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Abstract

The Svalbard archipelago in the Arctic is one of the fastest warming areas on the
planet, with important consequences for birds that migrate to the region. Resultant
changes in the timing of the spring snow melt have an impact on the breeding success of
populations. To study how these populations may be affected in the future, ecologists
require high resolution climate data to perform ecological modelling. However, the
output from General Circulation Models is too low resolution (roughly 100km) to be
applied directly to Species Distribution Models. As a result, downscaling routines
are required to bridge this gap. In this project, a statistical downscaling method is
introduced to produce high-resolution (1km) snow cover fraction data directly from
low-resolution model temperature. The resulting product is validated against satellite
snow cover fraction and is found to successfully capture both the timing of the annual
snow melt and the spatial patterns of snow cover throughout Svalbard. This method
is then applied to projections from the EC-Earth climate model to provide estimates
of the snow cover under different Shared Socioeconomic Pathways.
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1 Introduction

As the climate warms, Arctic migratory birds face increasing difficulties in timing their
migrations to optimise breeding success (Dickey et al., Lameris et al., . Due
to positive feedback mechanisms, the Arctic is warming faster than mid-latitude regions
(Previdi et al.,[2021)). As a result, the signals that birds use as a reference for the arrival of
spring change as they travel northwards, and this affects the migration process (Clausen
and Clausen, . Combined with these varying changes in temperature, birds also have
to adapt to related issues such as habitat loss (Wauchope et al., and changes in snow
cover.

In order to quantify some of these challenges, the Arctic Migrants Consortium was formed
to assess the vulnerability of Arctic migratory birds to rapid climate change. This consor-
tium combines climate and ecological expertise to examine how the fitness and distribution
of the birds has been affected by existing climate change, and providing projections and
options for mitigation that can be translated into policy. The High Arctic breeding lo-
cations studied within the consortium include Nova Zemlya and the Taimyr peninsula
in Russia, and the Svalbard archipelago to the north of Scandinavia. The structure of
the Work Packages within the consortium is shown in figure The research presented
here is being undertaken within the consortium as part of Work Package 1. It focuses
on snow cover in Svalbard to provide climatic background data and improve upon future
projections.

The distribution and duration of snow cover are amongst the most important features of
the climate system in Svalbard, with repercussions for all types of flora and fauna in the
area (Winther et al., 2003)). For migratory birds, changes in snow cover can have a dramatic
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Figure 1: Structure of the Work Packages in the Arctic Migrants Consortium.

impact on breeding success in the region due to its effect on the timing of nesting and
the number of birds that are able to nest (Madsen et al., . Therefore bird ecologists
desire accurate snow cover data when modelling the populations of migratory birds in
Svalbard.

1.1 Modelling

Climatic impacts on bird populations can be studied using Species Distribution Models
(SDMs) (Guisan and Zimmermann, [2000). These SDMs combine climate data with field
observations to model specific ecological populations and to make future predictions, which
can later be used for decisions on policy and conservation (Naimi and Arajo, Guisan
et al., . Temperature and precipitation are the most commonly used variables for
these purposes, but in Arctic regions the impact of snow cover is particularly important.
It is therefore vital that SDMs have access to the most appropriate and accurate climate
projection data, including relating to snow cover, to produce the most reliable models. .

General Circulation Models (GCMs) are the foremost tools available to climate scientists
to make predictions about future climate. However, due to data processing constraints
even the best GCMs currently have a maximum spatial resolution of approximately 100km
(Doblas-Reyes et al., . This is insufficient for use in SDMs, as a much finer spatial
resolution (< 1km) is required to capture the variability present in most ecological systems
(Seo et al., . For example, SDMs can give vastly different outcomes for the inhabitable
areas of certain species when using elevation data at high and low spatial resolutions. This
is because a coarse grid scale cannot resolve important topographical features (Randin et



al., 12009). In order to bridge this discrepancy between GCMs and SDMs, downscaling
procedures are required.

1.2 Downscaling

Downscaling is a method of increasing the spatial resolution of data. Simply interpolating
data is not the same as downscaling, as no extra information has been put into the system
and many variables (such as precipitation) do not follow the smooth pattern given by
interpolation. Downscaling routines must instead add value to the original data (Luca
et al., 2015)). This can be achieved using one of the two primary methods of downscaling,
dynamical or statistical.

1.2.1 Dynamical Downscaling

Dynamical downscaling involves the use of Regional Climate Models (RCMs) to simulate
the climate over a specific area or region, using GCM output as boundary conditions.
RCMs have the advantage that they can resolve climate behaviour at smaller scales than
GCMs, while retaining physical consistency (Xu et al., 2019). However, this comes with a
large computational burden and as a result RCMs typically have a maximum resolution of
approximately 10-50km. Therefore, even with this increased resolution, RCMs are unable
to resolve some of the scales that ecological models require (Doblas-Reyes et al., 2021]).
Due to both the computational requirements and the need for higher resolutions than
can be provided by dynamical downscaling, the focus in this project has only been on
statistical approaches.

1.2.2 Statistical Downscaling

In statistical downscaling, statistical relationships are identified between observations of
the climate variable of interest at the local scale, called the predictand, and existing
data describing the surrounding large scale climate, called the predictor(s) (Maraun and
Widmann, 2018). These relationships can then be used to create transfer functions that
can applied to climate model data in order to generate high resolution variables (Pielke
and Wilby, [2012)). This approach has the advantage compared to dynamical downscaling
of being more computationally efficient, as well as easier to use (Xu et al., 2019)). In
addition, in many cases it is possible to produce much higher resolution products, as
statistical downscaling methods are not limited by the complexity of a RCM.

However, the success of any statistical downscaling routine is dependent on the fulfilment
of several assumptions (Hewitson and Crane, |1996; Hanssen-Bauer et al., |2005). These
assumptions are well summarised in Schoof (2013), which is quoted below:

—_

. The predictor(s) must be adequately simulated by the GCM.
2. The predictor(s) must incorporate the climate change signal.
3. There must be a strong relationship between the predictor(s) and the predictand.
4. The relationship between the predictor(s) and predictand must be time invariant.

The first two requirements depend upon the choice of predictor, whereas the third can be
established using existing data. The final assumption is the hardest to verify, as it is only
possible to use historical data to create the transfer function. If the length of the record for
the predictor(s) and/or predictand is too short, it may not be possible to directly establish
whether the relationship is time invariant. In addition, any process that can only take
place under climate change induced warmer conditions will not be taken into account by
statistical downscaling.



Due to their frequent usage, the most commonly downscaled variables are precipitation and
temperature. Temperature variations play an important role in the local distribution of
snow cover and as a result some of the principles of temperature downscaling are presented
later in section In particular, the temperature downscaling method developed by
the CHELSA team (Karger et al., |2017) is discussed in more detail. Downscaling of
precipitation is not discussed here.

1.3 Snow Cover Fraction
1.3.1 Background

The snow cover fraction variable refers to the proportion of an area that is covered by
snow, measured as a percentage. This is related to other snow variables, such as snow
depth, but they are usually derived using different methods when making use of remote
sensing (Dong and Menzel, 2016). Snow cover fraction maps are established from optical
satellites that identify the proportion of snow cover in a pixel based on the reflectance of
different visual wavelengths back to the satellite (Nolin, [2010).

Due to the difficulty involved, downscaling of snow cover fraction is less common than
temperature or precipitation. One of the biggest problems when developing a downscaling
regime is that snow cover has a large spatial heterogeneity (Anderson et al.,|2014). Local
elevation and orographic effects have an impact on the both the distribution of snowfall
and the removal of snow due to wind-blown effects and ablation (Tennant et al., 2017).
Local humidity is also important as it affects the proportion of precipitation that falls
as snow (Jennings and Molotch, 2019)). As a result, despite the desirability of a globally
applicable procedure, the majority of studies tend to focus on a single region. Three case
studies of previous approaches to snow cover downscaling are summarised below.

1.3.2 Previous Downscaling

First, Matiu and Hanzer (2022)) focus on the Austrian Alps. Their method aggregates
multiple pixels from a high-resolution satellite snow cover fraction dataset to create a
low-resolution training dataset at the same resolution as several RCMs. This training
dataset is then compared back against a long time series of the original high-resolution
pixels. From this a relationship is formed that assesses the probability of a high-resolution
pixel being snow covered given the low-resolution snow cover fraction. This provides an
indication of how the fine scale spatial distribution of snow cover could be inferred from a
broader dataset. The established relationship is then applied to low-resolution RCM snow
cover fraction data to produce high-resolution projections of future snow.

