltwater percolation into the firn and any refreezing (with subsequent density

and temperature changes); (4) Formation of impermeable ice lenses from refrozen meltwater; (5) Formation of surface lakes, and their

development through basal melting; (6) Refreezing of surface lakes; (7) Variations in surface albedo due to melting and lake formation are

accounted for.

change occurs due to surface melting (J kg−1) and k is thermal conductivity (W m−1 K−1), calculated as a combination of the

thermal conductivities of ice and air in a proportion determined by the value of φ.

Heat transfer through the firn is calculated following the heat equation:

ρcp
∂T

∂t
=

∂

∂z
(k
∂T

∂z
). (2)110

Here cp is the specific heat capacity (J kg−1K−1), which, like k is calculated as a combination of the specific heat capacities of

air and ice depending on the value of the solid fraction, φ. We assume that there is no heat transport through the bottom boundary

of the model (i.e., ∂T
∂z = 0). This assumption could be modified in the future if MONARCHS is coupled to a thermomechanical

ice sheet model, but for standalone MONARCHS simulation it is a good approximation to assume no heat flux at depth.

Once melting occurs the meltwater will percolate vertically until it either reaches a vertical grid cell with a temperature115

below 273 K, where it will refreeze, or a grid cell with a density equal to or greater than the pore closure density, where it

will remain as liquid, saturating the firn from that point upwards. Water remains at the melting point as it percolates, as we

assume that heat advection via vertical percolation is negligible and that firn temperature changes are dominated by the latent

heat release during phase change.

When the firn is fully saturated between the pore closure depth and the surface, a lake forms. Heating of the lake will lead120

to melting of the firn below. The surface energy balance at the lake surface is calculated as follows:

FLW + (1−α)FSW − εσT 4−FSens−FLat +Fc(Tsfc) = 0. (3)
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Fc is the energy flux out of the lake, calculated using the four-thirds law for turbulent convection. Fluxes in and out of the lake

are calculated following

Fc(T
∗) = sgn(T̄ −T ∗)(ρc)lJ |T̄ −T ∗|4/3. (4)125

Here T ∗ is the boundary temperature (K), T̄ is the average temperature in the lake (K), (ρc)l is the volumetric specific heat

capacity of water (J K−1 m3) and J is the turbulent heat flux factor, 1.907 x 10 −5ms−1K−1/3.

The movement of the lake-firn boundary is treated as a Stefan problem:

φρL∂hl
∂t

= k
∂T

∂z
+Fc(Tl). (5)

Here hl is the location of the boundary between the lake and the firn, Tl is the temperature at that boundary and L is the latent130

heat of fusion due to phase change (J kg−1).

If the lake temperature drops sufficiently that it starts to refreeze on its surface then a frozen ice lid will form. The lid-lake

boundary development is also treated as a Stefan problem similarly to equation 6,

φρL∂hu
∂t

= k
∂T

∂z
+Fc(Tu), (6)

where hu is the location of the boundary between the lake and the lid and Tu is the temperature at that boundary. For both the135

lake and lid cases, the temperature profile of the firn continues to be calculated as described above but with the temperature at

the surface of the firn held at 273.15 K as this is a phase change boundary.

While the 1-D model solves the equations described above and in Buzzard et al. (2018b), we have made some updates

to improve the model physics and allow for a wider range of applicability. In the original 1-D model code (Buzzard, 2017)

melting and freezing at both the firn-lake and lake-lid boundaries were calculated using a purely conductive approach across140

the boundaries. In MONARCHS, we also model the turbulent fluxes at the boundary, resulting in a more accurate calculation

of the net flux at the phase change boundaries and thus more accurate melting and freezing rates.

MONARCHS also uses a more sophisticated method to calculate the flux of shortwave radiation within the lake and lid.

Previously, it was assumed that all shortwave radiation was absorbed by the surface, the energy then propagating into the system

via the turbulent mixing scheme. In MONARCHS, when we have a lake, we split shortwave radiation into two bands - one band145

assumed to be absorbed entirely by the firn/ice/water surface (representing near-infrared, shortwave infrared and ultraviolet

radiation). The remaining energy penetrates into the lake or lid, and is attenuated (distributing the energy throughout). Any

energy remaining after this process will be either reflected back at the phase change boundary and absorbed into the lake, or

absorbed, meaning its energy contributes directly to the energy balance used in the melting/freezing calculation. This split

is assumed to be 50-50, calculated from spectral data in Pope and Fry (1997) and Kou et al. (1993), and as suggested in150

Leppäranta (2015). The liquid water attenuation coefficient is set to 0.36, taken from Table 1 of Pope et al. (2016), and the ice

attenuation coefficient to 1.5, taken from Section 3 of Cooper et al. (2021). All of these parameters are defined in a module

(monarchs.physics.constants), and can be changed by the user.

