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Abstract. Surface melt strongly influences the thermodynamics and stability of Antarctic ice shelves, yet firn models remain
poorly constrained due to scarce observations. We present a framework that integrates satellite-borne microwave radiometry
with firn modelling to evaluate meltwater generation and infiltration. Using the Glacier Energy and Mass Balance (GEMB)
surface energy balance model, we simulate snow and firn temperature, density, and liquid water content (LWC) on the
Shackleton Ice Shelf. These outputs drive the Microwave Emission of Model of Layered Snowpacks (MEMLS) radiative
transfer model to simulate microwave brightness temperatures (TB), which we compare with satellite radiometer
observations at 1.4 and 36.5 GHz. Because TB is highly sensitive to LWC, this approach provides a powerful constraint on
firn thermodynamics in data-sparse regions. Our results reveal that realistic simulation of meltwater percolation and
refreezing requires substantially finer vertical resolution than typically employed. Incorporating radiometric constraints thus

improves firn evolution modelling and advances projections of Antarctic ice shelf stability.

1 Introduction

The primary drivers of Antarctic Ice Sheet mass loss are basal melt and glacier outflow (Scambos et al., 2000; Bell et al.,
2018). Ice shelves play a critical role in controlling glacier discharge, acting as barriers that regulate the flow of inland ice
into the ocean (IPCC, 2021). Surface melt significantly impacts the long-term thermodynamics and structure of ice shelves,
and thus their ability to buttress ice flow (e.g., DeConto and Pollard, 2016). During the austral summer, warmer air
temperatures and increased solar radiation cause surface melting (e.g., Tedesco et al., 2007), most intensely on the more
northerly latitudes, including the Antarctic Peninsula (Scambos et al., 2000), while southerly shelves such as the Ross and
Filchner-Ronne experience melt more episodically (Banwell et al., 2021). Ice-shelf firn serves as a critical reservoir for
meltwater that might otherwise pond on the surface and affect ice-shelf stability, ultimately influencing the flow of the
inland ice sheet (e.g., Banwell et al., 2013; Bell et al., 2018). The meltwater percolates into the ice shelf, transforming its

structural and thermal composition; the refrozen firn is left with reduced pore space available for meltwater retention,
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potentially including ice lenses that block percolation and promote ponding (e.g., Dunmire et al., 2024). The ultimate
infiltration of the water retained in the surface (ponding), controlled by the intensity and frequency of surface meltwater
processes (e.g., Leeson et al., 2020), or seawater infiltrated into the ice shelves through basal crevasses, and their resulting
structural changes, have been linked to calving and collapse events, such as the Larsen B collapse in 2002 (e.g., Scambos et
al., 2003) and Conger-Glenzer in 2022 (e.g., Walker et al., 2024).

Because of their buttressing role, future ice sheet stability is tightly coupled to the health of the ice shelves (e.g., Fricker et
al., 2025). Climate models, now beginning to incorporate coupled ice sheet-ocean interactions, are only just being evaluated
for projections of sea-level change. Past assessments using one-way atmospheric and ocean forcing from Earth system
models suggest that under high-emission scenarios, ice sheets could contribute substantially to sea level rise (IPCC, 2021).
Yet predictions of ice shelf evolution remain under-constrained, as in situ measurements of melt and firn processes at scale
are nearly impossible to acquire. Firn models struggle to represent liquid meltwater generation and evolution (e.g.,
Vandecrux et al., 2020) and depend on external forcing, energy-exchange parameterisation, and firn thermodynamics
(Leeson et al., 2020). Their reliability is limited by reliance on model-based rather than observational data. Furthermore, firn
model initial conditions, including density and thermal structure, are typically derived from spin-ups to mean historical
states; errors in these profiles accumulate through each modelling cycle and affect infiltration and evolution. Combined with
simplified process parameterisations, scarce observational validation, and frequent inter-model disagreement (e.g., Glaude et
al., 2024), model fidelity remains highly uncertain.