Tryhorn and Degaetano (2013) focus on sets of observation stations in the North-Eastern
US. Their downscaling routine uses a modelling software, the Statistical DownScaling
Model (Wilby et al.,|2002), with a set of different predictor variables such as temperature,
wind velocity and surface humidity to directly produce downscaled snow cover fraction.
The routine is adapted for different stations to use the most statistically relevant set of
predictor variables for each area. This step attempts to ensure against overfitting.

Finally, Gauthier et al. (2022) use a different strategy, focused on the Western US. Instead
of using local variables as predictors, they use principal component analysis (Hannachi et
al.,[2007) to find the large-scale climate modes that have the largest effect on the local snow
cover. Leading principal components are selected for both the low-resolution predictor and
high-resolution predictand fields. Canonical correlation analysis (Maraun and Widmann,
2018) is then used to yield patterns that maximise the shared correlation between the two
fields. This pattern-based strategy fits well with the capabilities of GCMs to reproduce the



climate at a larger scale, allowing for ease of use in future simulations. This approach can
also help to identify the primary causes of snow cover variation by comparing the identified
patterns with observed climate data fields such as temperature and precipitation.

1.4 Aims

In this thesis, a different method will be presented that focuses on the Svalbard archipelago.
A simple statistical relationship between reanalysis temperature and satellite snow cover
will be established that directly produces high-resolution snow cover to be used in bird
research. This method will then be evaluated against existing snow cover data and applied
to produce some initial future projections.

2 Data

2.1 Study region

The study region is the archipelago of Svalbard, approximately spanning the area 74—81 °N
and 10 — 30°E. The largest islands of the archipelago are Spitsbergen, Nordaustlandet
and Edgegya, but there are many smaller islands lying further to the south and east (see
figure . This region lies well inside the Arctic circle and glaciers cover approximately
60% of the available land mass (Schuler et al., 2020). This corresponds to approximately
10% of the glacier area of the Arctic outside of the Greenland ice sheet. The remainder
of the Svalbard surface is mostly covered by snow throughout the winter. In an average
year, the snow starts to accumulate towards the end of the Northern Hemispheric summer
(September) and the spring melt occurs during the period from late May through June
(Spolaor et al., 2016]).

The red markers in figure [2| shows the areas where colonies of 3 types of migratory
geese (barnacle geese, pink-footed geese and Brent geese) have been identified (data from
(©Norwegian Polar Institute, www.npolar.no). The most important areas of study tend
to be low-lying coastal areas (Mehlum, |1998) and most of the identified colonies in figure
2 are located on the coasts of the main islands or on smaller islands. The birds arrive
from early to mid May as the snow is beginning to melt. The main breeding season occurs
during June and July and they will have left by the end of September as the snow covering
starts to return. The annual snow cycle is therefore of primary importance for migratory
birds (Pedersen et al., 2020; Morrissette et al., 2010|). Breeding success depends on the
early availability of nesting areas and on food abundance during the breeding season.
These factors rely heavily on the timing of the snow melt (Madsen et al., [2007; Jensen
et al., 2014).
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2.2 Observed Snow Cover Fraction from Satellites

Remote sensing of observed snow cover fraction on the ground (SCFG) was obtained from
the MODIS (Moderate Resolution Imaging Spectroradiometer) satellite via the Snow_cci
project (ESA Snow climate change initiative). Daily data is available for Svalbard at a
spatial resolution of 0.01° x 0.01° for the majority of the period between February 2000 and
December 2020 (Nagler et al.,2022). The SCFG product is derived from the viewable snow
cover by applying a canopy correction based on the transmissivity of the forest canopy
(Hansen et al., [2013). However, trees on Svalbard only reach a few centimetres in height
so this effect has no impact on the observations in this region.

Due to significant missing data during the first two years, only the years from 2002 until
2020 have been used. Also, Svalbard is in polar night during the Northern Hemispheric
winter, so satellite data is only available for the time period between March and September
each year.

The Snow_cci SCFG product uses masks to identify and remove areas such as oceans and
glaciers for which the snow cover fraction is not relevant. Water areas are masked in
places where 30% or more of a pixel is identified as water, and permanent snow and ice
(PSI) areas are correspondingly masked when 50% or more of a pixel has previously been
classified as such.

Clouds are also masked via a cloud detection algorithm (Metsamaéki et al., [2015). Cloud
cover is a frequent issue, consistently obscuring the view from the satellite for large areas
of Svalbard. Although routines exist to reconstruct the snow cover underneath the clouds,
such as Dong and Menzel (2016)), it was decided that this would add extra uncertainty into
the downscaling process without a significant gain in efficacy. As such, only the existing
snow cover provided by the SCFG product is used.

2.3 Reanalysis Data

Whilst climate variables such as snow cover are available from remote sensing, other im-
portant variables such as 2-metre air temperature are not directly detectable by satellites,
and so data collected from local weather stations are still the most accurate direct obser-
vations. However, these stations are spatially sporadic and can only produce data values
at a specific point. This station data therefore cannot account for values over all areas of
a grid cell and can be markedly different from the desired average value. To combat this,
models and data assimilation techniques can be used to create analyses that incorporate
the station observations into a physically consistent system. These analyses depend on
the model and techniques used, which can introduce biases due to changes in models over
time. Reanalysis products have therefore been introduced which use consistent specific
models and data assimilation to create consistent gridded variables for historical climate
(Slivinski, |2018]). This also allows for longer historical time series from before the start of
the satellite era (Madry, [2013]).

2.3.1 Temperature

ECMWF (the European Centre for Medium-Range Weather Forecasts) provides ERA5
(ECMWEF Reanalysis v5) as a reanalysis product, available from 1940 to the present at
a resolution of 0.25° x 0.25° (Hersbach et al., [2020). Hourly air temperature and height
data from ERAS5 are used on both single levels (Hersbach et al., [2018a) and pressure levels
(Hersbach et al., |2018b)), provided via the Copernicus Climate Change Service. ERA5
is one of the most widely used reanalyses and has been found to perform well for air



temperature in Arctic regions against other similar products (Isaksen et al.,[2022; Graham
et al., 2019).

2.3.2 Snow Cover Fraction

To give a comparison to the downscaling procedure for snow cover fraction, multiple
reanalysis snow cover datasets were used as base data for a simple interpolation. Firstly,
ERAS5 provides the variables snow depth and snow density on single levels, from which
snow cover fraction can then be derived via a simple formula (Hersbach et al., 2018a).
Secondly, ECMWF also provides ERA5-Land, a related land-specific reanalysis at a finer
resolution than ERAS5 of 0.1° x0.1° (Munoz-Sabater et al., 2021). The ERA5-Land dataset
only has data on single levels, so cannot be used to create variables such as lapse rate that
require multiple levels of temperature. However, snow cover fraction is included in the
reanalysis as a variable in itself, rather than as a derived product (Munoz-Sabater, 2021)).
Examples of ERA5 and ERA5-Land snow cover are shown in figures [3ajand [3b|respectively.

2.4 Orography

High resolution orography for the region is obtained from the Global Multi-resolution
Terrain Elevation Data 2010 (GMTED2010) (Danielson et al., 2011). This is initially
provided at a resolution of 30 arc seconds, but has been interpolated to 0.01° in order
to be compatible with the data provided by MODIS. Compared to the low resolution
elevation data used by reanalyses or models, higher resolution data such as GMTED2010
captures far more of the local variation in mountainous regions such as Svalbard, as it
takes the average elevation over a smaller area.

3 Methods

3.1 Unsuitability of Model/Reanalysis Snow Cover

In order to downscale snow cover, it is first necessary to identify one or more variables
provided by models that can be used in the process as predictors. Amongst the most
obvious predictor variables is the low-resolution model snow cover itself. For this to be
used, a relation must be found between the model (or reanalysis) snow cover and MODIS
observations, such that future model snow cover can be used as an input variable to
produce high resolution snow cover.

However, when examining snow cover from lower-resolution reanalyses there is an imme-
diate problem that areas of permanent snow and ice (PSI), such as glaciers and ice caps,
will occupy far more area on a low-resolution map than on an equivalent high-resolution
map. As noted in section MODIS implements a PSI mask, but the reanalysis models
do not, and so in both ERA5 (Hersbach et al., 2018a) and ERA5-Land (Munoz-Sabater,
2021)) PSI areas have a year-round snow cover fraction of 100%. Due to this issue, large
areas that are not PSI in MODIS, many of which are coastal and are therefore relevant
for migratory birds, do not give reliable snow cover fractions in the reanalysis models. A
similar problem occurs specifically in the ERA5 reanalysis near to coastal areas due to
overlap with the ocean, and areas with significant snow cover are considered to be ocean
pixels and are therefore snow-free.