Additionally, we are now able to account for the presence of firn aquifers. Previously the 1-D model was able to simulate the

full supraglacial lake life cycle, from formation to refreezing. However, should the lake not completely refreeze between melt155
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seasons, the model was unable to account for the presence of a subsurface lake or firn aquifer persisting through to the next

melt season. At the time of publication of Buzzard et al. (2018b) there was no evidence that lakes would persist between melt

seasons on the Larsen C Ice Shelf, the study site. However, van Wessem et al. (2021) suggested that perennial firn aquifers

could be present on the Antarctic Peninsula and Dunmire et al. (2020) found evidence of buried Antarctic supraglacial lakes,

after Buzzard et al. (2018a) had suggested that changes in the climate of the Antarctic Peninsula in the range of the those160

predicted for future decades could lead to conditions where supraglacial lakes do not completely freeze through between melt

seasons. Furthermore, föhn winds have been observed to cause wintertime melt on the Larsen C Ice Shelf (Kuipers Munneke

et al., 2018). Therefore, we now allow lakes in MONARCHS remain partially unfrozen, with new lakes allowed to form above

partially frozen lakes, with the partially frozen lake incorporated into the firn as a vertical model layer with a liquid fraction

of 1. While it is beyond the scope of this current work to fully account for subsurface lakes and their associated physics, this165

simplified method allows us to run MONARCHS into the future and understand how and where these features may occur.

Finally, the original 1-D model used a “melt multiplier” variable to account for the input of meltwater from lateral movement

of water through the firn. We now account for the lateral transport of water through firn, as described in Section 2.2.

2.2 Horizontal Water Routing

Horizontal water routing occurs after a defined number of time steps of the vertical column model described in Section 2.1.170

Each column in MONARCHS is assigned a potential surface height from which water will move, which will either be the lake

surface (if one is present), or the highest of either the pore closure depth, an impermeable ice lens or the top of the saturated

firn in the presence of wet snow or firn.

The modelling approach for lateral water transport is adapted from prior cellular automata approaches for landscape hydrol-

ogy (e.g. Chase (1992); Coulthard et al. (2002)). Water moves from a cell to the adjacent cell with the lowest height, should175

a neighbour exist with a height lower than the cell in question. If two or more neighbouring cells should have the same lower

height water will be distributed to them equally. An illustration of horizontal water routing is shown in Figure 4. The selection

of locations to move to is carried out following a D8 algorithm, meaning that water can move to any of the eight neighboring

cells of the cell in question.

Current firn models struggle to capture lateral flow processes (The Firn Symposium Team, 2024), so here we calculate180

lateral flow using bulk properties of the firn. If water is moving horizontally below the surface through firn then the speed of

percolation is calculated according to Darcy’s Law of fluid flow through a porous medium (Colbeck, 1978) in the following

formulation,

u=
Π

η
ρfirng∆H, (7)

where u is the flow speed (m s−1), Π is the hydraulic permeability, ( −2.53x10−10m2), η is the viscosity (1.787x10−3Pa s−1),185

the density ρfirn is the density of the firn layer the water is moving through and ∆H is the vertical gradient the water is

travelling down.
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Figure 4. The process of lateral flow shown on a 6 x 1 example grid. Here the red dashed lines show the height used for each column in

determining the direction of water routing and yellow arrows show water movement. Water from column c will move through the firn to both

columns b and d as both a and c are at equal heights. No water moves between a and b as they are at the same height. Water in the saturated

firn in column d will move to the lake in column e and water from the lake in column f will move to the lower lake in column e.

The horizontal grid cell size of the model (usually of the order of 102 to 103 m) will generally far exceed the vertical (10−2 to

10−1 m). Thus, we expect that only a small proportion of the meltwater present in a grid cell will leave the cell during a single

horizontal timestep. The proportion of available meltwater that will be transferred to a neighbouring cell is determined by the190

total amount that could possibly move within the lateral timestep according to Darcy’s Law, equation 7, if water is assumed to

flow for the entire lateral timestep. Thus we have:

wmove = u ∗∆tlat/l, (8)

where wmove is the fraction of total water available to be transported that moves, ∆tlat is the lateral timestep (seconds) and l

is the distance between the centrepoints of the lateral grid cells the water is moving from and to (meters). In the case of lake195

water movement it is assumed that all water in a cell that can move will move, since the hydraulic permeability of water along

a free surface is effectively infinite.

For the case studies presented in Section 4, it is assumed water does not leave the model domain through the lateral bound-

aries. We consider this as a good assumption, since for the George VI Ice Shelf we examine a domain where the ice shelf

surface meets land at a higher elevation. However, MONARCHS is not restricted to this behaviour and can be changed to allow200

either a proportion of water to leave the model domain at the boundaries (which can be specified based on the surrounding

topography) or to allow all water to leave at a boundary if the boundary is the calving front of the ice shelf.

9

https://doi.org/10.5194/egusphere-2026-3247
Preprint. Discussion started: 13 July 2026
c© Author(s) 2026. CC BY 4.0 License.