The model shortcomings are particularly concerning when evaluating how increasing melt affects ice shelf stability.
Accurate representation of liquid water content (LWC) and its distribution within ice shelves is crucial for reliable
projections of ice mass loss. Misrepresentation of liquid water storage, refreezing, and percolation can bias model outputs
and affect projections of sea-level contribution (Gilbert & Kittel, 2021). Failure to capture hydrofracturing and subsurface
weakening — processes dependent on subsurface LWC — can lead to underestimates of sudden ice shelf collapse and glacier
acceleration (Lai et al., 2020). Improved observational constraints, from both remote sensing and in situ measurements, are
therefore essential for refining model processes and reducing uncertainty in long-term climate predictions (Rignot et al.,
2019).

Microwave remote sensing provides a valuable tool for monitoring meltwater evolution and structural changes in ice shelves.
Low-frequency emissions (e.g., 1.4 GHz) can originate from hundreds of meters within the ice shelf or the ice/seawater
boundary (e.g., Leduc-Leballeur et al., 2015; Macelloni et al., 2016), and L-band radiometry has proven effective for
capturing internal meltwater processes (Houtz et al., 2020; Leduc-Leballeur et al., 2020; Naderpour et al., 2021; Mousavi et
al., 2021; 2022; Zieger et al., 2024). In contrast, higher frequency emissions (e.g., 37 GHz) are sensitive to near-surface
conditions (e.g., Macelloni et al., 2007; Picard et al., 2022a) and have been used to assess ice shelf integrity and inform
meltwater modelling (de Roda Husman et al., 2024; Zheng et al., 2022; 2025). While high frequencies provide binary
surface information, total liquid water amount (LWA) and refreeze rates remain model-dependent and uncertain. Because

lower-frequency signals retain sensitivity to larger-scale meltwater, combining multiple microwave bands offers
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complementary insights into both shallow and deep ice-shelf processes (Colliander et al., 2022; 2023; Leduc-Leballeur et al.,
2025).

LWA is a valuable metric for tracking firn evolution, capturing the interplay of meltwater generation and refreezing across
diurnal, episodic, and seasonal scales. LWA retrievals from L-band radiometry agree well with values derived from surface
energy balance models forced by reanalysis and in situ data (Hossan et al., 2024) and with subsurface temperature
measurements (Moon et al., 2024), supporting both approaches. L-band observations also reflect vertical meltwater
distribution, not just total LWA (Vandecrux et al., 2025; Moon et al., 2025). While dielectric mixing models of wet snow
influence the magnitude of LWA retrievals, they do not alter observed trends in melt onset and cessation (Hossan et al.,
2025). Although L-band brightness temperature (TB) can estimate LWA and percolation depth, physical models remain
essential for simulating firn density, temperature, and structural integrity. Integrating observational and model-based
approaches is therefore critical for understanding and projecting ice shelf evolution.

Here, we exploit this rapid evolution in understanding of 1.4 GHz radiometry, together with 36.5 GHz, to investigate the
seasonal surface melt effects on the Shackleton Ice Shelf (SIS) over multiple seasons. We use modelled ice shelf physical
information from the Ice-sheet and Sea-level System Model (ISSM) and the Glacier Energy and Mass Balance (GEMB)
model (Gardner et al., 2023), together capturing the ice shelf structure as well as the snow and firn evolution, including its
temperature, density, LWC, and other properties. The model is forced with the ERAS (Hersbach et al., 2020). We then
simulate TB at 1.4 and 36.5 GHz using the Microwave Emission of Layered Snowpacks (MEMLS) model (Wiesmann et al.,
1999) and compare them to TB measured at 1.4 GHz by the NASA Soil Moisture Active Passive (SMAP) mission
(Entekhabi et al., 2025) and at 36.5 GHz by the Advanced Microwave Scanning Radiometer 2 (AMSR2) instrument onboard
the JAXA GCOM-W satellite (Imaoka et al., 2010). The GEMB model’s ability to predict the LWC and firn evolution is
tested during the seasonally occurring melt events at the SIS (e.g., de Roda Husman et al., 2023; Saunderson et al., 2022),
model parameters are adjusted accordingly, and the forcing accuracy is assessed to improve the liquid water representation in

the model.

