
Root-zone storage and snow cover effects
A catchment study on the dynamic behaviour of the
root-zone moisture capacity related to changing
snow cover patterns

Christian Bouman

D
elf
t
Un

iv
er
sit
y
of

Te
ch
no

lo
gy



Front cover: Snow cover in the Sierra Nevada, as observed by NASA’s MODIS instrument on the Aqua
satellite on March 27, 2010 (Allen, 2015).
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Summary
Extreme weather events seem to happen more often nowadays. One of these extreme events was the California
Drought between 2012 and 2016. The socioeconomic and environmental impacts of this drought were enor-
mous: thousands square kilometers of agricultural land fallowed, thousands of lost jobs, salinization problems
and forest fires. As a result of the drought, multiple research is conducted related to the hydrological and en-
vironmental impacts. However, the role of the root-zone storage capacity during the drought period is not
investigated well. This root-zone storage capacity is the water available for plants to transpire and to grow. It
influences the partitioning between the transpiration and the run-off rates, which controls the fundamental
processes in ecosystem functioning (such as floods, droughts and groundwater recharge). Scientific evidence
is growing that this root-zone storage behaves dynamically. The underlying assumption is that plants adapt
their root system to climatic and environmental changes. One of these changes related to drought is the avail-
ability of snow, which is an important source of the rivers in California. It is important to know how the root-
zone is changing due to the snow cover changes during the California Drought to understand the hydrological
behaviour of the Californian rivers. For that, the Merced River basin in the Sierra Nevada is analyzed on the
relationship between snow cover and root-zone storage capacity.

To analyze these relationship, this research consists of two parts: trend analysis and hydrological modeling.
The purpose of the first is to see whether there is a change in snow cover, temperature and precipitation and
to learn about the dynamics between precipitation, temperature and snow cover. This is done by conducting
a trend analysis with the Mann-Kendall test for precipitation, temperature and snow-free days. These snow-
free days are calculated based on snow cover data from a MODIS satellite product (MOD10A1) and a method
of regional snow-line elevation. Additional to this, a multivariate regression analysis was executed to related
snow-free days, precipitation and temperature to each other. Furthermore, scenarios for snow-free days were
conducted to analyze the effect of the California Drought. The purpose of the second part is to relate the change
in snow cover to the root-zone storage capacity. This is done by building a hydrological model calibrated on the
snow cover data. By doing this, the maximum soil moisture deficit over a 15 year interval could be calculated,
which is an estimation for the root-zone storage capacity.

The trend analysis showed a clear downward trend in winter precipitation, but not a significant trend in
temperature. The snow-free days are increasing at all elevations, but only significant up to 3300 m.a.s.l. The
maximum trend related to the observed snow-free days was 7 days/year at 2300 m.a.sl. and the average for the
whole catchment was 4 days/year. The multivariate regression analysis showed that the temperature influence
is more important than the precipitation input, however the maximum R2 was around 0.7. At higher elevations
it was not so clear whether precipitation or temperature described snow-free days well enough. The scenarios
re veiled the enormous effects of the California Drought on the total amount of snow-free days and confirmed
the importance of temperature during this extreme event. At 2300 m.a.s.l. it differs 40 snow-free days with
a situation with normal winter temperatures. The effect of temperature is also visualized in the hydrological
model, where the maximum soil moisture deficit was not found in the drought period but slightly before it. This
is caused by the combination of small precipitation amounts and a low temperature (no melt). In the drought
period the soil moisture deficit was limited by the melt from the snow. This is also confirmed by the analysis
of the snow storage in the hydrological model. However, the maximum of the soil moisture deficit is gradually
increasing of the past 30 years which hints to the adaptive behaviour of the root-zone.

The trend analysis and the hydrological model showed that the amount of snow in the Merced River basin
is decreased due to the California Drought. At 2300 m.a.s.l., the snow-free days are changed from 170 to over
250. The maximum difference in snow storage before and after 2010 is 100 mm averaged over the whole basin.
The decrease of snow during this period had a limiting effect on the soil moisture deficit. Due to the melting
water, no maximum values of soil moisture deficit were found. However, slightly before the California Drought
a maximum was found. This maximum is related to a cold but dry period, where not a lot of melting water was
generated. Overall, the maximum of the soil moisture deficit is increasing over the past 30 years. This hints
to the adaptive behaviour of plants. In summary, the California Drought caused a decrease of the amount of
snow and resulted in limiting of the soil moisture deficit. Simultaneously the soil moisture deficit is increasing.
The limiting effect of snow melt on the soil moisture deficit gives plants the time to cope with the changes.
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However, with the found trends there will be less snow in the future to limit these effects and the soil moisture
deficit will rise. It is highly uncertain whether the Californian ecosystems are able to cope with this.



1
Introduction

All around us it seems to happen more often: extreme weather events. The news shows often videos about
floods, forest fires, droughts and other climate related disasters.

Californian drought One of these extreme events was the Californian Drought between 2012 and 2016. This
drought was the longest drought ever recorded in the area and caused over-pumping of groundwater and led
to significant land subsidence and related loss of farmland. On a single-year level, it was estimated that 17100
jobs were lost and about 170 km2 of farmland were fallowed in the 2014 drought. The monetary losses to all
economic sectors were estimated at about $2.2 billion in the same year (Howitt et al., 2015).

After the drought and during the last years of the drought a lot of scientific and social interest was focused
on the California drought. A lot of papers about the drought were recently published with different angles of
approach: the economic effects for the agricultural sector (Howitt et al., 2015) and hydropower electricity (Gle-
ick, 2017), social effects related to crime (Goin et al., 2017) and off course hydrological impacts. He et al. (2017)
showed that the reservoir operation enlarged the drought related problems in the San Joaquin Valley in 2014.
Bales et al. (2018) carried out a water balance study for the upper Kings River and showed how evaporation,
transpiration and runoff interacts with each other during a long drought period. Luo et al. (2017) investigated
the temperature and precipitation anomalies and how these are related to drought on basin scale. He states
that the warmer temperatures over the high-elevation areas during the wet season have contributed equally or
more than the precipitation deficits to the reduction of snow. The latter is interesting since a change in snow
accumulation in the mountainous areas of California is already predicted(Lundquist and Cayan, 2007). Due to
climate change it is likely that drought periods can enlarge this effect. These developments have large potential
consequences for the streamflow in the rivers, since most of the Californian rivers are dependent on snow.

Root-zone storage capacity Unfortunately, it is not clear how snow cover changes are related to the stream-
flow. Due to that, it is necessary to investigate the hydrological functioning of snow dependent catchments. An
important aspect of the hydrological functioning of a catchment is related to vegetation. The presence of veg-
etation increases the infiltration capacity in water-limited ecosystems (Scheffer et al., 2005; Thompson et al.,
2010) and the roots of plants affect the water retention (Ankenbauer and Loheide, 2017). These roots interact
with the hydrological system to retain and extract the water for transpiration within a dynamic equilibrium with
the available soil moisture to avoid water shortage. One can say that the roots create moisture storage volumes
to extract water that is stored between field capacity and wilting point(Nijzink et al., 2016). It is clear that the
root-zone storage capacity 1) highly influences the partitioning between the transpiration and the run-off rates,
which controls the fundamental processes in ecosystem functioning (such as floods, droughts and groundwa-
ter recharge) (Milly, 1994). This makes the root-zone storage capacity an important aspect for modeling and
increased understanding the behaviour of hydrological systems.

Although it is an important aspect of the dynamics within a catchment, it is impossible to observe the root-
zone storage directly because of its natural nonlinear and inhomogeneous behaviour. This behaviour is caused
by interaction with vegetation, living organisms and the surface. Because of this nonlinear behaviour, the root
zone moisture storage capacity is often used as a calibration parameter in hydrological models or obtained
from available soil parameters with an estimated rooting depth (Saxton and Rawls, 2006; Grayson et al., 1992).

1This moisture storage volume is often called plant available moisture or plant available water holding capacity, but for this thesis I will
use root-zone storage capacity with the symbol Sr.

3



4 1. Introduction

In these cases, the root zone storage capacity is often assumed as a constant which excludes the dynamic pat-
terns. However, growing scientific and experimental evidence indicates that vegetation dynamically adapts its
root system to the climatic and environmental changes (Schymanski et al., 2008). To investigate this dynamic
behaviour, Gao et al. (2014) introduced a method to estimate Sr based on change of soil moisture deficit within
a catchment. Later on, this method is successfully applied for cases with deforestation effects (Nijzink et al.,
2016) and for different climates (de Boer-Euser et al., 2016). To strengthen the theory and the method, other
applications of the soil moisture deficit method are desirable. For example extreme events like droughts.

It is clear that more knowledge about the hydrological behaviour of snow dependent catchments in California
is necessary to cope with future extreme droughts. Furthermore, the previous states that the root-zone mois-
ture capacity is a vital part in obtaining this knowledge. For that, it is necessary to investigate the root-zone
moisture capacity and its relation to snow cover changes in a Californian snow dependent catchment.

1.1. Research aim and contribution
This study focuses on the influence of snow cover changes on the root-zone storage capacity. The objective of
this study is (1) to contribute to the existing knowledge about the Sr and the adaptive behaviour of vegetation
related to snow cover dynamics, (2) to investigate the hydrological responses during the California Drought
and (3) to relate these results to a future perspective of the study area. Basically, the research consists of two
parts: data analysis and hydrological modeling. The main research question for the data analysis part is:

What is the effect of precipitation and temperature changes on the amount of snow-free days in a
catchment in the Southern Sierra Nevada?

In this context, snow-free days are defined as the amount of days per year without snow. In this study, the
snow-free days are analyzed per elevation zone of the catchment. In order to answer this question, the data
analysis has been conducted with a focus on:

• Trend analysis of separate climate parameters: temperature, precipitation and snow cover.

• Comparative assessment of different multivariate models which relate snow-free days to combinations
of temperature and precipitation.

• Prediction of snow-free days based on the multivariate models.

For the hydrological modeling part, the main question is:

What is the effect of a change in the number of snow-free days on the root zone moisture storage
capacity in a catchment in the Southern Sierra Nevada?

This question is answered by:

• Assessing the change of soil moisture deficit in relation to Sr with the method by Gao et al. (2014).

• Obtaining modeled snow-free days with inverse modeling and compare this with the observed snow-free
days.

• Comparative assessment of the hydrological storages and fluxes before and after the California Drought.

This study will provide more insight in the response of the Sr during the California Drought. With the
knowledge of the Sr, the total knowledge about the hydrological storages and fluxes in the study area can be
enhanced. Furthermore, most of the scientific work related to the California Drought focuses on the long term
effects and whether or not the human-induced climate change is the cause(Seager et al., 2017) or how the
drought relates to the CO2 footprint(Hardin et al., 2017). These human effects are important and can’t be seen
separately from the hydrological and environmental effects. With this study an attempt is made to widen the
view on the effects of the California Drought from a hydrological perspective.
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1.2. Report structure
In the next chapter, the methodology will be described. Within this chapter the general approach, the study
area and the data sources are introduced first. Next to the methodology of precipitation and temperature data
handling, the calculation of the snow-free days from MODIS snow cover data is an important topic in the data
sources section. The second part of Chapter 2 describes the methods for statistical analysis, respectively trend
analysis and multivariate regression analysis. The combination of the two results in different scenarios, which
are discussed in Section 2.6. The methodology will be concluded with the hydrological modeling part, which
consists of the modeling scheme, introduction of the water balance equation and the inverse modeling part.
In Chapter 3 the results are presented. First from the statistical analysis, thereafter from the hydrological mod-
eling part. The results of the inverse modeling are obtained to link the hydrological modeling to the statistical
analysis. This is introduced in the last paragraph. Chapter 4 discusses the results of the statistical analysis and
the hydrological modeling part. Chapter 5, at last, presents the conclusions based on the results and discus-
sion. The conclusions are focused on the hydrological responses and the future perspective of the study area
specifically and the modeling of the Sr in general.





