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1 Hydrological significance of mountains

Mountain regions cover about 39% of the world's land area and provide fresh water for a large
part of the world's population living in the adjacent lowlands. They are often referred to as water
towers because they store a lot of water due to typically high precipitation and low
evapotranspiration (Immerzeel et al., 2020). About 44% of mountain areas are important for
lowland water resources (Viviroli et al., 2007). About 1.8 billion people (39% of the world's
lowland population in 2010) are critically dependent on mountain water, and this number is
projected to increase to 2.5 billion people by the mid-21% century (Viviroli et al., 2020).
Mountain water is essential especially in arid and semi-arid regions which are highly vulnerable
to water scarcity due to climate changes.

A significant proportion of mountain water is stored in the form of perennial or seasonal
snowpack or glaciers. Snowpack water doesn’t contribute immediately to runoff, but it is
released with a considerable delay during the snowmelt period, typically in spring or early
summer in humid climates (Seibert et al., 2021). Therefore, the seasonal snowpack strongly
alters the temporal distribution of water during the hydrological year, with maximum runoff in
spring and early summer and minimum runoff in winter. The seasonal water distribution is
strongly influenced by melting glaciers in glaciated catchments by further shifting the seasonal
runoff maximum to the summer months (Huss and Hock, 2018).

Snow cover is generally very sensitive to changes in air temperature, although its variability
additionally depends also on other climate variables, such as precipitation. Therefore, with the
recent increase in air temperature, more precipitation falls as rain rather than snow leading to a
decrease in snow storage in most parts of the world’s mountainous regions (Beniston, 2012;
Marty et al., 2017b; Nedelcev and Jenicek, 2021; Stihli et al., 2021). In addition, spring
snowmelt has also shifted to occur earlier in the year (Klein et al., 2016; Musselman et al.,
2017a). The above sensitivity of snow to changes in climate variables suggests that snow will
continue to decrease in the future due to projected changes in climate, as shown by recent
studies (Fyfe et al., 2017; Jenicek et al., 2018b; Marty et al., 2017a). However, the changes in
snow amount and duration are highly variable both regionally and at different elevations. In
general, the largest changes in snow cover occur in the rain-snow transition zone, i.e. in areas
where the seasonal air temperature is close to 0°C, and thus small changes in air temperature
lead to large changes in precipitation patterns, and thus in the amount of snow (Harpold et al.,
2017).

The role of the mountain snowpack in the hydrological cycle is crucial since snow cover
influences the runoff distribution throughout the year. In many mountainous regions of the
world, snow and ice melt is a major contributor to annual streamflow (Immerzeel et al., 2020)
(Fig. 1). As precipitation falls as snow in winter, the runoff occurs with a delay in spring and
summer, depending on the region and elevation, and may be further influenced by mountain
glaciers. Thus, snow and glacier melt often contribute to runoff in periods when it is most
needed, and are therefore important for adjacent lowlands that may be at water deficit due to
lower precipitation and high evapotranspiration. Mountain water is therefore very important
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both for the natural environment (landscape, ecosystems) and for society (drinking water
supply, irrigation, hydropower etc.). In addition, snowmelt is more effective for groundwater
recharge compared to rain, which contributes to runoff during low flow periods. Furthermore,
catchments with higher snowfall fractions (the proportion of snowfall to total annual
precipitation) produce higher long-term mean streamflow compared to catchments with lower
snowfall fractions (Berghuijs et al., 2014).

2001-2010

Contribution of mountain areas to total catchment discharge

o No mountain area

0%
50%
100%

Fig. 1. Contribution of mountains to total catchment discharge 2001-2010. 100% means that all discharge in a basin originates
in its mountain area, and 0% that all discharge originates in its lowland area (modified from Viviroli et al., 2020)

Despite many studies demonstrating the importance of snow in the hydrological cycle, still little
is known about the mutual interactions of individual factors affecting the water storage and
release at a catchment scale at different elevations. For example, some studies have shown a
disproportion between the snowmelt runoff contribution and the snowfall fraction (Hammond
et al., 2019; Li et al., 2017) suggesting that snow is more effective in generating runoff
compared to rainfall. Additionally, several studies have also shown that most of the runoff in
the specific season comes from opposite season’s precipitation, highlighting the importance of
catchment water storage and transit times (Barnhart et al., 2016; Kirchner and Allen, 2020).
Therefore, streamflow generation and deep groundwater recharge may be vulnerable to loss of
snow, making it important to quantify how snowmelt is partitioned between soil storage,
groundwater recharge, evapotranspiration, and runoff. This is particularly relevant for areas in
the rain-snow transition zone, such as central Europe, i.e., areas where large changes in snow
storage occur. The need to explain the mechanism leading to spatial and temporal variability
and change in runoff has been identified by the hydrological community as one of the major
unsolved problems in hydrology (Bldschl et al., 2019).

For the research presented in this thesis, the following questions were important:

1) How does a shift from snow to rain affect snow storage, groundwater recharge and
runoff dynamics? This is of particular interest for regions in the rain-snow transition
zone, such as central Europe.



2) How does snowmelt affect catchment storage and how long does snowmelt continue
to contribute to runoff after melt-out? An important follow-up question is whether
the snow originating from winter precipitation can influence the other season
(summer) runoff, especially during low flow periods.

3) How will future snow changes influence snowmelt runoff, groundwater recharge
and catchment storage, considering a wide range of hydrological responses to
different climate projections?

4) How important are catchment attributes for snow distribution and snowmelt?
Specifically, what is the role of forests in snow accumulation and melting?

The above questions further shaped the objectives defined in individual studies presented in
this habilitation thesis.



2 Main methodological aspects

2.1 Working at different spatial scales: From in-situ monitoring to large-
sample hydrology

The role of snow in seasonal catchment runoff, summer low flows and water supply is
frequently quantified at a site and catchment levels based on field investigations or using
hydrological models. Field investigations allow for the assessment of more detailed
interactions, such as the effect of forests on snowpack energy balance, snowmelt, and runoff
(Hotovy and Jenicek, 2020). Field investigations also improve our understanding of
topography and forest effects on snow distribution and snowmelt by using accurate
measurements of snow distribution (e.g., using UAVs), forest structure and site-specific
meteorological variables (Jenicek et al., 2018a; Lendzioch et al., 2019).

In contrast, modelling approaches allow the assessment of catchment response and help to
answer questions, such as what are the trends in snow storage, how does snow respond to
climate variability or how long does snow influence runoff after snowmelt (Jenicek and
Ledvinka, 2020; Nedelcev and Jenicek, 2021). Moreover, modelling approaches enable to
quantify the impact of future snow changes on spring and summer runoff including low flows
based on climate projections (Jenicek et al., 2021).

From the above, it is clear that both field and modelling approaches are needed to better
understand catchment hydrological responses to climate variability (not only) in mountain
areas. As modelling and field approaches provide complementary information at different
scales, it is important to combine both in order to transfer accurate, but site-specific field
information to catchment and regional scales (Blume et al., 2016).

Modelling approaches applied to multi-catchment datasets are often referred to as large-sample
hydrology. Large data samples of diverse catchments with different characteristics allow a
comprehensive analysis of the hydrological regime and thus enable the assessment of
hydrological variability and changes in space and time (Addor et al., 2020). It therefore provides
a better insight into hydrological processes that are shaped by environmental factors and climate
and allows robust conclusions to be drawn. Such comparative hydrology also enables us to learn
more about the differences and similarities between catchments, enabling their classifications
and regionalization.

