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Abstract: It is not clear how projected climate change will impact the hydrological functioning of
complex catchments that have significant karst characteristics. Therefore, in this paper we focused on
the investigation of the low- and high-flow characteristics of the karst Ljubljanica River catchment.
One smaller (51 km?) and one larger (1135 km?) catchment were selected in order to investigate
the projected climate change impact on the hydrological conditions. For the investigation of the
hydrological situation in the future, we used a lumped conceptual hydrological model. The model was
calibrated using past measured daily data. Using the calibrated model, we investigated the impact of
five different climate models outputs for the moderately optimistic scenario (RCP4.5). We investigated
the situation in next 30-years periods: 2011-2040, 20412070, and 2071-2100. Several low and
high-flow indices were calculated and compared. The results indicate that a summer precipitation
decrease (i.e., 2011-2070) could lead to lower low-flow values for the investigated areas, which
could increase the vulnerability of karst areas. Thus, additional focus should be given to water
resource management in karst areas. On the other hand, mean flow could increase in the future.
The same also applies for the high-flows where flood frequency analysis results indicate that a climate
adaptation factor could be used for the hydrotechnical engineering design. However, differences
among investigated models are large and show large variability among investigated cases.

Keywords: karst; climate change; hydrological modelling; low flow; peak discharges; RCP4.5

1. Introduction

A temperature increase, related to climate changes in the future, is expected to influence the
runoff dynamics in different parts of the world [1]. However, it is not clear if this increase will
have a positive or negative impact on different elements of the hydrological cycle around the world.
More specifically, additional analysis and modelling should be carried out in order to investigate effects
of the abovementioned changes on low- and high-flow dynamics of rivers at different catchment scales.
This kind of investigation is especially important in karst systems because the vulnerability of these
systems is large and a potential change in the low-flow dynamics can have significant impact on the
groundwater characteristics in karst areas [2]. This can affect, among others, the water supply and
ecological functioning of karst rivers.

Different approaches can be used to quantify change in an environmental process. One of the most
frequently used methods to detect changes in environmental series is to perform statistical tests [1,3-7].
By using different methods, one can test if the investigated sample exhibits a positive or negative trend
with the selected significance level. Based on the detected trend results, one can estimate potential
future behavior. Some recent studies investigated flood dynamics in Europe over the last 50 years [1,8].
For example, Hall et al. [8] were not able to detect a clear positive or negative trend in flood magnitudes
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around Europe. Similar conclusions were also made by some other studies that focused on smaller
areas in Europe [4,6,7] and by a study that reviewed trend analyses of extreme precipitation and floods
in Europe [5]. Furthermore, Do et al. [9], who analyzed trends in the annual maximum streamflow at a
global scale, were not able to find a clear pattern and more trends were decreasing than increasing.
On the other hand, Bloschl et al. [1] found a clear climate signal when investigating the timing of floods
in Europe.

An alternative approach for the estimation of potential changes in the future is the use of climate
change projections. When using this approach, one should link several models in order to estimate the
potential impact of future changes on the runoff dynamics [5]. The bases are the global circulation
models (GCMs) with the Intergovernmental Panel on Climate Change (IPCC) Special Report on
Emission Scenarios (SRES) scenarios [10] and the representative concentration pathways (RCP) [5,11].
The GCMs’ outputs should be downscaled and bias corrected (BC) before they can potentially be used as
an input to the hydrological models [5]. A recent review of studies that used climate change projections
to evaluate impact on the hydrological conditions during extreme events (i.e., floods) indicated that
changes will be negative and positive and no consistent results can be detected [5]. This conclusion is
somewhat consistent with findings made based on the trend analyses of extreme events. While some
studies investigating future climate situations are focusing on floods and high-flows [12-16], other
studies can be found that are oriented on the mean [17] and low-flow dynamics [18]. Despite the fact
that it is estimated that karst covers about 25% of the Earth’s surface [19] and about the same percentage
of the world’s population depends on freshwater from karst sources [20], a small number of studies
have focused on the future low-flow dynamics of karst areas [21]. For example, Pellicer-Martinez and
Martinez-Paz [22] investigated climate change impacts on the water management of a catchment where
karst aquifers are present, where they found potential large impact of the projected climate change.
As pointed out by Hartmann et al. [21], the reason for the lack of studies about the impact of future
climate change on karst water resources is the limitations of the available karst hydrological models
and in data availability as well as in their information content. In some countries, the percentage
of the population that depends on a drinking water supply from karst sources is much higher than
the average of the selected EU countries (for example, in Slovenia and Austria, it is approximately
50%) [23]. Therefore, special emphasis should be given to these areas in order to study water resource
availability in the future in relation to climate change projections.

