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Abstract. The McMurdo Dry Valleys (MDV) are home to a unique microbial ecosystem dependent on the availability of
freshwater. It is a polar desert and freshwater originates almost entirely from surface and near-surface melt of the cold-based
glaciers. Understanding the future evolution of these environments requires the simulation of the full chain of physical pro-
cesses from net radiative forcing, surface energy balance, melt, runoff and the transport of meltwater in stream channels from
the glaciers to the terminal lakes where the microbial community resides. To establish a new framework to do this, we present
the first application of WRF-Hydro/Glacier in the MDYV, which as a fully distributed hydrological model, has the capability to
resolve the pathways of meltwater from the glaciers to the bare-land surfaces that surround them. Given meltwater generation
in the MDV is almost entirely dependent on small changes in the energy balance of the glaciers, the aim of this study is to
optimise the multi-layer snowpack scheme that is embedded into WRF-Hydro/Glacier to ensure the feedbacks between albedo,
snowfall and melt are fully resolved. To achieve this, WRF-Hydro/Glacier is implemented at a point scale using automatic
weather station data on Commonwealth Glacier to physically model the onset, duration and end of melt over a 7-month period
(1 August 2021 to 28 February 2022). To resolve the limited energetics controlling melt, it was necessary to (1) limit the perco-
lation of meltwater through the ice layers in the multi-layer snowpack scheme and (2) optimise the parameters controlling the
albedo of both snow and ice over the melt season based on observed spectral signatures of albedo. These modifications enabled
the variability of broadband albedo over the melt season to be accurately simulated, as well as ensuring modelled surface and
near-surface temperatures, surface height change and runoff were fully resolved. By establishing a new framework that couples
a detailed snowpack model to a fully distributed hydrological model, this work provides a stepping stone to model the spatial
and temporal variability of melt and streamflow in the future, which will enable some of the unknown questions about the

hydrological connectivity of the MDV to be answered.

1 Introduction

Terrestrial Antarctic ecosystems exist almost entirely in ice free regions. Under the highest emissions scenario, RCP 8.5, cli-
mate studies show that these ice-free regions may increase from 1% of Antarctica to almost 25% by the end of the century (Lee

et al., 2017). Given the anticipated increase in ice-free regions in Antarctica, there is an urgent need to better understand the
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sensitivity of the McMurdo Dry Valleys (MDV) to climate variability and change. The MDYV are currently the largest ice-free
area in Antarctica and home to a unique microbial ecosystem that resides in a system of streams and lakes situated in the
valley floors. This ecosystem is dependent on fresh water that is sourced from glacial melt (Gooseff et al., 2011) for survival.
It is expected that the biogeography of this ecosystem will be altered in response to the larger changes in climate impacting
Antarctica, thus it is key to understand and simulate how atmospheric warming will impact glacier melt and the hydrological

connectivity of this unique environment.

Unlike most mid-latitude glaciers, the glaciers in the MDV are mainly cold-based, meaning that the subsurface temperatures
are below the pressure melting point and ice is frozen to the bedrock (Fitzsimons, 1996; Gooseff et al., 2011; Fountain et al.,
2016). MacDonell (2008) was the first to study the full hydrological drainage system and developed a conceptual modelling
framework for cold-based glacial meltwater drainage processes on Lower Wright Glacier in the Wright Valley. This study iden-
tified the need for a physically based, rather than empirical, model to simulate the complex drainage systems of MDV glaciers
(MacDonell, 2008). Hoffman (2011) was the first to implement a distributed surface energy balance model and investigated
the spatial and temporal distribution of mass and energy exchanges of several glaciers in Taylor Valley. This study showed that
penetrating shortwave radiation and meltwater drainage are important for accurately modelling surface ablation on glaciers in
the MDV (Hoffman, 2011). Cross et al. (2022) extended this work by coupling the glacier energy balance model used by Hoff-
man (2011) with a lake energy balance model to assess lake sublimation and the water budget. Whilst both Hoffman (2011)
and Cross et al. (2022) model glacial runoff, neither explicitly model the off-glacier processes in the hydrological system, such

as streams or soil moisture.