In the studies presented in Sections 3.1 and 3.2, modelling approaches were applied to a multi-
catchment dataset (~80 catchments in Czechia and Switzerland), enabling the results to be
generalized to a regional scale and for different elevations from high-alpine catchments to
catchments in the rain-snow transition zone (Fig. 2). This is important because changes in
hydrological storage and fluxes are expected to differ substantially between climate regimes
and elevations. The modelling approach also allowed for simulating the effect of predicted
climate change on snow and catchment storage and consequent runoff. In contrast, Section 3.3
presents studies that were mostly carried out at the site level using detailed field survey and
monitoring with further transferring the acquired site information to the catchment level.
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Fig. 2. Working at different spatial scales: Field research at experimental sites (Hotovy and Jenicek, 2020) versus working with
large samples of diver catchments (Jenicek et al., 2021, 2018b)

2.2 Hydrological models as a tool for quantifying the runoff regime

For the assessment of runoff generation in snow-dominated mountain catchments, both in-situ
investigations and modelling approaches are essential. For climate change impact assessment,
conceptual, bucket-type models are frequently used, which separates the entire precipitation-
runoff process to several, mutually related components. For each component, different
equations are used, which require a sort of input data (e.g., precipitation or evapotranspiration)
and produces a sort of output simulations (snowmelt, soil moisture, groundwater storage etc.).
For the studies presented in this thesis, the snow accumulation and snowmelt components
represent the most important component influencing the spatial and temporal distribution of
surface water inputs.

The temporal evolution of snowpack and its melting is governed by the budget of individual
energy fluxes acting at the atmosphere-snow-soil interfaces and inside the snowpack. The basic
approach to modelling snowmelt summarizes all these energy fluxes, namely shortwave and
longwave radiations, sensible and latent heats, ground heat, heat from liquid precipitation and
heat exchanges inside the snowpack. Based on the availability of input data, a wide range of
approximations to these energy balance equations can be used. The advantage of the energy
balance approach is its pure physical basis and thus general applicability to different regions
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and climates. The main disadvantage is that this approach is demanding on data needed for the
parameterisation, calibration and validation of such a model.

The above shortcoming of the energy-based approach is overcome by the so-called degree-day
methods. These methods calculate snowmelt using an easily measurable variable, such as air
temperature, which can be directly related to the energy balance thanks to its strong correlation
with snow (and glacier) melt. Therefore, this method is known as the temperature index method
or the degree-day method.

The original degree-day method can be modified with a number of other parameters to better
capture varying conditions leading to snowmelt. For example, the amount of liquid water stored
in the snowpack before melting can be taken into account. More specifically, the model assumes
that a certain amount of water melts at the beginning of the melt, which does not cause runoff,
but the water is stored in the snowpack. When the snow temperature drops, this liquid water
can freeze (so called refreezing). Different structures of the degree-day approach were tested in
one study presented in this thesis (Girons Lopez et al., 2020). The question was how complex
the snow accumulation and snowmelt components should be to sufficiently represent the whole
process. The testing of degree of detail of the snow component therefore brings a useful
information on model quality.

Some of the studies presented in this thesis assessed the snow accumulation and snowmelt at a
local (site) spatial scale using both energy balance and degree-day approaches without direct
quantification of runoff (Hotovy and Jenicek, 2020; Jenicek et al., 2018a, 2017). In contrast,
some studies used models simulating the entire runoff process of which the snowmelt
component is only a part (e.g., Girons Lopez et al., 2020; Jenicek et al., 2018b, 2016; Jenicek
and Ledvinka, 2020). In these cases, the conceptual, bucket-type catchment model HBV was
used (Hydrologiska Byrdns Vattenbalansavdelning; Lindstrom et al., 1997; Seibert and Vis,
2012).

The HBV simulates the entire runoff process at a catchment scale using four basic routines (Fig.
3); 1) the snow routine, which applies a degree-day method described above, 2) the soil routine,
which quantifies actual evaporation and groundwater recharge, 3) the response routine, which
calculates the runoff volume distributed over upper and lower groundwater boxes, and 4) the
routing routine, which propagates the runoff to the catchment outlet using a triangular weighting
function. The main model inputs are daily precipitation, daily air temperature, and monthly
potential evapotranspiration. The catchments were also divided into elevation zones (100-200
m) to better simulate the snow accumulation and snowmelt at different elevations.

12
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Fig. 3. Schematic structure of the HBV model (Seibert and Vis, 2012)

Conceptual catchment models are usually calibrated against observed runoff. In most of our
studies which applied the HBV model, the model was additionally calibrated against observed
snow water equivalent (SWE), which improved overall model performance especially in
catchments at highest elevations with dominated snowmelt runoff. For the automatic
calibration, we used a genetic algorithm which generates different values of parameters for each
calibration run (Seibert, 2000). The reason for this is that the optimized set of parameters is
found by consecutive evolution of parameter sets using selection and recombination. Therefore,
we calibrated model 100 times, resulting in 100 optimized parameter sets and runoff simulations
(Jenicek et al., 2018b; Jenicek and Ledvinka, 2020). In this way, the uncertainty in the model
parametrization was considered and the robustness of the model was increased.

One of the important model results is the simulated snowmelt contribution. For this, we used
an “effect tracking” algorithm which aims to track the effects of individual water sources
through the system, such as rain, snow and glacier contribution to total runoff, rather than
tracking of individual water particles (Weiler et al., 2018). This approach assumes complete
mixing of the water in the individual water storages. In this way, we were able to assess both
the inter-annual variability of runoff components (Jenicek and Ledvinka, 2020) and their
potential changes due to past and future changes in climate (Jenicek et al., 2021, 2018b).

2.3 Climate variability and change impact assessment

For the climate impact assessment, considering a wide range of hydrological responses to a
wide range of climate projections is essential. Specifically, climate projections are based on a
variety of regional climate models (RCMs) driven by a set of global circulation models
(GCMs), resulting in a lot of unique combinations of hydrological projections. GCMs and
RCMs differ mainly in the equations describing physical atmospheric processes, as well as in
the spatial domain and resolution. RCMs driven by different GCMs are typically run for a
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variety of greenhouse gasses scenarios (emissions, concentrations or shared socio-economic
pathways).

For the results presented in Jenicek et al. (2018b), we used simulations prepared within the
ENSEMBLES project (van der Linden and Mitchell, 2009). Downscaled and bias-corrected
data of changes in air temperature and precipitation were prepared by the CH2011 Swiss
Climate Scenarios Initiative (CH2011, 2011) for the moderate A1B emissions scenario which
assumes peak of global CO» emissions around 2050 and decline thereafter (Gobiet et al., 2014;
IPCC, 2007).

The study by Jenicek et al. (2021) is based on results from the European domain of the
Coordinated Regional Downscaling Experiment (EURO-CORDEX; https://www.euro-
cordex.net/), which is based on the CMIP5 family of GCM models. This experiment assumes

different representative concentration pathways (RCPs), whereas three of them were used in
study by Jenicek et al. (2021); 1) RCP2.6 which assumes start of CO; emissions decline by
2020 and go to zero by 2100 resulting in temperature increase less than 2°C, 2) RCP4.5 which
is considered as a “moderate” scenario assuming a peak of emissions around 2040 and a decline
thereafter, and 3) RCP8.5 assuming the rice of emissions throughout the 21* century (IPCC,
2014). In total, 17 combinations of GCMs and RCMs were used in the study which were further
bias-corrected on observations using the multivariate approach of Piani and Haerter (2012).

For the studies presented in this habitation thesis, analyses of projected changes in snow and its
runoff response were done for three future periods from the present to the end of the 21* century
(near future, middle future and far future) relative to the defined reference period (typically
1980-2010). Changes in the hydrological behaviour of catchments were often shown for several
snow, climate, and runoff signatures, such as annual maximum SWE, snow cover duration,
snowfall fraction, mean annual or seasonal air temperature and precipitation, groundwater
recharge, snowmelt contribution to runoff, baseflow, minimum streamflow and deficit volumes.
Using the above signatures, the potential influence of snow on catchment runoff, including
runoff extremes was analysed. Trends in the data series were determined using the Mann-
Kendall test together with Theil-Sen’s slope estimator to quantify the slope of the monotonic
trend. In this way, we were able to quantify the sensitivity of different catchments, for example
how sensitive summer low flows are to interannual variation in snow storage, or how this
sensitivity changes with the overall decrease in snow storages and earlier snowmelt onset. This
climate elasticity is a useful indicator of the changing streamflow sensitivity to changes in
climate variables (Andréassian et al., 2016).
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3 Results

3.1 From snow to catchment runoff under climate variability

3.1.1 Impact of climate and snow variability on groundwater recharge and snowmelt runoff

Mountain snowpack significantly influences the spatial and temporal distribution of runoff
since solid precipitation is temporarily stored in the catchment in the form of snowpack and this
water contributes to runoff with a significant delay. Moreover, snowpack from different
elevations contributes to runoff at different times due to changes in snowline elevation during
snowmelt events (Parajka et al.,, 2019). All these aspects mean that mountainous areas
contribute to streamflow even in lower parts of the basins partly also during low precipitation
periods. However, the whole process of snowmelt runoff generation is relatively complex and
influenced by many variables and feedbacks. Snowmelt occurred during higher air temperature
results in a higher proportion of water that evaporates (Barnhart et al., 2016). In contrast, earlier
snowmelt means that vegetation is less active and thus uses less water for root uptake. Similarly,
earlier snowmelt can also lead to slower snowmelt due to less available solar energy
(Musselman et al., 2017a). Both earlier and slower snowmelt may lead to the fact that higher
fraction of the snowmelt water produces groundwater recharge and fill the groundwater storages
contributing to more stable streamflow during warm and dry periods (Carroll et al., 2019;
Cochand et al., 2019). Additionally, slower snowmelt may also cause lower streamflow since
soils are less often on their maximum retention capacity thus larger water fractions recharge to
groundwaters which further dictates baseflow during the warmer part of the year.