2
Methodology

2.1. General approach
This research consists of a data analysis part and a hydrological modeling part. The results of the data analysis
are the inputs for the hydrological modeling, but the hydrological modeling is also validated with the analyzed
data. Figure 2.1 visualizes the modeling structure. The data analysis part consists of a trend analysis of the tem-
perature (T), precipitation (P) and snow cover data. The snow cover data is handled in such a way that elevation
and snow cover is related and translated to snow-free days (SFD). Furthermore, the same data is considered to
find a relation between SFD, P and T. This is explained in Section 2.5. The data of the data analysis, potential
evaporation (Ep) and observed discharge (Q) are used as inputs for the hydrological model (Section 2.7). The
most important outputs from the hydrological model are an estimation of Sr based on soil moisture deficit cal-
culation and changes in snow storage. The snow storage is considered to calibrate the model on the observed
SFD and to validate the trends found in the data analysis part. Both the data analysis and the hydrological
model complement each other in this way to results in a better understanding of the processes occurring in the
study area.

2.2. Study area
One of the most vulnerable areas in California, both from an environmental and an economic perspective, is
the San Joaquin Valley. Due to large scale agricultural activities, sufficient fresh water of good quality is neces-
sary. However, droughts cause not only water shortages, but also land subsidence and salinization problems
(Schoups et al., 2005). The main fresh water source of the valley is the San Joaquin River, which streamflow is
highly dependent on the snow accumulation in the Sierra Nevada. One of its tributaries located in the Sierra
Nevada is the Merced River (Figure 2.2). This catchment has been selected based on four criteria:

• Located in the Southern Sierra Nevada

• Timespan for hydrological and climate data has to be until 2017

• Relative small catchment (<1000 km2)

• Relative large snow influence (elevation > 1000 m.a.s.l.)

Location The Merced River is located in the Southern Sierra Nevada, California, USA. According to the Köppen-
Geiger climate classification (Kottek et al., 2006) this area consists mainly of a warm Mediterranean climate(Csa).
However, some parts in the south are classified as semi-arid climate(BSh). In both climates, the snow cover is
an important water source which acts as a buffer with high run-off rates in the spring due to snow melting.
It is likely that snow cover changes will affect the stream flows and that the results of these changes have al-
ready been visible during the California Drought. The possibility to analyze the effects of this drought on the
hydrological behaviour in the chosen catchment is a valuable addition to this study.

Timespan Two aspects are of importance related to the timespan of available data in the catchment. Since
this study focusses on climate change, the available data has to contain observations for over 30 years. Sec-
ondly, the data has to incorporate the drought period (2012-2016). Fortunately, the snow cover data of MODIS

7



8 2. Methodology

Figure 2.1: Schematic view of the general approach used in this study. The methodology is divided in two parts: data analysis and
hydrological modeling. The bold text refers to sections, the related section number is shown between brackets. The italic text depict

outputs of a process.

Figure 2.2: The Merced River basin in the Southern Sierra Nevada(CA) with the locations of the weather station and the discharge station.



2.3. Data sources 9

1300 1600 1900 2200 2500 2800 3100 3400 3700

Elevation zone (m.a.s.l.)

0

2

4

6

8

10

A
re

a
(%

)

Catchment area per elevation zone

Figure 2.3: The hypsometric distribution of the Merced River basin. This distribution shows the percentage of catchment area within a
elevation zone of 100 meter.

(see Section 2.3) covers the timespan 2000-2017 so the focus is on reliable discharge and climate data. The
USGS discharge station located downstream of the catchment observes already for over 100 years. Unfortu-
nately, no weather station was located within the catchment, but there is a station slightly outside of it. This
weather station of the NOAA COOP network has climate data from over 50 years, however only data from 1982
until present is suitable for scientific purposes.

Size For the size of the catchment it is important that the catchment is not too large, since the focus is on
quick responses. This can also be noticed in the modeling scheme of the hydrological model (Section 2.7),
where no deep ground water reservoir is present. In this research a catchment size below 1000 km2 is chosen.
With a size of 467 km2 the Merced River basin satisfies this condition.

Elevation Since the focus of the research is in snow cover changes, it is important to analyze catchments
which are at least parts of the year covered with snow. To satisfy this condition, a minimum catchment altitude
of 1000 m.a.s.l. is chosen. The Merced River basin satisfies this criterion, which can be seen in the hypsometric
distribution in Figure 2.3.

2.3. Data sources
Several data sources are used for this research, of which especially climate data (precipitation and temperature)
is of importance. The MODIS satellite product is obtained for the snow part of this research. An overview of the
used data sources is given in table 2.1.

2.3.1. Digital elevation map
The digital elevation map is obtained from GMTED2010 (Danielson and Gesch, 2011). The GMTED2010 prod-
uct contains several raster elevation products for 30-, 15-, and 7.5-arc-second spatial resolutions. It uses eight
aggregation methods, namely: minimum elevation, maximum elevation, mean elevation, median elevation,
standard deviation of elevation, systematic subsample and breakline emphasis. The global aggregated vertical
accuracy of GMTED2010 can be summarized in terms of the resolution and root mean squared error (RMSE)
of the products with respect to a global set of control points. For the choice in this research, 7.5 arc-seconds,
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Process Product name Unit Temporal range Timespan Spatial range

Fractional snow cover MOD10A1 - daily 2000-2017 500 m x 500 m
Elevation GMTED2010 m - - 7.5 arc second

Mean precipitation NOAA COOP mm daily 1983-2017 point
Stream flow discharge USGS Cf/s daily mean 1982-2017 point

Temperature NOAA COOP ◦C daily mean 1982-2017 point

Table 2.1: Overview of the consulted data sources during this research

the RMSE range is between 26 and 30 meters.

2.3.2. NOAA COOP station data
The station at Yosemite Park HQ (see figure 2.2) is a station of the NOAA COOP network. The station, located
at the headquarters of Yosemite Park, collects temperature, precipitation and even snowfall data. However,
the snowfall data is very scarce and only used for short term projects. The temperature and precipitation data
in the timespan 1983-2017 is checked on the quality and suitable for academic purposes. In this research,
the temperature and precipitation data is used for the winter period, which is defined from November until
March. This winter period is based on recent research on snow related topics in the Sierra Nevada (Musselman
et al., 2017; Jepsen et al., 2018). This choice is also made to connect this research with the broader discussion
about climate change and its relation to snow in the Sierra Nevada. Furthermore, the winter period is generally
defined as the period where historically 80-90% of the precipitation occurs in the mountains of semi-arid areas,
most of the time in the form of snow (Pandey et al., 1999). To correspond the data in the winter period with the
water year definition of the USGS (USGS, 2016), the end year of the winter period is leading. For example, the
winter period of 2011 is from November 2010 until March 2011.

Winter temperature
The winter temperature (Tw) is the average temperature over the winter period in degrees Celcius. Since only
one weather station is considered, it is necessary to correct for elevation. This correction based on the environ-
mental lapse rate(Martinec and Rango, 1986):

Th = Ts + (h −hs )

1000
·−6.49 (2.1)

With the temperature Th at elevation h and station altitude hs . With this corrected temperature it is possible to
calculate Tw at every elevation zone.

Winter precipitation
The precipitation data is used to determine winter precipitation(Pw ). This is the accumulated amount of pre-
cipitation over the winter period in millimeters.

Snowfall
An estimation of snowfall is made based on a temperature threshold. This temperature threshold is determined
by combining the historical snow fall and temperature data. The median temperature is chosen as threshold,
because the average temperature would be affected too much by the outliers in the data. This is shown in figure
2.4. The precipitation over a day with a daily average temperature below this threshold is defined as snow. In
this research the winter snowfall (Ps, in millimeters) is defined as the accumulated snowfall over the winter
period. With the environmental lapse rate (equation 2.1) it is possible to determine the amount of snowfall per
elevation zone. Moreover, it is also possible to relate Ps to Pw with a ratio (Ps/Pw) and analyze whether this ratio
is changing over time. This can be an useful addition to the trend analysis, since recent studies point to a shift
from snowfall to precipitation(Berghuijs et al., 2014; Irannezhad et al., 2017; Easterling, 2017).

2.3.3. MODIS snow cover
As mentioned in 2.3, the analysis of the snow cover is executed with the MODIS MOD10A1 product (Hall and
Riggs, 2016). This product is generated using different MODIS products related to radiance data, geoloca-
tion and cloud masking and identifies snow-covered land and even snow-covered ice on inland water(Hall
et al., 2001, 2002). A 500m x 500m daily generated grid is chosen for snow cover. Nowadays the snow cover
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Figure 2.4: The relation between temperature and snowfall,
recorded at the weather station. The red line shows the
median, which is the temperature threshold used in the

hydrological model.

Figure 2.5: Figure from Krajci et al. (2014) where the
error-value (Is ) is plotted against elevation. The RSLE is

found at the point where Is is minimum

in MOD10A1 is calculated with the normalized snow difference index (NDSI), which generates a percentage of
snow cover. The NDSI is obtained by the reflection in the visible spectrum between 1.6 µm(not reflective for
snow) and 0.66 µm (very reflective for snow):

NDSI = R0.66 −R1.6

R0.66 +R1.6
(2.2)

This method is very effective, since clouds can be clearly distinguished from snow at 1.6 µm. The algorithm of
MODIS is adjusted to transform the NDSI to a percentage, which is averaged over a 500x500 meter grid cell.

For linking the temperature and precipitation data to a snow related parameter, the extent of the data
sources has to be similar, both in time and in space. The time scale is already similar for climate and MODIS
data, which is daily. Spatially, the precipitation and temperature data is determined per catchment and the
snow accumulation is determined per elevation zone. Thus, the MODIS data has to be transferred to a pa-
rameter which is equal for the whole catchment (regional) and dependent on elevation. This can be done by
calculating the regional snow-line elevation (RSLE) per day and create a time series of this. This is done with
the following steps:

1. Cropping and reprojection of the DEM and the MODIS files

2. Splitting of the digital elevation map (DEM) in smaller tiles

3. Derivation of the regional snow line elevation (RSLE) from the error-value of the land and snow covered
pixels

4. Correction for data gaps and spikes in the timeseries

5. Translation of RSLE to snow-free days (SFD)

Cropping and reprojection The digital elevation map (DEM) from GMTED2010 (Danielson and Gesch, 2011)
is used to find the elevation related to the snow cover. This DEM is cropped to the extent of the catchment. The
same is done for the 6427 daily MODIS raster files.

Splitting of the digital elevation map (DEM) In the analysis by Krajci et al. (2014), the DEM is divided in
smaller tiles for the sake of calculation speed. However, this is done to analyze large mountain ranges. In this
research the catchment is so small that the whole basin is assumed as one region. This corresponds also with
the climate data, which are also averaged over the catchment. In summary, the DEM is not splitted and this
step is skipped.



12 2. Methodology

Figure 2.6: Flowchart of the RSLE methodology
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Derivation of the regional snow line elevation(RSLE) The MODIS rasters and the DEM are combined in
this step. The flowchart of the methodology is shown in figure 2.6. The different values in a MODIS image
distinguish between snow, land, missing or cloud pixels. The missing pixels are defined as the total of no data
values, missing values and values related to a saturated detector. From this, the percentages of snow (Ps ), cloud
(Pc ), land (Pl ) and missing values (Pm) can be calculated. When Pm and Pc are larger than 70 % or when the
total amount of snow pixels(Ps ) is smaller or equal than 5 % of the total no RSLE calculation is executed and the
output will be a NaN-value. The RSLE will be calculated in all the other cases. This is done by summation of Ps

and Pl between the minimum and maximum elevation of the catchment in steps of 10 meters. Mathematically,
this is a variation problem, with the purpose to find the optimal elevation (RSLE) that minimizes the objective
function:

f (RSLE) = Ps (RSLE)+Pl (RSLE) (2.3)

Where the sum of Ps and Pl is called scattering by Krajci et al. (2014) and is formulated as:

Is = Ps +Pl [%] (2.4)

Because the term ’scattering’ is a confusing term related to remote sensing, there is chosen for the term ’error-
value’ for Is . From Equation 2.4 all the Is values per elevation can be calculated. Next, the RSLE can be found
as the corresponding elevation where Is is minimum and the successive value is larger. Visually it looks like
Figure 2.5. In this way the RSLE can be found for every day in the timespan from 2000 until 2017, which is the
output of this step.

