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Abstract
Seasonal snow is the major water resource of more than a billion people around the world. In a plethora
of regions in the Northern Hemisphere, agricultural, industrial, and drinking water supply are highly
dependent on seasonal snow. In addition, the melting of seasonal snow regulates the magnitude and
timing of high and low flows, controls the length of the growing season, and determines land surface
warming via the albedo feedback. The aim of the study is to quantify the local and regional dynamics
of snow cover in the Taurus mountain range and to identify the main climatic drivers responsible for
the detected snow cover variability. A data-driven approach based on satellite observations is followed
for the systematic analysis of large-scale snow cover in the region of interest. Compared to various
remote-sensing snow cover studies that focus either on small/catchment scales, with limited spatial
context, or on continental scales that cannot provide detailed insights into a specific region, this study
investigates local and regional spatial patterns and temporal dynamics of snow cover across a specific
mountain range of interest. The objectives of this study are: (a) to quantify the snow cover temporal
variability in the different sub-regions of the Taurus mountain range, (b) to analyze the trends and to
identify the regional differences, and (c) to examine the sensitivity of annual snow cover duration to
inter-annual climatic variability. The Taurus Mountain Range is divided into sub-regions, using the
WWF HydroSHEDS Basins Level 3 dataset and the Köppen–Geiger climate classification map, and in
100-m elevation bands. The temporal variability of snow cover is quantified by the Regional Snowline
Elevation (RSLE). The Regional Snowline Elevation (RSLE) is estimated in Google Earth Engine (GEE)
using the methodology developed by Krajci et al. (2014). The temporal trends of the annual number
of snow cover days (Dsc), for the different elevation zones in each sub-region, are derived from the
RSLE time series and are analyzed using a modified Mann-Kendall (MK) non-parametric test. The
sensitivities of Dsc to the inter-annual variability of winter temperature and precipitation and the snow
cover duration trends are estimated in each tile and for all elevation bands in all sub-regions. In general,
the analysis carried out, considering its limitations and uncertainties, found that there is no reason to be
concerned about future water shortages in the area of the Taurus Mountain Range due to the decrease
in the amount of water stored as snow. This is a positive outcome that indicates that there are no
significant future changes in snow cover patterns and, as a result, the availability of water in the region
will not be at risk.
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1
Introduction

1.1. Problem statement
Worldwide, more than one billion people rely on seasonal snow to meet their water needs [1, 2]. Agri-
cultural, industrial, and drinking water supplies are largely dependent on the melting of seasonal snow,
especially in the Northern Hemisphere [3, 4].

In the areas where snowmelt dynamics dominate the hydrological cycle, numerous factors indicate
its importance on human life, plant and animal ecosystems, and the earth’s climate. First, snow accu-
mulation and melting regulate the magnitude and timing of high and low flows [2, 5]. Changes in the
amount of water stored as snow and/or in the snow melt period are going to severely affect human ac-
tivities and the environment in the downstream water basins. In addition, the melting of seasonal snow
regulates the duration of the growing season. Alterations in the duration of the growing season affect
agricultural productivity and forest growth, positively or negatively. In addition to ecosystems, these
changes in vegetation cover and carbon storage can affect climate systems [6]). Finally, the climate of
the Earth is also influenced by changes in seasonal snow cover that regulate land surface temperature
through albedo feedback [7].

Several factors control snow cover and snowmelt dynamics. The main climatic drivers are tem-
perature and precipitation [8, 9]. Furthermore, snow accumulation and melt depend on solar radiation
[10], vegetation dynamics [9], topography [11], and wind, which regularly produces snowdrifts [12].
Snowmelt and snow accumulation are processes that vary largely spatially and temporally, especially
on a small scale, due to variations in the surface energy balance and in sensible heat advection, see
Refs [13, 14, 15].

The purpose of this study is to quantify the local and regional dynamics of snow cover in Taurus
Mountain Range (TMR) in Turkey and to identify the main climatic drivers responsible for the variability
of the detected snow cover. More specifically, this study aims to identify whether it is reasonable
to assume that water shortages, as a result of the decrease in snow cover, will occur in the Taurus
Mountains and surrounding area in the future. Investigating spatial patterns of snow cover dynamics
is performed in the different regions of the Taurus Mountain Range to identify areas prone to changes
in seasonal snow.

1.2. Research objectives
Compared to various remote sensing snow cover studies focusing on small / catchment scales [16, 17],
with limited spatial context, or continental scales [18, 19, 20], which cannot provide detailed information
on a specific region, this study investigates local and regional spatial patterns and temporal dynamics
of snow cover in a specific mountain range of interest.

Large-scale systematic snow cover analysis is performed using a data-based approach based on
satellite observations throughout the Taurus Mountain Range (TMR). The advantage of data-based
studies over widely used modeling studies is their robustness against additional—inherent in the mod-
eling process—uncertainties, e.g., Refs [21, 22].

In general, the objectives of this study are the following:

1



2 1. Introduction

1. Quantification of temporal variability in snow cover in different sub-regions of the TMR.

2. Identification of regional differences and analysis of the trends.

3. Investigating the sensitivity of annual snow cover duration to inter-annual climatic variability.

1.3. Research questions
The questions that must be answered to achieve the objectives described in Section 1.2 are the follow-
ing:

1. What is the temporal variability of Regional Snowline Elevation (RSLE) across TMR?
Temporal variations in RSLE indicate changes in snow cover and snowmelt duration [16]. Cal-
culating the RSLE is also used to improve the accuracy and availability of cloud-affected snow
cover products [17, 23].

2. Are there significant increasing or decreasing trends in monthly and annual number of snow cover
days (𝐷𝑆𝐶) throughout the Taurus Mountain Range?
The 𝐷𝑆𝐶 is derived from the RSLE time series. The spatial patterns of systematic changes in 𝐷𝑆𝐶
were examined from 2000 to 2019 in the Taurus mountain range.

3. What is the effect of certain climatic variables, such as winter temperature and precipitation, on
𝐷𝑆𝐶?
Analyzing the spatial variability of sensitivities of climatic variables indicates in which sub-region
and elevation zone the snow cover duration is going to be influenced more by changes in the
climatic variables, i.e., winter temperature and precipitation.

1.4. Thesis outline
In the following section, the outline of the thesis is presented. Chapter 2 consists of a short review
of previous studies and information on Google Earth Engine (GEE), a cloud service used to process
large geospatial data. In Chapter 3, the study area and the reasons for its selection are presented.
The datasets and methods used in the present study are presented in Chapter 4. The results and the
discussion of the results are presented in Chapter 5 and the main conclusions and reccomendations
are presented in Chapter 7.



2
Background theory

2.1. Snow metrics
Several metrics are used to quantify snow patterns and dynamics. The most important snow metrics
are the following:

• Snow Water Equivalent (SWE),

• Snow Depth,

• Snow Covered Area,

• Snow Cover Duration.