2.3 Computational Considerations

MONARCHS has been fully developed in Python 3 (Van Rossum and Drake, 2009) and all libraries used in MONARCHS

are non-proprietary. Python was chosen due to its ease of use (for both development of the source code and for debugging)205

relative to languages such as C and Fortran, its extensive library support, and the fact that it is open source (unlike MATLAB,

used in Buzzard et al. (2018b)). However, compared to C and Fortran, Python is comparatively slow. To account for this,

MONARCHS has optional support for just-in-time (JIT) compilation via Numba (Lam et al., 2015). This feature can be enabled

via the use_numba flag. Enabling this feature may hinder troubleshooting of code, but significantly improves performance.

This performance increase scales with the number of lateral grid cells and time steps used when running the model. The210

model has been tested on Mac, Linux and Windows operating systems; however for the optimisations provided by Numba

to work, a working Fortran compiler must be installed on the system (since MONARCHS uses a Python wrapper around

the Fortran MINPACK library when running with Numba enabled). Where this is not available, the model will fall back to

using an implementation using scipy.optimize.fsolve, which also wraps MINPACK, but is not compatible with Numba. While

Numba adds approximately 1-2 minutes of front-loaded overhead to a model run, since the code is just-in-time compiled before215

running, the performance benefits significantly outweigh this overhead when running over large domains or for long periods of

time.

MONARCHS and the MATLAB model of Buzzard et al. (2018b) are not directly comparable due to the significantly dif-

ferent code structure of MONARCHS including the use of different numerical solvers for the heat equation. Nevertheless, for

simple test cases, similar results are obtained, but with MONARCHS having significantly better computational performance220

compared to the MATLAB model. When running a 140-day 1-D column case MONARCHS with Numba JIT compilation

performs approximately 100 times faster than the MATLAB model (excluding Numba compile time, see figure 5). Using the

slower scipy solver produces a six-fold speed up compared to Buzzard et al. (2018b).

The computational expense associated with running MONARCHS is primarily associated with the vertical column model

elements, which within a model timestep are calculated independently from each other; information is only passed between the225

columns in the lateral movement step. Thus, this problem is embarrassingly parallelizable. MONARCHS has native support for

shared-memory parallelism via Numba’s prange function, or if running without Numba optimisations, via Python’s inbuilt

multiprocessing library. This approach allows us to balance performance considerations with the desire for the code to

be accessible and editable by researchers, particularly those who do not have significant parallel programming experience.

To prevent issues with dependencies, and make it easier to use on HPC systems, a Docker image is available, which contains230

a working version of the model, which can be run on HPC using apptainer. Alternatively, MONARCHS is fully installable

alongside all of its dependencies using pip.

2.3.1 Parallel performance

In order to test the ability of MONARCHS to scale with increasing computational resources, a test case with three firn de-

pressions (see Section 3.2) with 2500 grid points was run with a varying number of CPUs to test strong scaling on a 64-core235
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Figure 5. 1D performance of the MATLAB model of Buzzard et al. (2018b) vs. MONARCHS in the two available configurations, for a 1D

test case with 140 timesteps. In the Numba case, the first timestep takes around 85 seconds to run since it needs to compile the MONARCHS

code, but subsequent timesteps take around 0.02 seconds to run.

Linux server over 105 modelled days. The meteorological conditions in this experiment were chosen to force lake and lid

formation, to ensure that the full range of computational regimes was represented in the experiment. Figure 6 shows the time

taken to complete this test simulation. In these experiments, lateral movement contributes approximately 0.1s per timestep,

serial processing (e.g. I/O) approximately 0.2s per timestep, and single-column physics the remainder, varying from around

10-0.5 seconds as the number of CPUs increases.240

Figure 7 shows a similar experiment, but with a varying number of grid points, such that the overall work per processor is

balanced (64 columns per processor), in order to test weak scaling.

The falloff in the scaling is due to two factors. Firstly, there are several components of the model that cannot be easily

parallelised, such as writing dumps and output files to netCDF format, logging and diagnostics. Thus, while the single-column

performance scales quite well, there are serial components that do not scale with increased computing resource. Secondly, there245

is some inefficiency in the parallel processing, likely due to a combination of threading overhead and load imbalance, as the

work-per-column will be different depending on the model state (e.g. whether lids or lakes are present in a particular column).

Nevertheless, for the range of CPU counts that we present here, MONARCHS scales well, enabling us to run large simulations

in reasonable timeframes. As the model is in continuous development, future work will continue to improve performance and

parallel scaling, enabling us to consider larger problems (both in terms of resolution and domain size).250
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Figure 6. Strong scaling (fixed problem size, varying computational resource) for MONARCHS.