2 Methods and Materials
2.1 Study Location: Shackleton Ice Shelf

Most of the Antarctic Ice Sheet (AIS) drains to the ocean, terminating in marine glacier cliffs, floating ice shelves, or glacier
tongues (e.g., Rignot et al., 2011). Floating ice shelves and glaciers cover nearly two-thirds of the Antarctic coastline, an area
comparable to the entire Greenland Ice Sheet (Rignot et al., 2013). Ice shelf mass loss occurs primarily via basal melting at
the ice-ocean interface and iceberg calving, contributing roughly equally (Paolo et al., 2015; Rignot et al., 2013). The West
Antarctic Ice Sheet (WAIS) has experienced significant mass loss since the 1990s, particularly in the Amundsen Sea sector

(e.g., Smith et al., 2020). The East Antarctic Ice Sheet (EAIS), long considered more stable (Silvano et al., 2016) yet
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containing almost 90% of Antarctica’s sea-level equivalent (Fricker et al., 2025), is now also showing measurable but slower
contributions to sea-level rise (Rignot et al., 2019).

Shackleton Ice Shelf, one of East Antarctica’s largest ice shelf systems, fronts Queen Mary Land to the west and Wilkes
Land’s Knox Coast to the east. It is fed by several tributary glaciers, including Scott, Northcliff, Roscoe, Apfel, and Denman.
The Denman Glacier alone is estimated to hold an ice mass equivalent to 1.5 m of sea level rise (Morlighem et al., 2020).
The system comprises the Shackleton Ice Shelf itself, multiple pinning points, the ice tongues of Denman, Northcliff, Scott,
and Roscoe, and an area of fast ice west of Denman’s tongue that acts as a near-permanent seal to the main ice shelf (Figure
S1). A major calving between 1997-2000 separated the Eastern Shackleton from what became the Conger-Glenzer Ice Shelf
(Walker et al., 2024). The system features numerous rifts, including decades-old triple-junctions on its eastern front, and

recent studies highlight active rift propagation, shear margin weakening, and surface features linked to brine infiltration.

2.2 Spaceborne Microwave Radiometer Data

We use L-band (1.4 GHz) TB from the SMAP radiometer operating in a 6 AM/PM equatorial crossing sun-synchronous
orbit with 40° incidence angle, 38-km 3dB footprint, and 1000-km swath width (Piepmeier et al., 2017; Entekhabi et al.,
2025), allowing the measurement of most of Antarctica twice daily. The SMAP science data production started on March 31,
2015. We used the spatially enhanced TB product (L1CTBE, version 3) posted to a consistent 9-km Equal-Area Scalable
Earth grid version 2 (EASE2) polar grid (Brodzik et al., 2012; 2014; Chaubell et al., 2020).

We use Ka-band (36.5 GHz) TB from AMSR2, with a 1:30 AM/PM equatorial crossing sun-synchronous orbit (Imaoka et
al.,, 2010). The 3dB footprint of the Ka-band channel is about ~8 km. The conically scanning, 55° incidence angle
measurement results in ~1900 km swath width, overlapping with SMAP observations spatially and allowing the
measurement of the entire Antarctica at least twice a day. The AMSR2 mission has produced science data since May 18,
2012. The data were gridded using inverse distance weighting on the same 9-km EASE?2 grid as the SMAP data.

Lower frequencies (e.g., 1.4 GHz) originate from hundreds of meters within the ice shelf or the ice/sea-water boundary (e.g.,
Leduc-Leballeur et al., 2015; Macelloni et al., 2016), while higher frequency emissions (such as 36.5 GHz) are more
sensitive to near-surface processes (e.g., Macelloni et al., 2007; Picard et al., 2022a; see also Figure S5), providing
complementary insights into shallow and deep ice shelf processes (Colliander et al., 2022; 2023; Leduc-Leballeur et al.,
2025). Data are analysed over the SIS study site (66.0782°S and 97.9590°E; Figure S1), where ICESat-2 shows uniform

thickness, minimising any effects from the grounding line or pinning points on the radiometric signatures (Figure S2).