The choice of the most appropriate snow metric depends on the scale of the application. Snow
metrics with higher information content, such as SWE, cannot be used in global– or regional–scale
problems, while lower-dimensionality metrics, such as the snow-covered area, can provide more rea-
sonable representations of spatial and temporal patterns of larger areas.

Despite the fact that SWE is the most informative snow metric for hydrological and water resource
applications, the inability to reliably quantify it, with the existing available technology, at global and
regional spatial scales, has led researchers to widely use other readily observable snow metrics, i.e.,
snow depth (e.g., Refs [24, 25, 26]), snow covered area (e.g., Refs [27, 28, 29]), snow cover duration
(e.g., Refs [30, 19, 31]).

2.2. Remote sensing snow cover products
A growing number of published studies on snow-related topics use remote sensing products. Recent
technological developments have highlighted the importance of remote sensing products in snow cover
mapping for regional and global-scale applications due to their ability to provide detailed spatial and
temporal information. Remote sensing products, despite possible limitations due to cloud cover [32],
are especially useful for regions without ground measurement stations [33].

The main issue when choosing the appropriate remote sensing product is the trade-off between
temporal and spatial resolution. Several remote sensing products have previously been used for snow
cover studies. For large-scale applications, the weekly 4 km NOAA-AVHRR snow cover product [34,
19, 29, 35] and the 30 m Sentinel 2 or LANDSAT products [36, 37, 38] are frequently used. Remote
sensing products with low temporal resolution have higher spatial resolution, and vice versa. Therefore,
a balance must be achieved between the ability to identify spatially complex patterns and the mainte-
nance of a relatively high temporal resolution. As explained in Chapter 4, the MODIS Terra Snow Cover
Daily Global 500m data set is used, as it provides a good compromise between spatial and temporal
resolution.

In general, it is relatively common to investigate seasonal snow using models [39, 40, 41]. This
approach is prone not only to errors in the data but also to errors in the modeling process itself [21]. To
date, remote sensing studies have investigated the variability of snow cover on global scales [19, 31]

3



4 2. Background theory

or catchment scales [16]. At global scales, local and regional snow cover patterns cannot be identified,
while, at catchment scales, the spatial context is limited, despite the higher spatial resolution.

2.3. Google Earth Engine (GEE)
GEE is a cloud-based service for processing large geospatial data, for both commercial and non-
commercial users.

It is a powerful platform that contains freely available geospatial datasets that can be found in many
different sources, and powerful tools that can be used to easily perform analyses and calculations with
large amounts of data [42].

The organized inventory of remote sensing datasets provided in the platform, and the cloud-based
nature of GEE, facilitate efficient data acquisition and processing. The data catalog provided contains
several datasets useful for environmental studies, for example, temperature, precipitation, elevation
data, etc.

The cloud-based nature of GEE does not require the downloading of decades of daily images on the
local computer. For example, downloading all daily snow cover, temperature and precipitation images
for the present analysis would require more than 1 terabyte of local memory andmany days to download
all the data.

GEE uses concurrently multiple servers to perform calculations. This approach of parallel computa-
tions significantly reduces the computational time. To utilize this advantage of GEE, the code must be
constructed in a way appropriate for parallel computations. This requires functions to be created and
mapped onto the data structures. Loops and if statements must not be used because they increase
computational cost.

The data structures used most often are features and images. Images are typical raster datasets
that can have multiple bands, and features are geometries that contain additional information, i.e.,
properties. Multiple images can be packed together to create an image collection. For example, a
year of daily Sentinel-1 images creates an image collection with 365 images. Similarly, when multiple
features are packed together, they create a feature collection. The GEE user can construct a new
function or can use one that already exists in the GEE library.

The RSLE method used in the present analysis to calculate the duration of snow cover in TMR is
implemented in GEE. Calculating the RSLE in GEE is extremely efficient, but requesting data from the
server to the client side can often be tricky. Earth Engine uses Google clusters to do the computations
in parallel. If some clusters do not work when the data are requested, the execution of the code stucks
and additions techniques must be implemented, e.g., asynchronous programming, timeout functions,
etc.



3
Study area

The following chapter describes the study area, i.e., the Taurus Mountains, and analyzes the reasons
for its selection.

3.1. Area description
The Taurus Mountains, presented in Figure 3.1, part of the Alpine-Himalayan orogenic belt, are a moun-
tain range in southern Turkey. They extend along the Mediterranean coast of Turkey from Lake Eğirdir
to the upper part of the Euphrates [43].

The mountain range is divided into three chains:

1. Western Taurus (Turkish: Bati Toroslar),

2. Central Taurus (Turkish: Orta Toroslar) and

3. Southeastern Taurus (Turkish: Guneydogu Toroslar).

Figure 3.1: Location of the Taurus mountains

The current name of the mountain range was first mentioned by Polybius, a Greek historian who
lived from 202 BC to 120 BC, as Ταῦρος (English: Taurus), which means bull, in his book ”Histories”
(Ancient Greek: Ἱστορίαι) [44]. The most likely exegesis is that the Taurus Mountains were named
after the bull, which represented the ancient Near Eastern storm gods. A plethora of ancient storm god
temples can be found in the Taurus Mountains [45, 44].

Figure 3.2 illustrates the elevation map of the wider Taurus Mountains area. Mount Kizlarsivrisi
(3.086 m) is the highest peak of the western Taurus Mountains and Mount Demirkazık (3.756 m) is
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6 3. Study area

the highest peak of the central Taurus Mountains. The southeastern Taurus Mountains are part of the
Tigris and Euphrates basins and a border of Mesopotamia with Anatolia [44].

Figure 3.2: Elevation map of the Taurus mountains

Figure 3.3 illustrates the land use map of Turkey, where it can be seen that the dominant land use
in the TMR is forests and semi-natural areas. Evergreen oak forests, Turkish pine and macchia shrubs
are found at elevations below 1200 m [44]. At higher elevations, Cilician fir, Lebanon cedar, juniper,
and black-pine forests are common [44].

The climate of the area is analyzed in Section 4.2. In general, the climate is Mediterranean in the
south, with hot dry summers and rainy winters, cold semi-arid in the north, and humid continental at
higher elevation, with precipitation throughout the year.

Figure 3.3: Land use map of the Turkey

3.2. Area importance
Investigation of snow cover in the TMR is important because meeting human water demand in the
region from March to August is highly dependent on snowmelt [4].

Spring and summer runoff from snowmelt is an important water resource for 305 of the 421 basins
studied in the northern hemisphere; however, rainfall runoff adequately covers spring and summer
human water demand in 280 of the 421 basins [4]. The basins that depend on snowmelt runoff and are
prone to have unmet demand by 2060, due to decrease in summer and spring precipitation, are mainly
located in the subtropical zone of the northern hemisphere. These basins are called snow-sensitive



3.2. Area importance 7

and are found to be 97 [4]. Figure 3.4 shows that there are snow-sensitive basins (with purple and
maroon colors) in the TMR.