A comparison between the two reanalyses and the MODIS satellite snow cover fraction is
illustrated in figure [3] The figures show the monthly average of the snow cover fraction
for June 2011. Because of the lower resolution, both ERA5 (figure and ERA5-Land
(figure register extremely high snow cover values throughout June in areas where



MODIS (figure identifies a snow cover of 50% or less. Although ERA5-Land has
a better resolution than ERAS5, the snow cover persists too long even in areas without
permanent snow and ice (see also figure for a time series comparison with ERA5-
Land). In fact, only very limited areas of Svalbard snow cover in either reanalysis product
bear any resemblance to the MODIS observations.

This means that model snow cover is not a suitable predictor for the high-resolution snow
cover in Svalbard. It was therefore decided to abandon the existing reanalysis and future
model snow cover entirely for the downscaling procedure. Reanalysis snow cover will only
be used as a comparison for the completed downscaled product.
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Figure 3: Illustrative comparison of the average snow cover from two reanalyses and from
the MODIS satellite for June 2011. The ocean has been masked in grey. Permanent Snow
and Ice is masked in white for MODIS.

3.2 Temperature Downscaling

As the model snow cover is not used in the downscaling procedure, other variables must
be identified as predictors. To first order, temperature is a natural choice to use as a
predictor, given the strong correlation between temperature and snow cover (see figure
. However, before reanalysis or model temperature can be used as a predictor, it must

10



first be downscaled to the same resolution as the MODIS observations so that a statistical
relationship can be established.

There are multiple existing well-tested methods to produce statistically downscaled tem-
perature. Two such methods have been developed by the WorldClim (Fick and Hijmans,
and CHELSA (Karger et al., groups. WorldClim creates its temperature
dataset by directly interpolating between thousands of collected station observations, tak-
ing into account various factors such as distance to the coast, elevation and cloud cover.
In contrast, CHELSA’s dataset takes ERA5 temperature and uses the statistical relation-
ship between local temperature and elevation to re-project the temperature onto a higher
resolution orography via the local lapse rate. Both of these datasets are regularly used
to provide high-resolution input data for SDMs, with CHELSA-based models often con-
sidered to outperform WorldClim-based models for certain tasks (Bobrowski et al.,
Datta et al., . For this study, the ease of use of the method provided by CHELSA
made it the obvious choice to create downscaled temperature.

A summary of CHELSA’s temperature algorithm is provided below, illustrated in figure [4]
For more information see Karger et al. and Karger et al. . The algorithm relies
on the fact that elevation is the primary local driver of temperature variation (Rolland,
. First, the temperature lapse rate is derived for each pixel from the difference
between the ERA5 temperature on the 850 hPa and 950 hPa levels (Hersbach et al.,[2018b)).
This is then combined with the surface temperature to derive the sea level temperature
(Hersbach et al., . Both the sea level temperature and the lapse rate are interpolated
to 0.01°, and the resulting high-resolution temperature is projected onto the GMTED2010
orography to create the final surface temperature.
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Figure 4: The temperature downscaling algorithm produced by CHELSA. Orange dia-
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the algorithm.
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Note that this method can be applied directly to low-resolution model temperature data
instead of reanalysis temperature data. However, every model contains biases, so this
must be taken into account when interpreting any results derived from such downscaling.

Figure [5 shows the difference between simply interpolating (figure and downscaling
(figure the temperature on Svalbard in May 2011. It is clear that interpolation has
no added value compared to the original ERA5 temperature (figure |5a)), whereas the
CHELSA downscaling procedure produces a much sharper contrast between the land and
sea by including high-resolution orography. Ocean pixels are not affected, whereas areas
with large topographic variation have large differences.
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perature on Svalbard in May 2011.

3.3 Snow Cover Downscaling
3.3.1 Temporal Coverage

To use temperature as a predictor in a downscaling regime for snow cover, the next task
is to find a statistical relationship between historical temperature and snow cover ob-
servations. However, not all times of year in Svalbard are useful in providing data to
establish such a relationship. As discussed in section [2.2] MODIS satellite observations of
snow cover fraction are only available for Svalbard from March until September each year.
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Also, note that during early spring (March and April) the surface is usually completely
covered in snow, and in late summer (August and September) the surface is usually mostly
bare of snow. Because of this, variations in temperature have less of an effect on the snow
cover in the early and late season. Therefore, the relationship between snow cover and
temperature is most effectively captured during the transition period of May, June and
July (MJJ) from high snow to low snow. This is also the most important period for the
arrival and nesting of migratory birds.

The seasonal differences in correlation are illustrated in figure [6] where the temporal
correlation coefficient r between downscaled ERAS temperature and MODIS snow cover
has been calculated for each pixel over different time periods. Correlations from the
years from 2011-2014 are shown for the period March, April and May (figure @ average
r = —0.093), May, June and July (figure average r = —0.631), July, August and
September (figure average r = —0.240) and the whole available year from March to
September (ﬁgure average r = —0.621 ). It is clear that the strong negative correlation
exhibited in figure [6d] over the whole year is primarily due to the contribution from the
middle of the MODIS year, whereas the correlation during early spring and late summer
are not significant. The relationship between snow cover and temperature will therefore
only be calculated based on data from the months May, June and July.

13
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Figure 6: Maps of the correlation coefficient between snow cover and temperature over the
years 2011-2014. Plots (a)-(c) show the correlation for the 3 month periods March-May,
May-July and July-September respectively. Plot (d) shows the correlation for the year
from March-September.
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3.3.2 Algorithm

The first order relationship between snow cover and temperature is shown in the scatter
plot in figure This compares the daily spatial median temperature and snow cover
fraction in May, June and July 2011-2014. Based on this figure, to first order a success-
ful model would need to incorporate that there is consistently high snow cover at low
temperatures (T T —1.5°C and consistently low snow cover at higher temperatures (T
Z 3°C, with a transition between the two states. It is visually apparent that attempting
to simulate this relationship with a simple linear model would result in a significant un-
derestimation of the snow cover at low temperatures and vice versa at high temperatures.
Therefore a more complex modelling system is required.
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Figure 7: Scatter plot of downscaled ERAS temperature against MODIS snow cover frac-
tion. Each point represents the median value over Svalbard for a single day during May,
June and July 2011-2014.

3.3.2.1 Modelling equation for snow cover

It is important to note here that there are two primary processes that contribute to
changes in snow cover fraction - snowfall and snow melt. Dedicated snow models often use
separate increase and decrease models to simulate both processes simultaneously. Previous
studies (Legates and Willmott, Rawlins et al., Krasting et al., focusing
specifically on snowfall have derived an equation that describes an empirical relationship
between temperature and the proportion of precipitation that manifests as snow. Equation
gives a generalised version of this equation:

100

_ _ 1
T T X T W

Here 0 < sne < 100 is the snow cover fraction (%) and 7' is the surface temperature (°C).
In the original research, the parameters a = 1.61 and b = 1.35 were found empirically in
order to fit data for snowfall. See figure [§] later for examples of the shape of the curve
produced by this equation with different values of these parameters.
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To account for the added effect of snow melt, in this research the assumption is made that
the total snow cover fraction has a similar dependency on temperature as snowfall, such
that equation [I| can also be used for snow cover. However, the values of the parameters
a and b are to be determined by an optimisation process for each pixel individually so
that they can vary throughout Svalbard. Changing these parameters across the region
implicitly includes local orographic effects on the snow cover inside a grid cell. Examples
of these local effects include shadowing of deep valleys by surrounding mountains and
impacts due to the proximity of the grid cell to the coast or to nearby glaciers.

3.3.2.2 Temporal averaging

Another factor that affects the relationship between temperature and snow cover is that the
snow cover (and in particular snow melt) on a given day is influenced by the temperature
over a longer time period than just that given day. Snow melt is often modelled using
degree-day methods (He et al., |2014) where the melt is calculated by applying a degree-
day factor, measured in mm day~'°C™!, to air temperature data and so decreases in snow
cover are caused by melt over a period of time.

As a result, it was decided to use a multi-day average of downscaled ERA5 temperature
to compare with a single day of MODIS snow cover. This average acts over the days
prior to the day for which the snow cover is to be estimated. Multiple options were tested
for the multi-day average and these were evaluated based on the correlation between the
resulting downscaled snow cover and the MODIS snow cover for several individual years.
Using a 13-day mean of the temperature was found to increase this correlation by the
largest amount when compared to only using one day, on average by 0.1 for each year.

3.3.2.3 Optimisation

The optimisation process uses the years between 2002 and 2016 as a training dataset. The
years from 2017 to 2020 comprise the test dataset used for evaluation. A non-linear least
squares fit is applied between the 13-day mean of the downscaled ERAb5 temperature and
the daily MODIS snow cover to find the optimal parameters a and b from equation (1] for
each pixel. Using data from a large number of years is important to ensure that effects
due to internal variability are minimised. A large sample size also reduces the effect of
cloud cover as the fitting procedure can only be applied to cloud-free data, which could
cause bias if certain months in a year are particularly cloudy.