The above set of drivers and feedbacks affecting the snowmelt ability to generate runoff leads
to disproportions between the snowfall fraction and the snowmelt runoff fraction (the
proportion of snowmelt contribution to runoff to total annual runoff). For example, in Czech
mountainous catchments 26% of annual runoff originates as snowmelt despite the fact that only
20% of precipitation falls as snow (Jenicek and Ledvinka, 2020). This difference increases
with increasing elevation and thus with increasing snowfall fraction. Similar results were
achieved also by (Li et al., 2017) for the western United States confirming the overall
importance of snow-dominated catchments in generating runoff (Berghuijs et al., 2014) which
can be additionally characterized by higher catchment storage (Sipek et al., 2021; Staudinger
et al., 2017). The above contrast between the snowfall fraction and snowmelt runoff fractions
may be important for the future shift from snowfall to rain, especially in rain-snow transition
catchments (Harpold et al., 2017; Jenicek and Ledvinka, 2020).

The role of snow in runoff generation can be assessed using data from recent decades separately
for years with above average snow storage (snow-rich years) compared to years with below
average snow storage (snow-poor years). For mountainous catchments in Czechia, snow-poor
years produced considerably lower snowmelt runoff compared to snow-rich years, especially
during April and May (Jenicek and Ledvinka, 2020). Groundwater recharge during the cold
part of the year was also lower, although it increased for the December to February period due
to more frequent snowmelt associated with often warmer winters, but decreased sharply for the
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March to May period due to earlier and smaller snowmelt. Additionally, the annual runoff was
lower, and the difference between snow-poor and snow-rich years was larger for catchments at
higher elevations with overall larger snow storage. The influence of snow-poor and snow-rich
years on summer (June-August) baseflow is not evident for catchments with generally less snow
and lower baseflow, but is clearer for catchments with more snow or higher baseflow (Jenicek
and Ledvinka, 2020). The increasing sensitivity of summer baseflow (low flows) to previous
winter snow storage with elevation was also shown by Jenicek et al. (2016) for Swiss alpine
catchments.

3.1.2  Importance of snow for summer low flows

An important question often discussed in the scientific community is to which degree snow
affects summer runoff during drought periods. This is because snowmelt effectively contributes
to groundwater recharge and thus fills the groundwater storage. Therefore, snowmelt is more
effective to generate runoff compared to rainfall (Jenicek and Ledvinka, 2020). Several
studies have shown that a significant part of the runoff in a given season originates as other
season’s precipitation (Kirchner and Allen, 2020). This indicates the seasonally varying
importance of snow, soil and groundwater storages to contribute to runoff (Sipek et al., 2021).
Additionally, the importance of catchment storage varies with different topography, geology
and soils.

The effect of snow on summer runoff is well described especially for low flows (Dierauer et
al., 2018; Jenicek et al., 2016; Jenicek and Ledvinka, 2020). Larger snow storage and later
snowmelt period and melt-out considerable contribute to summer baseflow and thus prolong
the period when water from melting snow contributes to streamflow (Hammond et al., 2018).
Not surprisingly, the greatest importance of snow in summer low flows is documented for
climates with an uneven seasonal distribution of precipitation, such as the western United States
(e.g., the Sierra Nevada Mountain range). Most of the precipitation falls in the winter forming
the seasonal snowpack in the mountains. This seasonal snowpack contributes to runoff during
summer and reduces droughts by increasing low flows (Godsey et al., 2014). The above study
found significant correlations not only between summer low flows and the previous winter’s
snow storage, but also with the snow storage in previous year. This implies long water transit
times and the overall importance of mountain snowpack. In climates with high precipitation
seasonality, the snowpack also influences river intermittency, e.g., by later cessation of
mountain streams for years with later melt-out day of the snowpack (Kiewiet et al., 2022).

The relationship between snow and summer low flows is more complex in most of the parts of
Europe where precipitation is more equally distributed during the year. Therefore, liquid
precipitation is usually the main driver to control summer low flows (Floriancic et al., 2019).
However, the lack of snow storage causes even lower low flows for years when this low
snowpack is supported by low summer rainfall (Jenicek et al., 2016). The “memory effect” of
snow to influence runoff generally decreases from spring to autumn. Towards later day of year,
the rainfall contribution to mean streamflow increases and groundwater contribution decreases.
However, for low flows, its duration and deficit volume, the relative contribution of
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groundwater storage increases from summer to autumn, suggesting the importance of
groundwater storage (influenced by previous winter snowpack) to control runoff during low
flow periods (Sipek et al., 2021). Additionally, the total catchment storage increases with
elevation, mainly due to a strong correlation of elevation and snow storage (Sipek et al., 2021;
Staudinger et al., 2017). Besides climate variables, low flows and the time needed to catchment
recovery after groundwater drought are driven by the hydrogeological conditions (Hellwig et
al., 2021).

The varying relative contributions of snowmelt and rainfall to summer runoff can be identified
when studying years with below-average and above-average snowpack. For example, lower
summer baseflow is associated not only with years with lower summer rainfall, but also with
below-average winter snowpack, which causes lower and often earlier snowmelt (Jenicek and
Ledvinka, 2020) (Fig. 4). Moreover, years with below-average snowpack also produced lower
annual runoff, suggesting future lower runoff if more precipitation falls as rain rather than snow.
Additionally, above-average snow storage often means a later snowmelt season and melt-out
postponing the period with low flows (Jenicek et al., 2016). In high alpine catchments, annual
maximum snowpack may be used as a useful predictor of summer low flows not only for highly
seasonal climates (Godsey et al., 2014), but also for high alpine catchments in Europe (Jenicek
et al., 2016; Jorg-Hess et al., 2014), although in the latter case, the snow cannot be used as the
only predictor. Based on our results presented in Jenicek et al. (2016), Jenicek and Ledvinka
(2020) and Sipek et al. (2021), snow storage considerable affects minimum streamflow from
May to September, with decreasing importance in high elevation catchments in the Swiss Alps.
This also implies a high vulnerability of these catchments to future snow loss, which may
contribute to more extreme drought events.

17



(a) e: \Vydra Summer Q, | 87 (b) GemaNisa  symmerq,
H [ | 0.25 H ] 02
| 0.00 ! 0.0
0.4 : § 025 ' g 02
H ® H
| ] 0.44 )
® E
024 ' '
| ® - J
[ ] do T [ .
(1Y S oo e .9 00 ;
> ; N i °
© i 1
E 021 !
L 044 '
2 » ! .
© ® !
02) -0.4 T T hd + T
™ -1 0 1 2 -1 0 1
] T : -
E‘t 0s4 (€) L] "Desna Summer Qg (d) e iOstravice  symmer @,
- ‘ : 101 3 :
ﬂE> : ! géﬁ : ' ﬂﬁ
| | ) . |
E ¢ :
@ 08 ! 1
L 054 ‘® 1@
o © @
! O |
00T--"=------"F---~ iiatabeiuieied ettt ® ! i
i 004-=-B--------- . ————————————————
® ! ®
‘ ° ;
-0.34 ® | » e 0®
| ) |
054 ‘
.
10 05 00 05 10 15 A 0 1

SWEnax relative anomaly

Fig. 4. Dependence of summer baseflow (Qp) relative anomalies on annual maximum SWE (SWEpmq) and summer (JJA)
precipitation relative anomalies at four selected catchments. (a) Vydra (Bohemian Forest), (b) Cerna Nisa (Western Sudetes),
(c) Desna (Eastern Sudetes), (d) Ostravice (Western Carpathians). The lowest summer baseflow seems to be associated with
both the lowest summer precipitation and SWEnax (dark-brown points are mostly located in the bottom-left quadrants)
suggesting that summer low flows are partly influenced by previous winter snowpack (Jenicek and Ledvinka, 2020).