Figure 3.4: The snow resource potential. Adapted from “The potential for snow to supply human water demand in the present
and future” [4], Environ. Res. Lett., 1–10, Creative Commons Attribution 3.0 license.





4
Data & Methods

4.1. Data
The different datasets used are explained and discussed in the following section.

4.1.1. MODIS Terra Snow Cover Daily Global 500m
There are several remote sensing products that provide snow cover information. Choosing the appro-
priate product is challenging and requires evaluating the trade-off between the spatial and temporal
resolution of the remote sensing products. Products with higher spatial resolution have lower temporal
resolution and vice versa. Snow cover products with lower spatial resolution are not appropriate for
identifying spatially complex snow patterns, e.g., in mountain ranges, whereas products with low tem-
poral resolution might fail to resolve the temporal snow cover dynamics. In this study, the MODIS/Terra
Snow Cover Daily L3 Global 500m SIN Grid - Version 6 (MOD10A1 V6) product was used because it
provides a suitable compromise for regional snow cover studies, e.g., Refs [46, 47, 48]. The spatial
resolution is equal to 500 m, and the temporal resolution is daily.

MOD10A1 V6 data are obtained by the Moderate Resolution Imaging Spectroradiometer (MODIS)
carried by the Terra Satellite (EOS AM-1). Terra is a NASA satellite whose mission is to measure
Earth’s atmosphere, hydrosphere, and lithosphere for research purposes, such as studying the climate
system [49].

MOD10A1 V6 product comprises daily gridded snow cover, fractional snow cover, snow albedo, and
quality assessment information. The Normalized Difference Snow Index (NDSI) is utilized to determine
snow cover, and several filters are applied to flag inaccurate and erroneous snow cover finding, for
example due to cloud obstruction.

The MOD10A1 V6 product used is openly available on the GEE platform.

4.1.2. Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010)
Calculating the RSLE time series requires Digital Elevation Model (DEM) of the area. For this pur-
pose, the USGS EROS Archive - Digital Elevation - Global Multi-resolution Terrain Elevation Data 2010
(GMTED2010) [50], with a resolution of 7.5 arc seconds, is used. The version of GMTED2010 used
is called the ”Breakline Emphasis” and its main characteristic is that it preserves key features of the
landscape, such as rivers and mountain ridges.

GMTED2010 is mainly a product of NGA’s one-arc-second, void-filled SRTM Digital Terrain Ele-
vation Data (DTED) [51], which was developed to replace the GTOPO30 Elevation Model. Gaps and
out-of-coverage areas in the SRTM data were filled using several other DEMs, such as the Canadian
Digital Elevation Data (CDED), the National Elevation Dataset (NED) for the United States of America,
an Antarctica satellite radar and laser altimeter DEM, etc. [50]. GMTED2010 outperforms GTOPO30
in terms of consistency and accuracy [50], but there are still many areas where the accuracy of [50] is
poor due to the scarcity of reliable elevation data.

GMTED2010 is an appropriate DEM for regional, continental, and global analyses. GMTED2010 is
ideal for identifying the spatial-temporal patterns of snow cover in TMR, due to its resolution, which is
detailed enough for the extent of the study area, and due to the lack of freely available local DEMs.

9
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4.1.3. ERA5-Land Daily reanalysis dataset
The climatic drivers of snow cover examined were derived from temperature and precipitation data
extracted from ERA5 Daily Aggregates - Latest Climate Reanalysis Produced by the ECMWF / Coper-
nicus Climate Change Service [52, 53].

ERA5-Land Daily reanalysis dataset (ERA5) dataset is a product of global observations and model
data. An advantage of the daily ERA5 dataset is that it provides consistent daily global data from 1979
for the following parameters:

• air temperature at 2 m,

• maximum air temperature at 2 m (calculated on the basis of hourly values of air temperature at 2
m),

• minimum air temperature at 2 m (calculated on the basis of hourly values of air temperature at 2
m),

• dewpoint temperature at 2 m,

• total precipitation,

• mean sea-level pressure,

• surface pressure,

• South to North (v) and West to East (u) components of the wind at 10 m

The total daily precipitation is the sum of the measured hourly precipitation, while all other parameters
are the daily means of the hourly data[52].

ERA5 dataset is openly available in the Copernicus Climate Data Store and can also be accessed
on the GEE platform.

4.1.4. WWF HydroSHEDS Basins Level 3
The WWF HydroSHEDS Basins Level 3 dataset is used to provide the watershed boundaries in TMR.

HydroSHEDS provides information on several scales, suitable for regional and global scale appli-
cations. In addition to the watershed boundaries, the HydroSHEDS data set includes the following [54,
55]:

• river networks,

• flow accumulations, and

• drainage directions.

The watershed polygons have been created using NASA’s SRTM elevation data, with a resolution
of 15 arc-seconds. The quality of the data set decreases in places without SRTM elevation data, for ex-
ample, above 60 degrees latitude, where a coarser DEM is used [54, 55]. For the present investigation,
the appropriate scale for the watersheds was level 3.

WWF HydroSHEDS is an open access data set, developed by the WWF Conservation Science
Program, and can be accessed on the GEE platform.

4.1.5. Köppen–Geiger climate classification system
The Köppen–Geiger climate classification system is used to divide TMR into different regions according
to the climate of each region.

This classification system introduces five different climate groups that are further divided into more
groups according to the temperature and precipitation patterns [56, 57].

This widely used climate classification was introduced by Wladimir Köppen [56] and was modified
several times by Köppen and other climate scientists [58, 57]. The most notable adjustments have
been made by Rudolf Geiger [59, 60].
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4.2. Methods
In the following chapter, the process of calculating the spatiotemporal patterns and trends in the duration
of snow cover, and the sensitivity of the annual number of snow cover days to the interannual climatic
variability is presented.

4.2.1. Regional Snowline Elevation (RSLE) method
To calculate the elevation of the snow line elevation (RSLE), preserving the daily temporal resolution
of the cloud-affected MODIS snow cover data set, the methodology developed by Krajci et al. (2014)
[16] is used.

The main idea is to divide the region into ‘tiles’, i.e. specified spatial domains, loop from lowest
to highest elevation of each ‘tile’, and calculate, for each time step, the elevation where the sum of
snow-covered pixels below and land pixels above is minimized.

Figure 4.1 shows the map of the examined Region Of Interest (ROI), which includes the Taurus
Mountains.

Figure 4.1: Region of interest

To loop from the lowest to the highest elevation of each tile, a specific elevation step must be
chosen. In the present analysis, a different approach is chosen, proposed by van Esch (2019) [61] to
reduce the computation time. According to this approach, the elevation bands are not created using a
constant elevation step, but by calculating the elevation percentiles of every ‘tile’ from the 2nd to the
98th percentile with a step of two.

A pixel is initially considered snow covered if the normalized difference snow index (NDSI) is greater
than a selected specific threshold value, e.g., NDSI is equal to 0.4. Having calculated the daily RSLE
of the ‘tiles’, a pixel is ultimately defined as snow covered on a specific day if the elevation of the pixel
is higher than the RSLE of the tile to which it belongs.