3.3.3 Parameters
3.3.3.1 Parameter Effects

Once the parameters a and b have been calculated for each pixel, they can be applied
directly to the 13-day mean of downscaled temperature to produce a new downscaled
snow cover fraction. The parameters affect how the snow cover changes with temperature
in different ways. Parameter b determines the range of temperatures over which the bulk
of the variation in snow cover occurs. 10% and 90% snow cover are chosen to characterise
the bounds of this variation. The range T can then be calculated using equation [2}

log(81)
log(b)
Parameter a determines the temperature at which the temperature range given by b is

centred, i.e. the temperature for which the snow cover fraction reaches 50%. This median
temperature T5g can be calculated using equation

Tr ="Ti0— Ty =

(2)
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Tso = — (3)

The fit is anti-symmetric around the inflection point at T5g, so the parameters a and b
fully describe the fit function.

To illustrate how these parameters change over the region, the new downscaled snow
cover is compared with MODIS observations for May, June and July from 2011 to 2014.
The temporal correlation coefficient between the two snow cover fraction datasets is then
calculated for each pixel over this period and the results are shown in figure [§
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Figure 8: (a) shows a map of the correlation coefficient r per pixel over Svalbard for
the years 2011-2014, with the locations of three specific pixels with different correlations
marked. (b), (¢) and (d) show scatter plots of MODIS snow cover against 13-day mean
temperature and the optimised fit between them for the three pixels. The median tem-
perature T5g and temperature range of snow cover changes T is noted for each one.
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Figure [8a shows how the temporal correlation coefficient (r) changes over the region. The
majority of pixels have high values of r, typically greater than 0.8. Low-lying areas near
the coasts tend to have higher correlations, whereas pixels near to or within the confines
of glaciers have far lower, often negligible correlations. The areas of high correlation
correspond well with the aims of the project, given that migratory geese tend to nest near
in low-lying coastal areas (Mehlum, |1998) as there is little food close to glaciers. Figure
Ba] also shows the locations of 3 specific pixels with r values that are representative of the
different areas. In particular, the pixel with the highest correlation (r = 0.965) is near the
coast at a height of 20m and the pixel with the lowest correlation (r = —0.062) is in the
middle of a glacier at a height of 765 m.

The remaining parts of figure [§ show scatter plots of MODIS snow cover against 13-day
mean temperature over the period 2011-2014, along with the fitted function to demonstrate
how the fit works against the data for the 3 representative pixels.

Figure showing the fit for a pixel with » = 0.965, follows an idealised profile, with
few outliers. There is consistent 100% snow cover for temperatures < —1°C and a sharp

transition to 0% snow cover. The temperature range for snow cover changes, Tg, is very
small (< 2°C) and so there is 90% snow at —0.4°C and 10% snow at 1.6°C.

Figure [8c| showing the fit for a pixel with » = 0.701, has a mid /lower-range correlation and
the observations are scattered around the fitted profile. As a result of this the temperature
range is much larger than in figure and the median temperature is lower than would
usually be seen when predicting snowfall data. However, there is still a clear transition
that passes through the bulk of the observations.

Figure showing the fit for a pixel with » = —0.062, has negligible correlation. This is
visible in the failure of the fit, which does not form a successful transition; indeed the model
predicts that the snow cover would only reach below 50% at 413 °C. In the observations,
there is mostly consistent 100% snow cover at all available temperatures and low snow
cover occurs sporadically at all temperatures, rather than in a transition region. This is
likely due to the presence of glaciers close to the pixel, and effects due to wind-blown snow
on the higher elevation areas.

3.3.3.2 Parameter Maps

The following figures show different analyses of how the median temperature 75y and the
temperature range Tr vary. Individual histograms showing the distributions of 759 and
Tr are shown in figure [0] Maps showing how T5y and Tk change across the region are
shown in figure

In addition, in the appendix the added figure shows extra 2-dimensional histograms
that examine how the distribution of values of 15y and Ty affects the distribution of the
correlation between MODIS and downscaled snow cover for each pixel. compares T5g
and the correlation. Figure compares Tr and the correlation. Figure compares
T50 and TR.

Figure shows that within the range of values of T5¢ the majority are concentrated
in a small region of temperature between approximately 0°C and 2.5°C, with a fairly
symmetric tail to either side. From figure it transpires that central values between
approximately —1.5°C and 2°C correspond with high correlations between the MODIS
and downscaled data (r > 0.8), .

Ignoring extreme outliers, T59 has a mean value of 0.72°C, and a median of 0.93°C.
Outliers for T5g are considered to be anything above 10°C or below —10°C, excluding
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Figure 9: Histograms showing the frequency and range of values of the median temperature
Ts0 and the range T across Svalbard from the downscaling algorithm.

0.5% of the pixels. These average values for Ty correspond well with commonly used
threshold temperatures for snow melt under degree-day methods (Senese et al., 2014]).

Note that a value of T5¢ above 0°C implies that for the pixel in question the snow cover
stays high (above 50%) at temperatures above freezing. This is important from an ecolog-
ical perspective as these areas will therefore have to be reach warmer temperatures before
the snow cover is low enough for nesting to be a possibility for migratory birds.

Figure [I0a] analyses the spatial distribution of T5g over Svalbard. Coastal areas either have
a slightly positive T5q close to the average value, particularly in the north, or a moderately
negative T5g, particularly in valleys carved out by glaciers. This is likely because runoff
and other processes that remove snow mean that snow cover in such areas reduces below
50% at lower temperatures compared to inland areas. Indeed, moving inland the values
of Tsp tend to increase significantly, particularly in areas close to glaciers where there is
often snow cover all year round.

Figure [0b] shows that the values of the temperature transition range Tk are concentrated
in a wide region approximately between 2°C and 9°C, with an elongated tail through
higher ranges. From it transpires that the sharper transitions in the given region
between 2°C and 9 °C usually indicate good correlations (r > 0.8), with an increase of Tr
causing a gradual decrease in the effectiveness of the fit.

Again ignoring extreme outliers, T has a mean value of 7.13°C, and a median of 5.94°C.
Outliers for T are considered to be anything above 40 °C, excluding 0.5% of the pixels.

In the spatial distribution shown in figure Tr varies widely across Svalbard. Low
values, indicating sharp transitions, are particularly prevalent on the north coast. High
values, indicating slow transitions, are most prevalent inland in glacier dominated areas
and also in some of the glacial valleys identified with negative values of T5¢ in figure
Other coastal and inland regions tend to have mid-range values.

Sharp transitions indicate that the local snow cover has a particularly strong dependence
on temperature. This suggests that in areas with slow transitions other factors such as
wind-blown snow or runoff have a more important role to play than in areas with a sharp
transition. This is backed up by the distribution in figure as the flatter areas distant
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Figure 10: Maps showing how the median temperature T59 and range T vary over Sval-
bard.

from glaciers in Nordaustlandet in the north of Svalbard have sharp transitions whereas
areas close to glaciers and in the valleys have slow transitions. The majority of the coastal
areas used as breeding grounds for migratory birds have mid-range values of 4 < Tg < 9,
indicating that temperature is a dominant factor in the snow cover but that other processes
have some effect.

In comparison to the original empirical research on snowfall (Legates and Willmott,
Rawlins et al., Krasting et al., , the values of the parameters a = 1.61 and
b = 1.35 established there yield a value for T5¢ of —1.59°C and for T of 14.6°C. These
are quite different from the mean values of Ty and Tr over Svalbard for the algorithm
presented here. This suggests that the addition of other processes aside from snowfall has
a significant impact on the temperature dependence of the snow cover.

Finally, using both a comparison of figures and and figure shows that low
values of T correspond to values of Txg just above 0 °C and high values of Tk correspond
to values of T5¢ well above or below 0°C. In other words, a sharp transition is always
centred close to 0°C, but slow transitions vary significantly.

4 Evaluation

In order to evaluate the algorithm, the results must be compared to satellite data from a
period that was not used for the training process. In this section, the algorithm is applied
to the test temperature dataset from 2017 to 2020, and the resulting downscaled snow
cover is compared to the equivalent data from MODIS using monthly averages and time
series.

Accompanying statistical data for these four years is shown in table[ll This table contains
comparisons of the monthly and 3-monthly means and standard deviations of both the
downscaled and MODIS snow cover. It also contains the Root Mean Square Error (RMSE)
and correlation coefficient between the two products over each month and over the full
three months.

In addition, a metric estimating the earliest nesting opportunity for the migrating birds is
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Table 1: Statistical differences between MODIS snow cover and downscaled snow cover
for the years 2017-2020. The mean and standard deviation are shown for both snow cover
products, as are the RMSE and correlation between the two products. These are available
for each month individually and for the total across all 3 months.

