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Abstract

Snow melt is an important process that affects various aspects of the environment, including
hydrology, ecology, and climate. Modelling snow melt is crucial for predicting water
availability, flood risk, and ecosystem health. This article provides an overview of snow melt
modelling techniques and their applications. We begin by discussing the physical processes
involved in snow melt and the factors that affect it. We then review the different types of
snow melt models, including degree-day models, energy balance models, and physically-
based models. We also discuss the input data required for snow melt modelling, such as snow
depth, air temperature, and solar radiation. Next, we examine the applications of snow melt
models, including water resource management, flood forecasting, and climate change studies.
Finally, we discuss some of the challenges and limitations of snow melt modelling, such as
data uncertainty, parameterization, and model validation. This article aims to provide a
comprehensive overview of snow melt modelling that will be useful for researchers,
practitioners, and policymakers.

Introduction

Snow is a vital component of the global water cycle, and it is estimated that about one-sixth
of the world's population depends on snowmelt for their water supply (Barnett et al., 2005).
Snow accumulation and melt also have important impacts on the environment, including
hydrology, ecology, and climate. The amount and timing of snowmelt can affect the water
balance of watersheds, streamflow, and groundwater recharge, and can also impact the health
of aquatic ecosystems. Moreover, snow cover and albedo play important roles in regulating
the Earth's energy balance and influencing regional and global climate.

Modelling snowmelt is essential for understanding and predicting these impacts. Snowmelt
models use input data such as snow depth, air temperature, and solar radiation to estimate the
rate and timing of snowmelt. These models can be used for a range of applications, including
water resource management, flood forecasting, and climate change studies. In this article, we
will review the physical processes involved in snowmelt, the different types of snowmelt
models, the input data required for snowmelt modelling, and the applications and limitations
of these models.

Physical Processes of Snow Melt

Snowmelt is a complex process that depends on various physical and environmental factors.
The two main processes involved in snowmelt are energy transfer and water transport.
Energy transfer refers to the transfer of heat from the atmosphere to the snow surface, which
can cause snow to melt. Water transport refers to the movement of water within the
snowpack, which can also contribute to snowmelt.



Energy Transfer

The energy transfer process involves three main components: solar radiation, sensible heat,
and latent heat. Solar radiation is the primary source of energy that drives snowmelt. The
amount of solar radiation that reaches the snow surface depends on several factors, including
the sun's angle of incidence, cloud cover, and snow albedo. Snow albedo is the reflectivity of
the snow surface and is influenced by snow age, grain size, and impurities such as dust and
soot. Darker snow surfaces absorb more solar radiation and melt faster than lighter surfaces.

Sensible heat refers to the transfer of heat from the atmosphere to the snow surface due to
differences in temperature. When the air temperature is warmer than the snow surface, heat is
transferred from the air to the snow, causing it to melt. Conversely, when the air temperature
is colder than the snow surface, heat is transferred from the snow to the air, causing it to cool.

Latent heat refers to the transfer of heat due to the phase change of water. When snow melts,
the heat energy required to change the solid snow into liquid water is called the latent heat of
fusion. The opposite process occurs when the temperature falls below freezing point, and the
snow refreezes, forming a snowpack that can accumulate over time.

Water Transport

Water transport within the snowpack can also contribute to snowmelt. Snow is a porous
material that can hold water, and the amount of water that snow can hold depends on its
density and temperature. When the snowpack is heated by solar radiation or air temperature,
the water within the snowpack can become liquid and flow through the snow layers,
contributing to snowmelt. This process is called infiltration-excess overland flow.

Another important process related to water transport is the refreezing of water within the
snowpack. When the temperature drops below freezing, the water within the snowpack can
freeze, creating ice layers that can slow down or stop snowmelt. This process is important in
regions where snowmelt occurs over a long period, as the refreezing of water can delay the
onset of spring runoff.

Snow Melt Models

There are several types of snow melt models that use different approaches to estimate the rate
and timing of snowmelt. These models can be divided into three main categories: degree-day
models, energy balance models, and physically-based models.

Degree-Day Models

Degree-day models are the simplest type of snow melt models and are based on the
assumption that the rate of snowmelt is proportional to the degree-days above a certain
threshold temperature. The threshold temperature is usually set at 0°C, as this is the
temperature at which snow starts to melt. Degree-day models use daily average air
temperature data and a snowmelt coefficient to estimate the amount of snowmelt per day. The
snowmelt coefficient is a parameter that represents the sensitivity of snowmelt to air
temperature and is usually calibrated using observed snowmelt data.