2.3  Glacier Energy and Mass Balance (GEMB)

We used the GEMB model to represent the snow, firn, and ice composition on the SIS. GEMB simulates glacier surface
mass balance by accounting for energy exchanges at the snow—atmosphere interface (Gardner et al., 2023). It utilises
temperature, radiation, wind speed, humidity, and precipitation inputs to compute surface melting, sublimation, and

refreezing processes. The module calculates the energy available for melting based on net radiation, sensible, and latent heat
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fluxes. This energy is then converted into meltwater production, contributing to surface runoff or refreezing within the
snowpack. GEMB outputs detailed firn profiles, of which we used LWC, temperature, and density. Baseline simulations for
Antarctica (1979-2023), including spin-up, were generated with GEMB in the ISSM (Gardner et al.,2023; Schlegel and
Gardner, 2024). Our analysis uses the January 1, 2015, output nearest the SIS study location as the firn initial state. We then
ran point simulations with MATLAB version of GEMB (Gardner, 2024) to 6 m depth using various layering schemes for
2015-2023, saving output at 3-hour intervals.

Two forcing datasets were utilised in the study. ERAS reanalysis (Hersbach et al., 2020) provides a common option for
Antarctic and Greenland simulations. We also used the automatic weather station at the Casey station (approx. 565 km east
of SIS; Australian Antarctic Division, 2020) as a proxy for Shackleton conditions to estimate potential ERAS biases and
their effects on the GEMB simulations. The temperature differences between ERAS and the station were calculated, with the
station temperature adjusted by a lapse rate of -0.006K/m for elevation differences. The resulting bias was applied to GEMB
temperature forcing, and downward long-wave radiation and saturation vapour pressure were adjusted accordingly, assuming
unchanged near-surface emissivity and relative humidity.

The model generally uses thinner layers near the surface and thicker layers at depth, corresponding to decreasing vertical
variability in snow, firn, and ice properties (Figure S4). The baseline layering scheme employed 5 cm layers down to 10 m,
then increasing through the depth of the firn layer. To better capture highly variable melt-refreeze processes and their impact
on microwave emission simulation, we also ran the model with thinner surface layers to the observed percolation depth (2-3
m), then increasing to 6 m. Configurations included 15, 10, 5, 2, and 1 mm constant layers to a depth of 3 m, as well as 1.5
mm and 1.25 mm down to a depth of 2.1 m, and 1 mm down to a depth of 2 m. The latter three simulations have shallower
depths because the minimum surface layer depths must divide evenly, and they were much more resource-intensive to run.
Results suggested that the modelled LWC in the snow converged between the 1 mm and 1.25 mm configurations. As a
result, additional simulations were performed using the 1.25 mm surface layer thickness. Additional simulations included
(1) running with a different thermal conductivity parameterization (i.e. Calonne et al., 2011), rather than the one used by the
baseline simulation (i.e., Sturm et al., 1997), similar to experiments presented by Gardner et al., 2023, for Summit Station,
Greenland, (2) running with the temperature bias derived from station data, and (3) running with the monthly climatological
temperature bias derived from station data.

To simulate the ice properties below the firn layer, we use the ISSM. We calculate a three-dimensional thermal-mechanical
steady-state solution of continental Antarctica with respect to the present-day climate, using GEMB temperatures at depth as
the surface boundary condition of the dynamic incompressible ice. Results of this simulation are presented by Akins et al.

(2025).

2.4  Brightness Temperature Modelling

We used the Microwave Emission Model of Layered Snowpacks (MEMLS; Weismann and Matzler, 1999) to simulate TB
over SIS at the 1.4 GHz (SMAP, 40° incidence) and the 36.5 GHz (AMSR2, 55° incidence). MEMLS is a radiative transfer
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model that simulates microwave emission, absorption, and scattering in stratified snowpacks across a broad frequency range
under varying snow and atmospheric conditions. It applies the six-flux approximation to compute radiation in each layer,
allowing multiple scattering in both directions. Snow is represented as horizontally homogeneous layers defined by
thickness, temperature, density, grain size (exponential correlation length, p..), and LWC. Layering, temperature, density,
and LWC were taken directly from GEMB runs. A semi-infinite water layer with a dielectric constant of 80 (e.g., Ulaby et
al., 1986) was assumed beneath the ice shelf, though contributing depth analysis showed negligible TB influence (Figure
S5). Densification was handled through GEMB parameters without separate ice layers, as GEMB resolves snow/firn
evolution through accumulation and melt-refreeze cycles (Figure S3). Since all top-layer thicknesses were less than a quarter
of the wavelengths at 1.4 or 36.5 GHz, MEMLS was run in incoherent mode to properly account for scattering (Weissman
and Mitzler, 1999).