3.1.3  Runoff during rain-on-snow

Changes in snow cover influence not only the runoff seasonality and low flows as presented
above, but also high flows, including extreme runoff from rain-on-snow events. Rain-on-snow
(ROS) events represent the runoff response to weather situations when rain falls on the
snowpack causing its physical properties changes, followed by snowmelt and runoff. In fact,
ROS events represent the only natural mechanism of higher runoff volume than precipitation
causing the runoff, because of additional snowmelt. Therefore, the event runoff coefficient, i.e.
the ratio of runoff volume to event precipitation, can be higher than one. In mountainous areas
with humid climates, most of the runoff peaks during the snow-covered season are caused by
rain-on-snow (Il Jeong and Sushama, 2018), and the seasonal runoff fraction from rain-on-snow
may represent an important part of total seasonal runoff. For Czech mountain catchments, this
fraction has been quantified as 3-32% in individual months (with highest contribution in
January), and 10% of rain-on-snow events had flood-generation potential over the last five
decades, mostly associated with wet and warm winters (Hotovy et al., 2023). In contrast, most
of the weather situations leading to rain-on-snow generated no or a very little runoff suggesting
a large variability in runoff responses that is largely controlled by snowpack properties (Hotovy
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et al., 2023; Juras et al., 2021; Trubilowicz and Moore, 2017). Increasing air temperature
causes more winter precipitation to fall as rain rather than snow, changing the frequency of rain-
on-snow situations. Therefore, an important question is whether the frequency and extremity of
ROS events have changed in recent decades and how they will change in the future due to
climate changes. This question is particularly relevant for rain-snow transition zone, such as
central Europe, i.e. for regions, where the winter air temperature is close to zero, which changes
the precipitation phase already with small warming.

The physical mechanism of snowmelt during rain-on-snow is driven by the snowpack energy
balance. Turbulent heat fluxes (sensible heat and latent heat) play the dominant role, while
radiative forcing is rather small (Wiirzer et al., 2016a). This is because rain-on-snow mostly
occurs during overcast days with rain, and the turbulent heat exchange above the snow surface
is often supported by wind. Additional heat brings the rain itself (rain temperature is higher
than snow temperature). An important heat also represents the latent heat released when rain
freezes in below-zero temperature snowpack. The heat from warmer rain together with the
latent heat release in the frozen snowpack is usually not very important on longer (seasonal)
time scales. However, the relative contribution of the above heat exchanges to the total heat
exchange strongly increases in days when rain-on-snow occurs (Hotovy and Jenicek, 2020)
and therefore represents an important heat source for snowmelt with flood generation potential
(Freudiger et al., 2014; Hotovy et al., 2023; Juras et al., 2021).

Recent studies have shown that rain-on-snow events may increase in certain regions because
the decrease in the snowfall fraction and the resulting rainfall increase (BlahuSiakova et al.,
2020; Hotovy et al., 2023; Musselman et al., 2018). However, the changes are strongly related
to elevation as both the precipitation phase and snow storage depend on air temperature and
thus elevation (Hotovy et al., 2023) (Fig. 5). It leads not only to changes in precipitation phase,
but it also influences the snowpack occurrence at different elevations and its changes during
snowmelt events resulting in changes in regional snowline elevation (Parajka et al., 2019). In
Czech mountain catchments (and in central Europe in general), there is a clear trend of
increasing rain-on-snow events at middle and high elevations during winter and early March
over the last decades due to the shift from snowfall to rainfall (Freudiger et al., 2014; Hotovy
et al., 2023). In contrast, rain-on-snow events have decreased in late spring at higher elevations
due to an overall decrease in snowpack and earlier melt-out. However, the changes in Czechia
are not regionally consistent at the catchment level showing the decrease in rain-on-snow events
mostly in the Bohemian Forest and Western Sudetes, while changes in other mountain ranges
are mostly insignificant, although significant at certain elevations (Hotovy et al., 2023).

19



1450 2.36 [ 2.2 | 257 | 229 | 2 | 2.84 292 | A) 1450| 0 0 0 [ 0o | o7 |02 |a9| o |B)
5 5
1350 2.38 | 2.62 | 2.89 | 2.44 | 2.48 2.6 1350 o 0 0 0.3 o H -C -2. 0
1250( 2.65 | 2.61 | 3.15 | 2.34 | 2.79 1 '%1 1250 o 0 o |07 | o [ I
k=) o

1150| 2.71 | 2.9 3.16 1.33 - 1150 o Q 0 13 0 0 o
- - b
= L =
5 10s0f 3 | 2.93 1 & 1050 0 04 | o | 13| 09 0 2
© 950( 2.81 | 2.78 317 | o g © 950 o | 08| o |3a| 1z B
E gsol 307 | 28 237 o o5 E ol o [0 - BN oe 0 g
= 5 < c
2 750| 27 |27 138 | o @ 2 750 o |-04| 06| 29| 0s ©
© 2 © 5
ﬂ>, 650( 1.6 | 2.43 1.67 o E E 650 o o] 06 | 06 0 >
K ERC F
m c -

550 2 | 2.39 2 [ c 550 0 |03 ]| o 02| o -

©
450 2 2.35 1.94 1 1] g 450 0 1] 1] 0 0 1 0 (4] g
350 1.23 | 1.95 | 3.18 3.16 | 2.44 | 1.69 | © [ 350 o o o 0 0 0 0
_o -5
250( o 1 1.67 | 1.14 | 1.55 | 1.67 L] (1] o 250 1] 1] o 0 ]
Oct Nov Dec Jan Feb Mar Apr May Jun Oct Nov Dec Jan Feb Mar Apr May Jun

Fig. 5. Mean number of ROS days (A), decadal trends in ROS days (B) from October to June at different elevations for the period
1965-2019. Significant Mann-Kendall trends in panel (B) are highlighted in black bold (p < 0.05) and in black (p < 0.1),
decreasing trends in shades of blue and increasing trends in shades of red. Grey indicates no trends due to no ROS days. The
monthly and elevation dependent decreases in ROS days were caused by the shortening of the period with existing snow cover
on the ground as a response to increasing air temperature (Hotovy et al., 2023).

As air temperature continues to increase, the spatial and temporal changes in the occurrence of
rain-on-snow events also affect the runoff response, including high flows. Nevertheless, several
studies have highlighted the role of the snowpack physical properties which substantially
influence the runoff response dynamics, because the snowpack can store a considerable amount
of water, causing a delay in the resulting runoff response (Juras et al., 2017; Wever et al., 2014).
This is particularly the case for large snowpacks with large storage potential, reducing the
runoff even during high-rainfall events (Juras et al., 2021). However, this storage potential
may decrease in the future due to the predicted decrease in snow storages (see e.g. Jenicek et
al., 2021, 2018). As shown by Juras et al. (2021), the runoff response is typically higher for
shallow snowpacks compared to high snowpacks assuming the same amount of rain.
Additionally, the water flow through the snowpack is influenced by snowpack ripeness
controlling the nature of the water movement, such as matrix or preferential (vertical, lateral)
flow (Juras et al., 2017; Wiirzer et al., 2017).