The script for implementing the RSLE methodology was originally developed by van Esch (2019)
[61] and is modified by the author of the present analysis (see Appendix C).

4.2.2. Choice of ‘tile’ size
Applying the RSLE methodology requires dividing the spatial domain examined into smaller domains,
called ‘tiles’. In each ‘tile’, a snow line elevation value, representative of all pixels in the ‘tile’, is calcu-
lated.

Larger ‘tiles’ filter out the natural variability of the RSLE within the ‘tile’, resulting in smoother time
series. When choosing a smaller ‘tile’ size, cloud cover affects the generation of continuous RSLE time
series, resulting in the appearance of more gaps.

Moreover, the ‘tile’ size determines the computation time. Choosing a smaller ‘tile’ size is computa-
tionally more expensive and does not necessarily increase the information gained. When smaller ‘tiles’
are chosen, the fraction of missing pixels in each ‘tile’ is going to increase since fewer pixels exist in
each ‘tile’ and cloud cover will result in more ‘tiles’ being discarded. The threshold in the fraction of
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missing pixels, above which the RSLE values calculated for a specific day in a ‘tile’ are discarded, is
analyzed in Section 4.2.4.

In the present analysis, two different ‘tile’ sizes, 30 and 50 km, were examined. Figures 4.2 and 4.3
illustrate these two sizes of ’tiles.’

Figure 4.2: ‘Tile’ size equal to 30 km.

Figure 4.3: ‘Tile’ size equal to 50 km.

4.2.3. Choice of missing pixel threshold
When calculating the RSLE values, the percentage of missing pixels is also calculated for each ‘tile’
and for each day. The snowline elevation values calculated with very few pixels need to be discarded
as unreliable. The maximum percentage of missing pixels in a ‘tile’, above which the number of pixels
is not sufficient to calculate the snowline elevation, is not known. In the present analysis, two missing-
pixel thresholds have been applied, 0.5 and 0.7. If the fraction of pixels missing in a tile, e.g., due to
cloud cover, is higher than the specified threshold, the RSLE value is discarded in this specific tile for
this specific day.

Figures 4.4 to 4.6 illustrate the number of gaps greater than 8 days in the daily RSLE time series
for different missing pixel thresholds applied.

The lower the missing-pixel threshold applied, the more gaps in the RSLE time series. Applying
a missing-pixel threshold results in smoother RSLE time series for both ‘tile’ sizes, because noisy
RSLE values derived from tiles with very few pixels are removed. For the present analysis, a missing
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Figure 4.4: Number of gaps greater than 8 days in the daily RSLE time series when the missing pixel threshold is not applied.

Figure 4.5: Number of gaps greater than 8 days in the daily RSLE time series for missing pixel threshold equal to 0.7

Figure 4.6: Number of gaps greater than 8 days in the daily RSLE time series for missing pixel threshold equal to 0.5

pixel threshold equal to 0.7 is chosen as a trade-off between creating more gaps, which means losing
information, and acquiring noisier RSLE time series.

4.2.4. RSLE post-processing
After calculating the RSLE time series for all tiles for the 20-year period, certain processing steps must
be performed before calculating the annual number of snow cover days.

Post-processing of the RSLE time series requires the following steps:

1. ‘Tiles’ with a mean elevation below zero are discarded.
This applies to ‘tiles that are located in the see or other water bodies.
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2. ‘Tiles’ where the difference between maximum and minimum elevation is greater than 300 m are
discarded.
The reason for this is to avoid areas constantly covered in snow in lower elevations.

3. The RSLE difference between two consecutive days may not be greater than 80% of the local
elevation range.
The RSLE values on a specific day for a specific ‘tile’ found to be greater are discarded.

4. Discard the ‘tiles’ that have an RSLE time series that seems not to vary.
After visually inspecting the RSLE time series of all ‘tiles’, the ‘tiles’ where the difference between
the minimum and the maximum snowline elevation value is lower than an arbitrary threshold. The
snowline cannot be constant or approximately constant, because this would mean that the tile is
snow covered the entire time, and this is not possible since there is no permanent snow in the
region.

5. Apply a linear interpolation to fill the gaps in the RSLE time series.
More sophisticated interpolation methods are not useful because the uncertainties in the data
are large and a more sophisticated method would be computationally more expensive without
providing any additional value.

These post-processing steps have been applied to both ‘tile’ sizes and to all missing pixel thresholds
examined.

4.2.5. Divide the TMR into sub-regions
To answer the first research question, which is to identify the spatiotemporal variability of the RSLE, the
first step is to divide the region of interest, that is, the Taurus Mountain Range (TMR), into subregions
based on topography and dominant climatic characteristics.

First, the WWF HydroSHEDS Basins Level 3 data set (see Section 4.1.4) is used to divide the
region. The outlines of the three basins in the region are presented in Figure 4.7a.

Figure 4.7b illustrates the Köppen–Geiger climate classificationmap of the TaurusMountains, where
it can be seen that the three basins presented above correspond approximately to three different climate
classes. The northern basin in central Turkey is characterized by a cold semi-arid climate (BSk), the
southwestern basin along the Mediterranean coast is characterized by a hot summer Mediterranean
climate (Csa), and the eastern basin is characterized by a humid continental climate (Dsa).

Figure 4.7 illustrates (a) the WWF HydroSHEDS Basins Level 3 map [62] and (b) the Köppen–
Geiger climate classification map of the Taurus mountains.

4.2.6. Calculate the monthly and annual number of snow cover days (𝐷𝑆𝐶)
The annual—and monthly—number of snow cover days (𝐷𝑆𝐶) is computed from the RSLE time series,
after the processing explained in Section 4.2.4, both for each tile and for each sub-region described in
Section 4.2.5.

The whole ROI and the described sub-regions have been stratified into 100-m elevation bands. The
‘hydrological year’, which starts at October 1, has been used for the estimation of the 𝐷𝑆𝐶, to capture
the snow accumulation and melt cycles.

If daily RSLE value of a tile is higher than the elevation of a pixel in this ‘tile’, the pixel is described as
snow covered for this specific day. The sum of the snow-covered days in a ‘hydrological year’ results
in the 𝐷𝑆𝐶 for this pixel. A ‘tile’ is defined as snow covered for a specific day if more than half of the
pixels are defined as snow covered. The ‘tiles’ found to be snow covered throughout the entire year
and the ‘tiles’ that do not have at least one snow covered day during a whole year are discarded from
the analysis.

The annual and monthly number of snow covered days for TMR and its subregions and elevation
bands were calculated using a bootstrapping approach, and the probability distribution functions for
each year have been calculated and presented as box plots in Section 5. The median, mean, 25th,
and 75th percentiles have been identified and the annual trends in these values have been examined,
as explained in Section 4.2.7.
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Figure 4.7: (a) WWF HydroSHEDS Basins Level 3 map [62]; (b) Köppen–Geiger climate classification map of the Taurus
mountains [63, 64]

4.2.7. Calculating the temporal trends
The rate of change in the annual and monthly number of snow covered days and in the monthly average
RSLE values was estimated using the Theil-Sein estimator [65, 66], which requires fitting linear trends
into the annual data.