For the characterization of both low- and high-flows, various indices have been developed in
the past. For example, in order to investigate high-flow characteristics, researchers often focus on
the so-called design floods that are determined as an output of the flood frequency analysis (FFA).
Using the FFA approach, one can, based on the derived sample (either annual maxima or peaks over
threshold methods can be used), estimate the distribution parameters and then calculate the relationship
between the return period and discharge [24-26]. It is often important to focus on the estimation of the
100-year flood because this is frequently used for the design of different hydraulic structures, such as
check-dams or levees. Related to the design floods and climate change, some countries have proposed
to use adjustment (safety) factors in order to also take into consideration the climate change impact on
the design floods [5,27,28]. Several European countries have suggested an increase of about 30% [5].
On the other hand, several indices can be used for the investigation of the low-flow dynamics, such as
the baseflow index (BFI). For a comprehensive overview of available methods, one should refer to the
World Meteorological Organization manual about low flow estimation [29] or to different research
papers, such as the one published by Laaha and Blooschl [30].

Based on the literature review, we can conclude that it is generally not clear how climate change will
impact the low- and high-flow dynamics in karst areas. These areas are especially vulnerable because
karst rivers often do not have an extensive deep groundwater storage and are characterized by short
transit times. Thus, the main aim of this study was to investigate how projected climate change will
affect the low- and high-flow dynamics of the Ljubljanica River karst catchment. Two sub-catchments
of different sizes were selected, namely a smaller Nanos¢ica River catchment and the larger Ljubljanica
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River catchment upstream to the Vrhnika gauging station. One small (i.e., <200 km?) and one large
(>1000 km?) catchment were selected in order to investigate the response of different catchments
to the projected climate change because hydro-meteorological processes at larger scales are mixed
and smoother hydrological behavior can be expected compared to small catchments. Thus, response
could be different. Several low-flow indices and flood frequency analysis results were computed
for the period from 1981 until 2100. The RCP4.5 scenario was used and several climate models
were investigated.