Correction of data gaps and spikes The time series of the RSLE consists of data gaps (when too much clouds
and missing data points were detected) and spikes (which relate to faulty zero observations). Because of this,
a low-pass filter is added, which cuts off high peaks with a larger difference than 1500 meter between previous
and successive days with an interval of 7 days.

From RSLE to SFD The corrected timeseries of the RSLE is now used to derive the snow-free days(SFD). This
is done with several steps:

1. For the calculation it is easier to work with similar years. For that, the timeseries of leap years are cor-
rected.

2. The time series of the RSLE is integrated for one hydrological year (from October until September).

3. The results are distributed per elevation zone of 100 meter

4. The integrated RSLE results per elevation zone are divided by the height of the elevation zone to convert
from days/m2 to days (or snow-free days). This can also be expressed as:

SFDh =
∫ 365

t=0 RSLEdt

h
(2.5)

With the RSLE at time t (in days in the water year) and the average elevation zone height h. This is also
vizualized in Figure 2.7. The figure shows an example of the corrected RSLE timeseries during the water
year 2014. For this example the elevation zone of 2200-2300 m.a.s.l. is shown. The area of this elevation
zone is accumulated when it is located below the RSLE, since below the snow line there is no snow present
(so snow-free). This accumulated area is called ’snow-free area’ and is derived by the

The methodology is also vizualized in Figure 2.7. The figure shows an example of the RSLE timeseries during the
water year 2014. For this example the elevation zone of 2200-2300 m.a.s.l. is shown. The area of this elevation
zone is accumulated when it is located below the RSLE, since below the snow line there is no snow present
(snow-free). For that, this area is called ’snow-free area’, which has d ay sṁ as unit. To obtain snow-free days
the snow-free area has to be derived by 100, the magnitude of the elevation zone. The SFD is the number of
days per water year without snow in a particular elevation zone. The methodology enables to change the RSLE
time series to a more robust measure of SFD for every elevation zone per water year. Basically the continuous
timeseries is changed to a discrete number per year. This has some benefits for the analysis, since it is possible
to compare years and elevation zones.
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provides snow-free days.

2.3.4. USGS discharge station data
The discharge data is obtained from the USGS water database (USGS, 2017). The station is located at the
Merced river just downstream of the conjunction with Illioutte Creek. The discharge station collects discharge
data (Cf/s) from 1915 until present and measures every 15 minutes. The data is adjusted to daily averages for
the period 1883-2017 and converted to m3/s.

2.4. Trend analysis
Scatter plots are created for respectively Tw and Pw . For SFD and Sw/Pw-ratio the trends are calculated per
elevation zone. Three important statistical parameters are estimated for the whole dataset, respectively: the
H0-test, the slope and the p-value. Additionally, the data is also visualized with anomalies.

2.4.1. Mann-Kendall test
The statistical significance of the trends is tested with the Mann-Kendall test (Mann, 1945; Maurice G Kendall,
1975). This test is often used in hydrological research to discover a linear monotonic trend in a time series
dataset. The test is closely related to the concept of Kendall’s correlation coefficient, which is widely used
and easily understood in terms of tendency of two variables (Noether, 1981). Furthermore, no rule for the
data distribution is necessary (it does not require a normal distribution) and it is not affected by missing data
or irregular spacing of time points. Within the test it is assumed that the datapoints are independently and
identically distributed when no trend exists. Furthermore, the measurements represent the true states of the
observed at the times of measurements and the instrumental measurements and data handling are unbiased.
The test cannot be executed when the data consists of seasonal data. For that reason, the data is aggregated
over a winter period. Another limitation is the length of the dataset. The Mann-Kendall test tends to generate
more negative results for shorter time series, this is important during the analysis of the results. As common
in statistical tests, a null hypothesis (H0) is tested against an alternative hypothesis (Ha). H0 states that no
monotonic trend exists. Three options can be used for Ha:

1. An upward monotonic trend exists.

2. A downward monotonic trend exists.
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3. Either an upward monotonic trend or a downward monotonic trend exists.

To test this, a test statistic is derived based on the difference between two observations. From this, it is possible
to distinguish the three situations; upward, downward or either upward or downward. This is formulated as
sg n(xi −x j ):

sg n(xi −x j ) =


1, xi −x j > ε

0, |xi −x j | ≤ ε

−1, xi −x j <−ε
(2.6)

With xi and x j for the observations at time i or j respectively. ε is the least count error, which allows small
differences. Now, sg n(xi −x j ) can be substituted in the function S:

S =
n−1∑
i−1

n∑
j−i+1

sg n(x j −xi ) (2.7)

From this function both the mean (E [S]) and the variance (V AR(S)) can be calculated with a method described
by Gilbert (1987). Both E [S] and V AR(S) are needed to calculate the test statistic:

ZMK =


E [S]−1p
V AR(S)

, E [S] > ε

0, |E [S]| ≤ ε
E [S]+1p
V AR(S)

, E [S] <−ε
(2.8)

This test equation is used to test whether a variant of Ha has to be rejected or not. Each variant is tested
separately at a significance level α≤ 0.05 (Krzywinski and Altman, 2013):

• Ha : An upward monotonic trend exists
If ZMK ≥ Z1−α then Ha is not rejected.1

• Ha : A downward monotonic trend exists
If ZMK ≤ Z1−α then Ha is not rejected.

• Ha : Either an upward or a downward monotonic trend exists
If |ZMK | ≥ Z1−α/2 then Ha is not rejected.

2.4.2. Slope and intercept
The slope and the intercept are calculated based on an ordinary least squares approach:

x =α+β · t (2.9)

With the intercept a and the slope β. Furthermore, x is the value of a certain data point(e.g. precipitation) and
t is the variable time in years. The slope of a dataset of x with number of observations n is calculated with:

β= rx,t
σx

σt
= n

∑
t x −∑

t
∑

x

n
∑

(t 2)− (
∑

t )2 (2.10)

With rx,t as the Pearson’s cross-correlation coefficient between x and t and standard deviations σx and σt . The
intercept is calculated according to:

α=µx −βµt =
∑

x
∑

(t 2)−∑
t
∑

t x

n
∑

(t 2)− (
∑

t )2 (2.11)

With µx and µt as the mean of both x and t .

1With Z1−α as the 100− (1−α)-th percentile of the standard normal distribution
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2.4.3. P-value
The estimation of the p-values is used as an extra validation of the trend in this context. The p-value describes
the calculated probability of the observed and is separately estimated with the probability-density function
f (u) for every variation of Ha :

• Ha : An upward monotonic trend exists:

PZMK =
{∫ ∞

ZMK
f (u)du, |E [S]| > ε

0.5, |E [S]| ≤ ε

• Ha : A downward monotonic trend exists:

PZMK =
{∫ ZMK

−∞ f (u)du, |E [S]| > ε

0.5, |E [S]| ≤ ε

• Ha : Either an upward or a downward monotonic trend exists:

PZMK = 0.5


∫ ∞

ZMK
f (u)du, E [S] > ε

1, |E [S]| ≤ ε∫ ZMK
−∞ f (u)du, E [S] <−ε

2.4.4. Anomalies
In addition to the linear regression, anomalies are plotted to visualize the dynamic behaviour of the trends. For
this study, the anomalies are deviations from the mean values until 2010. The mean until 2010 is chosen to
link this research to other climate related research, where often the mean between 1981 and 2010 is chosen to
calculate anomalies. Furthermore, the World Meteorological Organization suggests to use climate normals for
either 1961-1990 or 1981-2010 (WMO, 2017). Since the input data is annually, the anomalies are also annually.

2.5. Multivariate regression
To draw conclusion about future behaviour of SFD it is necessary to make predictions. For these predictions it
is necessary to have long term datasets. However, this is not the case for snow-cover from MODIS. To avoid this
problem, it is necessary to relate SFD to parameters with long term datasets (larger than 30 years). For choosing
these parameters it is important to understand the snow cover dynamics. For this research, it is assumed that
Tw and Pw are the only parameters which describe SFD. The most straightforward way to describe SFD with
these parameters is with a multivariate regression function 2. The multivariate function for this case can be
expressed as:

SFD =α+βTw ·Tw +βPw ·Pw (2.12)

With SFD as the amount of snow-free days, α as the intercept, βTw as the coefficient related to the mean winter
temperature (Tw) and βPw as the coefficient related to the accumulated winter precipitation(Pw). Within this
multivariate regression function, several assumptions are made:

• Tw and Pw are independent at all time steps

• Tw and Pw are assumed as the only variables of influence on SFD. One can think about solar radiation as
another variable with influence on SFD, but this is strongly dependent on the direction of the slope. Since
a catchment is analyzed, with both North- and South-facing slopes, it will not add more information to
the model.

• Tw and Pw are useful input variables at all elevations. Which means that both variables add enough
information to describe SFD at all elevations. This is also tested with the calculation of the coefficient of
determination (Equation 2.15).

2A similar method is successfully applied by Sospedra-Alfonso et al. (2015) to relate snow-water equivalent (SWE) to temperature and
precipitation.
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To see the influence of the variables (Tw and Pw) two other models are created with the variables separately:

SFDTw =α+βTw ·Tw (2.13)

SFDPw =α+βPw ·Pw (2.14)

Next, Equations 2.12, 2.13 and 2.14 are compared with the observed snow free days (SFDobs). SFDobs is obtained
with the RSLE-method as shown in section 2.3.3. The comparison is executed by calculation of the coefficient
of determination for the three models:

R2
SFD =

∑n
i=1(SFDi −SFDobs)2∑n

i=1(SFDobs,i −SFDobs)2

R2
SFDT

=
∑n

i=1(SFDT,i −SFDobs)2∑n
i=1(SFDobs,i −SFDobs)2

R2
SFDP

=
∑n

i=1(SFDP,i −SFDobs)2∑n
i=1(SFDobs,i −SFDobs)2

(2.15)

With R2 as the coefficient of determination. Equation 2.15 gives the opportunity to quantify and compare the
differences in SFD, SFDT and SFDP. Moreover, the simple linear regression models obtained in Equations 2.12,
2.13 and 2.14 are also useful input for different scenario’s.

2.6. Scenarios
In the previous, the multivariate regression formula (Equation 2.12) is introduced and used to analyze the in-
fluence of precipitation and temperature. The same formula can also be used for scenarios; e.g. the analysis of
an extreme event or to predict future effects. The selection of scenarios is introduced in Section 2.6.1. Secondly,
the input variables per scenario are introduced and discussed.

2.6.1. Scenario selection
Effect of the California Drought
In the previous the whole dataset from 2000 until 2017 was used to visualize the overall trends of SFD. However,
the extreme drought period is also incorporated in this. To see whether the drought influences the total trend of
the SFD. Furthermore, it is interesting to see which parameter (Tw, Pw or a combination of the two) is of largest
influence during a long drought period. According to Flint et al. (2018), the severe environmental effects of the
California Drought are difficult to recover by nature due to the length and the temperature. However, the snow
cover is not incorporated in this analysis. For that, this scenario can be an addition to these conclusions. Since
the multivariate formula describes SFD related to Pw and Tw this can easily be implemented by manipulating
these two variables between 2012 and 2016. The methodology for this is discussed in Section 2.6.2. In summary,
the purpose of performing a scenario related to the California Drought is twofold:

• Analyzing the effects of the California Drought on SFD and whether this is corresponding with the con-
clusions of Flint et al. (2018)

• Investigation of the separate effects of Tw and Pw on SFD during the California Drought

Extrapolation until 2025
The second scenario is related to the investigation of future effects. This is done to analyze the development of
SFD in the future. For that, the purpose is not to predict a fixed number of snow-free days, but to obtain general
understanding about the development and the order of magnitude per elevation zone. The trends of Pw and
Tw found with the methodology of Section 2.4 can be used a inputs to calculate future SFD. Another option is
to consider the trends from the observed SFD and extrapolate this. The application of both methods can give
valuable information on the performance of the multivariate model and the effect of Pw and Tw on SFD per
elevation. For this scenario extrapolation until 2025 is used. This choice is made because the focus is on the
change of SFD for the near future, which is in this context not more than 10 years. It is important to understand
that these outcomes are not one-to-one transferable for the whole Sierra Nevada or as an prediction for this
catchment. For this scenario, the purpose is twofold:
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• Analyzing the development of modeled SFD (with inputs Tw and Pw) and extrapolated SFD

• Quantification of SFD per elevation zone in 2025 as an indication for a future perspective on SFD for the
Merced River basin.