Spatial patterns and systematic changes of the variables of interest were examined throughout
the TMR, from 2000 to 2019, using the modified Mann-Kendall (MK) non-parametric test [67]. The
advantage of this modified MK test is that it addresses serial autocorrelation issues. Trend slopes and
p-values are presented in Section 5.

There were no in situ snow cover measurements to perform additional analysis and comparisons
with the MODIS-derived snow cover data.

4.2.8. Sensitivity of 𝐷𝑆𝐶 to inter-annual climatic variability
The sensitivity of the annual number of snow covered days 𝐷𝑆𝐶 to inter-annual climatic variability was
examined for all sub-regions, elevation bands and ‘tiles’ in the TMR.

Assuming that precipitation and temperature are the two most important factors that affect snow
cover, two different pairs of climatic drivers were examined as the main controls of the 𝐷𝑆𝐶.

The first pair of climatic drivers examined is the following:

1. Mean temperature for 6 months (November - April)

2. Total precipitation for 6 months (November - April)

The second pair of climatic drivers examined are the following:

1. The annual number of days with a mean temperature below zero.
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2. The annual sum of precipitation on days when the temperature was below zero, which is a proxy
for solid precipitation.

The results of the second pair of climatic drivers are presented in Appendix B.
Analyzing the spatial variability of the sensitivities of 𝐷𝑆𝐶 is carried out in order to find in which

sub-region and elevation zone snow cover duration will be more influenced by changes in the climatic
variables of interest.

The sensitivity of 𝐷𝑆𝐶 to the inter-annual variability of temperature and precipitation is examined by
assuming individual linear relationships of𝐷𝑆𝐶 with the climatic driers, together with a linear combination
of the two climatic variables as independent variables. The adjusted R2 metric is used to account for
the different predictors [66].

Sensitivities are estimated in each tile, for all elevation bands in all sub-regions. The calculated
sensitivities must be corrected to account for the correlation between the two climatic variables, which
had initially been mistakenly individually related to 𝐷𝑆𝐶. Sensitivities were calculated and corrected
using the equations presented by Liu (2020) in Chapter 3.3.1 [68].

By examining the sensitivities in the different sub-regions and elevation bands, the spatial patterns
of the impacts that potential changes on the climatic drivers might have on 𝐷𝑆𝐶 are analyzed.



5
Results & Discussion

In the following chapter, the results of the analysis and the discussion of the results are presented.

5.1. Monthly number of Snow Cover Days (SCD) for all elevation
bands

Figure 5.1 shows the monthly number of snow covered days for all months and elevation bands from
2000 to 2019.

Each month is presented in a different sub-figure. Each sub-figure illustrates the inter-annual vari-
ability of the number of snow-covered days in this month, for all elevation bands.

The trends of all lines have been calculated (see Section 4.2.7) and the p-values found are pre-
sented in Figure 5.2 to assess if there are significant upward or downward trends in the number of
snow cover days for the different months and elevation bands.

Figure 5.2 illustrates the table with the calculated p-values for all months and elevation bands. The
lower the p-value, the more significant the upward or downward trend. Lower p-values are presented
in a darker blue color, and higher p-values are presented in lighter shades, with p-values equal to one
being presented with a white color.

Figure 5.3 illustrates the change, in days per decade, in the monthly number of snow covered days
for all months and elevation bands. Negative trends, which occur when the monthly snow covered days
are reducing, are colored red, and positive trends, which occur when the monthly snow covered days
are increasing, are colored blue. The more pronounced the change, the darker the shades of blue and
red, for increasing and decreasing trends, respectively.

17
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Figure 5.1: Snow covered days in all elevation bands for all months from 2000 to 2019
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Figure 5.2: p-values of the Dsc trends for all elevation bands and all months
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Figure 5.3: Change in the Dsc for all elevation bands and all months
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From Figures 5.2 and 5.3 it is found that the lower p-values, i.e., the most significant trends, occur
for the inter-annual trends of February’s SCD at elevations around 1000 m - 1300 m. The estimated
slope of these trends indicates a decrease of approximately 7 snow cover days per decade in February,
at elevations of around 1000 m - 1300 m.

5.2. Monthly Regional Snowline Elevation (RSLE) for all sub-regions
In the following subsection, the trends in the monthly-averaged snowline elevation, for the different sub-
regions and months, are investigated. The aim is to investigate the spatial patterns and the significance
of the monthly-averaged snowline elevation.

Figure 5.4 presents the temporal variation of the median monthly-averaged regional snowline ele-
vation across the years, for all months and sub-regions.

Figure 5.5 shows the calculated p-values for all months and sub-region of the Taurus mountain
range. Lower p-values, which indicate more significant trends, are presented in a darker blue, and
higher p-values are presented in lighter shades of blue. The white color is used for p-values equal to
one.

Figure 5.6 presents the change, in meters per decade, in the median monthly-averaged snowline
elevation for all months and sub-region of the Taurus mountain range.

Negative, i.e. downward, trends are illustrated with red colors, and positive, i.e. upward, trends are
colored blue. For more substantial inter-annual changes in the RSLE, darker shades of blue and red
are used for increasing and decreasing trends, respectively.
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Figure 5.4: Median monthly regional snowline elevation from 2000 to 2019
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Figure 5.5: p-values of the median monthly RSLE trends for all months and sub-regions

Figure 5.6: Change in the median monthly RSLE for all months and sub-regions
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Due to the small number of ‘tiles’ used to extract the monthly averaged RSLE in the north (N) region,
the results for that region are considered unreliable. Figures 5.5 and 5.6 indicate a decrease of 6 to 7
meters per decade in the RSLE in June for the whole TMR and especially in the southwestern (SW)
region. This decrease is considered insignificant.

5.3. Daily median Regional Snowline Elevation (RSLE) for all sub-
regions

In the following subsection, the trends in the daily RSLE are investigated for the different sub-regions.
The time series of the median daily RSLE are presented in Figure 5.7.
The results of the examination of the trends (see Section 4.2.7) of the four time series presented in

Figure 5.7, are presented in Table 5.1.

Region p-value [-] Change [m/decade]
N 0.153 0.000
SE 0.012 0.015
SW 0.171 0.015

All regions 0.043 0.010

Table 5.1: Trend analysis of daily RSLE for the different sub-regions.

Figure 5.7: RSLE timeseries for all sub-regions

The modified MK test, to account for autocorrelation issues, is applied to the daily RLSE time series
presented in Figure 5.7 but no notable changes were found.
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5.4. Annual Number of Snow Cover Days (𝐷𝑆𝐶) examined across all
sub-regions

In the following section, the results of analyzing the spatial and inter-annual variability of the annual
number of snow cover days 𝐷𝑆𝐶 is examined. The spatial variability is examined in the sub-regions
defined in Section 4.2.5 and the inter-annual variability is examined from 2000 to 2019.