2. Materials and Methods

2.1. Ljubljanica River Catchment and Data Used

Due to its karst characteristics, the Ljubljanica River catchment was selected as a case study. It can
be expected that karst rivers, such as Ljubljanica River, are more vulnerable than non-karst rivers
because they can be characterized by the fast flow through underground conduits and relatively small
groundwater storage. For example, this can mean that a decrease in the low flows in the future could
result in reduced groundwater availability. Moreover, a decrease in low-flows could also affect the
ecosystem services that a stream channel can provide. Compared to the non-karst areas where the
catchment transit time is generally longer and groundwater storage is often bigger, a potential pollution
on a karst area can have a significant negative impact on the karst aquifers. Thus, karst areas are
often characterized by an unpredictable water supply. This is one of the reasons for investigating the
low-flow characteristics of karst areas. The Ljubljanica River catchment is part of the Dinaric karst
system that covers in total about 60,000 km? and covers area including the Bay of Trieste, Drim River,
Western Morava River valley, and Adriatic Sea [2]. The Dinaric karst system can be described as
an extremely non-homogeneous area with high infiltration rates and often with no or little surface
runoff [2]. The total catchment area of the Ljubljanica River is about 1880 km? and is part of the
Danube River basin. The selected Ljubljanica River catchment is a typical example of the Dinaric karst
river and can be regarded as a highly heterogeneous catchment. Several sinking streams, such as
Pivka, Strzen, or Unica, can be found in this area. Moreover, along the main karst conduit directions,
streams often sink and re-appear a few kilometers downstream. For example, the Ljubljanica River
is known as the river of multiple names since it re-appears seven times. The areas of the Ljubljanica
River catchment with maximum elevation (up to 1800 m.a.s.l.) are karst plateaus, such as Sneznik
and Javorniki. Porous carbonate rocks (mostly dolomite and limestone) cover most of the area (i.e.,
geology). Moreover, the dominant land-use in this area is semi-natural areas and forest. The entire
catchment has temperate continental properties. A detailed description of the Ljubljanica karst river
system can be found in Kovaci¢ and Ravbar [31] and Ravbar et al. [32]. In this study, we focused on
the smaller Nanos¢ica River catchment (upstream of the Mali otok gauging station) that covers about
50 km? and the larger Ljubljanica River catchment (upstream of the Vrhnika gauging station) that covers
about 1135 km? (Table 1). Figure 1 shows the selected catchments on the topography map of Slovenia.
Some basic characteristics of these two catchments are provided in Table 1. Nanos¢ica River is part
of the Pivka River catchment that flows through the Postojna Cave. Moreover, several springs of the
Nanoscica River were researched from the Nanos karst plateau where maximum elevation is around
1000 m.a.s.l. Flysch and other deep-marine rocks cover the Nanos¢ica River catchment. The data
period that was used for the calibration of the hydrological model is also shown in Table 1. Table 1 also
provides basic descriptive statistics of the discharge data that were used for the hydrological model
calibration. One should note that a large relative difference in the maximum specific discharge values
exists between the two catchments. The main reason lies in the fact that several sinks and springs
located in the Ljubljanica River catchment upstream of the Vrhnika station have limited hydraulic
capacity. This means that water that cannot be conveyed by the karst underground system is retained
in the upstream part of the catchment where several karst poljes are located (e.g., Lake Cerknica or
Planina Polje). Thus, these areas present natural flood retention areas and therefore the maximum
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specific discharge value for this station is relatively low. Additionally, the maximum specific discharge
value for the Nano$¢ica River (i.e., around 0.5 m3/s/km?) is relatively low for the Slovene conditions
where maximum specific discharge values in alpine areas for smaller catchments can be an order of
magnitude higher for extreme flood events.

As an input to the hydrological model, we also used information about the reference
evapotranspiration and air temperature. Two stations that have air temperature and reference
evapotranspiration data available were selected for the model calibration period. Therefore, we
decided to use the reference evapotranspiration calculated by the PenmanMontheith equation in this
study because this method also uses information about the wind speed, relative humidity, and sunshine
duration in order to calculate the reference evapotranspiration values. Additional information about
reference evapotranspiration trends in Slovenia can be found in Macek et al. [33]. For the Vrhnika
(Ljubljanica River) case study, we used average values measured at the Postojna and Nova vas stations,
while for the Mali otok (Nanoscica River), we used Postojna station data. Daily rainfall data was also
used as an input to the hydrological model. The rainfall stations that were used are listed in Table 2.
For the Ljubljanica River case study, areal rainfall was determined using the Thiessen polygons method,
while for the Nanos¢ica River case study, we used rainfall data from the Postojna station.

Nanosdica

SCe

-

Map Scale 1:1250000

Figure 1. Location of the Ljubljanica River (Vrhnika station; green circle) and Nanos¢ica River (Mali
otok station; green circle) catchments on a map of Slovenia and locations of the rainfall gauging stations
(black circles) used.
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Table 1. Basic characteristics of the selected case studies and basic characteristics of the discharge series
(Q) that were used for the model calibration.