Degree-day models are easy to implement and require only a few input variables, making
them suitable for applications where data is limited. However, degree-day models are less
accurate than other types of models, especially in regions with complex terrain, where air
temperature can vary significantly over short distances.

Energy Balance Models

Energy balance models are more complex than degree-day models and take into account the
energy transfer processes involved in snowmelt. Energy balance models use input variables
such as air temperature, solar radiation, wind speed, and humidity to calculate the net energy
available for snowmelt. The net energy is then used to estimate the amount of snowmelt per
day.

Energy balance models can be divided into two types: single-layer models and multi-layer
models. Single-layer models assume that the snowpack is homogeneous and that all the snow
layers receive the same amount of energy. Multi-layer models, on the other hand, take into
account the vertical distribution of snow layers and the differences in energy transfer between
them.

Energy balance models are more accurate than degree-day models and can be used in regions
with complex terrain and variable snow conditions. However, energy balance models require
more input variables and are more computationally intensive, making them more difficult to
implement and calibrate.

Physically-based Models

Physically-based models are the most complex type of snow melt models and simulate the
physical processes involved in snowmelt using mathematical equations. Physically-based
models take into account the energy transfer processes, water transport processes, and the
properties of the snowpack, such as density and temperature.

Physically-based models can be divided into two types: lumped models and distributed
models. Lumped models simulate the snowpack as a single entity and assume that all the
snow layers have the same properties. Distributed models, on the other hand, simulate the
snowpack as a collection of interconnected cells, each with its own properties and energy
balance.

Physically-based models are the most accurate type of snow melt models and can be used in
regions with complex terrain, variable snow conditions, and different snowpack properties.
However, physically-based models require a large amount of input data and are
computationally intensive, making them more difficult to implement and calibrate.

In addition to the types of models, there are also different approaches to modelling snowmelt.
These include deterministic models and stochastic models. Deterministic models assume that
the input variables are known with certainty and that the model output is deterministic.
Stochastic models, on the other hand, take into account the uncertainty in the input variables
and model output using probability distributions.



Software Programs

There are several software programs available for snow melt modelling, ranging from simple
degree-day models to complex physically-based models. Some of the commonly used snow
melt modelling software programs are:

Snowmelt: Snowmelt is a software program developed by the USDA Agricultural Research
Service for simulating snowmelt runoff from mountainous watersheds. It includes several
snowmelt models, such as the degree-day model, temperature-index model, and energy-
balance model. Snowmelt also includes several hydrological models, such as the Soil and
Water Assessment Tool (SWAT) and the Hydrological Simulation Program-Fortran (HSPF).

SnowModel: SnowModel is a software program developed by the USDA Forest Service for
simulating snow accumulation and melt in mountainous watersheds. It includes several
snowmelt models, such as the degree-day model, temperature-index model, and energy-
balance model. SnowModel also includes several modules for simulating snowpack
evolution, snow density, and snow albedo.

iSnobal: iSnobal is a physically-based snowmelt model developed by the USDA Agricultural
Research Service. It uses a detailed energy balance approach to simulate snow accumulation
and melt. iSnobal also includes several modules for simulating snow density, snow albedo,
and snow cover fraction.

Snowy Range Hydrologic Simulation Program (SRHSP): SRHSP is a software program
developed by the University of Wyoming for simulating snowmelt runoff from mountainous
watersheds. It includes several snowmelt models, such as the degree-day model, temperature-
index model, and energy-balance model. SRHSP also includes several hydrological models,
such as the Snowmelt Runoff Model (SRM) and the Kinematic Wave Model (KWM).

TOPKAPI-ETH: TOPKAPI-ETH is a distributed hydrological model developed by the Swiss
Federal Institute of Technology (ETH) for simulating snowmelt runoff from mountainous
watersheds. It uses a physically-based approach to simulate snow accumulation and melt, and
includes several modules for simulating snow cover fraction, snow density, and snow albedo.

WATFLOOD: WATFLOOD is a software program developed by the University of Waterloo
for simulating snowmelt runoff from mountainous watersheds. It includes several snowmelt
models, such as the degree-day model, temperature-index model, and energy-balance model.
WATFLOOD also includes several hydrological models, such as the Soil and Water
Assessment Tool (SWAT) and the Hydrological Simulation Program-Fortran (HSPF).

These software programs are designed for different types of users, from researchers to water
resource managers, and offer different levels of complexity and sophistication. The choice of
software program depends on the user's needs and the available data and resources.

Input Data Required for Snow Melt Modelling

Snow melt modelling requires several input data to estimate the rate and timing of snowmelt.
The most important input data include snow depth, air temperature, and solar radiation. Other
relevant data may include wind speed, humidity, and precipitation.