Similar to mid-latitude glaciers, glacial melt in the MDYV is driven primarily by net radiation, which is sensitive to variability in
solar radiation. What is different in the MDYV is that energy and mass exchanges are often very small, with minor changes in the
surface energetics capable of shifting the hydrological system from a frozen state to one that is melting. Thus, small changes in
energy (for example, through albedo) can have a very large impact on melt generation (Hoffman et al., 2008; Macdonell et al.,
2013). It has also been observed that solar radiation penetrates the top 5-15 cm of the snow or ice surfaces on the glaciers in the
MDYV (Hoffman et al., 2014) and this near-surface layer can retain heat longer than the surface due to the solid-state greenhouse
effect (Brandt and Warren, 1993). This effect extends the duration of melt events and model simulations suggest melt from this
layer can be an order of magnitude larger than surface melt (Hoffman et al., 2014). Despite solar radiation being crucial for
modelling melt, no study has attempted to physically simulate the variability of albedo over the duration of a full melt season
in the MDV. To ensure the magnitude and duration of melt is captured sufficiently in a low energy, polar environment like the

MDYV, it is critical that glacier albedo is modelled accurately.

To resolve the hydrological connectivity in the MDYV it is necessary to identify the pathways of meltwater from the glaciers to
the bare-land surfaces that surround them, including understanding how water is channelled into stream networks and stored

in the numerous closed-basin lakes. The WRF-Hydro/Glacier modelling framework (Gochis et al., 2020; Eidhammer et al.,
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2021) provides an opportunity to physically model the hydrological cycle in the MDV due to its ability to resolve the connec-
tions between the atmosphere, glaciers, bare-land surfaces and soils, stream channels and lakes (the hydrological reservoirs).
WRF-Hydro/Glacier contains a detailed snowpack model (Crocus), which is embedded into a distributed hydrological model
(WRF-Hydro). Importantly, the model provides enough flexibility to be able to resolve the meltwater pathways from the
glaciers to the surrounding landscape, which is critical given the glaciers are the primary hydrologic reservoirs and controlled
by the daily, seasonal, and annual cycles of the surface energy balance (Gooseff et al., 2011). Importantly, WRF-Hydro/Glacier
can be applied at small catchment scales up to continental scale domains, providing fully-distributed hydrological modelling
opportunities in the MDV and the larger surrounding regions. Eidhammer et al. (2021) implemented WRF-Hydro/Glacier on
a temperate Norwegian glacier and demonstrated that the model was capable of simulating the mass balance, snow depth, sur-
face albedo and runoff when compared to observations. However, the environmental setting of the cold-based MDV glaciers is
vastly different from the temperate glaciers in Norway, with the dry polar climate of the MDV ensuring that summer melt gen-
erated from variability in the surface energy balance has a much stronger control on the hydrological cycle than precipitation

(Gooseff et al., 2011).

Given the importance of the surface energy balance to meltwater generation, the modelling of albedo and near-surface melt
on the MDV glaciers is critical. The detailed snowpack scheme in Crocus, which is embedded in WRF-Hydro/Glacier, has
been implemented in a range of environments (Vionnet et al., 2012), including extremely cold (well below the melting point)
conditions over the Antarctic ice sheet (such as Dome C) (Brun et al., 2011) and high precipitation (both rain and snow) and
relatively warm and melting conditions on temperate glaciers (Eidhammer et al., 2021). However, the challenge in implement-
ing it on glaciers in the MDYV is that the surface energy balance is more dominant than precipitation in governing variability
in mass balance, largely through its influence on controlling melt and the associated feedbacks on surface albedo. The impli-
cation of this is that runoff and streamflow are entirely sourced from glacier melt rather than from precipitation (rainfall), as
is common on temperate glaciers. In this context, the aim of this study is to optimise a multi-layer snowpack scheme (Cro-
cus), that is embedded in WRF-Hydro/Glacier, to resolve the onset, duration and end of melt over a cold-based glacier in the
MDYV of Antarctica. If melt is sufficiently resolved in this modelling framework, it will allow the pathways of meltwater to
the surrounding landscape (the other hydrological reservoirs) to be resolved at different spatial and temporal scales in future

applications of WRF-Hydro/Glacier.