The grain size tuning followed a widely used approach in snow simulations (e.g., Macelloni et al., 2007; Drinkwater et al.,
2004). Grain size controls scattering in the Wiesmann et al. (1998) model used in MEMLS, which we applied consistently
across all cases. We developed an empirical model function relating exponential correlation length (p.x) to density and depth,
tuning per so that the simulated 1.4 and 36.5 GHz TB matched the frozen season observations. For 36.5 GHz, the function
was further constrained (1) to reproduce the low TB caused by strong scattering from the surface crust formed after refreeze,
and (2) to allow scattering effects to diminish over time, producing an increasing TB trend with snowpack evolution. The

correlation length for the surface layers (up to about 1 m) took the following form:

P1 = By + Ape™p(2) — po (1)
where z is the depth, p density (kg/m?), oo the new snow density, and 4y and By are the tuning parameters. By is determined
with pre-melt TB when fresh snow dominates the density profile in the upper 1 m (i.e., pi for fresh snow is By); Ao is
determined by the effect of the post-melt density spikes, and po is close to fresh snow density, which is 450 kg/m? for
Shackleton based on GEMB simulations.

For 1.4 GHz TB, the correlation length was modelled as:

P2 =¢p =Ax(1—e “)p (2)
where the ¢ function links the density with grain size, and 4. and « are its tuning parameters. The measured TB is nearly
constant throughout the frozen season, and the tuning was done using the same pre-melt date as for 36.5 GHz TB. The
purpose of the exponentially decaying function toward the surface is to reduce the scattering effect of the density spikes in
the surface, while utilising the physical-model-based density information from GEMB. The composite correlation length for

the entire column was defined as:

_ P b < g (3)
pex(Z) - {pz’ ¢ > ¢0

where @y was determined so that the two frequencies are affected by the two grain size regimes separately, as tying the
correlation length and density enabled the tuning for the two frequencies with the same profile (because the frequencies are

sensitive to different depths).
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Although the tuning is empirical, it has a physical interpretation. First, the frequency-dependent scattering coefficient of
snow depends on density, grain size, and snow type, with uniformity of the medium also playing a role. Existing models
capture scattering in low and high-density regimes, but intermediate densities remain challenging (Picard et al., 2022). Our
formulation similarly introduces a switch-off depth for grain size, roughly separating the fresh annual accumulation (about 1
m based on ERAS) from the underlying multi-year snow, controlled by ¢.

Second, L-band emission from deep layers is strongly influenced by firn structure. Multi-year firn, formed from surface
snow undergoing annual melt-refreeze cycles, inevitably develops structural heterogeneity that GEMB cannot fully resolve.
The observed low L-band TB is likely caused by internal reflection and scattering effects from this uneven stratigraphy (e.g.,
Jezek et al., 2022). Such effects can be modelled either by imposing strong density variability that enhances interlayer
reflections (e.g., Brucker et al., 2011; Leduc-Leballeur et al., 2015; Macelloni et al., 2016) or by increasing scattering
coefficients through large effective grain sizes without altering GEMB densities. Because MEMLS empirically tunes the
exponential correlation length (grain size) to match observation, the precise grain size—scattering relationship is secondary.
Eq. (2), which increases correlation length with depth and density, aligns with the dense-snow models that generally predict

stronger scattering than low-density snow (e.g., Picard et al., 2022).

3  Results
3.1 Seasonality of Brightness Temperature Observations and Modelled Snow and Firn

SIS is a prime example of an ice shelf where surface melt strongly influences dynamics. Yet, there are no continuous ground
observations to constrain climate models or validate snow/firn evolution. Modelling is therefore essential to assess its melt
vulnerability. Figure l1a-d shows GEMB-modelled snow and firn evolution using two layering schemes: 5 cm layers to 10 m
depth and 1.25 mm layers to 6 m (see Section 2.3). ERAS air temperatures drive the first-layer snow temperature in GEMB,
accounting for thermal conductivity and radiation effects, while ERAS 3-hourly and annual precipitation provide
accumulation forcing. These inputs shape density in the top layers, capturing crust formation during melt-refreeze cycles and
its burial under winter snowfall. GEMB’s LWA further illustrates seasonal variations in LWA over SIS.