Gauging Station Vrhnika Mali Otok
River Ljubljanica Nanoscica
Catchment area (km?) 1135 51
Mean catchment elevation (m) 715 579
Karst type (defined by [34]) Mostly dinaric karst urﬁiiéioﬁ%ef}?; (e)izlﬁ fﬁ;fl(a;fszveig;e
Calibration period 1981-2010 2000-2010
Q minimum (m?3/s) 1.0 0
Q mean (m3/s) 22.8 14
Q maximum (m3/s) 120.5 223
Q standard deviation (m3/s) 235 2.7

Table 2. Basic characteristics of rainfall stations used in the process of model calibration.

Mean Annual

Station Name Elevation (m.a.s.l.) Latitude Longitude Precivitati
recipitation (mm)
Rovte 700 45.9861 14.1734 1854
Hotedrsdica 550 45.9314 14.1389 1834
Logatec 485 45.9077 14.2032 1782
Pokojisce 716 45.8915 14.3536 1480
Nova vas 720 45.7731 14.5094 1505
Cerknica 576 45.7956 14.3636 1627
Postojna 533 45.7661 14.1932 1542
Hrusica 872 45.8639 14.1120 1885
Razdrto 577 45.7564 14.0623 1528
Hrib 827 45.7038 14.5927 1426
Jursce 703 45.6656 14.2950 1488

2.2. Hydrological Model

For the hydrological modelling, we used different versions of the lumped conceptual hydrological
model that were developed by the Institut national de recherche en sciences et technologies pour
I'environnement et I'agriculture (IRSTEA) hydrology research group [35-38]. For the Ljubljanica River,
we used the model version named Cema Neige Génie Rural a 6 parametres Journalier (CemaNeigeGR6]),
while for the Nanos¢ica River, we used GR6] model version. The main difference between these
two model versions is in the fact that CemaNeigeGR6] also includes a snow module and uses two
additional parameters compared to the GR6] model. The GR6] model uses six model parameters to
calculate the runoff. The required input data are rainfall and evapotranspiration. Moreover, in order
to use the snow module, the required input data also includes the air temperature and catchment
hypsometric curve. Thus, for the Ljubljanica River catchment case study, we also used this data as an
input. Daily time step was used for both case studies. Both versions of the model (i.e., CemaNeigeGR6]
and GR6J) are implemented in program R airGR package [39,40]. The main reason that we decided to
use the CemaNeigeGR6] for the Ljubljanica River catchment lies in the fact that along the orographic
barriers named SneZnik and Javorniki karst plateaus (elevation above 1700 m.a.s.l.), the mean annual
rainfall sums exceed 2000 and 3000 mm, respectively, and due to the high elevation, snowfall and
snowmelt are important processes. Moreover, a comparison of the GR6J] and CemaNeigeGR6] models
for the Ljubljanica River catchment revealed that not much difference in the models’ performances
could be detected [41]. Thus, one could argue that similar results would be obtained using the
GR6] model version. A detailed description of the lumped conceptual hydrological model used
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in this study can be found in Coron et al. [39,40], Perrin et al. [35], Pushpalatha et al. [36], and
Valéry et al. [37,38]. The CemaNeige module divides the catchment into five different elevation zones
based on the catchment hypsometric curve. In each zone, snow is stored using a conceptual store (i.e.,
snow cover) where the solid part of precipitation is the input to the store. Additional functions are then
used to calculate snowmelt [37,38]. We firstly calibrated the model using the historical data since this
can be regarded as the preferred way to carry out climate change investigation [42]. Model calibration
was performed using the method proposed by Michel [43], where the Nash-Sutcliffe (NS) [44] was
selected as the error criterion function, which gives slightly more focus to the higher discharge values.

2.3. Climate Change Models

As a part of the project entitled “The estimation of the average and extreme meteorological and
hydrological conditions in Slovenia over the 21st century” [45], a bias-corrected (BC) regional climate
model simulations ensemble from the project EURO-CORDEX was analyzed [46] based on different
RCP scenarios. The focus of the analysis conducted as part of this research was the RCP4.5 moderately
optimistic scenario, which predicts a gradual reduction in greenhouse gas emissions in the second half
of the 21st century.