Figure 7. As in Figure 6, but for a weak scaling experiment (where problem size scales with compute resource).
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Number of vertical points Initial ∆z (cm) Firn depth (m) Lake depth (m) Lid depth (m) Total melt (m)

50 70 25.659273 1.766475 1.604638 6.8642

100 35 25.583110 1.948383 1.598805 6.9657

150 23.33 25.564315 1.996556 1.597362 6.9896

200 17.50 25.555829 2.016880 1.596672 6.9993

300 11.66 25.551274 2.029116 1.596570 7.0035

500 7.00 25.542611 2.048835 1.595886 7.0123

750 4.66 25.547116 2.044527 1.595928 7.0067

1000 3.50 25.523331 2.089585 1.594500 7.0346

2000 1.75 25.523953 2.087941 1.594516 7.0327
Table 1. Vertical resolution benchmarking test case results. The shown firn, lake and lid depths are the numbers at the end of the 140-day

simulation. Total melt is in units of metres, as the test case is in 1-D.

3 Test Cases

To test the performance and accuracy of the model numerics, we consider two test cases: the 1-D column model alone and an

idealized case of melt on a surface with three Gaussian depressions.

3.1 1-D Benchmarking Study

In order to test the sensitivity of the model to the vertical resolution of the firn column, a simple 1D test case was constructed.255

This test was designed to force the creation of a lake, and then create a frozen lid on top of the lake. The test runs for 140 days,

60 of which are very warm (in which case the firn melts and a lake forms/grows), and 80 of which are cold (in which case the

frozen lid forms). The firn column is initialised at a height of 35 m, with a surface density of 500 kg m−3. Table 1 shows the

results of this benchmarking case.

From Table 1 it can be seen that MONARCHS converges with respect to vertical resolution. Lake depths vary on the order260

of 3% when using 17.5 cm vs 1.75 cm vertical resolution, with even smaller variation in the lid and firn depths. Running with

higher vertical resolution significantly increases runtime. We therefore recommend use of vertical grid spacing of 10 cm or

finer, as a tradeoff between accuracy and runtime.

3.2 Gaussian Test Case

A second test case with the full 3-D model was run with an idealized topography including three depressions in the ice height,265

in order to demonstrate the capability of MONARCHS to transport water laterally, and test whether the inclusion of lateral

flow enhanced or dampened the sensitivity to vertical resolution. For this test, a 20 x 20 grid was used, with one large Gaussian

region of lower firn height in the centre, and two smaller low-height regions in the upper left and lower right domain corners

(Figure 8a). The same initial forcing was used for the 1-D case shown above; an initially very high SW/LW radiation and
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Figure 8. The Gaussian test case including two smaller topographical lows in the top left and bottom right corners with plots showing (a)

initial firn height and (b) final lake depth. For this figure, 500 vertical points were used for the firn column.

temperature, followed by a cooler period. In this case however, the cooler period temperature is insufficiently cold to trigger270

lid formation. This allows the water to flow freely within the model domain to demonstrate the lateral flow algorithm.

In this simulation all three lakes initially fill, but as the smaller lakes become full they overflow, with additional water feeding

into the large central lake. Figure 8b shows the three lake basins filled at the end of the simulation.

Experiments were run with varying vertical resolution in the firn column, similarly to the 1-D experiment above. Inclusion

of lateral flow does not meaningfully change the convergence of the model results with respect to vertical resolution - mean275

lake depth differed by less than 4% between the runs with 17.5 cm vs 1.75 cm vertical resolution, with total melt and maximum

lake depth differing by less than 2%.

4 George VI Ice Shelf Case Study

In order to demonstrate the performance of MONARCHS for a realistic ice shelf domain and forcing, we present a case study

on the George VI Ice Shelf on the Antarctic Peninsula, which has experienced significant surface melt and lake formation280

during Austral summer in recent years (Banwell et al., 2024). MONARCHS is run over a 100 by 100 uniform horizontal grid,

initialized with 500 vertical grid cells in the firn. Vertical cell depth is determined by the depth of the firn specified by the

digital elevation model (DEM) used. These choices result in an approximate horizontal resolution of 1 km and average vertical

resolution of approximately 10 cm. Here we use the Reference Elevation Model of Antarctica (REMA) 100 m mosaic tiles
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Figure 9. The George VI Ice shelf case study showing the location of ice shelf (left) and the model domain for this case study (right, red

box).

(Howat et al., 2019) to provide surface elevations for this purpose. For the George VI Ice Shelf we use tile 38_12, that covers285

an area contained within approximately 69-70.25 ◦W and 71.1-71.4 ◦S. The precise model domain is shown in Figure 9.

MONARCHS had been designed to take input data from a variety of sources using built-in functions. Automatic weather

station (AWS) data where available, reanalysis data, or climate model output all provide possible sources for the surface energy

fluxes and snowfall. This case study was forced with data from the ERA-5 reanalysis product (Hersbach et al., 2020), which

includes all variables necessary to calculate the surface energy balance and addition of precipitation. The model is run with a290

timestep of 1 hour from Jan. 1 2014 to Jan 1. 2021. Each of these simulations take approximately 6 hours running on 64 cores

of a Linux processing server.