Standard
Snow C.‘over Mean (%) Deviation (%) | RMSE (%) | Correlation
Fraction | 557 T DS | MODIS | DS
May 86.5 96.8 21.6 8.54 22.4 0.395
2017 June 64.0 64.7 37.2 29.4 23.6 0.786
July 19.1 27.8 30.0 26.2 20.9 0.756
MJJ 54.8 63.1 42.0 36.6 22.2 0.862
May 74.7 80.0 27.8 23.5 28.2 0.439
2018 June 53.1 58.0 37.6 28.9 25.3 0.745
July 18.3 17.9 29.2 18.9 19.9 0.727
MJJ 46.9 51.9 39.1 35.3 24.5 0.808
May 81.0 93.6 25.0 12.6 26.7 0.36
2019 June 61.7 61.2 37.6 30.3 24.3 0.766
July 19.1 25.7 28.5 21.6 20.6 0.719
MJJ 52.0 60.2 40.3 35.9 23.8 0.821
May 71.7 88.7 30.8 18.9 31.7 0.536
2020 June 31.8 53.0 35.0 26.3 31.8 0.695
July 10.2 22.9 22.1 21.3 24.7 0.449
MJJ 38.0 54.9 39.8 35.1 29.5 0.777

also shown for each product - more information on this metric is available in section

Similar data restricted to pixels less than 100 m above sea level is shown in table [2 This
is intended to represent the areas that migratory birds are most likely to use as nesting
grounds.

To provide an alternative evaluation, the algorithm was trained instead on data from 2006-
2020, and the resulting parameters were applied to a secondary test dataset of temperature
data from May, June and July for the years from 2002-2005. Extra statistical data based
on these years are shown in the Appendix in tables and It is possible to use
non-consecutive years to train the data but this has not been done here.

4.1 Monthly Maps

Figure [11] contains maps showing monthly averages of both the downscaled and MODIS
snow cover fraction, along with the difference between the two products, for May, June
and July 2017.

In May the downscaled product predicts that Svalbard essentially has a uniform layer of
full snow cover. Differences between the two products are smallest on the north and west
coasts of Svalbard because there is maximum snow cover in both, whereas inland and in the
south-east the satellite observations record lower snow covers. This discrepancy is verified
in the data in table 1| with a mean value of 97% for the downscaled compared to 87%
for MODIS. There is also a large decrease in the standard deviation for the downscaled
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Table 2: Statistical differences between MODIS snow cover and downscaled snow cover for
the years 2017-2020, restricted to data points with an elevation below 100 m. The mean
and standard deviation are shown for both snow cover products, as are the RMSE and
correlation between the two products. These are available for each month individually
and for the total across all 3 months.

Standard
Snow C.over Mean (%) Deviation (%) | RMSE (%) | Correlation
Fraction /G H57s T DS | MODIS | DS
May 84.6 95.1 22.9 11.7 22.8 0.464
2017 June 52.8 57.3 40.0 33.2 24.1 0.82
July 11.0 15.5 23.6 18.8 18.0 0.679
MJJ 47.6 56.0 42.8 39.9 21.4 0.882
May 69.3 72.0 30.0 28.1 28.7 0.525
2018 June 31.7 44.2 34.8 28.8 25.9 0.728
July 6.75 7.03 17.6 9.3 16.5 0.393
MJJ 35.2 41.0 38.7 35.8 23.8 0.804
May 77.3 91.0 26.5 16.3 26.9 0.479
2019 June 45.7 50.1 40.1 32.5 25.0 0.781
July 11.9 17.9 22.9 17.8 19.5 0.595
MJJ 42.9 53.0 40.4 38.0 23.8 0.834
May 71.1 84.5 31.8 23.2 29.9 0.596
2020 June 24.1 41.3 31.5 25.5 29.8 0.626
July 7.05 16.2 18.2 18.1 23.1 0.242
MJJ 34.4 47.4 39.2 36.2 27.6 0.793

product which indicates that the product doesn’t capture the spatial variation present in
MODIS.

In June the spatial pattern is visually much better than for May. It slightly underestimates
the snow cover in the west and overestimates it in the east. This balances so that there is
only a 1% difference in the mean over Svalbard. In July the algorithm generally provides
an over estimate, particularly in the east, and has a mean of 28% compared to 19% for
MODIS.

Overestimation of the snow cover fraction in May is present to some extent in every year
of the evaluation (see tables |1| and and the time series in figures [13] and [A2)). This
suggests that snow cover fraction has a smaller temperature dependence earlier in the
season. Therefore when May is particularly cold the algorithm assumes that most areas of
Svalbard have 100% snow cover. In reality effects that redistribute snow through the local
area such as wind-blown snow and leeward shading from mountains can cause a small but
significant reduction in the local snow cover percentage. Further discussion is given in
section of this issue and similar problems with overestimation in July.

Figure[12|looks at the equivalent data for 2018. The snow cover is once again overestimated
in May, although not by as much as in 2017, with a mean of 80% for the downscaled
product and 75% for MODIS. The spatial pattern is stronger for June with only a slight
overestimation in the west and underestimation inland. July 2018 provides the best RMSE
for any month with consistently low snow cover everywhere and only minor differences

22



Downscaled

FﬂDifferr:nce (Downscaled - MODIS)

100 100

8
&

& 2 ey
= = 2
c c 20 —=
= 8 = 8 = A
] r w T w ®
May g E: 5 3 o E
= g = L = bl
=1 2 £ 2 £ g
5 w358 w38 g
: : :
& g 20§
20 20 o
-a0
0 0
100 100
a0
80 20
g & &
c c 20 c
= S = S = o
il il il
June & g - g o T
=1 = =
= g = L = g
& 3 & 3 & 2
5 g 5 R S
3 3 203
2 2 2
& & &
20 20
—a0
0 0
15 20 25 20 25
Longitude [°E]
100 100
a0
80 20
20
60 60
July

Latitude [°N]
Latitude [°N]
Latitude [°N]

&
Snow Cover Fraction [%]

Snow Cover Fraction [%]
o
Snow Cover Fraction [%]

g

15 20 25 15 20 25

Longitude [°E] Longitude [°E] Longitude [°E]

15 20 25

Figure 11: Comparison of monthly averaged downscaled snow cover and MODIS snow
cover for May, June and July 2017.

between the two datasets. Indeed the monthly differences are rarely more than 10% for
any pixel throughout Svalbard. The mean is 18% for both data sets.

In both 2017 and 2018 the downscaled snow cover manages to capture a sizeable portion of
the spatial variation present in MODIS. The standard deviation is always below that given
by MODIS. However, that is to be expected when using a smooth function to represent a
process with discontinuities such as snow cover fraction’s temperature dependence. This
shows that the algorithm can perform, albeit with limitations, both in warmer and in
colder years.

To simulate the areas in which birds nest, the statistical data was restricted to values below
100m (see table . This gives in general a small improvement to the RMSE and closes
the discrepancy between the standard deviations of the two products. The improvement is
only slight however so it is not possible to say with confidence that the algorithm performs
significantly better under 100 m.
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Figure 12: Comparison of monthly averaged downscaled snow cover and MODIS snow
cover monthly averages for May, June and July 2018.

4.2 Time Series

Figure [13| contains time series showing how snow cover changes during May-July for the
years from 2017-2020. The figures compare the spatial mean of three different snow cover
fractions: MODIS (blue), the downscaled product (orange) and ERA5-Land reanalysis
snow cover (green). For the ERA5-Land snow cover, pixels that do not change throughout
the year (indicating areas of permanent snow and ice) are removed from the time series,
to emulate the permanent snow and ice mask present in MODIS and, by extension, the
downscaled product. Individual days in the MODIS time series are often affected by cloud
cover, so a 7-day average is taken for all datasets to smooth out this variation.

During May 2017 the downscaled snow cover is consistent with the results shown in figure
with an over estimation of the snow cover compared to the satellite data during the
first month. However, the downscaled snow cover accurately follows the transition from
high snow to low snow that the satellite snow cover takes during June, running only a day
or two behind. It then over estimates the snow cover again during the early part of July.

In 2018, apart from a high point at the beginning of May the downscaled snow cover
follows a similar path to the satellite snow cover through the year.