Figure 5.8 consists of four sub-figures, each for a sub-region. Each sub-figure contains box-plots
that illustrate the—average over each sub-region—annual number of snow cover days 𝐷𝑆𝐶 for all years
from 2000 to 2019.

To analyze the inter-annual variability of the annual number of snow cover days (𝐷𝑆𝐶), the trends
in the mean, median, 25th, and 75th percentiles of the box-plots presented in Figure 5.8 have been
examined for all sub-regions.

Figure 5.9 illustrates the p-values of the aforementioned trends. Lower p-values indicate more
significant upward or downward trends. Lower p-values are presented in a darker blue, and higher
p-values are presented in a lighter blue, with p-values equal to one being presented with a white color.

Figure 5.10 illustrates the change, in days per decade, of the mean, median, 25th, and 75th per-
centiles of the annual number of snow cover days (𝐷𝑆𝐶) for all sub-regions. Negative and positive
trends are colored red and blue, respectively. The more pronounced the change calculated using the
Theil-Sein estimator, the darker the shade of the color.

The inter-annual variability of the annual number of snow cover days (𝐷𝑆𝐶) is examined for the whole
TMR and the different sub-regions. No significant trends were observed in 𝐷𝑆𝐶 during the 2000-2019
period (see Figure 5.9).
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Figure 5.8: Annual number of snow covered days from 2000 to 2019 for all sub-regions
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Figure 5.9: p-values of the trends in the mean, median, 25th and 75th percentiles of the annual number of snow covered days
from 2000 to 2019 for all sub-regions

Figure 5.10: Change of the mean, median, 25th and 75th percentiles of the annual number of snow covered days from 2000 to
2019 for all sub-regions
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5.5. Annual Number of Snow Cover Days (𝐷𝑆𝐶) examined across all
elevation bands

In the following section, the results of analyzing the spatial and inter-annual variability of the annual
number of snow cover days 𝐷𝑆𝐶 is examined. The spatial variability is examined in the 100-m elevation
bands, and the inter-annual variability is examined from 2000 to 2019.

Figure 5.11 consists of four sub-figures, each for a sub-region. Each sub-figure contains box-plots
for all elevation bands that present the annual number of snow cover days 𝐷𝑆𝐶, considering all the years
from 2000 to 2019.

Figure 5.12 is derived from Figure 5.11 and illustrates the median values of the annual number of
snow covered days for all elevation bands and sub-regions.

Figure 5.13 illustrates the median annual number of snow cover days (𝐷𝑆𝐶) for all elevation bands,
for the entire TMR, from 2000 to 2019.

Figure 5.14 shows the p-values (left sub-figure) and the slopes (right sub-figure) of the trends of
the lines presented in Figure 5.13. In the left sub-figure, the lower the p-value, the more significant the
upward or downward trend. Lower p-values are presented in a darker blue color, and higher p-values
are presented in lighter shades, with p-values equal to one being presented with a white color. In the
right sub-figure, the slope of the trends is presented in annual snow cover days per decade. Negative
trends are colored red and positive trends are colored blue. The stronger the trends, the darker the
shade of the color they have.

In Figure 5.14 it is shown that the most significant trends, i.e., lower p-values, are found when
examining the inter-annual variability of 𝐷𝑆𝐶 at elevations between 2600 m and 3200 m throughout
TMR. The estimated slope of these trends indicates a decrease of approximately 4 to 6 annual snow
cover days per decade.
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Figure 5.11: Annual Dsc for all elevation bands and sub-regions
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Figure 5.12: Median annual Dsc for all elevation bands and sub-regions

Figure 5.13: Annual number of snow covered days for all elevation bands,for the whole region, from 2000 to 2019
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Figure 5.14: p-values and change per decade in the annual number of snow covered days for all elevation bands,for the whole
region, from 2000 to 2019
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5.6. Annual Number of Snow Cover Days (𝐷𝑆𝐶) examined across all
‘tiles’

In the following section, the results of analyzing the spatial variability across the TaurusMountain Range
(TMR), by calculating 𝐷𝑆𝐶 for each ‘tile’, are analyzed.

Figure 5.15 presents a map showing the 19-year average of the annual number of snow cover days
(𝐷𝑆𝐶) for all ‘tiles’ examined in the Taurus Mountains.

Figure 5.15: Average annual number of snow cover days throughout the Taurus mountains

The trends in the annual number of snow cover days (𝐷𝑆𝐶) have been examined for each ‘tile’ (see
Section 4.2.7) and the map showing the average rate of change in 𝐷𝑆𝐶 across TMR is presented in
Figure 5.16.

Figure 5.16: Average rate of change in the annual number of snow covered days throughout the Taurus mountains

Figure 5.17 presents the spatial coherence map, i.e, the p-values of the 𝐷𝑆𝐶 trends examined for all
‘tiles’, across TMR. The ‘tiles’ with p-values that correspond to the negative trends in 𝐷𝑆𝐶 are colored
red, and the ‘tiles’ with p-values that correspond to the positive trends in 𝐷𝑆𝐶 are colored blue.

The ‘tiles’ with p values less than 0.05 are presented in Figure 5.18. The specific threshold, i.e. 0.5,
is not of importance. The purpose of this analysis is to choose a low p-value to show the areas where
significant changes in 𝐷𝑆𝐶 are found.

Figures 5.19 to 5.23 illustrate the average rate of change in the annual number of snow cover days
(𝐷𝑆𝐶) for several elevation bands.

The spatial variability of 𝐷𝑆𝐶 across TMR is examined for all ‘tiles’ and is presented in Section 5.6.
In general, no significant changes are observed in the annual number of snow cover days. There are
few ‘tiles’ where the calculated trends are found to be significant (see Figure 5.18).
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Figure 5.17: Spatial coherence map, p-values for increase (blue) and decrease (red) in the annual number of snow covered
days

Figure 5.18: Average rate of change in the annual number of snow covered days throughout the Taurus mountains, for
p-values lower than 0.05 (significant trends)
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Figure 5.19: Average rate of change in the annual number of snow cover days 𝐷𝑆𝐶 for elevations greater than 1000 m.

Figure 5.20: Average rate of change in the annual number of snow cover days 𝐷𝑆𝐶 for elevations greater than 1500 m.

Figure 5.21: Average rate of change in the annual number of snow cover days 𝐷𝑆𝐶 for elevations greater than 2000 m.

Figure 5.22: Average rate of change in the annual number of snow cover days 𝐷𝑆𝐶 for elevations greater than 2500 m.

Figure 5.23: Average rate of change in the annual number of snow cover days 𝐷𝑆𝐶 for elevations greater than 3000 m.
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5.7. Sensitivity of 𝐷𝑆𝐶 to inter-annual climatic variability
In the following chapter, the sensitivity of 𝐷𝑆𝐶 to inter-annual variability is examined using the first pair
of climatic drivers presented in Section 4.2.8.