We found that the observed TB seasonality at 1.4 and 36.5 GHz aligns with GEMB simulations (Figure le). The two bands
probe different depths: 1.4 GHz has a contributing depth of tens to hundreds of meters, while 36.5 GHz is limited to the top
tens of centimetres (Figure S5). Consequently, their time series reflect different aspects of SIS evolution. The 1.4 GHz TB
tracks total LWA, whereas the 36.5 GHz TB, sensitive to the surface, highlights periods of active meltwater production.
Outside the austral summer, 1.4 GHz TB remains remarkably stable (e.g., Mousavi et al., 2022), with summer variability
corresponding to year-to-year melt intensity. Warm and cold periods are marked in Figure 1 using 36.5 GHz TB from
grounded ice upstream of the SIS grounding line, which remains melt-free. The consistently low background level arises

from annual melt-refreeze layering, while summer increases correspond to the absorptive effects of wet snow.



225

230

235

240

245

250

https://doi.org/10.5194/egusphere-2025-5953
Preprint. Discussion started: 2 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The V- and H-pol 36 GHz TB follow a consistent annual cycle: high during wet-snow periods (due to absorption) and low
during dry conditions within the contributing depth. Seasonal changes drive the low values, reaching a minimum at the end
of the melt season and a maximum at the start. Refreezing of wet snow forms crusts that enhance scattering, producing very
low TB. Fresh snow accumulation between melt seasons gradually buries these crusts, reducing scattering and raising TB.
During the melt season, repeated melt-refreeze cycles grow crust layers, progressively increasing scattering and lowering the
dry-condition TB.

Example GEMB profiles of snow and firn temperature, LWC, and density to 7 m depth from Dec 26, 2019 (early melt
season) and Jan 15, 2020 (late melt season) highlight contrasting behaviours between the 1.25 mm and 5 cm layering
schemes (Figure 2). A complete refreeze occurred between these dates. In the first event, both schemes produce similar
temperature and LWC profiles, though the 1.25 mm scheme yields a denser surface and maintains higher density spikes from
the two prior seasons, while the 5 cm scheme better preserves older-season spikes. Percolation depths are comparable in the
first event but diverge sharply in the second: approx. 1.5 m for the 1.25 mm scheme versus only approx. 0.5 m for the 5 cm
scheme, which also shows less total meltwater. Consequently, liquid water retention is longer in the 1.25 mm scheme,
producing a closer match to the observed L-band signature (Figure 1d and e).

Melt-refreeze timing and wet-snow duration varied substantially from year to year, and results from the two-layering
schemes were not always correlated. This outcome is expected for any firn model, given the lack of reliable references for
meltwater production (due to uncertainties in the surface energy balance) and for percolation and refreeze (due to
approximate infiltration physics and limited understanding of irreducible LWC, corrupting the thermal field). L-band TB,
being directly sensitive to total LWA, provides a valuable constraint on both processes. In this case, the 1.25 mm scheme

appears to capture reality more closely.

3.2  Comparing Observations with Model-based Brightness Temperature Simulations

We translated the GEMB-modelled ice shelf state into 1.4 and 36.5 GHz TB using MEMLS, allowing the observations to be
used more directly to evaluate model performance and guide parameterisation. Direct TB simulations from firn models are
rare, yet the firn model provides the necessary framework—Ilayering, temperature, density, and LWC—for multilayer
emission modelling. Snow grain size, however, was tuned as an effective parameter (e.g., Picard et al., 2022; see Section
2.4). Establishing robust links between firn models and radiative transfer simulations is critical for calibrating parameters,
constraining their values, and paving the way for assimilation-based approaches.

The simulated L-band TB closely matches observations under both frozen and melt conditions (Figure 3). The frozen level is
tuned, while MEMLS produces the melt values, with maxima slightly above 260 K. The 1.25 mm scheme aligns better with
observed L-band TB during the 2019-2020 melt season, whereas melt effects were weaker in 2020-2021, with minimal
differences between schemes. In 2019, both schemes captured the onset of melt, triggered by changes in surface energy

balance. However, in January 2020, the model failed to reproduce observed diurnal melt-refreeze cycles seen at 36.5 GHz.
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Adjusting ERAS forcing using Casey Station observations, its climatology, and incremental warming did not resolve the
discrepancy, pointing instead to issues in model setup, spin-up, calibration, or parameterisation.