24



2017 2018

100 100
— 80 ., 80
= [=
2 2
2 T o
o o
[T (Y
[ P
[} [
= =
S S
40
z z 40
o [=]
= =
w w
204 —— MODIS show cover 0l T MODIS show cover
Downscaled snow cover \ Downscaled snow cover
—— ERAS5-Land snow cover —— ERAS5-Land snow cover _\
24 a4 At ot o A o) al a4 At W A b e
0\",\ {_",&‘\ % R @Y A5 o™ 0\"& \f‘,‘"h Ve oY Ao %
2019 2020
100 100
—_ 80 - 80
c =
p=l 2
- -
60
% 60 @
[ [
[T Y
A [
[} 7]
5 2
O o %
z 40 2
[=] [=]
= =
(3] (1]
20
—— MODIS snow cover — MODIS snow cover
20 Downscaled snow cover Downscaled snow cover
—— ERAS5-Land snow cover 0 —— ERAS5-Land snow cover
24 a4 At oo o o o] a4 a4 At ot A s ]
0\‘.\"- ‘\f'»‘kh ) A5 Y A5 0-\.13- 0\‘.\3\ ‘C_",\r‘ o Ao o Ao 0\‘.1’-

Figure 13: Time series showing how the spatial mean of 3 different snow cover fraction
datasets changes over the summer period for the years from 2017-2020. The data is taken
from MODIS, the downscaling routine and ERA5-Land. A 7-day mean of each time series
is taken to smooth out variability in MODIS due to cloud cover.

At the beginning of the time series for 2019 there is a sudden reduction in the satellite
snow cover centred in the middle of May. This is not due to a genuine decrease of snow
but is instead caused by several days of persistent cloud cover over the whole of mainland
Svalbard, with only the most southerly islands remaining unaffected. These islands tend
to have much less snow than the mainland, so the spatial average of the snow cover is
significantly reduced when only these areas are visible by satellite. Aside from this blip
2019 follows a similar pattern to 2017. Snow cover is once again overestimated in May
but accurately follows the observed transition to low snow cover from June to mid July.

2020 is the only consistently poor year where snow cover is overestimated throughout the
season. The reasons for this are unclear. However, it may be that errors are present in the
MODIS product, as some individual days of snow cover data during 2020 do not follow
the patterns observed in all other years. For further discussion of this issue see section [0}

Aside from 2020, the other three years shown in figure [13] have established that the algo-
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rithm is capable of capturing the observed transition from high snow cover to low snow
cover. Ecologically this is the most important time period for the algorithm to accurately
represent because migratory geese require the snow cover to have dropped to a certain
percentage before they can set up their nests. This idea is explored further in section

The equivalent time series for the years 2002-2005 are shown in in the appendix in figure
The general pattern of results is similar, with the downscaled snow cover overesti-
mating the satellite snow cover early in May and then following the transition relatively
well over the next two months. 2004 tracks the transition particularly well.

4.3 First Nesting Day
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Figure 14: Histogram showing the differences per pixel between the first nesting day metric
of the downscaled snow cover and the MODIS snow cover for each year between 2017 and
2020. A positive value means that MODIS predicts an earlier first nesting day than the
downscaled product.

An important use of high resolution snow cover is to allow ecologists to make accurate
estimations of the first opportunity for migratory birds to nest. One metric used to
measure this is to find the first day of the year on which the 7-day mean of snow cover
fraction for a pixel falls below 50% (Doiron et al., ; Lameris et al., Lameris
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et al., 2019). It is measured by the day of the year, so, given the data restrictions, the
earliest possible value is 120 or 121, on May 15, and the latest is 212 or 213, on July 315t
Statistical data for this metric is shown in table [3l

Table 3: Statistical differences between the predicted first available nesting day across
Svalbard as given by both the MODIS snow cover and the downscaled snow cover for the
years 2017-2020. The mean of the predicted first nesting day, measured by the date of the
year, and the standard deviation across Svalbard, measured in days, are shown for both
products. The RMSE between the two products is also shown.

Standard
Ejirst Mean (date of the year) RMSE (days) | Deviation (days)
Nesting Day —uranrs DS MODIS | DS
2017 June 23™ June 260 15.6 19.6 16.3
2018 June 16" June 150 19.2 23.4 20.3
2019 June 20" June 215 16.8 21.8 15.1
2020 June 9™ June 190 22.4 214 19.7

Two figures are shown to illustrate this metric. Firstly, figure [14] shows histograms of the
differences between the first nesting day as predicted by MODIS and by the downscaled
snow cover. This is done per pixel for each year from 2017-2020. The difference is cal-
culated such that a positive difference means that the downscaled snow cover predicts a
later first nesting day than MODIS, indicating that the snow cover stays above 50% for a
longer period in the downscaled data.

Secondly, spatial maps comparing this metric across Svalbard for each snow cover product
are shown in figure Purple colours show an early first nesting day, whereas yellow
show a late first nesting day. On the difference plots, red (positive) colours mean that the
downscaled product predicts a later first nesting day than MODIS.

2017 and 2019 were years with similar properties in that they both experienced colder
conditions in May compared to other years. In figure|[L5|for these two years the downscaled
product in general predicts a first nesting day that is slightly earlier in the year compared
to MODIS in the west of Svalbard but predicts a later first nesting day on the islands in
the south east.

In both of these years the majority of pixels had differences of less than 10 days (see figure
, with a positive skew in the less accurate values. This leads to a low RMSE of under
17 days for each year. For 2017 the average first nesting day is June 23' for MODIS and
June 26 for the downscaled product. For 2019 the average first nesting day is June 20"
for MODIS and June 215¢ for the downscaled product.

2018 was generally a warmer year with an earlier spring. Throughout most of Svalbard
the downscaled product predicts a slightly earlier first nesting day than MODIS. However,
many individual spots with a much later first nesting day means that the average is within
1 day for each product. For this year there is no clear spatial pattern regarding where the
algorithm overestimates the first nesting day.

In 2020, as noted in previous sections, the algorithm consistently overestimates the snow
cover as produced by the satellite product. As such the first nesting day is significantly
later in the downscaled product over the entirety of Svalbard, with the majority of indi-
vidual pixels overestimating by between 0 and 25 days. On average MODIS predicts June
9th as the first nesting day and the downscaled product predicts June 19",
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Extra statistical data restricted to points below 100m is shown in table [4 As expected
the lower elevation areas have an earlier decrease in snow cover and as such an earlier first
nesting day. There is generally an improvement in the RMSE by 1 or 2 days for most
years.

Table 4: Statistical differences between the predicted first available nesting day across
Svalbard as given by both the MODIS snow cover and the downscaled snow cover for the
years 2017-2020, restricted to data points with an elevation below 100 m. The mean of the
predicted first nesting day, measured by the date of the year, and the standard deviation
across Svalbard, measured in days, are shown for both products. The RMSE between the
two products is also shown.

Standard
E:irst Mean (date of the year) RMSE (days) | Deviation (days)
Nesting Day —rranrs DS MODIS | DS
2017 June 170 June 20 13.9 18.5 14.0
2018 June 6 June 5 20.0 20.7 20.7
2019 June 15 June 150 15.7 21.5 14.6
2020 June 60 June 110 20.4 20.3 19.4

Equivalent data for the years 2002-2005 is shown in the appendix in figures and
and tables and The results are similar to those for the primary test dataset, with
similar spatial patterns and the majority of pixels having an agreement between MODIS
and the downscaled product within 10 days. The mean first nesting days between MODIS
and the downscaled product are very close and the RMSE takes values of about 17 days.

Overall these results indicate that the downscaling routine has the capability to reproduce
the timing of the snow melt to within 10 days for the majority of pixels over most years.
This is likely to be within the range of internal variability of climate models and as such
the algorithm can be applied to future projections. Further discussion of the bias and
usability of the algorithm can be found in section [6]
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Figure 15: Metric comparing the first available nesting day for each pixel for the down-
scaled product and the MODIS product, shown for each year from 2017 to 2020. In the
comparison column on the right, red colours mean that the downscaled product predicts a
later first nesting day than MODIS, and blue means that the downscaled product predicts
an earlier first nesting day than MODIS.
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5 Application to Future Climate

5.1 Background

A primary reason for the development of this method was to apply it to climate models and
examine how migratory birds will be affected by snow cover in the future. To illustrate an
example usage, the algorithm is applied to data taken from runs of the EC-Earth3 model.
EC-Earth3 is an Earth System Model which is part of the CMIP6 generation of climate
models, developed by the EC-Earth consortium. The model has a spatial resolution of
100 km (Déscher et al., [2022]).

EC-Earth provides both historical runs and future runs under different Shared Socioeco-
nomic Pathways (SSPs). Historical runs are available for the years from 1850 to 2014 and
are forced based on observational climate data as outlined in the CMIP6 protocol (Eyring
et al.,2016). Only historical years that overlap with the operation of the MODIS satellite
are used in this project.

The SSPs are different pathways of projected socioeconomic developments up to 2100
(Riahi et al., 2017)). Each scenario provides plausible narratives of future progress and
international politics, accompanied by data such as population growth and GDP. These
SSP scenarios are combined with Representative Concentration Pathways (RCPs), which
proscribe greenhouse gas concentrations until 2100 (van Vuuren et al., |2011), to provide
climate projections through the coming century (Moss et al., 2010). In this project, SSP2-
4.5 and SSP5-8.5 are used to examine middle of the road and high emission scenarios
respectively.