Initial temperature and density profiles are sparsely available from field measurements. However, since Buzzard et al. (2018b)

found that the influences in these initial conditions were largely lost during the spin-up period here we use an empirically

calculated initial density profile following Schytt (1958) as presented in Paterson (2000),295

ρ= 917− (917− ρsfc) ∗ e(−(1.9/zt)∗z). (9)

Here ρsfc, the surface density, is initially set to 500 kgm−3 and zt, the location of the firn-ice transition, is set to 37 m following

Buzzard et al. (2018b). The initial temperature profile used is linear from 263.15 K at the surface to 253.15 K at the bottom of

the model domain (i.e. 10 and 20 K below freezing) following Buzzard (2017).
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As is typical for Digital Elevation Models, REMA measures height above sea-level, leading to some grid cells having zero300

or negative heights as the ice shelf is floating with much of its thickness below sea level. In order to ensure the firn in these

grid cells can exist within the model domain we assume that the firn column is at least 20 m thick at its lowest point within all

valid grid cells. To prevent this assumption from affecting the topography we add an equal amount of vertical domain to the

firn column everywhere, to ensure that the relative height difference between all cells is maintained. As we are not modelling

basal processes on the ice shelf or any temperature changes deep within the ice this should not affect our results.305

In Figure 10 we show the output of this case study. Some of the key ERA5 surface forcing variables are shown in Figure

11. At the time of modelled maximum lake coverage, 25th January 2020, model output shows lakes forming over the ice shelf

surface, with a mean lake depth at this time of 0.26 m and a maximum depth found of 3.06 m. Extensive firn densification and

ice lens formation occurs as meltwater refreezes leading to loss of firn air content. Figure 10b shows the firn height changes

associated with meltwater formation and movement with some areas seeing a loss of mass and others a gain where water pools310

in topographical lows. It can be seen from Figure 11a that the height increase in the North East (top right) of the model domain

is associated with an area of high snow accumulation.

5 Validation

In order to validate our modelled surface melt lake depths we use satellite-based products of lake depth and extent. Moussavi

et al. (2020a) use data from Landsat 8 imagery collated from the 2013-2020 period to map lake depths across Antarctica’s ice315

shelves, which were derived using the methodology described in Moussavi et al. (2020b). We also use melt lake extent maps

from Dirscherl et al. (2021) to evaluate MONARCHS’ output. These maps have been created from Sentinel-1 (synthetic aper-

ture radar) and Sentinel-2 (optical) data at 10 m spatial resolution and bi-weekly temporal resolution. A grid-scale comparison

of the George VI case study MONARCHS output and the two observational datasets is not possible due to the different spatial

scales of the products and model output. Nevertheless, comparisons of total coverage of lakes and lake depths over the model320

domain area are still informative.

We compared MONARCHS with the Moussavi et al. (2020a) and Dirscherl et al. (2021) Antarctic supraglacial lake datasets

for 25th January 2020, the date of maximum lake coverage simulated by MONARCHS for the 2019-20 melt season, a year

of high melt. For each of the validation datasets we chose the closest available time to this date. A comparison of the model

output to these two observational datasets is shown in Figure 12. As lakes are only found in the Moussavi et al. (2020a) and325

Dirscherl et al. (2021) products in the North West of the model domain we restrict our evaluation to this area.

Even with the differences in resolution noted, large meltwater features are found in the MONARCHS output that are con-

sistent with observations. For example, the horseshoe shaped area of lake coverage in the North West (top right) of the model

domain is distinctive across Figure 12.

MONARCHS also performed well in terms of overall lake coverage, finding 22.78% lake coverage compared with Moussavi330

et al. (2020a)’s 16.92% and Dirscherl et al. (2021)’s 18.68% for the 2019-20 maximum as shown in Figure 13.
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Figure 10. The George VI Ice shelf case study with (a) a map of the model domain with initial firn depths (m) shown, (b) the change in firn

depth (m) from the initial conditions to the time of modelled maximum lake coverage, 25th January 2020 and (c) lake depths (m) at the time

of modelled maximum coverage. 17
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Figure 11. The ERA5 forcing used for the George VI Ice Shelf case study: (a) total snow accumulation during the model run up to the

point of maximum lake coverage in 2020 shown in Figure 10 (25th January 2020) and the average surface forcing for 2019-2020 for (b) air

temperature (K), (c) incoming shortwave radiation (Wm−2) and (d) incoming longwave radiation (Wm−2).
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Figure 12. Lake presence over the George VI Ice shelf for high melt period, 25th January 2020, for (left) MONARCHS modelled lake output,

(centre) Moussavi et al. (2020a) lakes derived from Landsat-8 from 8 scenes (18th January-1st February 2020) and (right) Dirscherl et al.

(2021) lake coverage derived from Sentinel-1 and Sentinel-2 from 2 composites (18th January- 1st February 2020).

Figure 13. Lake depth over the George VI Ice shelf for 25th January 2020 for (left) MONARCHS modelled lake depth output, (centre)

Moussavi et al. (2020a) lake depth derived from Landsat-8 and (right) modelled and observed lake coverage

In Figure 13 we can see that while the lakes produced by MONARCHS are of similar depths to those in Moussavi et al.