2.6.2. Variables
Effect of the Californian Drought
In the drought scenario, equation 2.12 is applied to calculate SFD for different situations in the MODIS timespan(2001-
2017). The data sets of the winter temperature and winter precipitation inputs (Tw and Pw ) are divided in two
periods, respectively 2001-2010 and 2010-2017. The observed Tw and Pw are used in the period 2001-2010 for
every combination. For the period 2010-2017, four combinations are considered:

• SFD obtained with the observed Tw and Pw

• SFDPw
obtained with the observed Tw and the mean winter precipitation until 2010(Pw )

• SFDTw
obtained with the mean winter temperature until 2010(Tw ) and the observed Pw

• SFD obtained with Tw and Pw

This can be mathematically expressed with four expressions of the multivariate model:

SFD =α1 +β1 ·Tw +β2 ·Pw

SFDPw
=α2 +β3 ·Tw +β4 ·Pw

SFDTw
=α3 +β5 ·Tw +β6 ·Pw

SFD =α4 +β7 ·Tw +β8 ·Pw

(2.16)

The subscripts for α and β indicate that these are unique combinations. The combinations make it possible
to show whether Tw or Pw is the dominant driver of the change of SFD in this particular period. The SFD is
calculated for elevation zones of 100 meter (see section 2.3.3), thus these scenario’s are also obtained for every
elevation zone.

The above will generate four different time series of SFD. However, the trends are more useful in quantifying
differences in a particular year. To obtain these trends, a linear regression is applied. This is done in a similar
way as explained in section 2.4 with equation 2.10. For t ≤ 2010, the trend line is similar for all the combinations
according to:

ySFD =α+β · t (2.17)

With the time t in years and α and β expressed as:

α=
∑

(SFD)
∑

(t 2)−∑
t
∑

(t ·SFD)

n
∑

(t 2)− (
∑

t )2 (2.18)

β= n
∑

(t ·SFD)−∑
t
∑

SFD

n
∑

(t 2)− (
∑

t )2 (2.19)

By calculation of α and β the observed values of SFD in the period 2001-2010 are used. Thus, 2001 ≤ t ≤ 2010
and n = 10. Next, the slopes for the four combinations can be calculated for 2010 ≤ t ≤ 2017, according to:

βSFD = n
∑

(t ·SFD)−∑
t
∑

SFD

n
∑

(t 2)− (
∑

t )2

βPw
=

n
∑

(t ·SFDPw
)−∑

t
∑

SFDPw

n
∑

(t 2)− (
∑

t )2

βTw
=

∑
(t ·SFDTw

)−∑
t
∑

SFDTw

n
∑

(t 2)− (
∑

t )2

βSFD =
∑

(t ·SFD)−∑
t
∑

SFD

n
∑

(t 2)− (
∑

t )2

(2.20)
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With 2010 ≤ t ≤ 2017 and n = 8. Now, the trend line can be obtained for the same period. The starting point is
assumed as the SFD value in 2010, which is determined with Equation 2.17, according to:

y2010 =α+β ·2010 (2.21)

With this starting point, the four combinations for the trend line of 2010 ≤ t ≤ 2017 can be expressed as:

ySFD = y2010 +βSFD · t

ySFDPw
= y2010 +βSFDPw

· t

ySFDTw
= y2010 +βSFDTw

· t

ySFD = y2010 +βSFD·t

(2.22)

The combinations in Equation 2.22 can be used to discover the absolute difference in SFD in 2017 due to dif-
ferent Tw and Pw inputs.

Extrapolation until 2025
The extrapolation scenario is created by use of linear extrapolation. This is done with four combinations:

• SFD obtained with linear extrapolation of the slope of the observed SFD dataset.

• SFDTw
+ P̂w obtained with the mean of Tw (over the whole Tw dataset) and a predicted value of Pw based

on the slope of the Pw dataset as inputs.

• SFDT̂w+Pw
obtained with the predicted value of Tw based on the slope of the Tw dataset and the mean

value of Pw as inputs

• SFDT̂w+P̂w
obtained with the predicted values of Tw and Pw as inputs.

Which can be mathematically written as:

SFD =α1 +β1 · t

SFDTw+P̂w
=α2 +β2 ·Tw +β3 · P̂w

SFDT̂w+Pw
=α3 +β4 · T̂w +β5 ·Pw

SFDT̂w+P̂w
=α4 +β6 · T̂w +β7 · P̂w

(2.23)

Again, the subscripts of α and β indicate unique combinations. Besides, these combinations are able to show
whether Tw or Pw are dominant in the future, based on the data of the period 2001-2017. Note that these values
of SFD are also calculated for every elevation zone of 100 meter. Next, the trend lines can be determined in the
same way as the previous section. In this case, the whole dataset is observed, which is period 2001-2017. For
this period, the intercept and slope are similar to Equation 2.21 for all combinations. However, ySFD, α and β

are now calculated with 2001 ≤ t ≤ 2017 and n = 17. Secondly, the values for β are also found in the same way,
now for 2017 ≤ t ≤ 2025 and n = 9:

βSFD = n
∑

(t ·SFD)−∑
t
∑

SFD

n
∑

(t 2)− (
∑

t )2

βTw+P̂w
=

n
∑

(t ·SFDTw+P̂w
)−∑

t
∑

SFDTw+P̂w

n
∑

(t 2)− (
∑

t )2

βT̂w+Pw
=

∑
(t ·SFDT̂w+Pw

)−∑
t
∑

SFDT̂w+Pw

n
∑

(t 2)− (
∑

t )2

βT̂w+P̂w
=

∑
(t ·SFDT̂w+P̂w

)−∑
t
∑

SFDT̂w+P̂w

n
∑

(t 2)− (
∑

t )2

(2.24)

At last, the values of β can be substituted in the trend line formula:

ySFD = y2017 +βSFD · t

ySFDTw+ ˆPw
= y2017 +βTw+P̂w

· t

ySFD ˆTw+Pw
= y2017 +βT̂w+Pw

· t

ySFD ˆTw+ ˆPw
= y2017 +βT̂w+P̂W

· t

(2.25)
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Figure 2.8: The modeling scheme with the storage reservoirs (blocks), fluxes(arrows) and conditions (diamonds).

With
y2017 =α+β ·2017 (2.26)

The equations are for 2017 ≤ t ≤ 2025 and n = 9. Similar as for the drought scenario, this method generates
one trend line before 2017. The trend line will split in four separate trend lines after 2017, which shows an
absolute difference between the four cases in 2025. In this way, it is possible to compare the temperature and
precipitation influences until 2025.

2.7. Hydrological modeling
In the previous sections, the data was analyzed and related to SFD. However, the aim of this research is to
discover a relation between SFD and root-zone moisture capacity. This can be done by using a conceptual
hydrological model, as used by Gao et al. (2014), Nijzink et al. (2016) and de Boer-Euser et al. (2016). The
modeling scheme with its reservoirs and fluxes is explained in section 2.7.1. The reservoirs will be clarified
separately thereafter.

2.7.1. Modeling scheme
The hydrological model consists of two reservoirs, respectively a snow storage (Ss) and the unsaturated zone(Su).
Precipitation is the input, which is divided in rain(Pr) and snowfall(Ps). The division is based on the tempera-
ture threshold defined in section 2.3.2. The same threshold is to determine melt from the snow storage to the
unsaturated zone(M), which implies that snow fall and melt can never occur at the same time. Furthermore,
transpiration (Et) from the unsaturated zone and discharge(Q) is included. No interception or deeper ground
water reservoirs are included. The scheme is shown in figure 2.8.

2.7.2. Snow storage
The snow storage represents the water in the snow cover areas of the catchment according to:

Ss(t ) = Ssinitial +Psd t −Md t (2.27)

Where the initial snow storage is defined as Ssinitial . The input is snow fall(Ps ), which is defined as the precipita-
tion when the temperature is lower than the threshold, as shown in section2.3.2. The temperature is corrected
with the elevation with the environmental lapse rate. This holds that the snow fall input is weighted on the
areal contribution of the 100 meter elevation zone. This gives for the snow fall:

Psd t =
0, Th ≥ Tthresh

27∑
h=0

Pd t ·WFh , Th < Tthresh
(2.28)

With the 100 meter elevation zone number h, starting at 1300 meter. Furthermore, the recorded precipita-
tion Pd t , the areal weighing factor per elevation zone WFh , the elevation zone related temperature Th and the
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threshold temperature Tthresh. Melt(M) occurs when the temperature exceeds the temperature threshold and
the snow storage is larger than zero. Obviously, melt depends on the elevation because of the temperature,
so this flux is also weighted on the areal contribution of the elevation zone. The rate of melting is dependent
on the difference from the temperature threshold and a calibration parameter, which is called the degree-day
factor(Martinec, 1975). With this information the melt flux per time step can be expressed as:

Md t =
min

( 27∑
h=0

(DDF · (Th −Tthresh) ·WFh),Ss (t )
)
, Th ≥ Tthresh

0, Th < Tthresh

(2.29)

With the 100 meter elevation zone number h, starting at 1300 meter. Furthermore, the degree-day factor DDF
and the snow storage at t time t defined as Ss (t ). The snow fall and melt cannot occur simultaneously in this
model and the output is only generated by melt. This means that no sublimation effects are taken into account.

2.7.3. Unsaturated zone
In the hypothesis of the root-zone moisture capacity it is assumed that plants adjust their roots to changing
climatic conditions (Collins and Bras, 2007; Milly, 1994; Schenk, 2008). This process occurs in the unsaturated
zone. The changing climatic conditions can be found by calculating the soil moisture deficit, which is defined
as the difference between transpiration and effective precipitation. The effective precipitation(Pe ) is the input
of the unsaturated reservoir, which is for this case rainfall and melt:

SMD(t ) = Etd t −Pe = Etd t −Prd t −Md t (2.30)

The rainfall is defined as the precipitation when the temperature is higher than the temperature threshold. This
gives:

Prd t =


27∑
h=0

Pd t ·WF, Th ≥ Tthresh

0, Th < Tthresh

(2.31)

To estimate the transpiration(Et), the long-term water balance of the unsaturated reservoir is applied in the
same way Nijzink et al. (2016) incorporated this. This long-term water balance is expressed as:

Et = Pr +M−Q (2.32)

With the long term actual transpiration Et , long-term mean effective precipitation Pr +M and the long-term
discharge Q.

Next, the transpiration is scaled with the ratio of long-term mean daily potential evaporation Ep over the

mean annual potential evaporation Ep:

Et(t ) =

27∑
h=0

Eph (t )

27∑
h=0

Eph

·Et (2.33)

The potential evaporation
27∑

h=0
Eph (t ) and the long-term mean of the potential evaporation

27∑
h=0

Eph are derived

with the method of Hargreaves and Samani (1985) according to:

Eph = cH ·0.408R0 · (Th +17.8)
√

Thmax −Thmi n ·WFh (2.34)

Where cH is the Hargreaves constant equal to 0.0023 compensating for the errors. Furthermore R0 is the ex-
traterrestrial radiation, which is calculated based on the location of the weather station and the date. T , Tmax

and Tmi n are respectively the daily average, maximum and minimum temperature adjusted for the average
elevation of the catchment with the environmental lapse rate according to equation 2.1. Thus this flux is also
corrected with areal weighing factor WFh . This explains also the addition of the subscripts to the potential
evaporation.