To achieve our primary aim, WRF-Hydro/Glacier is implemented at a point on Commonwealth Glacier in Taylor Valley, forced
by automatic weather station data and tested against observations of broadband albedo, surface and near-surface ice temper-
atures, surface height change and streamflow. Given it is the first time this modelling framework has been implemented in
this unique environmental setting (cold-based glacier, energy balance dominates over precipitation, limited opportunities for
melting threshold to be reached) it was necessary to modify the percolation of water through the glacier and the spectral albedo
scheme to accurately simulate the feedbacks between albedo, snowfall and melt. The limited energetics and complicated path-

ways for water transport in this environment make testing at a point scale using observational rather than modelled input data
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a critical rst step towards modelling the full hydrological connectivity of glacial meltwater in the MDV.

The next section describes the WRF-Hydro/Glacier model setup and initialization. Section 3 describes the site and the ob-
servational data used to force and validate the model. Section 4 details the modi cations to the Crocus snowpack meltwater
drainage and spectral albedo schemes necessary to adapt the model to the unique cold-based glacial environment of the MD\
Section 5 compares the performance of the original and modi ed versions of the model to observational data over the 2021/22
melt season, while Section 6 re ects on the signi cant advances made to WRF-Hydro/Glacier in this study and the platform it

provides to resolve the full hydrological system in the MDV.

2 Model description
2.1 WRF-Hydro/Glacier

WRF-Hydro is a multi-scale and spatially distributed hydro-meteorological modelling system developed by NCAR (Gochis
et al., 2020). The model links a column land surface model (Noah-MP) with subsurface ow, routing, overland ow, channel
routing and water management modules (i.e. reservoir). The model can be either forced by meteorological data or gridded
atmospheric data. A schematic of the modelling system can be seen in Figure 1. WRF-Hydro is currently the National Water
Model in the contiguous USA. It has applications from ood forecasting to regional hydroclimate impact assessments and
has been validated extensively across six continents (e.g. Senatore et al. (2015); Li et al. (2017); Xiang et al. (2017); Kerandi
et al. (2018); Lahmers et al. (2021); Pal et al. (2021); Shafgat Mehboob et al. (2022)). More recently, Eidhammer et al. (2021)
developed the WRF-Hydro/Glacier model by embedding the detailed Crocus snowpack model into the Noah-MP land surface
model in order to simulate the energy and mass balance over glacial surfaces. The snow module in Noah-MP does not allow
the glacier to decrease in mass once the snow layers are melted because it represents the glacier as a bare ice land surfs
category with constant albedo, roughness length and heat conductivity. This representation does not allow melt and thus, was
not suf cient to model glacial melt and runoff (Eidhammer et al., 2021).

Crocus is a detailed column snowpack model that was developed initially for avalanche forecasting in Col de Porte, France
by the Centre d'Etudes de la Neige of Météo-France (Brun et al., 1989, 1992). The model version implemented in WRF-
Hydro/Glacier is described in Vionnet et al. (2012). This version was chosen by Eidhammer et al. (2021) due to extensive
validation and its suitability for embedding into the Noah-MP land surface scheme. The model physics include schemes for
snow metamorphism, compaction, albedo, penetrating solar radiation, energy balance uxes, heat diffusion, melt, refreezing,
percolation, runoff and sublimation/deposition. Crocus simulates state variables in layers: heat content, thickness, density, age
history of snow and two snow grain properties that describe the dendricity, sphericity and grain size of the snow or ice crystals
over a prescribed number of layers. All other variables such as snow temperature and liquid water content are calculated from
the state variables. The number of and thickness of vertical layers in Crocus changes dynamically with time. Users de ne a
maximum number of layersi(  3) and when snowfall occurs, a new layer is added with a set of fresh snow characteristics.
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Figure 1. Schematic of the WRF-Hydro/Glacier modelling framework. Modules and variables used in this study are displidgled in
ics. Adapted from NCAR (https://ral.ucar.edu/sites/default/ les/public/WRFHydroPhysicsComponentsandOutputVariables.png, last access:
8 August 2023).