3.2 Past and future changes in snow and impacts on seasonal runoff and low
flows

3.2.1 Past and future changes in snow storages

Mountain snowpack is highly sensitive to changes in air temperature which controls both the
phase of precipitation and the timing of snowmelt. Several studies have documented that
snowfall fraction decreased in many areas of the world over the last decades (Jenicek et al.,
2021, 2018b; Knowles et al., 2006; Nedelcev and Jenicek, 2021). This decrease has led to a
decrease in snow storage and snow cover duration in many worlds regions in humid climates,
although the former is not always significant and depends on regions and climate
(Blahusiakova et al., 2020; Cooper et al., 2016; Fyfe et al., 2017; Marty et al., 2017b; Nedelcev
and Jenicek, 2021).
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In Czechia, the largest decreases in both annual and maximum SWE were found at elevations
around 800 m a.s.l. for the period 1965-2019. However, changes in maximum and mean SWE
were not significant in most of the mountain ranges despite the fact that air temperature in the
period November-April increased significantly by 0.1-0.3°C per decade causing the decrease
in snowfall fraction (Nedelcev and Jenicek, 2021). The often missing trends in SWE can be
explained by the mutual interaction of other climate variables (e.g. precipitation) that
compensate the effect of increasing air temperature (Marty et al., 2017b; Mote et al., 2018). In
general, some trends in snow storage occurred in the western parts of Czechia, while no trends
were detected in the eastern part of Czechia suggesting the different climatology of the two
regions (including the continentality effect). In contrast to weak trends in SWE, significant
strong trends in snow cover duration were documented, which decrease on average by 5.5 days
per decade (Nedelcev and Jenicek, 2021). Additionally, the above results showed that snow at
high elevations is more sensitive compared to lower elevations. Important implications may
result from the fact, that the main snowmelt season was shifted from May to April at high
elevations and from April to March at low elevations indicating the potential changes in runoff
seasonality (BlahuSiakova et al., 2020). Interestingly, the snow cover season was shortened
due to earlier melt-out, while the snow onset did not changed significantly (Klein et al., 2016;
Nedelcev and Jenicek, 2021).

Changes in snow storage are primarily controlled by climate variables, mainly air temperature
and precipitation. Therefore, the response of seasonal snow to inter-annual changes in climate
variables is often not straightforward. For example, the effect of increasing air temperatures
causing the decrease in snow storage may be partially compensated by an increase in
precipitation (Jenicek et al., 2021). Another effect is represented by the increase in the number
of extreme snowfall events (Lute et al., 2015; Marshall et al., 2020). As a result, snow responds
differently to climate variables across elevations which makes it possible to identify threshold
elevations, below which the snow characteristics are mainly controlled by changes in air
temperature, and above which precipitation is the dominant driver of snow storage. In
mountainous catchments in Czechia, 900 m a.s.l. has been identified as the elevation with
dominant temperature influence on snow, while above 1200 m a.s.l., snow is controlled
dominantly by precipitation (Nedelcev and Jenicek, 2021). Nevertheless, the changing role of
different climate variables to influence several snow-related signatures, such as annual
maximum SWE, snow cover duration or the day of the year of melt-out are changing greatly
with elevation as documented both by our studies (BlahuSiakova et al., 2020; Nedelcev and
Jenicek, 2021) and studies from other world regions with similar climate (Marty et al., 2017b;
Moran-Tejeda et al., 2013; Sospedra-Alfonso et al., 2015).

While only some significant changes in central European snowpack has been documented over
the last five decades, substantial changes in all snow-related variables are expected for the
future based on the current family of global circulation and regional climate models (Jenicek et
al., 2021, 2018b; Marty et al., 2017a). For mountain ranges in central Europe, the decrease in
annual maximum SWE by 30-75% is expected by the end of the 21% century. However, the
decrease differs with elevation. Largest decrease is expected for elevations below 2200 m a.s.1.
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for the Swiss Alps (Jenicek et al., 2018b; Marty et al., 2017a) (Fig. 6) and approximately below
1200 m a.s.l. for Czechia (Jenicek et al., 2021) while snowmelt losses are projected to be
relatively smaller above these elevations. A similar range of snow losses is also projected for

other regions with humid climate, such as the United States (Fyfe et al., 2017; Musselman et
al., 2017b).

Dramatic future changes are also expected for other snow-related variables, such as the snow
cover duration, which will be shorter, especially due to an earlier onset of the melt season and
thus melt-out (the day when snow melts in a catchment). In general, the melt-out day is
projected to occur by 30-60 days earlier by the end of the century compared to current
conditions. Similar to the maximum SWE, this characteristic depends on elevation, with major
changes at elevations 2000-2500 m a.s.l. in the Swiss Alps (Jenicek et al., 2018b) and at
elevations 800-1300 m a.s.l. in Czechia (Jenicek et al., 2021).

Change in SWEmax [%] Change in snowfall fraction [-]
-100 -80 -60 -40 -20 0 -1 -08 06 -04 -02 0
o ‘ o l
] 1980-2009 S | - 1980-2009
o« — 2021-2050 o — 2021-2050
—— 2045-2074 20452074
[=] — 2070-2099 o
=] =1 2070-2099
— ‘ 0 —
5| I s
E g e Eg
= | [=
S g S g
S B [ g 3
D - ! o -
L L
(=] (=]
(=] (=]
S E 2
(=] (=]
Q — QO —
o) o | |
0 200 400 600 800 1000 0.0 0.2 0.4 0.6 0.8 1.0
Mean SWEmax [mm] Mean snowfall fraction [-]
Change in DOY of SWEmax [d] Change in DOY of meltout [d]
-100 -80 -60 -40 -20 0 -100  -80 -60 -40 -20 0
o I [ o I
o ' o
S | - 1980-2009 J ) S | 1980-2009
@ | — 2021-2050 // A @ | — 2021-2050
— 20452074 - e — 2045-2074
§ 2070-2099 — § 2070-2099
=N ‘I ‘\ T =«
g o R oo
[y]
é § | [T é § —
= | [=
S g . g3
s 3 5 3
L v o
[} o i} °
=3 p = =)
= ) =
) g
(=] A Im o
Q — Q —
2] o
0 50 100 150 200 0 50 100 150 200
Day of year of SWEmax [-] Day of year of meltout [-]

Fig. 6. Mean annual maximum SWE (SWEnq) (top left), mean snowfall fraction (top right), the day of the year (DOY) of SWE max
(bottom left) and DOY of melt-out (bottom right) at different elevations for the reference period and three future periods for
14 alpine catchments in Switzerland. Lines represent real values (bottom x-axis), horizontal bars represent relative differences
from the reference period (top x-axis). The largest absolute decrease in SWEmax is predicted for elevations from 2000 to
2700 m a.s.l, while the largest relative decrease is predicted for elevations below 2200 m a.s.l. (up to 80% for the period 2070—
2099). Additionally, the snow will melt by 40-50 days earlier at elevations around 2000 m a.s.l. by the end of the 21t century
(Jenicek et al., 2018b).
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3.2.2  Impact of snow changes on seasonal runoff and low flows

Seasonal snow is not only important for spring runoff, but it also affects runoff during the rest
of the year, including summer low flows and drought periods (Van Loon, 2015). However, the
relative importance of snow in influencing summer low flows varies across different climates
and elevations, as it is usually not a dominant factor, at least in humid climates. The main effect
of snow changes on runoff represents changes in runoff seasonality. Based on data from
previous decades, a shift in the snowmelt season was detected in many world’s regions since
snow starts to melt earlier and thus contributes to runoff earlier in the water year (Birsan et al.,
2005; BlahusSiakova et al., 2020). The above effect has also been shown by studies assessing
the inter-annual variability of runoff during snow-poor and snow-rich winters (Dirauer et al.,
2018; Jenicek et al., 2016). Also well documented is the increase in winter runoff across central
Europe and the United States due to the increase in winter air temperature, and thus the
decreasing snowfall fraction which causes the shift from snowfall to rainfall. As a result,
precipitation contributes to runoff with a shorter delay, which together with winter snowmelt
leads to higher winter streamflow (Birsan et al., 2005; BlahuSiakova et al., 2020; Muelchi et
al., 2021). However, the effect of changes in winter and spring runoff is regionally different
and is also highly related to catchment elevation.