Now, the soil moisture deficit can be calculated with the addition of the transpiration in equation 2.30,
which will generate a time series over the period 1983-2017. From this, the maximum soil moisture deficit is
calculated over a rolling window with an interval of 10 years. This return period is chosen based on the previous
work on this topic, where a return period between 10-20 years is applied. (Gao et al., 2014; de Boer-Euser et al.,
2016; Nijzink et al., 2016). By using a rolling maximum, it is easy to visualize the gradual changes in the root
zone.



22 2. Methodology

2.7.4. Calibration
Only one calibration parameter is considered for this model, DDF. This parameter is calibrated based on the
RSLE. First, the snow reservoirs at a certain elevation which contain snow are separated from the empty snow
reservoirs. This value is the modeled snow reservoir, Sshmod

:

Sshmod
=

{
1, Ssh > 0

0, Ssh = 0
(2.35)

Ss is defined as the snow storage and the subscript h refers to the elevation zone. So, the above distinguishes
whether a modelled snow storage reservoir is empty or filled with snow. This modelled snow storage has to
be compared with observed snow storage which is directly linked with the RSLE. Snow is present in an eleva-
tion zone when the RSLE is lower than the lower boundary of the elevation. This is called the observed snow
reservoir, Sshobs

:

Sshobs
=

{
1, RSLE < h −100

0, RSLE ≥ h −100
(2.36)

Now, an objective function for testing can be constructed. This is a maximization problem:

max

(
1−

tend∑
t0

27∑
h=0

(Sshobs
−Sshmod

)

(tend − t0) ·27

)
(2.37)

With the timespan 1983-2017 expressed in days with t0 and tend . The elevation zone is expressed as h. The
modelled snow reservoir, Sshmod

, depends on DDF. So, DDF can be estimated with a Monte Carlo simulation
based on 1000 random samples. The outcomes are evaluated with the objective function (equation 2.37) and
the related optimal DDF is found.

2.7.5. Analysis
The outputs of the hydrological model are analyzed with a focus on different aspects: soil moisture deficit cal-
culation, the calculation of SFD with the hydrological modeling (inverse modeling) and the comparison of the
snow storage before and after 2010. The soil moisture deficit calculation is already explained in Subsection 2.7.3
by visualizing the soil moisture deficit with a rolling maximum over an interval of 10 years. Furthermore, the
hydrological modeling part is analyzed by calculating the SFD with the hydrological model and subsequently
compare this with the observed SFD from the RSLE method (Section 2.3.3). This will give more insight in the
performance of the hydrological model compared to the observed SFD. Lastly, a small scenario is executed
related to the snow storage reservoir. The outputs of the model are separated in a part from before and after
2010. For both parts the daily means are calculated for the snow reservoir at different elevation zones and for
the total amount of snow. From this figures, one can compare the starting days of the accumulation period,
slopes of the accumulation period, the last days of the melting period and the slopes of the melting periods. To
visualize this in one figure per elevation zone, the effect of the drought on these parameters can be discovered.

2.8. Conclusion
In this chapter the different methodologies are discussed. First, the general approach, study area and its related
data sources were discussed. The available data was the input for trend analysis and a multivariate regression
model. Both the trend analysis as the multivariate model were the basis for scenarios, which were introduced
and discussed in Section 3.2.2. At last, the hydrological model is introduced as link between the analysis of
the SFD and the root-zone storage moisture capacity. The same order will be maintained in the next chapter,
where the results of this methodology will be presented.
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Results

In this chapter, the results obtained by the statistical analysis, multivariate regression analysis and the hydro-
logical model will be discussed. The results of the trends are the long term trends of Pw, Tw and SFD obtained
with the methodology described in Section 2.4. These trends are presented first to see the general trends hap-
pening in the area of interest. Furthermore, the aim of incorporating the Tw and Pw trends is to discover their
influence on SFD and whether this is elevation dependent. The relation between SFD, Pw and Tw is obtained
with the multivariate regression analysis, which will be discussed in Section 3.2 based on calculation of the R2

and two different scenarios related to the trends found in Section 2.4. The last part of this chapter contains the
discussion of the hydrological modeling outputs. These outputs are threefold: calculation of the soil moisture
deficit, differences in snow storage per elevation and the inverse modeling part where a long term data set for
SFD is calculated.

3.1. Trends
As a start of the research, it is important to know whether the temperature, precipitation and snow-free days
are changing. To discover trends for the observed data a statistical analysis is conducted. The observed data
of interest is the accumulated winter precipitation(Pw) and mean winter temperature(Tw) from the weather
station located at Yosemite Park HQ and the snow-free days (SFD) from the MODIS satellite product. Pw and
Tw are used as input in the multivariate regression model and in the hydrological model. For that, it is inter-
esting to analyze the trends separately beforehand. Moreover, trends of Pw and Tw are important inputs when
extrapolation is used in the scenarios. The trends of the SFD are used to validate the hydrological model and to
discuss the future perspective on snow cover in the study area.

3.1.1. Winter precipitation and temperature
The trends of Pw and Tw are visualized with scatter plots and anomalies (Figures 3.1 and 3.2).

Looking at the scatter plots, there is no significant upward trend for Tw observed. This is contrary to the
expectation, since the increase of temperature is already observed at several other places in California (Cayan
et al., 2007). Without any trend in the Tw data this seems useless, however the large upward extremes (anoma-
lies of 2 ◦C in 2014 and 3 ◦C in 2015) are interesting to analyze. These extremes are found in the drought period,
which means that the drought period is also visible as a larger temperature in these years. With these extremes
it is possible to distinguish the effect of temperature in the multivariate model.

For Pw, a clear downward trend is observed with a slope of almost -11 mm/year. The anomalies show the
extent of the two most recent drought periods, respectively 2007-2009 and 2012-2016. Interestingly, the first
drought period has large anomalies over -400 mm. The second period is extreme related to the extent of the
period of four years. However, the anomalies between -100 and -300 mm are not as spectacular as the previous.
According to this two sorts of droughts are distinguished: a short very dry drought (2007-2009) and a long
very warm drought (2012-2016). Flint et al. (2018) analyzed these two drought phenomena and found the long
very warm drought period as the most severe for the hydrological system. This has to be also visible in the
hydrological model later on.

3.1.2. Snow-free days per elevation zone
The SFD trends are based on the RSLE method from Section 2.3.3. The output of this method is similar to
the climate data, with the addition of elevation zones. This gives the opportunity to show the SFD trends per

23
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Figure 3.1: Mean winter temperature (Tw) trends at the weather station over the timespan 1983-2017. Figure (a) is a scatter plot with
regression line and 95 % confidence interval as an area around the line. The table shows the results of the Mann-Kendall test. Figure (b)

shows the anomalies calculated as explained in Section 2.4.
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Figure 3.2: Accumulated winter precipitation (Pw) trends at the weather station over the timespan 1983-2017. Figure (a) is the scatterplot
with regression line and 95 percent confidence interval drawn as an area around the line. The table shows the results of the Mann-Kendall

test. Figure (b) shows the anomalies calculated as explained in Section 2.4.
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Figure 3.3: Trends of snow-free days per elevation over the MODIS timespan 2001-2017. The blue bars refer to significant trends according
to the Mann-Kendall test and the orange bars show non significant trends.

elevation zone in one figure (Figure 3.3). Due to the timespan of the MODIS satellite product, trends are only
calculated over 2001-2017. Figure 3.3 shows significant trends up to an elevation of 3400 m.a.s.l. There is a
clear difference between elevation zones, with the maximum significant trend of 7 days per year at 2300 m.a.s.l.
Furthermore, the lowest significant trend of 1.2 days per years is found at an elevation of 1300 m.a.s.l. and
the lowest non-significant trend of 1.5 days per year is found at 3800 m.a.s.l. The figure gives a nice overview
of the trends per elevation zone, but it is not irectly clear how the SFD is developing over time. For that, the
scatterplots and anomalies of 1300, 2300 and 3800 m.a.s.l. are presented in Figures 3.4, 3.5 and 3.6.

Figures 3.4 and 3.5 show significant but different trends. At 1300 m.a.s.l. the relative small upward trend
can be related to the initial situation which consists of already more than 330 days. So initially, this elevation
zone is not often covered with snow. However, the upward trend of 1.2 days per year shows that this elevation
zone will be snow free during the whole year soon. Even more alarming are the developments in the areas
which are often snow covered, like at 2300 m.a.s.l. Half of the year was snow-free at the start of the SFD time
series at 2300 m.a.s.l. This is already changed to 300 snow-free days at 2300 m.a.s.l. in 2016. The anomalies (see
Figure 3.5b) show the enormous impact of the drought period between 2012 and 2016. No significant trend
was found at 3800 m.a.s.l. This can be explained by looking at the anomalies, Figure 3.6b. Compared to 1300
and 2300 m.a.s.l., the influence of the drought period is not so clear. The positive anomalies are slightly larger
between 2012 and 2016, but in 2013 a small negative anomaly is found. Furthermore, the positive anomalies
in the period 2000-2004 are relatively large (between 5 and 15 SFD) compared to the drought period (between
20 and 30). Due to this, it is not clear whether there is an upward trend in this high elevation zone. However,
the maximum amount of snow-free days is found at the end of the drought period (2016) around 110 snow-free
days. In summary, the significant trends at 1300 and 2300 m.a.s.l. are highly influenced by the drought period.
This will eventually lead to snow-free years at an elevation of 1300 m.a.s.l. and a rapid decrease of the amount
of snow at 2300 m.a.s.l., according to this analysis 7 days/year. The effect of the drought is less visible at 3800
m.a.s.l. and due to that no significant upward trend of SFD was found.

Similar as for the trends of Pw and Tw, the effect of the drought period is clearly visible in the lower elevation
zones (below 3400 m.a.s.l.). This suggests that Pw and Tw can describe SFD well in the drought period below
3400 m.a.s.l. This hypothesis will be tested in Section 3.2.
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Figure 3.4: Snow-free days (SFD) trends at an elevation of 1300 m.a.s.l. over the timespan 2000-2017. Figure (a) is the scatterplot with
regression line and 95 percent confidence interval drawn as an area around the line. The table shows the results of the Mann-Kendall test.

Figure (b) shows the anomalies calculated as explained in Section 2.4.
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Figure 3.5: Snow-free days (SFD) trends at an elevation of 2300 m.a.s.l. over the timespan 2000-2017. Figure (a) is the scatterplot with
regression line and 95 percent confidence interval drawn as an area around the line. The table shows the results of the Mann-Kendall test.

Figure (b) shows the anomalies calculated as explained in Section 2.4.
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Figure 3.6: Snow-free days (SFD) trends at an elevation of 2300 m.a.s.l. over the timespan 2000-2017. Figure (a) is the scatterplot with
regression line and 95 percent confidence interval drawn as an area around the line. The table shows the results of the Mann-Kendall test.

Figure (b) shows the anomalies calculated as explained in Section 2.4.

3.1.3. Weighted snow-free days
As an addition, the elevation dependent results are weighted with the hypsometric curve (Figure 2.3) to show
the average behaviour of SFD for the whole catchment. The results of this are shown in Figure 3.7.

According to the figure, the average trend in the catchment is positive, 4.18 days/year. This is not surprising
since Figure 3.3 showed only positive trends. The other results of the Mann-Kendall test show that the trend is
significant with a p-value of 0.003. This shows that the elevation zones between 2200 and 2500 m.a.s.l. have a
large influence on the total SFD. These areas contribute for 25% to the catchment and have significant trends
of more than 5 days/year (maximum around 7 days/year). The combination of area and a relative high trend
shows that the amount of snow in this catchment is rapidly decreasing. This needs to be confirmed by the
hydrological model.
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Figure 3.7: The weighted snow-free days over the Merced river basin. The SFD of all elevation zones are weighted on the hypsometric
curve (Figure 2.3) with weighted SFD as result. The trend gives an indication of the average behaviour of SFD in the Merced River basin.

The table shows the results of the Mann-Kendall test related to weighted SFD.
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Figure 3.8: R2 per elevation zone for different models of SFD. The blue bars show R2 with both Pw and Tw as inputs, orange bars for SFD
dependent on Tw only and green bars for SFD dependent on Pw only. These models are calculated with the method described in Section

2.5.