Over time, layers may merge with the layer below if the snow grain properties become the same. The layers at the top of the
snowpack tend to be thinner to better solve the surface energy balance equation. Further information can be found in Vionnet
et al. (2012) and Eidhammer et al. (2021).

3 Methods and data
3.1 Site description

Commonwealth Glacier is located on the eastern side of Taylor Valley approximately 4 km from McMurdo Sound (Fig. 2).
It is a piedmont glacier, terminating in cliffs and is characterized by a smooth surface. The mean annual temperature from
1986-2017 is -17.6C, however in the summer temperatures can reach a maximum o€7a8d in winter the temperature

can descend to a minimum of -45.Q@ (Obryk et al., 2020). The wind directions are characterized by a bimodal distribution

in the summer, mainly a daytime easterly sea breeze coming from McMurdo Sound and northerly down-glacier wind due to



140

145

150

Table 1. Variables and instruments on CWG AWS installed on 1 December 2021. The instruments sample every 1 minute and averages are
taken every 30 minutes. Data are stored on a CR1000 data logger. Radiation accuracies for shortwave and longwave radiation are given ir
terms of the estimated accuracy of daily totals (EADT).

Variable Instrument Accuracy Sensor height (m)
Wind speed Young Wind Anemometer 05108-L40 0:3ms ' orl1 % 2.3
Wind direction Young Wind Anemometer 05108-L40 3:0 2.3
Air temperature Vaisala HMP 155 0:17 Cat20 C 1.4
Relative humidity Vaisala HMP 155 1 (%RH 0-90) at 20 C 14
1:7 (%RH 90-100) at 20C
Ice temperature Type T Thermocouples 1 Cor0.75% -0.05,-0.1,-0.2,-05,-1.0
and -2.0 (initial heights)
Shortwave radiation Apogee Pyranometer SN500SS < 5% EADT 18
(incoming and outgoing)
Longwave radiation Apogee Pyranometer SN500SS 5% EADT 1.8

(incoming and outgoing)

Distance to surface SR50 Sonic ranger lcm 1.7
or 0.4 % of distance to target

Pressure Vaisala PTB110 0:3hPaat20C 0.5

the low sun angle and the temperature differences between the glacier and bare land and soils on the valley oor at night time
(Fountain and Doran, 2004). In the winter, this down-glacier wind becomes more persistent as the ice cools faster than the bare
land and soil. There is also a low frequency westerly in both summer and winter that is a down-valley wind (Nylen et al., 2004).
The down valley winds can either be a fohn wind generated by a synoptic cyclone or a katabatic descending from the Antarctic
Plateau (Speirs et al., 2010; Steinhoff et al., 2013). Wind speeds on average are 2,2vithsthe strongest reported reaching

a maximum of 44.5 m s' (Obryk et al., 2020).

3.2 Automatic weather stations

Data from two automatic weather stations (AWSs) are used in this study. The CWG AWS was installed on 1 December 2021
and is used for tuning and validation. It is located &7:56485, 1632776 at 280 meters in elevation. CWG AWS measures

air temperature, relative humidity, wind speed and direction, air pressure, near-surface ice temperatures and the incoming anc
outgoing components of shortwave and longwave radiation (Fig. 2c¢). Table 1 shows the instruments and accuracy of each
sensor. The instruments are sampled every 1 minute and averages are taken every 30 minutes. Data are stored on a CR10

data logger.