As described in the previous chapter, previous winter snow storage is correlated with spring
and summer low flows, suggesting a significant memory effect of the snowpack to influence
baseflow and low flows much later after snow melt-out (Jenicek et al., 2016; Jenicek and
Ledvinka, 2020). Therefore, due to the shift of the snowmelt season in the last decades
(Nedelcev and Jenicek, 2021), the trends of decreasing low flows for May to August period
(non-alpine catchments in central Europe) and for June to August period (alpine catchments)
were detected (BlahuSiakova et al., 2020). The above study showed that summer hydrological
droughts in mountainous catchments of central Europe are controlled not only by summer
precipitation and evaporation, but also by previous winter snowpack. This may indicate an
intensification of summer droughts in mountainous regions in the future.

Both the overall decrease and shift in spring snowmelt runoff (decrease in late spring, increase
in early spring) and the increase in winter runoff are expected to continue and intensify in the
future (Jenicek et al., 2021; Muelchi et al., 2021) (Fig. 7), although the reduced snow will cause
a lower contribution of snowmelt runoff to total runoff. Therefore, the effect of snow will
decrease especially at lower elevations which will result in a shift of catchment runoff regimes
from nival to nival-pluvial and fully pluvial. Earlier snowmelt onset leading to earlier melt-out
in the future, will result in a shorter period during which snowmelt contributes to summer
baseflow, which is further important for summer streamflow (Jenicek et al., 2018b).
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Fig. 7. Monthly runoff in six selected catchments for the reference period and for the future period 2070-2099 (top panels),
and relative changes in monthly runoff for the future period 2070-2099 compared to the reference period (bottom panels).
Black dashed line indicates reference period, blue line represents future period 2070-2099, light blue area indicates the range
of individual future climate chains. Note the different scales used for the y-axis. The period of highest streamflow will occur
on average a month earlier due to earlier snowmelt, and the seasonal runoff volume will decrease due to less snowmelt water.
Additionally, an increase in winter runoff is projected (Jenicek et al., 2021).

3.2.3 Climate projections and modelling uncertainty

As described above in Section 2.3, any climate impact assessment requires considering an
ensemble of climate projections. The reason is not only in a variety of climate models
themselves, but also due to potential variations in hydrological responses. Uncertainties in
climate impact modelling arise mainly from emission scenarios, climate and hydrological
model structures, and the natural variability (Addor et al., 2014). The most important is usually
uncertainty in emissions scenarios and climate models, while uncertainty in hydrological model
structure is smaller, although it increases for catchments with significant influence of snow on
runoff generation (Addor et al., 2014).

Climate projections are typically based on a wide range of regional climate models (RCMs)
which are driven by a wide range of global circulation models (GCMs). Individual GCMs and
RCMs differ in the way they describe physical atmospheric processes. Besides, they are often
run for different spatial domain using different spatial resolution and for different emissions
scenarios (IPCC, 2021). This results in a variety of unique hydrological projections. Therefore,
a range of climate projections were used for our future climate impact studies depending on
their availability in the time of study processing. The study by Jenicek et al. (2018b) used
simulations prepared within the ENSEMBLES project (van der Linden and Mitchell, 2009)
using daily bias-corrected data prepared by the CH2011 Swiss Climate Scenarios Initiative
(CH2011, 2011) for moderate A1B emissions (Gobiet et al., 2014; IPCC, 2007). The study by
Jenicek et al. (2021) used bias-corrected data based on the CMIPS family of GCM models
prepared within EURO-CORDEX experiment (see Section 2.3 for details). The latter study
used a total of 17 combinations of GCMs and RCMs, which enables to make a variety in
hydrological projections.

Due to the complexity of the precipitation-runoff processes, the responses of hydrological
variables such as snow storage, seasonal runoff or baseflow to changing climate conditions may
be much larger than the changes in climate variables resulting from climate projections.
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Therefore, the hydrological response of catchments may not be straightforward and thus may
be surprising and unexpected. This is especially relevant for mountain snow-dominated
catchments, where a relatively small change in air temperature may result in a large change in
snow storage and its dynamics, since air temperature controls the phase of precipitation and the
snowmelt timing (Jenicek et al., 2021). While the above may be less pronounced in high-
elevation or high-latitude catchments, the changes in the rain-snow transition zone where air
temperature fluctuates near freezing point, are usually substantial. However, current climate
projections for central Europe are still uncertain in terms of predicting of the precipitation
amount and its seasonality. Some of climate projections suggests precipitation increase, while
others suggest a decrease. Therefore, the increase in air temperature, causing a decrease in
snowfall could by partly compensated by the winter precipitation increase predicted by some
of the climate models (Fig. 8). For example, individual model chains projected decrease in
maximum snow storage for Czechia by 25-50% for RCP4.5 and by 50-80% for RCP8.5
(Jenicek et al., 2021).
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Fig. 8. (a) Changes in mean snowfall fraction (Sg), (b) mean annual SWE maximum (SWEmay), (c) mean DOY of melt-out (DOY merr)
and (4) mean snow cover duration (Sq.r) in 59 mountain catchments in Czechia for three selected climate chains leading to 1)
snow-poor (brown points) and 2) snow-rich (blue points) conditions and for the 3) mean conditions (grey points) for the future
period 2070-2099 compared to the reference period. Dashed lines represent Theil-Sen regressions. The results showed that
despite the large future decrease in all variables, the differences between the two border conditions are relatively large due
to uncertainty in climate projections (Jenicek et al., 2021).

An important uncertainty in both past and future hydrological projections represents
hydrological model structure and its calibration and validation using observed data. For
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mountain catchments, correct simulation of snow storage is essential. Physically, snow
processes are controlled by energy balance, while the typical approach to simulate snow
component in conceptual, bucket-type models is represented by a relatively simple degree-day
approach (Seibert and Vis, 2012). The question is how complex the snow components need to
be to correctly represent snow accumulation and snowmelt. The testing the level of detail of the
snow component therefore provides a useful insight into the model quality, which is particularly
important for snow-dominated or glaciated catchments. However, recent studies have shown
that increasing level of detail does not necessarily mean the improvement of the model
performance (Girons Lopez et al., 2020). Although there may be a few improvements in model
structure, such as non-linear snowmelt functions or seasonally different melt factors, leading to
overall better results, the differences are rather minor (Girons Lopez et al., 2020).

In addition to snow storage modelling, a general issue in hydrological modelling is whether real
natural processes can be described by using model parameters. For example, conceptual models
frequently apply a factor correcting snowfall undercatch due to wind when using traditional
measurement of precipitation with rain gauge (Freudiger et al., 2017; Seibert and Vis, 2012).
However, the factor can generally compensate for processes not included in the model structure,
such as snow interception, or sublimation (Jenicek and Ledvinka, 2020). Similarly, the
threshold temperature is often used both to differentiate between snow and rain and for the
snowmelt onset. All of the above parameter issues may have an important impact on runoff
components simulations and should therefore be considered for climate impact assessment.

3.3 Forest effects on snow distribution, snowmelt, and runoff

3.3.1 Forest effects on snow distribution

Over the large areas, the main factors affecting snow accumulation and distribution are air
temperature and precipitation amount. Air temperature mainly determines the precipitation
phase, i.e., whether it is rainfall, snowfall, or sleet (Harpold et al., 2017). At temperatures
around 0 °C, the humidity is also important for the precipitation phase. However, at smaller
spatial scales, vegetation and topography significantly influence the snowpack distribution and
melting (Jenicek et al., 2018a; Kucerova and Jenicek, 2014; Lopez-Moreno et al., 2013).
Forest influences snowpack accumulation mainly through its canopy which influences local
meteorological conditions. Forest also substantially alters the snowpack energy balance, which
affects the snowpack evolution and snowmelt (Welch et al., 2015). Therefore, understanding
the forest effects on snowpack distribution and snowmelt is essential for investigating and
modelling of catchment runoff.

The influence of forests on snow accumulation is mainly through snow interception, i.e., the
temporal storage of the snowfall on the tree canopy (Forster et al., 2018; Helbig et al., 2019;
Moeser et al., 2015). Interception is generally higher for snowfall than for rainfall. For example,
a healthy spruce forest can intercept up to 70% of the cumulative seasonal snowfall (Helbig et
al., 2020; Mika, 2021). This intercepted precipitation is usually sublimated into the atmosphere
and thus does not participate in subsequent melting and runoff. Some of the intercepted
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precipitation reaches the ground surface from the tree branches due to wind and melting. As a
result of interception processes together with modified heat transfer under the forest canopy,
the snow water equivalent in the dense coniferous forest can be by 30-50% lower compared to
adjacent open area (Jenicek et al., 2018a; Stihli and Gustafsson, 2006). Therefore, coniferous
forests significantly affect the water balance by reducing the fraction of precipitation reaching
the earth surface resulting in reducing snowmelt runoff.