3.2. Relation between snow-free days, precipitation and temperature
To analyze the influence of Pw and Tw on SFD, a multivariate regression formula is created in Section 2.5. From
this relation the R2 can be calculated at different elevations and for different combinations of SFD, respectively:

• SFD calculated with Pw and Tw as inputs

• SFDPw calculated with only Pw as input

• SFDTw calculated with only Tw as input

This will enable to test the influence of Pw and Tw. To analyze the influence further, scenarios are created based
on distinction of the drought period and extrapolation (Section 2.6).

3.2.1. Precipitation and temperature dependence
Since the temporal range of the SFD data is limited and in some periods highly inaccurate (due to clouds or
failing detectors of the satellite) it is necessary to find a more robust way of calculating the SFD. This can be
done by finding a relation between SFD, Pw and Tw. Figure 3.8 enables to test which parameter (Pw or Tw)
is performing better at a certain elevation zone. The SFD with both parameters as input shows values of R2

higher than 0.5 at elevation zones lower than 3300 m.a.s.l. (with exception of 1300 and 2900 m.a.s.l.). This is in
line with the significant trends found in Section 3.1.2. The lower areas (between 1300 and 2500 m.a.s.l.) are well
described by Tw inputs (SFDTw ) with an maximum R2 of 0.7 at 1700 m.a.s.l. For SFDPw it is not so clear, however
above 2500 m.a.s.l. SFDPw performs better than SFDTw . In this region the maximum R2 of SFDPw is equal 0.52 at
3200 m.a.s.l. The maximum difference between SFDTw and SFDPw above 2500 m.a.s.l. is found at 3300 m.a.s.l
where SFDTw performs poorly with a R2 of 0.23. In the same region, SFDPw shows values of R2 higher than
0.5 only at 2700, 2800, 3100 and 3200 m.a.s.l. From this, it is better to conclude that SFDTw performs worse
than SFDPw above 2500 m.a.s.l. In summary, the calculation of SFD can be divided in a temperature influenced
(between 1300 and 2500 m.a.s.l.) and non-temperature influenced (between 2600 and 3600 m.a.s.l.) part. To
test whether this is correct, similar behaviour related to precipitation and temperature has to be observed in
the scenarios.
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Figure 3.9: The effect of the drought period on snow-free days at elevations of 1300 (a), 2300 (b) and 3800 (c) m.a.s.l. The blue line shows
the trend line of SFD during the drought with both Pw and Tw incorporated, orange shows the effect of Pw only, green show the effect of

Tw only and red shows the trend line if there was no drought at all. The methodology behind this is described in Section 2.6.

3.2.2. Scenarios
Two scenarios are analyzed: the drought effect and extrapolation until 2025. The way of modelling is explained
in Section 2.6.

California drought
Before the presentation of the results, the goal of this scenario is repeated as a reminder. The purpose of the
implementation of this scenario is:

• Analyzing the effects of the California Drought on SFD and whether this is corresponding with the con-
clusions of Flint et al. (2018) (He states that the longest drought period has the most severe environment
effects, however snow was not incorporated)

• Investigation of the separate effects of Tw and Pw on SFD during the California Drought

The scenario is implemented for every elevation, however according to Figure 3.3 the most interesting el-
evation zones are at 1300, 2300, 3800 m.a.s.l. These elevation zones are also considered in the results of the
drought scenario (Figure 3.9). From the figures it can be seen that the maximum SFD is found at the green
line at all elevations. This line describes the snow-free days with the temperature of the drought period and
the mean precipitation. Thus, the temperature of the drought period causes the largest increase of SFD. This
is also confirmed by the orange line which shows the lowest SFD at all elevations. This line describes the SFD
without the temperature of the drought period.
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Figure 3.10: Comparison of the observed and modelled snow-free days at elevations of 1300 (a), 2300 (b) and 3800 (c) m.a.s.l. There are
more modelled points than observed. This is because of the removal of outliers and SFD determined with more than 50 % interpolated

values.

Furthermore it is interesting to look at the absolute values in SFD per elevation in 2017. The SFD is respec-
tively 340 at 1300 m.a.s.l., 250 at 2300 m.a.s.l. and 90 at 3800 m.a.s.l. This is in almost all cases an underestima-
tion of the trend lines from Section 3.1.2. To understand this difference between the trends of the observed SFD
and the trends of the drought scenario from Figure 3.9 it is important to know how the Ordinary Least Squares
model is built. First, the slope is determined of the model until 2010. This is in all the cases the same slope.
Afterwards, four slopes are determined based on the data from 2010 until 2017. These slopes are used to create
the lines as shown in Figure 3.9. Only the original model (blue line) is calibrated on the observed SFD, but that
does not mean that the slopes are the same since there is a difference between modeled and observed. This
difference is described with the R2 in Figure 3.8. From that, it was clear that in the best performing elevation
zones 70% of the observed SFD was described by the model. From Figure 3.10 it is clear that the model tends
to underestimate the last years. Due to that, the slope of the last years is also underestimated. For that, it is not
possible to compare these results in absolute sense with the trends found in Section 3.1.2.

However, the difference between models at the three chosen elevation zones is still valuable for this research
and can provide more information on the temperature and precipitation effects. The maximum difference be-
tween the model with the drought temperature and without the drought temperature is 10 SFD at 1300 m.a.s.l.,
70 SFD at 2300 m.a.s.l. and 25 at 3800 m.a.s.l. Again, this is corresponding with the trends of Figure 3.3. The
temperature effect is clearly visible at 2300 m.a.s.l. This is less visible at 1300 m.a.s.l. due to the initial situa-
tion where the amount of SFD is already very high. Moreover, according to Figure 3.10a the temperature and
precipitation do not affect the SFD much in the model at this elevation, which results in low trends before and
after 2010 for every drought scenario.
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Figure 3.11: The extrapolation of snow-free days until 2025 at elevations of 1300 (a), 2300 (b) and 3800 (c) m.a.s.l. The blue line shows
extrapolation of the SFD trend, orange the extrapolation with predicted values of Pw as input only, green with predicted values of Tw as

input only and red with predicted values of both parameters. The methodology behind this is described in Section 2.6

So can this be related to the conclusions of Flint et al. (2018)? He distinguishes between short dry drought
periods (2007-2009) and long warm drought periods (2012-2016) of which the latter is more destructive for
the environment. Despite of the fact that the short dry period is incorporated in the data until 2010, it can
be stated that the temperature input was more important related to SFD in the period of 2012-2016 than the
precipitation input. The results show that the 2012-2016 drought was long and warm and had a very large effect
on the SFD development. The combination of the two confirm the conclusions of Flint et al. (2018) related to
SFD. However, the effect on snow storage has to be investigated in the hydrological model (Section 3.3).

Extrapolation until 2025
The second scenario is extrapolation until 2025. The purpose of this scenario was also twofold:

• Analyzing the development of modeled SFD (with inputs Tw and Pw) and extrapolated SFD

• Quantification of SFD per elevation zone in 2025 as an indication for a future perspective on SFD for the
Merced River basin.

The same way of modelling is used as as in the previous section, but now with the predicted values of temper-
ature and precipitation (see Section 2.6.2). The results for the already mentioned elevations zones (1300, 2300
and 3800 m.a.s.l.) are shown in Figure 3.11.

Comparing Figures 3.11a, 3.11b and 3.11c shows the largest difference between models at 2300 m.a.sl. This
largest difference between the maximum (predicted temperature as input) and the minimum (extrapolation



3.2. Relation between snow-free days, precipitation and temperature 33

of the SFD model) is 20 SFD. At 1300 m.a.s.l. this is not more than 2 SFD and at 3800 m.a.s.l. a difference of 5
SFD is found. It is clear that these differences are way smaller than in the drought scenario; almost two times
smaller at 2300 m.a.s.l. and even 5 times smaller at 1300 and 3800 m.a.s.l. This shows that the drought period
has an enormous impact on the total amount of SFD according to this multivariate model.

The extrapolation scenario shows upward trends at all elevations with the largest trend at 2300 m.a.s.l. This
is conform the results in Figure 3.3. For all elevations the SFD trend shows the lowest result. This means that
the incorporation of Pw or Tw always show higher results and may imply that the addition of temperature and
precipitation effects may even enlarge the current trend observed in snow cover changes. The highest result is
always obtained with P̂w and T̂w as inputs (the red line in Figure 3.11) which is logical since this is the worst
possible combination of temperature rise and precipitation decrease. In this maximum case there will be 355
SFD at 1300 m.a.s.l., 270 SFD at 2300 m.a.s.l. and 90 SFD at 3800 m.a.s.l. This means that eventually almost snow
will be found at 1300 m.a.s.l., but (related to the other results) the highest impact in terms of snow availability
will be at 2300 m.a.s.l. However an indication, an increase of 100 SFD within 25 years is alarming. Especially
for an elevation zone with a contribution of 7 % over the whole catchment.

Again, the results show smaller slopes than the trend analysis of Section 3.1.2 which is related to the cali-
bration of the SFD model. The results from Figure 3.11 are generated with this model, which underestimates
the observed SFD values which is similar with the results of the drought scenario.
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Figure 3.12: Time series of the soil moisture deficit together with a rolling maximum with an interval of 15 years. The rolling maximum is
an approximation for the changing Sr.

3.3. Hydrological processes
The hydrological model is created to analyze the influence of the climate parameters and the SFD on the hydro-
logical system. The focus is on the root-zone moisture storage capacity Sr and the snow storage. By analyzing
this, it is possible to discover their interactions and the behaviour of the hydrological system. First, the results
of the unsaturated zone are presented, which are calculated with the calculation of soil moisture deficit (2.7.3).
Secondly, the results derived with the method from Section 2.7.2 are presented and discussed. This is done
with the comparison of mean values before and after 2010. At last, it is possible to derive SFD with inverse hy-
drological modeling. This is useful since the relatively small dataset from MODIS(2001-2017) can be expanded
to the timespan of the weather station (1983-2017) in this way, which can strengthen the conclusions related to
SFD.

3.3.1. Soil moisture deficit
The soil moisture deficit is defined as the difference between effective precipitation and transpiration, shown in
Section 3.3.1. The maximum over a rolling mean with an interval of 15 years can be seen as the approximation
of the root-zone moisture storage capacity (Sr). The interval is chosen based on literature (Gao et al., 2014;
de Boer-Euser et al., 2016) and an extreme value analysis (see Appendix C). The time series of the soil moisture
deficit and the rolling maximum are presented in Figure 3.12. The soil moisture deficit is visualized in absolute
values, which means that the soil moisture deficit is negatively changed when effective precipitation exceeds
transpiration until a minimum value of zero. The light blue bars show the rolling maximum over the interval
of 15 years, which is the approximation of the root-zone storage capacity (Sr). The increase of the maximum
soil moisture deficit indicates a gradual increase of Sr, which is in line with the assumption that plants adjust
their roots to extreme situations. The final maximum value for soil moisture deficit (265 mm) is a reasonable
value for Sr in this area with the corresponding return period of 15 years (Wang-Erlandsson et al., 2016; Gao
et al., 2014). Interestingly, this maximum is not found at the end of the latest drought period (around 2016) but
at the end of the previous drought period ending in 2010. To understand this, it is important to note that the
soil moisture deficit is dependent on effective precipitation, which consists of melt and rainfall. In Figure 3.13,
melt and rainfall are visualized together with the effective precipitation. From this figure it is clear that most
of the effective precipitation is generated from melt. Furthermore, the transpiration part is only dependent on
temperature (see Equation 2.34). This means that the temperature has a large influence on both the effective
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Figure 3.13: Visualization of the effective precipitation and its components. The upper bars show the rainfall and melt part, the lower bars
show the total effective precipitation.

precipitation and the transpiration. This can also be related to the figures of the Tw trends (Figures 3.1a and
3.1b) which show large positive anomalies during the drought of 2012-2016, but only large negative anomalies
during the drought of 2007-2009. The high temperatures of 2015 and 2016 cause a high melting rate which
suppressed the development of a larger soil moisture deficit. The opposite happened in the (relative short)
drought period of 2007-2009; the melting rates were not higher than normal, however the precipitation was
lower than normal and caused an exceptionally high soil moisture deficit. If this is true, lower snow storage has
to be found after 2010. This is analyzed in the next section.
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Figure 3.14: Modeled mean snow storage of the period 1983-2010 and 2010-2017. The legend shows the slope of the accumulation period,
the starting day of accumulation, the slope of the melting period and the last day of the melting period. The slopes are calculated between

the day of minimum (start of accumulation or end of melting period) and the day of maximum.