The two climatic drivers examined are the following:

1. Mean temperature for 6 months (November - April)

2. Total precipitation for 6 months (November - April)

The results of examining the sensitivity of the second pair of climatic drivers presented in Section
4.2.8 are found in Appendix B.

Figure 5.24 illustrates the adjusted R-squared values estimated for the different climatic drivers.
The purpose of computing the adjusted R-squared values is to get an idea of the explanatory powers
of the following:

1. the mean winter temperature Tw on 𝐷𝑆𝐶 (red boxes),

2. total winter precipitation Pw on 𝐷𝑆𝐶 (khaki boxes),

3. combined the aforementioned climatic drivers on 𝐷𝑆𝐶 (purple boxes).

The adjusted R-square was estimated using simple linear and multiple linear regression for each of
the 100-m elevation bands in every sub-region.

Figure 5.24: Explanatory powers of the different climatic drivers, i.e., Tw (red boxes), Pw (khaki boxes) and both of them
(purple boxes), using the adjusted R-square.

Figure 5.25 presents the sensitivities of 𝐷𝑆𝐶 to total winter precipitation, for all elevation bands
in every sub-region. Specifically, the figures show what the effect of a unit increase in total winter
precipitation would be on the annual number of snow cover days (𝐷𝑆𝐶).
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Similarly, Figure 5.26 illustrates the sensitivities of 𝐷𝑆𝐶 to mean winter temperature over the 2000-
2019 period, for all ‘tiles’ in TMR.

Figures 5.27 and 5.28 present the sensitivities of 𝐷𝑆𝐶 to mean winter temperature over the 2000-
2019 period, for all elevation bands in every sub-region (Figure 5.27) and for all ‘tiles’ in TMR (Figure
5.28).

Figure 5.25: Sensitivities of 𝐷𝑆𝐶 to total winter precipitation (Pw), for all elevation bands in every sub-region.

Figure 5.26: Sensitivities of 𝐷𝑆𝐶 to total winter precipitation (Pw), for all ‘tiles’ in TMR.
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Figure 5.27: Sensitivities of 𝐷𝑆𝐶 to mean winter temperature (Tw), for all elevation bands in every sub-region.

Figure 5.28: Sensitivities of 𝐷𝑆𝐶 to mean winter temperature (Tw), for all ‘tiles’ in TMR.

Investigating the sensitivity of 𝐷𝑆𝐶 to inter-annual climatic variability using mean winter temperature
and precipitation results in the following conclusions:

• Winter temperature (Tw) is an important driver in the western Taurus Mountains for elevations
above 1200 m, e.g., 1 degree Celsius increase in winter temperature would result in 20 𝐷𝑆𝐶 less
(see Figure 5.27).

• In the western Taurus Mountains an increase in average winter temperature (Tw) would result in a



38 5. Results & Discussion

decrease in 𝐷𝑆𝐶, but in the eastern Taurus Mountains an increase in average winter temperature
(Tw) would result in an increase in 𝐷𝑆𝐶 (see Figure 5.28).

• Winter precipitation (Pw) is an important driver in the western Taurus Mountains for elevations
betwenn 1500 m and 2000 m, e.g., 1 mm increase in winter precipitation (November - April)
would result in 5 𝐷𝑆𝐶 less (see Figure 5.25).

• On the Mediterranean coast of Turkey and the eastern regions of TMR, an increase in winter
precipitation (Pw) would result in a decrease in 𝐷𝑆𝐶, but in all other areas, and especially in central
TMR, an increase in winter precipitation (Pw) would result in an increase in 𝐷𝑆𝐶 (see Figure 5.26).



6
Limitations & uncertainties

In the following chapter, the limitations and uncertainties that affect the results of the analysis are
presented. These uncertainties arise from the methods and data chosen and can be either the product
of a choice made or intrinsic to the modeling process.

First, an important source of uncertainty is the snow cover product used.MOD10A1 V6 is a source
of uncertainty because it marks pixels as snow covered or not based on an arbitrary choice of a thresh-
old for NDSI. This approach might lead to systematic errors when calculating the Regional Snowline
Elevation RSLE and the annual number of snow cover days 𝐷𝑆𝐶.

Moreover, the method used to calculate the snowline elevation in the present analysis [16] has been
developed for catchment scale studies but is used to calculate the snowline elevation on a larger—
regional—scale. As a result, a suitable ‘tile’ size must be chosen to balance the spatial and temporal
information availability. Investigating the appropriate ‘tile’ size is a time-consuming and computationally
expensive process. In addition to the ‘tile’ size, the missing-pixel threshold must also be chosen. This
choice determines the number of gaps in the RSLE time series and is responsible for systematic errors
in the results of the analysis.

Another limitation of the current analysis is that there are no in situ snow measurements. In situ
snow measurements would have been useful for a plausibility check of the snow cover cover results
obtained using the RSLE method developed by Krajci et al. (2014).

In terms of the statistical analysis of the trends of 𝐷𝑆𝐶, the 20-year period of the analysis is not
sufficient to examine the long-term behavior of the duration and dynamics of snow cover in TMR.
Remote-sensing snow cover studies are generally limited by the availability of data. A longer study
period would have been needed, but this was not possible because there were no daily snow cover
products available more than 20 years ago.

Finally, the sensitivity analysis performed to identify the climatic drivers of the duration of snow cover
in the Taurus Mountains provides useful information across the Taurus Mountains, but since it follows
a data-driven approach, it does not inform us of causality.
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7
Conclusions & Recommendations

In the following chapter, the results of the analysis are summarized and recommendations for future
research are provided.

7.1. Conclusions
In the analysis performed, the spatio-temporal patterns of the annual number of snow cover days (𝐷𝑆𝐶)
across the TMR have been identified using the RSLE method developed by Krajci et al. (2014) and
the modified Mann-Kendall (MK) non-parametric test [67] to examine trends in the annual and monthly
number of snow cover days.

Very few results indicated changes in the patterns of snow cover duration. The most notable re-
sults were found at elevations between 2600 and 3200 m throughout the Taurus Mountains. At these
elevations, a decrease of approximately five annual snow cover days (𝐷𝑆𝐶) per decade is found. Fur-
thermore, a decrease of approximately 7 monthly snow cover days per decade is found for February
at elevations of around 1000 m and 1300 m.

There are no further conclusions derived from examining trends in the annual number of snow cover
days in the Taurus Mountains. This is a positive outcome that indicates that there are no significant
future changes in snow cover patterns and, as a result, the availability of water in the region will not be
at risk.

Additionally, the climatic drivers responsible for the variability of snow cover in the Taurus Mountain
Range have been investigated. The climatic drivers examined are winter temperature, which is an
important driver in the western Taurus Mountains for elevations above 1200 m, winter precipitation,
which is an important driver in the western Taurus Mountains for elevations between 1500 m and 2000
m, solid precipitation, which is an important driver of snow cover throughout TMR for elevations around
1500 m, and the annual number of days with a mean temperature below zero, which is an important
driver in the South West Taurus Mountains for elevations between 1500 m and 1800 m.