For this scenario, we analyzed five different combinations of global climate models (GCM) and
regional climate models (RCM), namely (GCM/RCM): CNRM-CM5-LR/CCLM4-8-17, MPI-ESM-LR/
CCLM4-8-17, MPI-ESM-LR/RCA4, EC-EARTH/HIRHAMS, and IPSL-CM5A-MR/WREF331F. Both low
and high resolution RCMs were available in the EURO-CORDEX database. We decided to use
high-resolution models with a resolution of approximately 140 km?. First, we applied the BC to
model data. This was done for every variable (precipitation, air temperature, and evapotranspiration)
separately. Prior to that, we interpolated the observational data in the reference period (1981-2010)
to the same grid as the RCM model cells. Then, we were able to apply the BC to each model cell.
For precipitation, the BC was done by quantile mapping, using R software with the qmap package [47].
Based on the suggestions proposed by Gudmundsson et al. [48], we decided to use the method of
non-parametric quantile mapping using empirical quantiles with linear extrapolation. This was done
for each model cell separately. The reference period for the BC was 1981-2010. Corrections were made
for every day of the year with a 61-day moving window and 100 quantile classes.

For air temperature, the correction method was a bit different to that used for the precipitation.
We wanted to preserve trends in the model data. For this purpose, we corrected deviations of
the temperature from the average annual temperature cycle for four different precipitation classes.
We applied quantile delta mapping as the BC method in these cases, using the Univariate bias
correction via quantile delta mapping (QDM) function from R package MBC [49]. The reference period
was 1981-2010 and corrections were made for 30-year periods (1981-2010, 2011-2040, 2041-2070,
and 2071-2100), for each precipitation class separately. The first precipitation class was without
precipitation, the other three were separated by a tercile. Lastly, corrected deviations were added to
the annual temperature cycle in the reference period for a particular precipitation class.

For the evapotranspiration, the process was similar to that for the air temperature, but instead
of correcting deviations as in the case of air temperature, we corrected model values. Again, there
were four precipitation classes and BC was done for 30-year periods. Some results of BC can be seen
in Figure 2. This figure represents a comparison between the observations and model data in the
reference period (1981-2010). We can see that the BC data shows a much better fit to the observational
data compared to the raw model data. Because the same corrections were used for the projection
periods (20112040, 20412070, 2071-2100), one can anticipate that the BC data better describes the
future than the original model data. For further analysis, we used the BC model data.
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Figure 2. Quantile-quantile (Q-Q) plots of observations against model data for the precipitation (a), air
temperature (b), and evapotranspiration (c) data during the reference period, 1981-2010, for the grid
cell which contains a Ljubljana-BeZigrad meteorological station. Red dots represent bias-corrected (BC)
data, black dots represent raw model data. BC values adjust better to observations than raw model
data. It should be noted that we did not apply BC on station values, but on interpolated values in the
model grid.

These five climate models were used to investigate changes in the precipitation, air temperature,
and evapotranspiration in Slovenia until the year 2100 [45,50]. The results in the precipitation, air
temperature, and evapotranspiration projections can be summarized as follows. Air temperature is
projected to increase in all four seasons for the RCP4.5 scenario [45]. This increase is generally higher
for the 2071-2100 and 2041-2070 periods compared to the 2011-2040 period. For the precipitation,
the projected situation is more ambiguous for the RCP4.5 scenario [45,50]. Generally, in summer,
the precipitation is expected to decrease (i.e., 2011-2070) while in other seasons the precipitation
could increase. Most of Slovenia’s territory is located in a temperate continental climate [51], which
means that higher rainfall amounts are usually characteristic for autumn and spring periods, while
smaller amounts are characteristic for the summer period. However, rainfall events with the highest
intensity can be observed in summer. Moreover, the reference evapotranspiration is also projected to
increase for all three investigated periods [45,50]. Taking into account the projected situation using the
RCP4.5 scenario, one could assume that the summer precipitation decrease will lead to more frequent
and longer droughts and the autumn precipitation increase will result in more frequent flood events.
However, in order to confirm this, we also carried out hydrological modelling for the selected cases.