3.3.2. Snow storage differences
To analyze the snow storage difference, the daily means of the period 1983-2010 and 2010-2017 are calculated
and compared. This is done for the whole catchment (Figure 3.14) and the same three elevation zones which
are analyzed for the scenarios and SFD anomalies (Figure 3.15).

Figure 3.14 shows a clear difference between the snow storage before and after 2010. First, the maximum
is approximately 100 mm lower, but still around the same day of the water year. The accumulation starts al-
most at the same moment, however the slope of the accumulation after 2010 is much lower than before 2010,
which is logical because of the lower maximum. However, the slope of the melting period is larger after 2010.
This is caused by the higher temperatures in this period (Figure 3.1b) which causes a higher melting rate. In
conclusion, the mean snow storage after 2010 is 37 days earlier zero than before 2010.

To relate this to elevation, Figure 3.15 is created. The largest difference in maximum is found at an eleva-
tion of 2300 m.a.s.l. This mainly caused by the hypsometry of the catchment (Figure 2.3), where the elevation
zone of 2300 m.a.s.l. covers the largest area of the chosen elevation zones. Another behaviour is discovered at
3800 m.a.s.l. In this case (Figure 3.15c) the accumulation slope is equal, but the maximum is reached earlier
after 2010 due to less precipitation. Due to the combination with a larger slope during the melting period, the
difference between snow free days before and after 2010 are quite large; 43 days. At last it has to be noticed that
the contribution at 1300 m.a.s.l. is so low, that it is difficult to say something about these results.
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Figure 3.15: The difference between mean snow storage in periods 1982-2010 and 2010-2017 at elevations of 1300 (a), 2300 (b) and 3800
(c) m.a.s.l. The legend shows the accumulation slope (aslope), starting day of the accumulation period, melting period slope (mslope)

and the last day of the melting period. The slopes are calculated between the minimum (accumulation starting day or last day of melting
period) and the maximum.
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3.4. Conclusion
The results for the trend analysis, the multivariate regression and the hydrological model were presented in the
previous sections. The order of these sections was used to explain the large influence of trends of Pw and Tw

on the calculation of SFD and the outcomes of the scenarios and the hydrological model. The conclusion on
these results and the link between the results of SFD and root-zone storage moisture capacity are presented in
Chapter 5. But before this is done, the methodology and the results has to be discussed. This will be done in
the next chapter.



4
Discussion

This chapter presents a reflection on the results and evaluates the methodology, respectively the statistical
analysis and the hydrological model. Additionally, the applicability of this study related to the soil moisture
deficit method is discussed in the last section.

4.1. Trends
The statistical analysis consists mainly out of a trend analysis with linear regression. The input data and the
test for the trend analysis are discussed in the first two sections. After these, the multivariate analysis including
the scenarios are evaluated.

4.1.1. Data
Weather station data The most important input data is obtained via the weather station at Yosemite Park
HQ and from MODIS. The weather station is located just outside the catchment. Especially in mountainous
areas this can be a problem, since the terrain is inhomogeneous and the weather station does not represent
the patterns in the catchment. Despite these arguments, there is chosen for this station since other weather
stations located inside the catchment were only measuring for short term projects, making them less suitable
for a long term trend analysis. Furthermore, no quality control on the data obtained via these short-term sta-
tions was applied. The station at Yosemite Park HQ was quality controlled and suitable for scientific purposes
from 1982 onwards. However, the snowfall data consisted of many data gaps and outliers. To compensate for
this, the snowfall was obtained via the environmental lapse rate (Section 2.3.2). This method is often used for
temperature, but to relate it to precipitation and snowfall is a little bit blunt, especially in mountainous areas.
However, when no other data source is available it is a way to relate the precipitation, temperature and snowfall
to the elevation. Another point of discussion is related to the spatial distribution of the data. The input data is
generated from one weather station and not spatially distributed. This will have an effect on the accuracy of the
calculation since the topography influences climate data in mountainous areas (Buytaert et al., 2006). Another
option is to use satellite data instead of a weather station, however this data is scarce for large daily time series
and the quality is questionable. TRMM was considered because of its small temporal range (3 hourly) and a
long temporal coverage (1997-2015) related to other satellite products. However, TRMM has a very low spatial
resolution(4 by 4 kilometres) which does not incorporate the topographic effects either (Greenbelt, 2011). By
taking this in consideration, the weather station is still the best option to use, since the data quality is guaran-
teed and real data is used.

MODIS and RSLE method The SFD are calculated with the MODIS satellite data which consists of snow cover
data with a spatial resolution of 500 by 500 meter. This is quite coarse, but the daily temporal range is very useful
for this research. The version 6 of MOD10A is the first MODIS product with the NDSI for snow cover, which
gives better results in terms of cloud filtering. The combination with MODIS and the RSLE method (which
incorporates a filter for images with 70% cloud cover) increases the accuracy in terms of errors between cloud
and snow pixels. The accuracy of the MOD10A1 L3 version 6 is between 88% and 93% (Hall and Riggs, 2016).
However, this strict procedure also causes a lot of data gaps and a necessity for interpolation. In the end, the
procedure caused outliers and unusable data for some years, which had to be removed from the results. The
gaps can also be seen in the Figures 3.3 and 3.10. Despite of these drawbacks, the MODIS data is very useful in
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Figure 4.1: The temperature trend of mean temperature over a water year. The table shows the results of the Mann-Kendall test: test
result, slope, intercept and p-value.

terms of further research concerning the RSLE and its trends. The MODIS data is available free of charge for all
parts of the world which gives an opportunity to repeat and improve the methodology used in this study (Hall
et al., 2001).

4.1.2. Mann-Kendall test
During the trend analysis, the datasets were tested with the Mann-Kendall test. This test is often used as test
for trends in climate related research. For these kinds of datasets a timespan of at least 30 years is necessary.
This is also the nature of the Mann-Kendall test, which tends to reject the alternative hypothesis more often
for shorter data sets. For this study, this problems did not occur because significant trends were also found
for SFD (Figure 3.3). Another aspect of importance within the Mann-Kendall test is seasonality. Since the
input of the Mann-Kendall test is not a normally distributed dataset, the method is sensitive for seasonality.
With the definition of a winter period this sensitivity is by-passed. The determination of the winter period is
based on literature of (hydrological) research which investigated snow fall or snow water equivalent. However,
many other researches use a different winter period which makes the definition a little bit arbitrary. For this
study the winter period is defined between November and March to incorporate accumulation and melt, but
avoiding the snow-free periods. This is favourable to detect precipitation trends (which are clear according to
the results), but temperature differences are quite high in this period which caused the non-significant trends
for Tw. When the temperature over the whole water year is taken, then the trends are more distinct and almost
significant (p=0.055, see Figure 4.1).
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Figure 4.2: The relation between mean winter temperature (Tw) and accumulated winter precipitation(Pw). The table shows their inter
correlation (R2) and the p-value.

4.2. Relation between snow-free days, precipitation and temperature
The multivariate regression model is based on linear regression (Section 2.5). One of the requirements for linear
regression is that the two datasets have to be linear independent, for this case Pw and Tw. To check this, Pw and
Tw are plotted in Figure 4.2. The R2 shows a very low value, which means that there is no inter-correlation
present and Tw and Pw are properly used in the multivariate regression analysis. Another discussion point with
this analysis is already mentioned in Section 2.5 and is related to the amount of variables included in the model.
It is assumed that Pw and Tw describe SFD sufficient enough, however the results show very low values of R2

(smaller than 0.5) for all combinations of the multivariate model at high elevations. This holds that SFD is not
calculated sufficiently in less than half of the cases by the multivariate model. This can be caused due to the
absence of a variable in the multivariate model or by errors related to observed data and the corresponding
elevation zone. The second is more likely since the higher elevations do represent small areas (see Figure 2.3),
which increases the relative error. The non-significant trends at higher elevations (Figure 3.3) also hint in this
direction.

4.3. Hydrological processes
4.3.1. Simplified model structure
The hydrological model consists of only two reservoirs: snow and unsaturated zone. The interception and deep
ground water is not included, to reduce the amount of calibration parameters and avoid equifinality (Beven
and Freer, 2001). The only calibrated parameter is the day-duration factor (DDF) which is directly related to
the observed RSLE. This gives a unique combination for DDF over 2000-2017. The hydrological model can be
perceived as way too simple, since some processes are not included. Looking at the interception, the contribu-
tion is assumed to be low compared to the unsaturated zone and snow reservoir in these high elevated zones.
Furthermore, the interception will produce a high uncertainty since forest fires change the interception capac-
ity of the catchment. For that, the addition of the interception reservoir would cause more noise in the model.
Another process which is left out of the hydrological model is the deep ground water reservoir. This is done be-
cause relative slow responses of the deep ground water are more relevant in larger and less steep catchments.
The underlying assumption of the exclusion of the deep ground water reservoir is that the catchment responds
rapidly. Another important factor for the modeling is related to the purpose of the model. It is tried to model
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the soil moisture deficit related to snow cover. To focus on snow cover and the unsaturated zone it is logical to
investigate their direct relation. When other processes are added, it is less clear which process is influencing
the outcomes. By keeping the model compact in this way, better understanding and conclusions about snow
and soil moisture deficit can be obtained.

4.3.2. Transpiration
The transpiration in the model is calculated with an empirical model based on temperature and solar radia-
tion (which is location dependent). This model of Hargreaves and Samani (1985) is the best performing one
according to literature (Tukimat et al., 2012), but not presenting the physical behaviour of the transpiration in
the catchment. It is important to be aware of this because the transpiration is an important process within
the calculation of soil moisture deficit. For instance, the ability of vegetation to turn dormant during drought
periods and transpire less (Gao et al., 2014). These kind of effects are not included in the transpiration for this
study. Due to this, it is likely that the soil moisture deficit is overestimated. However, the Hargreaves method is
usable for this catchment since no other reliable transpiration data is found.

4.4. Application to the SMD method
The addition of MODIS data to the SMD method to investigate snow storage effects could be promising, but
has to be further evaluated. Such an evaluation could consist of the application of the model in several other
mountain catchments. In one way, the method calculates soil moisture deficit but in the other way the snow
storage in the catchment is also calculated. This gives an alternative to the Snow Water Equivalent (SWE),
which is widely used in climate research. The SWE is calculated as the product of snow depth and snow density
and represents the amount of water column that will be generated during melting (Takala et al., 2011). The
SWE is based on the interpolation of ground station data combined with satellite data and for that calculated
based on observations. The calculation of snow storage in the hydrological modeling is based on a physical
process and validated with satellite observations. For that, this hydrological model can be a valuable addition
to the existing research related to SWE because hydrological models can reveal the physical processes behind
these trends. This does not mean that hydrological modelling performs better, because the performance of
the model is dependent on the data on which it is calibrated. MODIS is widely accessible and applicable for a
lot of areas, but has also flaws which are highlighted in Section 4.1.1. Furthermore, the RSLE is dependent on
the surface area of the region. For that, this is only applicable for small catchments. To see the most suitable
surface area size it is also important to test this method for more catchments of different sizes.
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Conclusions and further research

5.1. Conclusions
Two research questions provided the basis for this study. They represent a statistical analysis part and a hydro-
logical modeling part:

What is the effect of precipitation and temperature changes on the amount of snow-free days in a
catchment in the Southern Sierra Nevada?

What is the effect of a change in the number of snow-free days on the root zone moisture storage
capacity in a catchment in the Southern Sierra Nevada?