Snow Depth

Snow depth is a critical input variable for snow melt models as it determines the amount of
snow that is available to melt. Snow depth can be measured using snow gauges or remote
sensing techniques, such as satellite or airborne sensors. Snow depth measurements should be
representative of the entire snowpack and should be taken regularly throughout the winter
season to capture changes in the snowpack.

Air Temperature

Air temperature is another critical input variable for snow melt models as it determines the
rate of energy transfer from the atmosphere to the snowpack. Air temperature data can be
obtained from weather stations, which may be located within or near the study area.
Alternatively, gridded meteorological data can be used to interpolate air temperature data
across the study area.

Solar Radiation

Solar radiation is the primary source of energy that drives snowmelt, making it a crucial input
variable for snow melt models. Solar radiation data can be obtained from ground-based
measurements, such as pyranometers, or from satellite-based sensors, such as the Moderate
Resolution Imaging Spectroradiometer (MODIS). Solar radiation data should be
representative of the entire study area and should be available at a temporal resolution that
matches the time step of the snow melt model.

Wind Speed and Humidity

Wind speed and humidity can also affect the rate of snow melt by influencing the transfer of
energy from the atmosphere to the snowpack. Wind speed can increase the rate of energy
transfer by enhancing the turbulent exchange of heat between the atmosphere and the
snowpack. Humidity can affect snow albedo by altering the surface energy balance. These
variables can be obtained from weather stations or interpolated from gridded meteorological
data.

Precipitation

Precipitation can affect the snowpack by adding to the snow depth or by altering the
properties of the snowpack, such as its density or grain size. Precipitation data can be
obtained from weather stations or interpolated from gridded meteorological data.
Precipitation data should be representative of the entire study area and should be available at
a temporal resolution that matches the time step of the snow melt model.

Snow Melt Model Applications

Snow melt models are used in a variety of applications, including hydrological forecasting,
water resource management, climate change impact assessment, and avalanche forecasting.
Hydrological forecasting involves predicting the timing and magnitude of snowmelt runoff,
which is important for flood control and water supply management. Snow melt models are
also used to estimate the water balance of mountainous watersheds, which is important for
water resource management.



Climate change impact assessment involves predicting the effects of climate change on
snowpack dynamics and snowmelt runoff. Snow melt models can be used to simulate
different climate scenarios and predict the effects of temperature and precipitation changes on
snowmelt. Avalanche forecasting involves predicting the stability of snow layers and the
likelihood of avalanches. Snow melt models can be used to simulate the temperature and
water content of snow layers and predict the potential for avalanche formation.

Snow Melt Model Evaluation

The accuracy of snow melt models depends on the quality and availability of input data, the
model structure and parameters, and the validation method used. Model validation is an
important step in model development and involves comparing model outputs with observed
data.

Validation methods include statistical measures such as the coefficient of determination (R2),
root mean square error (RMSE), and Nash-Sutcliffe efficiency (NSE). These measures are
used to evaluate the accuracy of model predictions and compare different models. The choice
of validation method depends on the type of model and the available data.

Challenges and Limitations of Snow Melt Modelling

Despite the usefulness of snow melt models, there are several challenges and limitations
associated with them.

Data Uncertainty

Snow melt models require input data, such as air temperature, solar radiation, and
precipitation, which are subject to uncertainty. Errors in these input data can propagate
through the model, leading to errors in the output. Moreover, input data may not be available
for certain areas or may be limited in their temporal or spatial resolution, further increasing
the uncertainty of the model output.

Parameterization

Snow melt models also require the specification of several parameters, such as the snowmelt
coefficient in degree-day models or the snow albedo in energy balance models. These
parameters may vary spatially and temporally and may be difficult to estimate accurately.
Moreover, different parameter values may lead to different model output, making it
challenging to select appropriate parameter values for a given application.

Model Validation

Finally, snow melt models need to be validated using observed snow melt data to ensure that
they are accurate and reliable. However, obtaining accurate snow melt data can be
challenging, particularly in remote or inaccessible areas. Moreover, snow melt models may
not capture all the physical processes involved in snowmelt, leading to discrepancies between
model output and observed data.



Conclusion

Snow melt modelling is an important tool for predicting the timing and magnitude of
snowmelt runoff, which is important for water resource management, flood control, and
climate change impact assessment. There are different types of snow melt models, including
degree-day models, energy balance models, and physically-based models, which use different
approaches to estimate the rate and timing of snowmelt. The accuracy of snow melt models
depends on the quality and availability of input data, the model structure and parameters, and
the validation method used. Snow melt models are used in a variety of applications and can
help improve our understanding of snowpack dynamics and the water balance of
mountainous watersheds.
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