5.2 Application

To apply the snow cover downscaling algorithm to model data, EC-Earth temperature
was first downscaled from 1° to 0.01° resolution. This process was almost identical to that
used for ERA5 temperature (see section [3.2)). The difference in resolution between ERA5
and EC-Earth has no effect on the downscaling procedure. The only differences in this
process compared to that of ERA5 was due to the fact that EC-Earth runs do not contain
temperature data on the 950 hPa pressure level, so the difference between the 850 hPa
levels and 1000 hPa levels were used instead to estimate the lapse rate.

The values of the parameters a and b used for the snow cover downscaling are those
established from the fit between ERA5 temperature and MODIS snow cover (see section
. Applying a new fit between historical EC-Earth temperature and the equivalent
MODIS snow cover was considered, as this would help to incorporate any temperature
biases in EC-Earth that are different in ERA5. However, given that EC-Earth weather
is randomised in historical simulations, rather than accurately following daily weather
patterns, it was decided that this would not represent an accurate fit between real snow
cover and temperature data.

Three different time periods in the 215 century are compared - historical, mid-century
and late-century. For each period an average over six years is used. Because the transition
from high snow to low happens at different times each year, the averaged transition is less
steep than any individual year. However, when using model projections, it is necessary
to average in order to account for internal variability. From the historical modelling the
years 2005-2010 are used. For future runs both SSP2-4.5 and SSP5-8.5 are compared for
both 2045-2050 and 2095-2100.
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5.3 Time Series

The time series in figure [16| show how the spatial mean of the downscaled snow cover frac-
tion for different EC-Earth scenarios changes over the period from May to July. MODIS
snow cover over the years from 2005-2010 is shown as a comparison. For each time series,
data is averaged over the 6 years by day of the year, and a 7-day rolling mean is taken as
in section
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Figure 16: Time series showing how the spatial mean of the downscaled snow cover fraction
changes over the summer period for different EC-Earth pathways. The time series included
are the MODIS satellite data and downscaled historical EC-Earth runs from 2005-2010,
plus the downscaled future EC-Earth projections from both SSP2-4.5 and SSP5-8.5 for
the mid-century and the end of the century. A 6-year mean organised by day of the year,
followed by a 7-day rolling mean, is taken for each time series.

The EC-Earth historical average (orange) follows the MODIS average (blue) well from the
start of June. Similarly to the downscaled ERA5 snow cover, the EC-Earth downscaled
snow cover fraction suffers from an overestimation of 10-15% during May. As noted earlier,
the transition from high snow cover to low snow cover is steeper in each individual MODIS
year compared to the aggregate, shown for example in figure [A2]

By the middle of the 215¢ century from 2045-2050 both of the projections, the 'middle-of-
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the-road’” SSP2-4.5 (green) and the ’business as usual’ SSP5-8.5 (purple), are showing a
significant decrease in snow cover compared to the historical modelling. Snow cover has
decreased only slightly in May compared to the orange line, but the transition to low snow
occurs much earlier in both SSP2-4.5 and SSP5-8.5, starting on average around the end of
May, whereas the annual drop in MODIS snow cover occurs on average around the middle
of June. The two projections do not differ much between themselves at this stage, with
internal variability likely to be the largest factor differentiating the two for any individual
year.

By the end of the 215 century from 2095-2100 the two different projections have completely
diverged. The SSP2-4.5 projection (red) has decreased by approximately 10% throughout
the season compared to the mid-century SSP2-4.5 projection. In contrast, snow cover
fraction in the SSP5-8.5 projection (black) is drastically reduced, with less than 30%
average snow cover even at the start of May, falling to minimal snow cover as early as
mid-June.

5.4 Ecological Impact

The mid-century changes in snow cover under both these scenarios will have large scale
effects on birds migrating to Svalbard. Some of these changes can be extrapolated from
the effects of climate change that have already been observed. For example, the earlier
decrease in snow cover is likely to have some positive impacts as previous years with
an early spring melting season have caused a significant increase in the number of birds
attempting to nest (Madsen et al., 2007; Anderson et al., [2015). However, an increase
in the availability of nesting grounds is unlikely to be the only effect of climate change
in the region. Arctic amplification of the climate change signal may result in migrating
birds being unable to re-tune their migration timing in order to arrive in Svalbard at the
optimal time to capitalise on the high availability of food in the region at the beginning
of the spring (Clausen and Clausen, [2013; Lameris et al., [2018). In addition, the warming
climate will have separate impacts particularly in regards to marine life, which may have
knock-on effects on other parts of the local ecosystem (Descamps et al., 2017)). There may
also be increased predation due to higher survival rates of regional predators (Layton-
Matthews et al., 2020)). Species distribution modelling methods are necessary to paint a
larger holistic picture of the combined impacts.

By the end of the century it is clear that under the SSP5-8.5 projection temperatures have
risen to such an extent that the climate state of Svalbard will have changed completely.
This will undoubtedly have drastic impacts on all local and migratory wildlife. Such
extreme change makes it difficult to predict exactly what the effect on migratory birds
will be. Multiple other species will continue to expand polewards as conditions change
in their current regions, resulting in increased competition which will be exacerbated by
(Hastings et al., 2020; Lenoir and Svenning, 2015; Virkkala and Lehikoinen, [2014). The
birds will also have to adapt to the fact that snow will now have disappeared from their
current breeding grounds long before their present day arrival time. However, it may be
that other global climate effects will have much larger impacts.

6 Discussion

6.1 Algorithm Success

Using interpolated reanalysis snow cover data has been shown to be extremely ineffec-
tive for the small scales required by ecologists. RCM dynamical downscaling is also too
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high complexity and is therefore unable to produce data at the desired resolution. Un-
der this reasoning a statistical downscaling approach was constructed without excessive
complexity. Despite the simplicity of using only temperature as a predictor, the down-
scaling method described in this report offers a significant improvement on the original
model and reanalysis snow cover data. The statistical analysis in section ] shows that the
downscaling has succeeded in several of the regimes of interest.

Most importantly, it successfully models the transition between high snow and low snow,
as shown in figures and For the majority of the individual years, both in the
range from 2002-2005 and from 2017-2020, the average snow cover from the downscaling
tracks the satellite snow cover to within a few percent during the transition phase. This is
reflected in the accuracy of the metric to estimate the first nesting date of the migratory
birds. When comparing the satellite and downscaled data, on average the 50% snow cover
threshold has been reached by the two datasets within the space of 2 days (see tables

and .

6.2 Downscaling Assumptions

It is important to establish whether this method conforms to the assumptions required for
a successful statistical downscaling (see section [1.2.2)).

The first requirement is that the predictor(s) must be well-simulated by the GCM used to
make projections. Temperature is the only predictor and so any GCM that can successfully
model temperature in the Arctic will satisfy this condition. The EC-Earth model used in
this report has been shown to have a cold bias in some areas (Hazeleger et al., 2012) but
this can be accounted for when making predictions.

The second requirement is that the predictor must incorporate the climate change signal.
Temperature clearly contains this signal and so satisfies this condition.

The third requirement states that there must be a strong relationship between the pre-
dictor and predictand. In section [3.3.1] it is established that there is a strongly negative
correlation between temperature and snow cover, in particular over the period of snow
melt from May to July. Indeed the success of the algorithm in reproducing the satellite
snow cover, using only temperature, shows that this requirement is also satisfied.

The final requirement is that the relationship between the predictor and the predictand
must be time-invariant. This is the hardest condition to verify and is not an explicit part
of the algorithm’s design. Indeed, there are some effects of climate change that cannot be
taken into account via this method. For example, under glacial retreat in warmer climates
new areas would be revealed which are currently masked as PSI in MODIS. These areas
would have no data associated with them under this downscaling method. The retreat of
glaciers will have further effects on the lapse rate and the pattern of snow accumulation,
which are likely to change in areas in the immediate vicinity of the glaciers (Gardner
et al., 2009). Lapse rate changes would adversely affect the temperature downscaling
methodology, whereas snow accumulation changes would affect the parameters used in
comparing local snow cover to temperature. However, areas of Svalbard affected by these
issues are likely to be closer to glaciers and therefore unlikely to be the most important
areas from an ecological perspective for migratory birds.

6.3 Potential Improvements

Using temperature as the only predictor has resulted in a simple and effective algorithm
for producing high-resolution snow cover fraction data. However, there are areas where
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the downscaling procedure is inaccurate. Some of the problems and potential solutions
are discussed below.