Refreezing all liquid water to complete the melt season depends on the end of new meltwater generation and the refreeze
rate. In the 1.25 mm GEMB simulation, TB returned to frozen levels in late February 2020, whereas L-band observations
refreezing completed in early March 2020. The forcing adjustments did not resolve this mismatch either, again pointing to
shortcomings in GEMB.

The simulated 36.5 GHz TB reproduces both melt (approx. 273 K) and frozen states, including the frozen TB decrease from
crust accumulation. Early in the season, the 1.25 mm and 5 cm schemes produced similar results due to the comparable
LWC, but differences emerged later as their LWC diverged. In most cases, the 1.25 mm scheme captured melt events missed
by the 5 cm scheme. For example, on February 20, 2020, the 5 cm case showed warming in the top layer but no melt,
whereas the 1.25 mm case reproduced the observed melt and matched 36.5 GHz TB. However, on some days, the 1.25 mm
scheme overestimated TB.

LWA retrieved from 1.4 GHz TB using the algorithm of Hossan et al. (2024) is shown in Figure 3e. In summer 2020, the
retrieval and GEMB both indicate the melt onset, but their evolution differs: the retrieval shows persistent liquid water
throughout the season, consistent with observed TB (Figure 3a), whereas GEMB produced episodic melt events tied to air
temperature and surface energy balance (Figure 3d). In summer 2021, melt was weaker, with retrieved LWA not exceeding
10 mm; here, GEMB captured the timing and magnitude reasonably well. While subject to its own uncertainties — from
footprint heterogeneity to electromagnetic model assumptions — the retrieval highlights gaps in how firn models represent

meltwater and thermodynamic processes across different settings.

4 Discussion and Conclusion

By directly linking observations and simulations, the simulated TB provides a powerful constraint on meltwater generation,
refreezing, and LWA across different model configurations. This establishes TB as a calibration reference and reframes
Antarctic surface melt modelling. The approach builds on recent advances in utilising the lower-frequency passive
microwave spectrum to capture meltwater-related emissions (Houtz et al., 2020; Mousavi et al., 2020; Hossan et al., 2024;
Moon et al., 2024; Vandecrux et al., 2025). In the absence of in situ data, such observations fill a critical gap. Although
widespread implementation remains technically demanding, it is warranted by the critical need to integrate observational
constraints into firn models. Because these models underpin the conversion of surface altimetry into mass balance estimates
and inform projections of ice sheet evolution, improving their representation of melt processes—central to ice shelf
thermodynamics and stability—has the potential to enhance the long-term climate and sea-level hindcasts and forecasts
significantly. When comparing simulated and observed TB from June 2015 to July 2021, winter values spread with
accumulation, while melt events cluster near 270 K at 36.5 GHz (Figure S6). Deviations outside this range highlight missed

or falsely predicted melt. At 1.4 GHz, the scatter in Figure S6 is dominated by melt events that the model fails to capture.
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The residuals — observed minus simulated TB — provide a foundation for future data assimilation to constrain models better,
improving performance.

Our results suggest that accurately modelling melt on the SIS may require layering as fine as 1.25 mm. By contrast, most
state-of-the-art models employ much coarser layers (=10 cm), which miss key processes such as liquid water generation, its
percolation, retention, and refreezing, and ice layer formation. These processes are singularly transformative for the firn
properties at depth, including temperature and density. Observations further show that in cold, episodic-melt environments,
liquid water can persist at shallow depths. Coarse vertical resolution fails to capture these dynamics, compromising energy
exchange and phase change representation and propagating errors into simulations under warm conditions.