For the low- and high-flow analyses that were carried out in this paper, we took into consideration
three 30-year periods, which agree with the periods considered in the climate projections: 2011-2040,
2041-2070, and 2071-2100.

In the case of all three periods, we compared the results with the selected reference period (i.e.,
from 1981 to 2010). All results presented in this paper are reported as a percentage calculated as the
relative increase or decrease based on the selected reference period. More specifically, this means
that we compared the discharge with the 100-year return period for the 2011-2040 period with the
1981-2010 period. The same procedure was also applied for other selected indices that were used to
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evaluate low and high flows. Moreover, based on the five selected climate models, we calculated the
minimum, median, and maximum values of all five cases.

2.4. Low-Flow Indices

A river’s low flows can be analyzed in different ways by using various indices, depending on
the available data and the question we want to answer with the analysis. Consequently, there is a
large set of measures and indicators of low flows that one can use [52]. In order to investigate how
projected climate change will impact the low-flow values (discharge), we selected the following indices:
Baseflow index (BFI), 7-day mean annual minima (MAM?), 30-day mean annual minima (MAM30),
Q50 (i.e., median discharge), and Q95 (i.e., the flow that is exceeded in 95% of the selected time period).
All low-flow indices were calculated using the package, lfstat [53], included in the R software [54].

Flows with the probability of exceedance during a certain percentage of time, in our case 50% and
95%, are together with BFI and MAMn one of the most commonly used low-flow indices. Moreover,
for the analysis of the low-flows’ seasonality, the seasonality index and seasonality ratio were included
in the study. For the seasonality ratio, we analyses the Julian date of low-flow occurrence (D (from 1
to 365) that indicates in which time period of a year the low flow usually occurs and the strength of
seasonality (R [0,1]). Moreover, we also analyzed the seasonality ratio (SR), which is defined as:

4956

SR ,
495w

@
where g95, and qo5,, are flows that are exceeded 95% of the time in the summer and winter period,
respectively. Summer (1 April-30 November) and winter (1 December-31 March) periods were
determined in the same way as Laaha and Bloschl [30] did for Austria. A detailed description of the
seasonality ratio can be found in Burn [55] and applications to some of the Slovenian gauging stations
can be found in Bezak et al. [3] or Petek et al. [56].

The baseflow index (BFI) is a non-dimensional ratio between the baseflow volume (i.e., slowly
varying component of the streamflow originating from subsurface storage) and the total streamflow [52,57].
BFI values close to 0 are typical for flashy streams with an impermeable geological structure and soil,
while BFI values close to 1 are characteristic for high storage capacity catchments with a permeable
geological structure [57].

Mean n-day annual minima (MAMn) values were obtained by calculating a moving average,
where average flows for the duration of n-days were calculated for every hydrological year. In the
Ljubljanica River catchment, the lowest flows are expected in summer [58]. Therefore, 1st January was
selected for the beginning of the hydrological year. MAMNn for the individual hydrological year is
defined as the minimum value. In the case when the number of days is equal to 1, MAM1 is equal
to the annual minimum. However, Smakthin [52] and Bormann and Pinter [59] recommended not
to use the MAM1 for low-flow analysis because the MAM1 can be a result of measurement error or
day-to-day variations. Therefore, for the purpose of this study, possible impacts of projected climate
change on the MAM7 and MAMB30 values were evaluated.