The snowpack evolution depends mainly on the energy (heat) balance at the atmosphere-snow
and snow-earth surface interfaces. The main energy flux influenced by vegetation is shortwave
(solar) radiation. For example, a dense coniferous forest reduces up to 95% of the total solar
radiation (Hotovy and Jenicek, 2020; Jenicek et al., 2017). However, the amount of solar
radiation reaching the snow cover in a forest varies considerably, and depends, for example, on
the species composition of the forest; coniferous forest reduces solar radiation more than
deciduous forest, which is leafless in winter. Another important factor is the forest structure,
i.e., the density of the tree canopy (Lendzioch et al., 2019; Lopez-Moreno and Stéhli, 2008;
Musselman et al., 2015).

Forest vegetation also significantly influences the amount of longwave radiation. For example,
during sunny days, tree trunks warm up and accumulate heat, which is then emitted and causes
the snowpack warming (Musselman and Pomeroy, 2017). Longwave radiation thus contributes
to a faster melting in the forest than in the adjacent open area. On average, longwave radiation
in the open area contributes negatively to the snowpack energy balance causing its cooling
(longwave radiation of the snowpack dominates over the longwave heat input from the
atmosphere), whereas the balance of longwave radiation in the forest is positive, causing its
warming or melting (Hotovy and Jenicek, 2020). In general, however, the heat gain from
longwave radiation in the forest is lower than the heat loss due to lower solar radiation.
Therefore, the snowpack melts slower in the forest than in the adjacent open area.

As mentioned above, the snowpack radiation balance under the forest canopy depends on its
structure. This can be defined, for example, in terms of species composition or in terms of
categories, such as coniferous, mixed and deciduous forest. A common method is to describe it
using vegetation indicators such as the Leaf Area Index, Canopy Closure or Potential Irradiation
all of which are directly correlated with snow depth, SWE, and snowmelt at the site. For
example, LAI is usually a better predictor of SWE during the accumulation period, while
potential irradiance dominates during snowmelt period (Jenicek et al., 2018a) (Fig. 9).
Together with topographic characteristics, it is possible to establish a suitable statistical model
of SWE distribution in the whole catchment (Kucerova and Jenicek, 2014). The above
indicators can be determined, for example, by analysing hemispherical images of vegetation,
measuring radiation attenuation under the forest canopy, UAV-based imaginary or using laser
scanning (either terrestrial or airborne placed on UAV or aircraft). In particular, the UAV-based
methods are now widely used (Biihler et al., 2016; Koutantou et al., 2022), due to their high
spatial accuracy, although their use is limited to relatively small scales (site level). Promising
results were also achieved by the combination of UAV-based forest structure and snow-depth
mapping tested by (Lendzioch et al., 2019) which showed a good accuracy in both snow depth
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and forest structure measurements and thus demonstrating an interesting added value for studies
assessing the snowpack distribution and snowmelt at small scales.
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Fig. 9. Spearman correlation coefficients for selected predictors (rows) and response variables (columns) varying for 1)
different measurement sites (left) and 2) during the winter season (right). Hierarchical cluster analysis and Euclidean distance
were used to show the similarity of individual predictors and response variables. Grey colour used for NA values. For example
high correlations of melt factors with variables related to canopy structure was detected. Vegetation structure is also strongly
correlated with snow depth and SWE during both accumulation and melt periods (Jenicek et al., 2018a).

3.3.2 Forest effects on snowmelt runoff

Local conditions such as vegetation cover and topography have a significant impact on
snowmelt runoff from catchments, fundamentally influencing both the amount and the time at
which snowmelt water leaves the snowpack and enters the soil and stream. Since the snow melts
slower in forests than in open areas, the snowmelt runoff is distributed over a longer period,
increasing the efficiency of water infiltration and groundwater recharge.

The differences in energy exchange between forested and open environments described above
are one of the causes of differences in snowmelt onset, snowmelt rates and melt-out, which
additionally lead to differences in snow cover duration (Cristea et al., 2014; Hotovy and
Jenicek, 2020; Jenicek et al., 2018a; Pomeroy et al., 2012; Winkler et al., 2015). Both
shortwave and longwave radiation may represent up to 80% of the total energy available for
snowmelt despite the fact that this contribution varies both spatially (site characteristics) and
temporally (from sub-daily to seasonal scales). Specific meteorological conditions are also
important, since radiative forcing is mostly important during clear sky conditions, while
turbulent fluxes (sensible and latent heats) dominate, for example, during snowmelt caused by
rain-on-snow events (Wiirzer et al., 2016b). Nevertheless, radiative heat transfers dominate on
seasonal time scales in most of the climates, contributing mainly to snowmelt runoff. This also
causes more than doubled snowmelt rates in open areas compared to forests, as investigated in
the Vydra catchment, an experimental research catchment of the Department of Physical
Geography and Geoecology of the Charles University (Hotovy and Jenicek, 2020; Jenicek et
al., 2017).
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Although the forest influenced snowpack energy balance is a dominant control of snowmelt,
the forest effect on runoff generation during snowmelt is more complex and influenced by other
factors, such as meteorological conditions during snowmelt and snowpack properties (Jennings
et al., 2018). Therefore, higher snow storage at open areas may not necessarily result in a
corresponding increase in runoff as documented, for example by Pomeroy et al. (2012) in
Canada and Schelker et al. (2013) in Sweden. Both studies showed that year-to-year variations
in snowmelt in forests and open areas depend on year-to-year variations in meteorological
conditions.

Ongoing and future climate changes are causing dramatic changes in snow storage, timing of
snowmelt and consequent winter and spring runoff in mountainous catchments (Fyfe et al.,
2017; Jenicek et al., 2018b; Marty et al., 2017a). These changes may further underline runoff
changes caused by changes in land cover. Therefore, understanding the forest effects on
snowmelt runoff generation is important for accurate prediction of runoff in forested catchments
with dominant snowmelt runoff regime. Several models use simplified degree-day approaches
where the representation of snowmelt relies on air temperature and melt factor which only
marginally reflect the site-to-site differences in snowmelt in forested areas. This puts a pressure
on the hydrological community to improve models of runoff from melting snow.

3.3.3 Impact of forest disturbances on snow accumulation and melt

Forest disturbances are in the focus of current hydrological research since they represent an
important impact on catchment runoff variability and change, especially at smaller scales.
Although forests affect all components of the hydrological cycle, they have important
implications for regions with seasonal or perennial snow cover. Specifically, forest change leads
to significant changes in the snowpack energy balance, such as changes in shortwave and
longwave radiation. Moreover, forest change also influences the amount of intercept snowfall,
affecting the total water balance of catchments.

Forest disturbances, such as forest decay due to windstorms or caused by insect outbreaks (e.g.,
bark beetle; Ips typographus or mountain pine beetle; Dendroctonus ponderosae), have a major
impact on the canopy structure causing the decrease in snow interception (Bartik et al., 2019;
Boon, 2012). Depending on the forest type, interception can represent up to 70% of the total
winter precipitation (Forster et al., 2018; Helbig et al., 2019; Mika, 2021). This means that a
significant part of this amount, which sublimates to the atmosphere in a healthy coniferous
forest, becomes ground snowpack after forest decay. This change in water partitioning leads to
an increase in seasonal runoff after forest decay (Schelker et al., 2013; Winkler et al., 2015).
However, the effectiveness of interception (the fraction of precipitation captured by the canopy)
is influenced by the specific climatic conditions during the winter season. For example, the
difference in interception effectivity between healthy and disturbed forests may be less
important in snow-rich years compared to snow-poor years, because large snowfall events often
exceed the interception capacity of individual tree species (Boon, 2012).