(2020a), the mean lake depth in MONARCHS is 0.27 m lower than those of Moussavi et al. (2020a). For the high melt

season 2019-2020, given that the lake coverage of MONARCHS was higher than that found by Moussavi et al. (2020a) this

is somewhat reassuring, suggesting that overall melt amounts are similar, but the melt is more spread out horizontally in335

MONARCHS, which would be expected due to the lower resolution of the model compared to observations. This however is

difficult to validate fully using observations as the volume of melt that is held within the firn and not contained in a lake is not

accounted for by the observational products used here. Furthermore, estimates of total melt from observations from satellite

altimetry still require firn models to calculate a melt volume (Otosaka et al., 2023) so it is currently impossible to validate this

total melt purely by observation.340

As noted previously, we would expect differences in lake coverage between the model and observations due to the spatial

scales used. However, the occurrence of shallow lakes in the South East (bottom right of Figure 10c) of the model domain that
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were not found in the observational data warrants further investigation. In Figure 11 we can see in the ERA5 data used for the

surface forcing that both incoming longwave and shortwave radiation are higher in the South East of the model domain, and

air temperatures are higher in the East than the West. This suggests that the South East region of the model domain would be345

experiencing a positive surface energy balance (and thus heating of the firn and ultimately meltwater production) at least as

often, if not more so, that the rest of the model domain, so the occurrence of these lakes in the model will be as a direct result

of this.

While it is possible that lakes do exist in the South East region of the domain and have not been detected in the observational

datasets due to limitations of satellite coverage, cloud cover and the minimum lake depth needed for detection, there are several350

possibilities for why they could be occurring in the model but not forming on the actual ice shelf. Firstly, reanalysis data is

known to show systematic differences and biases especially over the polar regions (Carter et al., 2022), so the lakes may be

occurring due to the model forcing not representing reality.

However, without reliable firn depth and density measurements across the George VI Ice Shelf, it is possible that there is more

firn air content available for meltwater retention than our initial conditions suggest, meaning that meltwater is being retained355

in the firn but not saturating it fully to lead to lake formation. Alternatively, as the speed of lateral movement of meltwater in

the firn is a large uncertainty and also related to the unknown initial firn density profile it is possible that meltwater is either

moving too far or not far enough across the ice shelf leading to lakes forming outside of their observed range. Furthermore, the

modeled lakes found in this South East region are mostly shallow and therefore may be more like slush which would not be

detected in the Moussavi et al. (2020a) and Dirscherl et al. (2021) products.360

For a more direct comparison it is possible to coarsen the observational data to match the resolution of MONARCHS. Doing

this necessitates a choice in the percentage lake coverage of an coarsened observed grid cell area used to determine if that grid

cell is classified as a lake. We found that our modeled results fell within the range of lake coverage found in both observational

data sets when this threshold is set to 30-40% coverage needed for a coarsened observational grid cell to be classified as a lake.

With a threshold of 30% MONARCHS’s coverage was within 1% of the coverage value found in Moussavi et al. (2020a) and365

2.5% of the coverage found in Dirscherl et al. (2021).

While lake location is heavily influenced by the topography of the DEM used to initialize the model and the lakes in

MONARCHS were found at locations of topographical lows, the volume of water able to reach these lows is highly dependent

on the rate at which it is able to move through the firn. The lateral flow speed of meltwater has been noted as a large uncertainty

in firn hydrology modelling (The Firn Symposium Team, 2024). Therefore we carried out sensitivity studies to determine the370

influence of this parameter on lake formation which are detailed in Section 5.1.

5.1 Sensitivity Study

The sensitivity of surface melt to the parameters that influence the vertical processes modelled in MONARCHS was investi-

gated comprehensively in Buzzard et al. (2018a). There it was found that the 1-D model was most sensitive to air temperature

and incoming shortwave radiation. However, through introducing lateral flow within MONARCHS, we have a further parame-375

ter to consider; the lateral flow speed. The speed of water movement within firn is a one of the key uncertainties in firn science
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Lateral Flow speed (m/s) Mean lake depth (m) Max lake depth (m) % lake coverage

No lateral flow 0.1722 1.3971 76.46

-50% 0.3044 3.3452 26.07

-10% 0.3449 3.3846 25.61

Case Study Baseline 0.2562 3.0631 25.48

+10% 0.2481 3.0835 25.59

+50% 0.2472 4.3986 25.50

+100% 0.2525 4.1881 24.62
Table 2. Outputs of sensitivity studies varying the lateral flow speed of meltwater transport for the George VI Ice Shelf case study. Here

output is compared on 2020-01-25 for each run. The mean lake depth is determined as the average depth of all lakes above the lake formation

threshold (0.1 m).