The first research question is answered by creating a multivariate linear regression model with temperature
and precipitation as inputs. From the results, it can be concluded that temperature is a dominant factor until
2900 m.a.s.l. and less dominant at higher elevation zones. However, significant trends are mostly found in the
lower elevation zones and the non-temperature influenced zones showed relative low values for R2, lower than
0.6. This means that, according to this model, the temperature is a better predictor for the SFD than precipi-
tation. This behaviour corresponds with research related to snow water equivalent behaviour in mountainous
areas at the West Coast (Sospedra-Alfonso et al., 2015) and with temperature and precipitation anomalies re-
lated to the California Drought (Luo et al., 2017). To relate this to a change of SFD, the scenarios show all the
similar direction: due to temperature rise and precipitation decrease the SFD will increase and less snow will
be available in the future. The impact of the last years is clearly visible in the scenarios and the hydrological
model, which all show an increase of SFD. The largest increase is found at 2300 m.a.s.l. of 7 SFD/year based on
the observations of SFD. For this elevation zone, a total of 270 SFD is predicted in 2025 in the maximum situ-
ation as an indication. More evident is the difference of 100 SFD between 2000 and 2025, which is an average
increase of 4 SFD/year. This is also found as average when the SFD trends are weighted on the hypsometry of
the catchment. In summary:

• SFD increases in elevation zones up to 3200 m.a.s.l. with significant trends

• SFD are better described by temperature at elevations lower than 2500 m.a.s.l. At higher elevations, pre-
cipitation describes SFD better although not significantly.

• The R2 of the multivariate model is lower than 0.5 above 3500 m.a.s.l., which means that neither temper-
ature nor precipitation described SFD well in these elevation zones. However, between 1500 and 2500
m.a.s.l., R2 around 0.7 is found which can be qualified as a good approximation.

• An upward trend of the SFD is observed in all cases; precipitation or temperature influenced, at higher
or low elevation or for the short or long term. All results show an increase of SFD with a maximum trend
of 7 SFD/year at 2300 m.a.s.l. and an average of 4 SFD/year.

The second question is answered by the hydrological model (see Section 2.7, especially Figure 3.12). It can
be concluded from the rolling maximum that the soil moisture deficit is gradually increasing. The assumption
behind the soil moisture deficit is that the deficit occurs due to an increase of the root-zone storage capac-
ity, thus the water is stored due to the adaptive behaviour of the vegetation. The gradual increase of the soil
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moisture deficit suggests that this pattern is happening in the Merced River catchment. The results show that
the maximum soil moisture deficit of 273 mm is caused by a deficit of melting water (Figure 3.13). The low
amounts of snow melt are also the reason why the maximum soil moisture deficit is found before the Califor-
nian Drought (2012-2016) and not during this period. During the Californian Drought, the melting rates were
high which caused not only a positive feedback against maximum soil moisture deficit on one side, but also an
increase of SFD on the other side. This can also be seen as a difference of maximum snow storage of 100 mm
in Figure 3.14 and the differences in the ending of melting periods at different elevation zones (Figure 3.15).
For example at 2300 m.a.s.l., from 2010 the melting stops 25 days earlier than previously. When the pattern of
increasing SFD will continue, as shown in the scenarios (See Section 2.6), eventually less snow is available for
melting and the future soil moisture deficit will increase too.
The summarized hydrological modeling part conclusions are:

• The calculation of the soil moisture deficit shows a gradual increase of the rolling maximum up to 265
mm. This suggests adaptive behaviour of the vegetation to increase their root-zone storage capacity in
the Merced river basin.

• Water originated from the snow melt prevents high soil moisture deficits, but increases the SFD.

• Eventually lower amounts of snow will be available and soil moisture deficits will increase. This is al-
ready visible, the maximum snow storage after 2010 is already 100 mm less than before 2010 and the
melting period ends 37 days earlier. These drought effects corresponds with recent research about the
environmental effects of drought. (Flint et al., 2018)

5.2. Further research
At first sight, the results are promising for the methods used, though the expected catchment behaviour is
alarming. However, as has been discussed in the previous chapter, the data sources used contain some draw-
backs, which make it hard to draw definitive conclusions.

For example, the data for the multivariate model and the input for the hydrological model are both obtained
from one weather station which was located slightly outside the catchment. Due to spatial weather patterns,
a distance between the weather station and the catchment could make the data less reliable. Therefore it is
advised to use this methodology with data of a network of weather stations as input. Especially precipitation
data is important, since the spatial distribution of precipitation is highly influenced by the topography of the
mountains (Buytaert et al., 2006).

Another important data-related recommendation is focused on the transpiration calculation. The method
of Hargreaves is empirical and does not incorporate physics, which can cause problems since long term weather
patterns are changing. When enough data is available, it is recommended to use physical methods which can
incorporate the dormancy of vegetation during dry periods.

Furthermore, the methodology has to be tested for more catchments to validate the results. For that, it
is necessary to find catchments at the same scale in similar climates to see whether the results match. As an
additional step to this, it can also be tested whether there are similarities and differences between catchments
located in other climatic regions to see the influence of snow cover on root zone moisture capacities globally.

The recommendations as discussed above can be summarized as follows:

• It is important to use a network of weather stations, especially for precipitation data. This is mainly due
to the influence of topography on precipitation in mountainous catchments.

• When enough data is available, prefer physically based transpiration calculation methods above empiri-
cal.

• To validate the results of this study, it is important to apply this methodology at other catchments with a
similar climate.

• When validated, this method can be applied in other climates to investigate how snow is affecting soil
moisture capacity in these areas.
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List of Symbols

Symbol Units Description
α - Intercept in a linear regression analysis
β - Slope in a linear regression analysis
H0 - Null hypothesis for statistical testing
Ha - Alternative hypothesis for statistical testing
h m.a.s.l. Elevation
hs m.a.s.l. Elevation of the weather station
Is % Scattering of land and snow pixels in MODIS imagery
µ - Mean of a data set
n - Number of observation in a data set
p - Calculated probability
Pc % Cloud cover pixel percentage in MODIS imagery
Pl % Land cover pixel percentage in MODIS imagery
Pm % Missing pixel percentage in MODIS imagery
Ps % Snow cover pixel percentage in MODIS imagery
Pw mm Accumulated precipitation in a winter period
r2 - Coefficient of determination for statistical analysis
σ - Standard deviation of a data set
Sw mm Calculated accumulated snowfall in a winter period
Th

◦C Temperature at a certain elevation h
Ts

◦C Temperature at the weather station
Tw

◦C Mean temperature in a winter period
Z - Test statistic
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Figure A.1: Calibration results for the day-duration factor (DDF). The optimal value is found at DDF = 5.40 with an performance of 89.7 %.



B
Long term snow-free days

The hydrological model is calibrated on the observed RSLE according to the method described in 2.7.4. With
this calibrated model it is possible to calculate SFD from 1983 until 2017. Before doing this, it is important to
know how the model performs in the calibration period, 2001-2017. This is already presented in the results
(Section 2.6, Figure 3.10).

From this figure it is clear that the model performs quite well, however it overestimates the SFD at 1300
m.a.s.l., especially before the drough period. Also the SFD in 2009 is over estimated at almost all elevation
zones. Furthermore, there are some data gaps in the observed SFD. This is due to outliers and a large percentage
of interpolated value (> 50%). According to the calibration values (Figure A.1) the current choice of DDF in the
model shows a performance of 89.7 %.

The performance is high enough to use the model for extension of the SFD dataset and execute the same
trend analysis as explained in 2.4. The results of the trend analysis with the Mann-Kendall test for every eleva-
tion is shown in Figure B.1. Comparing this figure with Figure 3.3 shows differences. First, the absolute values
of the trends are much smaller by using a larger dataset. This is expected, since the most extreme values are
present in the last 17 years. For that, the long term dataset will give a more realistic view on the development
of the SFD trends. Another difference is the non-significant results between 2400 and 3300 m.a.s.l., however at
the higher elevations significant and larger trends were found. According to this, the higher elevation zones are
affected more than 3.3 suggests.
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Figure B.1: The modelled snow-free days per elevation over the period 1983-2017. The results are tested with the Mann-Kendall test (2.4),
which is highlighted with the blue (Ha not rejected) and the orange (Ha rejected).



C
Sensitivity analysis for interval of rolling

maximum
To draw conclusions about the development of the root-zone the soil moisture deficit is calculated with a hy-
drological model. This method (described in Section2.7) generates a time series of the soil moisture deficit.
Within this model it is assumed that plants are able to survive these periods of soil moisture deficit because they
adjust their roots to extreme situations. With increasing extreme drought events it means that the root-zone
storage capacity has to increase too and for that the California Drought is a good event to test this hypothesis.
However, plants do not change their root zone capacities instantly. Gao et al. (2014) showed that this happens
with return periods between 10 and 20 years for the Seasonal Western Region where the Srmax is larger than
200 mm, exactly the case of the time series presented in Figure 3.12. This is also in line with Wang-Erlandsson
et al. (2016). However, in mountainous areas there is a lot of short vegetation with not large root systems thus it
might be that the vegetation of this catchment can adapt their roots faster. For that, a sensitivity analysis is con-
ducted with intervals of 20, 15, 10 and 5 years. This is done by calculating the rolling maxima and presenting
their statistics in box plots.

The boxplots show the statistics of rolling maxima with different intervals. As stated before, according to
literature the root-zone moisture capacity has to be above 200 mm with a return period between 10 and 20
years. According to the boxplots, the maxima above 200 mm are only obtained with return periods of 15 and
20 years. The 5 years interval shows too much spreading (5th and 95th percentile differs with 100 mm and the
25th percentile is lower than 200 mm) which is not valuable to show a long-term process.

From the boxplots, it is clear that a 5 years interval is not suitable for this research. A better approach is
to use a Gumbel approach to determine the most suitable interval. The maximum in the soil moisture deficit
timeseries is found at 265 mm. The data can be fitted to the Gumbel distribution and from that the extreme
value can be calculated related to the return period. For the return periods 5, 10, 15 and 20 years is used. This
is shown in Tabel C.1.

Return period (years) Mean SMD (mm) S (mm) K (-) KS Maximum SMD (mm)

5 176 50.1 0.845 42.320 218
10 176 50.1 1.506 75.424 251
15 176 50.1 1.879 94.105 270
20 176 50.1 2.139 107.127 283

Table C.1: The 4 return periods and their corresponding extreme values (Maximum SMD) according to the Gumbel distribution. The
calculation is done with the formula x = x +K S. With x as the mean SMD, S as standard deviation and the Gumbel frequency factor K.

The most extreme situation regarding soil moisture in this dataset was 265 mm which corresponds with a
return period of 15 years. Under the estimation that plants adapt their roots to these extreme situations the
interval of 15 years is chosen to describe the development of the root zone.
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Figure C.1: Boxplots of soil moisture deficit numbers per interval of 20, 15, 10 or 5 years. The green line shows the median, the boxes show
the 25th/75th percentile and the whiskers show the 5th/95th percentiles.


	Introduction
	Research aim and contribution
	Report structure

	Methodology
	General approach
	Study area
	Data sources
	Digital elevation map
	NOAA COOP station data
	MODIS snow cover
	USGS discharge station data

	Trend analysis
	Mann-Kendall test
	Slope and intercept
	P-value
	Anomalies

	Multivariate regression
	Scenarios
	Scenario selection
	Variables

	Hydrological modeling
	Modeling scheme
	Snow storage
	Unsaturated zone
	Calibration
	Analysis

	Conclusion

	Results
	Trends
	Winter precipitation and temperature
	Snow-free days per elevation zone
	Weighted snow-free days

	Relation between snow-free days, precipitation and temperature
	Precipitation and temperature dependence
	Scenarios

	Hydrological processes
	Soil moisture deficit
	Snow storage differences

	Conclusion

	Discussion
	Trends
	Data
	Mann-Kendall test

	Relation between snow-free days, precipitation and temperature
	Hydrological processes
	Simplified model structure
	Transpiration

	Application to the SMD method

	Conclusions and further research
	Conclusions
	Further research

	Bibliography
	List of Symbols
	List of Figures
	List of Tables
	Calibration results
	Long term snow-free days
	Sensitivity analysis for interval of rolling maximum