The formation of high-density ice layers through refreezing and their control on subsequent meltwater infiltration and
retention are highly sensitive to model resolution. Whether and how thick such layers form determines permeability and
depends on how well the vertical structure is represented. Fine layering offers the most accurate depiction but is
computationally expensive, requiring many layers with short time steps to maintain numerical stability. A balance is
therefore needed between fidelity and efficiency (e.g., Gardner et al., 2023). Observations, such as LWA and infiltration
depth (Vandecrux et al., 2025; Moon et al., 2025), could inform these choices, enabling adaptive schemes that dynamically
adjust layer resolution in response to evolving liquid water and firn conditions.

Without observational constraints, firn models typically initialise from climatological spin-ups (e.g., 1950-1980), yet the
thermal and density structure—particularly its spatial and vertical heterogeneity—strongly controls infiltration and firn
evolution. Errors in these initial states propagate forward, biasing outcomes. Radiometric modelling offers a direct means to
constrain firn thermal and density profiles from satellite observations, a critical step for next-generation modelling. No
matter how advanced a melt or infiltration scheme may be, if it operates on a misrepresented firn column, predictions will
diverge from reality over time. Our results highlight the high-impact potential of integrating radiometric data into firn
models to improve model constraints, calibration, and initialisation, ultimately enhancing projections of Antarctic ice shelf

stability, mass balance, and sea-level rise.

10



315

https://doi.org/10.5194/egusphere-2025-5953
Preprint. Discussion started: 2 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(a) Temperature: Daily Maximum (ERA5 and GEMB)
p 1 2016 2017 | 2018 | 2019 I 2020 I ERAEZ T
0 ;i | ; it Y R | ——GEMB L1 (1.25 mm)
5 gy ‘Ll i e 4 ! @l GEMBL1 (5cm)
2 1 )

o ! | L (1.25mm)
j i | 18 --—-L1(5cm)
— 800 = | - Top 50 cm (1.25 mm)
7E } Top 50 ¢cm (5 cm)
E, : g | z,
= 600 if il i
e ' B - H
J:: \:»«.‘k A — § | { | \ T o 7 '.w "
400 I 1 I 1 1 I 1 | | 1 15 1 1 I

(d) 0 Melt Water Amount (GEMB)

— I I I | I ! = =LWA (1.25 mm)

g 2 i ---- LWA (5cm)

g

220

o .

= 0 'A J AJL ad l Lu. L]

| | ! | | | | ! ! | TR  sahin

(e) Satellite Brightness Temperature: Vertical Polarization

< 220

160 (= \ | | \ | | \ ! | | | | | ! | | | IR \ ! | !
S g @ t® 0 g i it it gt i ut® g i e g a0 ® 0 g1 2 it

Figure 1. Modelled and measured parameters over the Shackleton Ice Sheet study location from July 2015 to July 2021. (a) ERAS
air temperature, GEMB layer 1 (L1) snow temperature for the 1 mm and 5 cm layering schemes. (b) The 3-hourly ERAS
precipitation (snow) and its yearly accumulation. (C) GEMB layer 1 snow density for the 1 mm and S cm layering schemes and the
average snow density in the top 50 cm for the 1 mm and S cm layering schemes. (d) GEMB meltwater amount for the 1 mm and 5
cm layering schemes. (¢) Measured 1.4 GHz (SMAP) and 36.5 GHz (AMSR?2) brightness temperatures (TB).
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Figure 2. Temperature, liquid water content, and density depth profiles for the Shackleton Ice Shelf modelled with GEMB with 5
320 cm and 1.25 mm layers: a) early melt season on December 26, 2019, and b) later in the melt season on January 25, 2020.
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Figure 3. Measured, simulated, and modelled parameters for the study location at Shackleton ice shelf from December 2019 to
March 2021. (a) Vertically polarised brightness temperature (TB) measured by SMAP and AMSR?2 satellite radiometers at 1.4 and
36.5 GHz, respectively (the same as Figure 1 (e) but highlighting the shorter period). (b) Simulated 1.4 and 36.5 GHz TB using the
physical representation of the ice shelf by GEMB and the MEMLS microwave emission model. (¢) Liquid water amount by GEMB
(the same as Figure 1 (d) but highlighting the shorter period). (d) Liquid water amount retrieved from the SMAP 1.4 GHz TB
using the algorithm described in Hossan et al. (2024). (¢) The 3-hourly ERAS5 air temperature, GEMB layer 1 (L1) snow
temperature for the 1 mm and S cm layering schemes.
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