(The Firn Symposium Team, 2024). Therefore we investigate the impact of lateral flow speed on melt lake development. Our

findings from increasing and decreasing the flow speed by 10%, 50% and 100% and removing lateral flow all together are

shown in Tables 2 and 3. All results are shown for the day with maximal lake coverage in the baseline simulation for the

2018-19 and 2019-20 melt seasons presented in Section 4.380

Both sets of simulations demonstrate that lateral flow of meltwater plays a key role in determining lake coverage. The

influence varied depending on the melt year; including lateral flow led to increases of lake coverage of over ten times in the

low melt year as melt was moved to new areas, whereas for the high melt year lake coverage decreased when lateral flow was

included as melt was transported to topographical lows that were already occupied by lakes. In both high and low melt years

including any lateral flow increased mean lake depths.385

The influence of changing the flow speed when lateral flow is allowed is complex and non-linear. The movement of water may

allow it to pool in topographical lows and allow lakes to form more quickly, leading to albedo changes that result in increased

melt in those locations as well as the potential for the meltwater to contribute to flexure of the ice shelf or hydrofracture, but it

also may take it to areas of high firn air content where it can refreeze within the firn.

The location of lake formation and the associated albedo changes and potential for hydrofracture matters for ice shelf390

stability. Figure 14 shows that changes in the lateral flow speed matter for the location and depth of individual lakes. Knowing

whether or not water is reaching locations vulnerable to meltwater induced damage and how long it remains there is key to

determining the influence of the meltwater on ice shelf stability (Lai et al., 2020).

In the high-melt year the mean lake depth does not vary more than 5 cm across the simulations with lateral flow, suggesting

that mean depth is largely determined by topography. However, both lake coverage and the maximum lake depth increase with395

the inclusion of slower lateral flow, but then decrease as flow increases above the baseline speed, suggesting that as water is

spreading further at greater speeds more may be reaching areas of high firn air content and not contributing to lakes. This

finding, however, will be highly dependent on the ice shelf examined and the initial firn conditions specified, but it does show

that the choice of lateral flow speed has consequences for lake depth and location.
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Lateral Flow speed (m/s) Mean lake depth (m) Max lake depth (m) % lake coverage

No lateral flow 0.79 0.81 0.04

-50% 1.04 2.06 0.46

-10% 0.99 2.05 0.44

Case Study Baseline 1.04 3.04 0.61

+10% 0.99 1.77 0.55

+50% 1.01 1.78 0.53

+100% 0.98 1.78 0.61
Table 3. As for Table 2, but for the 2018-19 season, where there was significantly less melt and thus fewer lakes.

Figure 14. Lake depth difference over the George VI Ice shelf between the baseline simulation and (a) the +50% lateral flow speed simulation

and (b) the -50% lateral flow speed simulation for the output shown in Table 2.

6 Discussion400

Through the development of MONARCHS we have provided the community with the first open-source 3-D model of ice shelf

surface hydrology and demonstrated that it is well suited to modelling meltwater transport over ice shelves and melt lake

development.

The lateral flow of meltwater in firn has been identified as a key uncertainty in understanding ice mass surface hydrology

(Clerx et al., 2024; Ochwat et al., 2021). Our results clearly show that lateral flow of water through firn impacts both lake405

coverage and depth with the sensitivity studies presented in Tables 2 and 3 demonstrating the varying impacts on lake coverage
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and lake depth from including lateral flow. Here we examine this process within the context of a limited model domain but in

reality water may be able to travel further than we simulated. While the flow speeds within firn are uncertain, the development

of preferential flow pathways and surface rivers will increase this flow even further. Without understanding the speed of this

lateral meltwater flow, we are systematically unable to determine how far meltwater can travel within firn and the consequences410

of this (Dell et al., 2020).

In the high melt year presented in the case study a large proportion of shallow lakes (10 cm) were simulated. Given MONAR-

CHS cannot simulate lakes less than 10 cm deep due to the limitations of vertical resolution, it is likely that very shallow lakes,

or slush would be present in reality in such circumstances. Slush can increased melt production through albedo change, refreeze

and form impermeable ice lenses and provide water for lateral transport (Dell et al., 2024). Not accounting for slush explicitly415

may mean that the melt levels calculated here are underestimated and further work can be done to understand this transition

stage between firn and lake.

In addition to movement of water across the ice shelf, lake and meltwater drainage are also important aspects to consider.

While in MONARCHS we currently only allow water to leave the model domain at the boundaries, processes such as draining

through crevasses, lake drainages (Banwell et al., 2013), waterfalls (Bell et al., 2018) and estuary formation may play an420

important role in evacuating water from the ice shelf surface and may go some way to explain the greater lake coverage found

in MONARCHS when compared to observations in the case study presented here. Feedbacks between water flow and ice

surface topography could be included in future MONARCHS development to move towards a fully dynamic model of ice shelf

flexure and flow erosion at the surface.

The resolution at which MONARCHS is run is flexible depending on the research question. Although it is expensive to run425

simulations of higher resolution over large areas of an ice shelf such as those shown in Figure 10, a smaller subset of the model

domain could be run at a higher resolution to investigate the evolution of individual lakes or small areas of lakes in more detail.