Forest disturbances lead to considerable changes in the snowpack energy balance and
consequent snowmelt (Bartik et al., 2019; Hotovy and Jenicek, 2020; Jenicek et al., 2017).
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One of the most important changes is a successive increase in solar radiation starting from the
initial stage of a tree decay after bark beetle attack (red stage) until the tree fall. The increased
solar radiation accelerates snowmelt rates (Hotovy and Jenicek, 2020; Pomeroy et al., 2012)
(Fig. 10). Another effect is the change in longwave radiation flux which turns over from heat
gain in the forest to heat loss in deforested areas (Klos and Link, 2018; Webster et al., 2016).
A common explanation for this turnover is that the heat emitted by trees in the forest to the
snowpack is typically higher than the snowpack cooling during clear sky conditions. This may
be particularly important during clear sky nights when the outgoing longwave radiation from
the snowpack considerable exceeds the incoming longwave radiation from the atmosphere
which results in a negative budget of the longwave radiation that cause the snowpack cooling
in open or deforested areas (Hotovy and Jenicek, 2020).
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Fig. 10. Simulated SWE at three study sites and observed SWE at a nearby open meadow during the main spring snowmelt
periods in seasons 2016, 2017 and 2018 (first line panels). Relative daily contribution of individual energy fluxes to snowmelt
rates at the healthy forest site (second line panels), disturbed forest site (third line panels) and open site (fourth line panels).
On average, shortwave radiation (SWR) and turbulent fluxes together represented 99% of the total contribution to snowmelt
at the open site. In contrast, SWR and longwave radiation (LWR) represented 37 and 48% of the total snowmelt contribution
in healthy forest. In the disturbed forest, SWR increased from 67% in season 2016 to 87% in 2018 (Hotovy and Jenicek, 2020).

Although trees decay following insect attack, wildfires or windstorms may cause the
considerable increase in snowmelt volume, the spring runoff increase may be much lower. For
example, Pomeroy et al. (2012) documented increase in snowmelt volume by 45% at Marmot

Creek in Canada in case of forest wildfire and logging while respective increase in spring and
summer runoff volume reached only 10%. However, the above deforestation influenced more
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peak flows in the Marmot Creek study area which was also documented by Langhammer et al.
(2015) in the Sumava Mts.

Bark beetle outbreaks occurred over the last three decades in the Sumava Mts. (Bavarian Forest)
in Czechia, Germany and Austria and widely affected large areas of Norway spruce (Picea
abies) at the highest elevations. Together with windstorms, they represent the major cause of
natural forest changes in the region affecting also hydrological processes, such as
evapotranspiration, interception, snow and soil storages and consequent runoff (see e.g.,
Hotovy and Jenicek, 2020; Jenicek et al., 2018a; Kliment et al., 2011; Langhammer and
Bernsteinova, 2020; Su et al., 2017).

The investigations of how forest disturbances impact snow accumulation and melt are often
carried out using either field observations or modelling approaches. The use of field
measurements allows an accurate description of the physical process at very small scales,
however, it is usually time-consuming and costly (see e.g., Hotovy and Jenicek, 2020; Jenicek
et al., 2018a, 2017; Jost et al., 2009; Lundquist et al., 2015). Therefore, the modelling
approaches are often use that enable to generalize the processes to the catchment scale, although
usually with lower accuracy and necessary simplifications (Essery et al., 2013; Jost et al., 2012).
However, field data are needed to bridge the gap between the real physical process and its
mathematical conceptualization applied in snowmelt models.
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4 Conclusions and future perspectives

Snow cover is generally very sensitive to changes in air temperature. With climate changes, the
snow amounts, its duration and the snowmelt timing have changed in recent decades. Lower
snowfall fractions and hence snow storage reduced spring and early summer runoff, which now
occurs earlier. In contrast, winter runoff has increased due to more rain than snow in the winter.
Air temperature is dominant control for snow storage at lower and middle elevations, while
precipitation controls the snow storage at the highest elevations in the central European
mountains. However, with increasing air temperature, its dominant role increases as well even
at high elevations. The results presented in Sections 3.1 and 3.2 of this habilitation thesis also
showed that changes in snow cover affect hydrological extremes, such as rain-on-snow floods
or summer low flows. The latter suggests that catchments may have a long memory effect, as
snow is important for groundwater recharge and thus affects runoff even after it has melted.

Although climate change impacts on snowmelt have been widely studied, the role of changes
in precipitation phase on groundwater recharge and catchment storage is not yet fully
understood. Streamflow generation and deep groundwater recharge may be vulnerable to loss
of snow, making it important to quantify how snowmelt is partitioned between soil storage,
groundwater recharge, evapotranspiration, and runoff. This is particularly important for
assessing how changes in snow storage affect the seasonal runoff distribution and whether they
may also affect catchment storage and the annual water balance. In the studies presented in this
thesis (Sections 3.1 and 3.2), we have partially addressed this issue with modelling approaches
using a large sample of diverse catchments. However, modelling approaches did not allow us
to go into the detailed description of the runoff generation process since the applied model
treated catchments as a single unit separated into elevation zones. Therefore, field investigations
on the mechanism of snowmelt runoff generation are needed, e.g. using stable water isotopes
and other biogeochemical indicators. As groundwater levels tent to response more slowly to
changes in precipitation compared to direct runoff, it is important to determine the memory
effect of individual catchments, which may also help to explain multi-year effects in runoff
response.

Field investigations can also better reflect specific catchment conditions, such as topography
and forest. As the results in Section 3.3 show, forest has an important effect both during snow
accumulation through the interception and during snowmelt, as it substantially modifies the
snowpack energy balance. On the one hand, forests attenuate solar radiation causing slower
snowmelt, while they increase the role of longwave radiation emitted by trees on the other hand.
These energy effects change significantly as the forest declines due to various disturbances,
such as bark beetle attacks or windstorms.

Related to the above, an open issue is still the coupling of results from field investigations with
conceptual hydrological models to transfer the field information to catchment and regional
scales and thus to improve our understanding of the catchment hydrological responses to
climate variations. For example, conceptual models often calculate the snowmelt contribution
to runoff with an effect tracking algorithm that aims to track the effect of individual water
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sources through the system rather than the individual water particles, which is the case of most
of field approaches, such as stable water isotope sampling (Weiler et al., 2018). These two
fundamental approaches to water tracking can also lead to different calculations of catchment
storage, water transit times and runoff response.

Future projections of snow cover are consistent both in terms of snow amount decrease and
earlier snowmelt (results in Section 3.2). Changes in mountain snowpack will further alter
spring and summer runoff, including low flows. Although snow is not a dominant driver of
summer low flows in the humid climate of central Europe, its decrease and earlier melt may
contribute to more extreme droughts in the future due to less water coming from mountains to
the adjacent lowlands. The above changes are associated with a wide range of impacts not only
on natural ecosystems, but also have important socio-economic consequences, such as the water
availability for drinking, hydropower, agriculture, irrigation, industry, and tourism.

However, simulations of the future changes in snow signatures and their impact on runoff
response showed a range of projected snow storages related to associated with climate
projections (results in Section 3.2). The reason for this is that the overall decrease in snow
storage due to the increase in air temperature is partly compensated by the increase in
precipitation suggested by some of the climate projections for the region of central Europe
(while others simulate its decrease). This particular result suggests a large variability in
hydrological responses depending on different climate projections especially in snow
dominated catchments. The variability in climate projections could be important not only for
snow storage, but also for the associated runoff response and thus for catchment storage.
Therefore, this issue deserves further investigation since it is important to correctly set climate
change adaptation strategies.

In the studies presented in sections 3.1 and 3.2, we used modelling approaches using a large
sample of diverse catchments focusing on how snow changes affect runoff generation.
However, we did not systematically focus on the role of catchment attributes, i.e. what are the
similarities or differences between catchments and why do they differ. Our results showed
differences in the behaviour of individual catchments, suggesting the role of partly different
climates between individual regions, and also of different physio-geographical characteristics,
such as topography or geology, which may affect the runoff response and water transit times.
Similarly, the role of vegetation is important since it significantly affects the snowpack energy
balance as shown by the studies presented in Section 3.3. Understanding the role of catchment
attributes in catchment storage can also help to quantify the “worst case scenario” for some
extreme events, such as low flows. Such stress tests can also be useful in estimating the time
required for the catchment to recover from such extreme events (Hellwig et al., 2021; Stoelzle
et al., 2020).
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