Firstly, in every year assessed in the evaluations the snow cover fraction in May is over-
estimated. The transition period from high snow cover to low cover centred on June is
the most important time period for the nesting of migratory birds, but their initial arrival
currently occurs from the beginning of May so it is still important to accurately capture
this period of higher snow cover and lower temperatures. One reason for this is that snow
cover has a decreased dependence on temperature at the lower end of the temperature
range. This means that other factors such as effects of wind-blown snow are more likely
to be more important for determining smaller changes in the snow cover. Also, early in
the season the snow still has a thick layer so changes in temperature are unlikely to have
a major impact on the percentage snow cover, even if the snow depth decreases. This will
affect the accuracy of the fitting process. Another minor effect could be that there are
fewer data points in the training dataset during May compared to other months because
of increased cloud cover.

Although the bias is not as prevalent as it is in May, snow cover in July is also overesti-
mated by the algorithm in several years. This once again suggests that factors other than
temperature were more important for reducing the snow cover in some areas. It may also
be that the inherent bias in the model equation itself becomes more problematic at the
temperature extremes. The fitting process is designed to provide a smooth fit between
temperature and snow cover according to equation [1, However, whilst this works well as
an approximation it cannot account for some discontinuities in the system. For example,
it may be that in certain areas snow melt acts more rapidly above a certain temperature
than can be accounted for by equation [} resulting in a slow decrease in snow cover in the
algorithm but a rapid one in reality. This issue is linked to the assumption that snow melt
follows the same temperature dependence as snow fall (see section .

One option for improving the modelling of snow cover throughout the year is to develop a
bias correction routine to systematically reduce the snow cover in areas where the overes-
timation is most prevalent. Another option would be to adapt the use of equation [1| such
that the function follows a separate path at temperature extremes or so that it can be
adapted for specific pixels where the fit is poor.

Finally, the lack of inclusion of other relevant climate predictors in the downscaling process
could result in drawbacks when making future projections. Variables such as wind speed,
humidity and precipitation are also important for snow cover, particularly if large scale
patterns change under global warming.

Including other such variables would involve making extensive changes to the downscaling
algorithm as it currently stands, which could be difficult to achieve without significantly
increasing the complexity. Also, as the current process involves downscaling temperature
as the only predictor variable, before being able to use other predictors in the algorithm
it may be necessary to downscale them. Precipitation is considerably more difficult to
downscale than temperature and any further downscaling introduces extra uncertainties
into the system. Despite these challenges, optimising using climatic factors other than
temperature would clearly be the next step in the development of this algorithm.

7 Conclusion

The primary aim of this research has been to improve the high-resolution snow cover
fraction data in Svalbard available for use by bird ecologists in their SDMs. This has been
achieved by means of a downscaling process that establishes a local relationship between
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temperature and snow cover. This relationship can then be applied to temperature from
climate models to create high-resolution snow cover projections.

The transition between high snow cover and low snow cover is well simulated by the
algorithm. As a result the time when local nesting areas become available to migratory
birds can be predicted to within a few days. The spatial pattern of the snow cover is
usually well simulated. In general the algorithm is most accurate in coastal regions and
at lower elevations. These are also the most important areas for use as nesting grounds.

Snow cover is overestimated by the algorithm by approximately 10% on average in May.
However, this is early in the season before birds are looking to nest so is of less ecological
importance.

The downscaling method has therefore succeeded in its primary task and can be used to
offer an improved high-resolution Svalbard dataset for use in future projections.
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Table A1l: Statistical differences between MODIS snow cover and downscaled snow cover
for the years 2002-2005. The mean and standard deviation are shown for both snow cover
products, as are the RMSE and correlation between the two products. These are available
for each month individually and for the total across all 3 months.

Standard
Snow C.over Mean (%) Deviation (%) | RMSE (%) | Correlation
Fraction /G 51s T DS | MODIS | DS
May 89.5 95.8 18.7 10.3 17.5 0.505
2002 June 44.8 53.1 35.6 25.9 24.8 0.742
July 11.4 21.4 21.6 20.3 21.2 0.627
MJJ 50.9 56.8 414 36.5 21.1 0.889
May 81.1 92.3 23.8 14.8 26.3 0.35
2003 June 595.5 65.3 37.0 28.0 26.8 0.707
July 13.6 23.2 24.0 20.0 23.7 0.521
MJJ 46.5 60.2 40.2 35.8 25.4 0.824
May 81.2 89.2 23.4 17.1 23.4 0.448
2004 June 66.4 66.8 34.0 27.3 24.7 0.697
July 12.6 19.8 22.5 19.2 20.7 0.596
MJJ 46.9 58.5 40.4 36.2 22.6 0.854
May 83.3 93.2 22.9 13.4 24.1 0.356
2005 June 63.8 56.9 35.4 26.6 25.6 0.72
July 18.4 23.1 28.2 21.9 26.3 0.486
MJJ 53.2 57.7 39.8 35.8 25.4 0.797

Table A2: Statistical differences between the predicted first available nesting day across
Svalbard as given by both the MODIS snow cover and the downscaled snow cover for the
years 2002-2005. The mean of the predicted first nesting day, measured by the date of the
year, and the standard deviation across Svalbard, measured in days, are shown for both
products. The RMSE between the two products is also shown.

Standard
E:irst Mean (date of the year) RMSE (days) | Deviation (days)
Nesting Day 5578 DS MODIS | DS
2002 June 170 June 18 15.4 17.2 15.6
2003 June 20" June 215¢ 17.6 20.6 14.8
2004 June 2279 June 2279 16.6 19.3 16.3
2005 June 23™ June 20" 18.7 19.3 16.3
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Figure Al: 2-dimensional histograms showing how the median temperature T5g, the tem-
perature range T and the correlation between the downscaled snow cover and the MODIS
snow cover r affect each other. Figure shows the joint distribution of r and Txg, figure
shows the joint distribution of r and Tk and figure shows the joint distribution
of T50 and TR.
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Figure A2: Time series showing how the spatial mean of 3 different snow cover fraction
datasets changes over the summer period for the years from 2002-2005. The data is taken
from MODIS, the downscaling routine and ERA5-Land. A 7-day mean of each time series
is taken to smooth out variability in MODIS due to cloud cover.
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Figure A3: Metric comparing the first available nesting day, measured by day of the year.
This is done for each pixel for the downscaled product, the MODIS product and the
difference between the two, shown for each year from 2002 to 2005.
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Figure A4: Histogram showing the differences per pixel between the first nesting day
metric of the downscaled snow cover and the MODIS snow cover for each year between
2002 and 2005. A positive value means that MODIS predicts an earlier first nesting day
than the downscaled product.



Table A3: Statistical differences between MODIS snow cover and downscaled snow cover
for the years 2002-2005, restricted to data points with an elevation below 100m. The
mean and standard deviation are shown for both snow cover products, as are the RMSE
and correlation between the two products are also shown. These are available for each
month individually and for the total across all 3 months.

Standard
Snow C.over Mean (%) Deviation (%) | RMSE (%) | Correlation
Fraction /5 57s T DS | MODIS | DS
May 88.4 93.8 19.8 13.5 17.7 0.558
2002 June 34.2 41.8 34.2 26.2 24.6 0.715
July 5.02 11.1 13.5 11.8 16.5 0.243
MJJ 45.1 49.0 42.7 38.8 19.8 0.894
May 80.7 88.9 24.5 19.0 25.8 0.409
2003 June 48.7 52.6 38.0 29.9 26.4 0.72
July 8.66 13.5 18.8 13.2 20.0 0.289
MJJ 43.0 51.7 40.7 37.9 23.8 0.835
May 79.6 84.3 24.5 21.6 23.8 0.498
2004 June 58.9 55.0 37.1 29.3 26.6 0.712
July 8.55 10.9 18.9 11.2 17.9 0.38
MJJ 43.6 50.0 40.8 37.4 22.3 0.847
May 82.9 89.6 22.9 17.5 22.8 0.443
2005 June 55.3 46.6 37.4 26.3 27.5 0.715
July 10.4 13.7 21.8 16.3 24.4 0.213
MJJ 47.7 50.0 41.5 37.3 24.8 0.805

Table A4: Statistical differences between the predicted first available nesting day across
Svalbard as given by both the MODIS snow cover and the downscaled snow cover for the
years 2002-2005, restricted to data points with an elevation below 100 m. The mean of the
predicted first nesting day, measured by the date of the year, and the standard deviation
across Svalbard, measured in days, are shown for both products. The RMSE between the
two products is also shown.

Standard
Ejirst Mean (date of the year) RMSE (days) | Deviation (days)
Nesting Day —uranTg DS MODIS | DS
2002 June 13" June 110 15.2 16.2 13.0
2003 June 170 June 140 17.6 20.4 15.2
2004 June 18 June 140 16.8 19.1 17.3
2005 June 215 June 13%™ 20.6 19.3 15.6
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