This however may mean assumptions would need to be made about the amount of lateral flow entering and leaving the model

domain should the domain be small enough that water influencing lake formation there will be produced elsewhere on the ice

shelf.430

How the distribution of firn may change in the future is key to the evolution of supraglacial meltwater systems. The predicted

future loss of firn air content (Veldhuijsen et al., 2024; Dunmire et al., 2024) will reduce available pore space for meltwater

retention and may lead to lakes and other supraglacial hydrological features forming more quickly, and could ultimately lead

to greater firn loss and ice shelf instability. Models like MONARCHS will be key to understanding future firn air content loss

and the implications for ice shelf evolution.435

7 Conclusions and Future work

Here we present the first comprehensive model for Antarctic ice shelf surface hydrology, MONARCHS. We have updated

the Buzzard et al. (2018a) 1-D model of ice shelf lake development and developed a new model consisting of a grid of these
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vertical columns, allowing us to incorporate topography-dependent lateral flow of meltwater. We demonstrate the impact of

this lateral flow on lake coverage and evolution through a case study on the George VI Ice Shelf.440

The strong parallelization of MONARCHS permits variation of vertical and lateral resolution over wide ranges, making the

model easily scalable for both larger studies of the evolution of the surface of an entire ice shelf or process-based studies (e.g.

ice shelf flexure in response to meltwater loading following MacAyeal et al. (2021)). Still, higher resolution process-based

studies may require a method to calculate meltwater transport at the model boundaries.

For studies of future climate and ice sheet evolution, the possibility of having areas of saturation still present in the firn445

column at the start of the melt season will need to be fully accounted for. Although perennial aquifers have yet to be observed

directly on the Antarctic continent, it is possible that they may occur (van Wessem et al., 2021), with the possibility increasing

in a warming climate. While MONARCHS can allow water to remain in the firn, the evolution of firn aquifers or buried lakes

is a complex process that requires further understanding.

Furthermore, ongoing work into the permeability of ice lenses and ice slabs (e.g. Laha and Mair (2025)) could be incorpo-450

rated into the model to allow slow percolation of water through the ice lens as oppose to assuming it all either stays above the

lens or runs off. The importance of this process in an Antarctic setting is yet to be determined, but sensitivity testing of ice slab

permeability using MONARCHS could be used to investigate this.

MONARCHS is created to be a community model and thus we welcome suggestions for its development for additional uses.

8 Code and data availability455

The documentation/ user manual for MONARCHS is available along with model code under the GPL v3.0-or-later License at

https://monarchs-ice.github.io/monarchs/index.html.

The model code used in this study is archived in a Zenodo repository at https://doi.org/10.5281/zenodo.20545354 (Elsey and

Buzzard, 2026), along with the outputs for the case study described above.
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Appendix A: MONARCHS Variables460

Parameter Description Notation Model parameter Units Example Value

Air pressure p p Pa Determined by surface forcing data

Air temperature (10 m) Tair Tair K Determined by surface forcing data

Albedo α alpha dimensionless 0.8670/ 0.6 (dry/wet snow albedo)

0.413 (exposed water albedo)

lake albedo varies with lake depth

Density of firn ρ calculated from Sfrac/ Lfrac kgm−3 variable

Density of ice ρice rho_ice kgm−3 917

Density of water ρliq rho_liq kgm−3 1000

Flow speed u u ms−2 calculated within model

Hydraulic permeability Π Big_pi m2 -2.53 x 10−10

Incoming longwave energy FLW LW_in Wm2 Determined by surface forcing data

Incoming shortwave energy FSW SW_in Wm2 Determined by surface forcing data

Latent heat flux Flat F_lat W m2 Determined by surface forcing data

Acceleration due to gravity g g m s −2 9.8

Latent heat of fusion (water) L L Jkg−1 334000

Liquid fraction n/a Lfrac dimensionless Varies between 0-1

Pore closure density ρpc pore_closure kgm−3 830

Sensible heat flux Fsens F_sens Wm2 Determined by surface forcing data

Solid fraction φ Sfrac dimensionless Varies between 0-1

Specific heat capacity (air) cpair
cp_air Jkg−1K−1 1004

Specific heat capacity (water) cpliq
cp_water Jkg−1K−1 4217

Stefan-Boltzman constant σ sigma Wm−2 K−4 5.67 x 10−8

Surface emissivity ε epsilon dimensionless Ranges from 0 to 1

Thermal diffusivity (air) κair kair m2s−1 0.022

Thermal diffusivity (water) κliq k_water m2s−1 0.5818

Viscosity η eta Pas−1 1.787 x 10−3

Wind speed w w ms−2 determined by surface forcing data

Table A1. The standard parameters used in MONARCHS with the parameter description, notation used in this paper, parameter name in the

MONARCHS code, units and example value used in the case study presented here.
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