In general, the analysis carried out, considering the assumptions and limitations explained in Chap-
ter 6, found that there is no reason to be concerned about future water shortages in the area of the
Taurus Mountain Range due to the decrease in the water stored as snow.

7.2. Recommendations for future research
In the following section, some recommendations for future research on snow cover dynamics in the
Taurus Mountains are provided.

In Chapter 6 it is mentioned that the method developed by Krajci et al. (2014) to calculate the
Regional Snowline Elevation (RSLE) is suitable for catchment scale studies, and not for regional and
global scale studies. As a result, the application of a more suitable method to calculate the snowline
elevation could be beneficial to calculate the snowline elevation more accurately. This would result in
a better estimate of the snow cover dynamics throughout the Taurus Mountain Range. In addition,in
situ snow measurements would be useful for testing and evaluating the calculated regional snowline
elevation using Krajci’s method.
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In the present research, the snow covered area is used as a snow metric to quantify seasonal snow
dynamics across the Taurus Mountain Range. Snow covered area does not provide information on
the water quantities stored in the snowpack, just the information that a certain area is covered or not
with snow. As a result, a more hydrologically useful snow metric, such as the Snow Water Equivalent
(SWE), would be beneficial to be used to examine snow dynamics across the Taurus Mountain Range.

Finally, the influence of exposure to solar radiation on snowline elevation can be examined. Solar
radiation is an important driver of snow cover, and examining its influence on snow cover throughout
the Taurus Mountains would provide useful information about its dynamics and future variability.
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Appendix A

In the following chapter, some results of the analysis (maps) derived from choosing different ‘tile’ sizes,
i.e., 30 km and 50 km, are presented (Table A.1).

‘Tile’ size: 30 km. ‘Tile’ size: 50 km

1

2

3

4

5
Table A.1: Comparison of the results (maps) for different ‘tile’ sizes, i.e., 30 km and 50 km. Average 𝐷𝑆𝐶 maps (column 1),

Average rate of change of 𝐷𝑆𝐶 maps (column 2), Spatial coherence maps (column 3), Precipitation sensitivity maps (column 4),
Temperature sensitivity maps (column 5)

Table A.1 compares the following maps for different ‘tile’ sizes:
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1. Average 𝐷𝑆𝐶 maps (column 1),

2. Average rate of change of 𝐷𝑆𝐶 maps (column 2),

3. Spatial coherence maps (column 3),

4. Precipitation sensitivity maps (column 4),

5. Temperature sensitivity maps (column 5)
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Appendix B

In the following chapter, the sensitivity of 𝐷𝑆𝐶 to inter-annual variability is examined using the second
pair of climatic drivers.

The second two climatic drivers examined are the following:

1. The annual number of days with a mean temperature below zero.

2. The annual sum of precipitation on days when the temperature was below zero, which is a proxy
for solid precipitation.

Figure B.1 illustrates the adjusted R-squared values estimated for the different climatic drivers. The
purpose of computing the adjusted R-squared values is to get an idea of the explanatory powers of the
following:

1. the annual number of days with a mean temperature below zero (D[Tw<0]) on 𝐷𝑆𝐶 (red boxes),

2. solid precipitation (Pw[Tw<0]) on 𝐷𝑆𝐶 (khaki boxes),

3. combined the aforementioned climatic drivers on 𝐷𝑆𝐶 (purple boxes).

The adjusted R-square was estimated using simple linear and multiple linear regression for each of
the 100-m elevation bands in every sub-region.

Figure B.2 presents the sensitivities of 𝐷𝑆𝐶 to annual solid precipitation over the 2000-2019 period,
for all elevation bands in every sub-region. Specifically, the figures show what the effect of a unit
increase in annual solid precipitation would be on the annual number of snow cover days (𝐷𝑆𝐶).

Similarly, Figure B.3 illustrates the sensitivities of 𝐷𝑆𝐶 to annual solid precipitation over the 2000-
2019 period, for all ‘tiles’ in TMR.

Figures B.4 and B.5 present the sensitivities of 𝐷𝑆𝐶 to the annual number of days with a temperature
below zero over the 2000-2019 period, for all elevation bands in every sub-region (Figure B.4) and for
all ‘tiles’ in TMR (Figure B.5).

Investigating the sensitivity of 𝐷𝑆𝐶 to inter-annual climatic variability using the number of days with
temperature below zero and the annual solid precipitation results in the following conclusions:

• The annual number of days with a mean temperature below zero is an important driver in the
South-West Taurus Mountains for elevations from 1500 m to 1800 m, e.g., an additional day with
a mean temperature below zero would result in one more 𝐷𝑆𝐶 (see Figure B.4).

• In some regions on the Mediterranean coast of Turkey and in eastern TMR, an increase in the
annual number of days with a mean temperature below zero would result in a decrease in 𝐷𝑆𝐶,
but in all other regions, an increase in the average winter temperature (Tw) would result in an
increase in 𝐷𝑆𝐶 (see Figure B.5).

• Solid precipitation is important driver throughout TMR for elevations around 1500 m, e.g., 4 mm
increase in annual solid precipitation would result in one more 𝐷𝑆𝐶 (see Figure B.2).
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Figure B.1: Explanatory powers of the different climatic drivers, i.e., D[Tw<0] (red boxes), Pw[Tw<0] (khaki boxes) and both of
them (purple boxes), using the adjusted R-square.

• In some regions on the Mediterranean coast of Turkey, an increase in annual solid precipitation
would result in a decrease in 𝐷𝑆𝐶, but in all other regions, an increase in solid precipitation would
result in an increase in 𝐷𝑆𝐶 (see Figure B.3).
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Figure B.2: Sensitivities of 𝐷𝑆𝐶 to annual solid precipitation, for all elevation bands in every sub-region.
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Figure B.3: Sensitivities of 𝐷𝑆𝐶 to annual solid precipitation, for all ‘tiles’ in TMR.
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Figure B.4: Sensitivities of 𝐷𝑆𝐶 to the annual number of days with a mean temperature below zero (D[Tw<0]), for all elevation
bands in every sub-region.
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Figure B.5: Sensitivities of 𝐷𝑆𝐶 to the annual number of days with a mean temperature below zero (D[Tw<0]), for all ‘tiles’ in
TMR.
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Appendix C

The Google Earth Engine (GEE) script developed by van Esch (2019) [61]:

https://code.earthengine.google.com/126da9f2dd0fdcad74b2e46ddc2994bd

The Google Earth Engine (GEE) script developed by the author:

https://code.earthengine.google.com/27f739de2402d5d6c435df6f81d2e376

Additional information and scripts in GEE and/or Python can be provided by contacting the author of
the present master thesis at the following email address:

chrysfarmakis@gmail.com
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