2.5. Flood Frequency Analysis

In order to investigate the impact of the projected climate characteristics on high-flows, we
used the flood frequency analysis (FFA). The annual maxima method was used to define the sample.
This means that the maximum discharge value of each year was selected [24-26]. The generalized
extreme value (GEV) distribution and the method of L-moments [60] were used for the parameter
estimation. GEV distribution was selected because it is often used in practical applications for the
determination of the design discharge values in different countries [61]. Using the GEV distribution,
we calculated the discharge with a 10-, 50- and 100-year return period. An additional description about
the flood frequency approach can be found in hydrological textbooks [62] and research papers, such as
Bezak et al. [24], Lang et al. [25], and Karmakar and Simonovic [26].
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3. Results and Discussion

3.1. Model Calibration

In the first step of the study, we calibrated the hydrological model for two selected case studies.
The data and methodology described in Sections 2.1 and 2.2 were used in order to obtain the most
suitable model parameters. Calibration periods for both case studies are reported in Table 1. Figure 3
shows the calibration results for the CemaNeige GR6] model that was used for the Ljubljanica River
study catchment. Several different hydrological comparisons were used, such as the non-exceedance
probability or 30-days rolling mean. Comparison between the observed and modelled flows in log
scales indicates a relatively good model performance, both for the low and high flows. Moreover,
the calculated NS coefficient for the calibration period was 0.70. Figure 4 shows the results for the
Nanoscica River case study (Mali otok gauging station). For a description of this study catchment, we
used the GR6] model. A similar comparison of the observed and modelled flows as for the Ljubljanica
case study was also used for the Nanos¢ica case study. Moreover, the calculated NS coefficient for the
calibration period was 0.55. Based on the methodology that was proposed by Moriasi et al. [63], the
presented results can be regarded as satisfactory. A similar conclusion can also be made based on the
criteria proposed by Krysanova et al. [42]. Both calibrated hydrological models (for Ljubljanica and
Nanos¢ica catchments) were used for further investigation of the climate change impact on the low-
and high-flow characteristics of these two case studies. Similar to [64], better modelling results were
obtained for the larger catchment.
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Figure 3. Hydrological modelling results using the CemaNeige GR6] model for the Vrhnika station on
the Ljubljanica River for the calibration period (1982-2010; 1981 is used for model warm-up).
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Figure 4. Hydrological modelling results using the GR6] model for the Mali Otok station on the
Nanos¢ica River for the calibration period (2001-2010; 2000 is used for model warm-up).

3.2. Climate Change Models

Low-flow and flood frequency analyses were carried out for five climate models that are described
in Section 2.3. Based on the projected rainfall, air temperature, and evapotranspiration, we calculated
the daily discharge values using the calibrated hydrological model. For low- and high-flow analyses,
the results are shown in Figures 5-8 for three time periods, namely 2011-2040, 2041-2070, and 2071-2100.
For each period, the minimum, median, and maximum values are given taking into account the results
of five model simulations. All values in the tables are given as changes relative to the selected reference
period of 1981-2010.

3.2.1. Ljubljanica River (Vrhnika station)

Figure 5 shows results for the low-flow investigation of the Ljubljanica River (Vrhnika station).
One can notice that both MAM7 and MAM30 decrease for the periods of 2011-2040 and 2041-2070 (i.e.,
median value). For the last 30-years period of the 21st century, the MAM7 and MAM30 are projected
to increase. This indicates that in periods with less rain, one can expect longer and more significant
low-flow conditions (except for the 2071-2100 period). This conclusion is further confirmed by the
Q95, which is projected to decrease in two of the three investigated 30-year periods (i.e., median case).
This means that the flow duration curve shown in Figure 3 could change in the future. Based on the
simulated daily flow data from the five models that were used in this study, the changes between the
reference (1981-2010) and the future (2011-2040, 2041-2070, 2071-2100) flow duration curves were
determined (Figure 6). A similar conclusion was also made by [65], who found that Q95 could decrease
by up to 20% for the south-eastern part of Austria for the 2021-2050 period compared to the 1978-2007
period. However, for the Alps, an increase in the range of 10% to 30% could be expected [65].
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Low-flow indices and flood frequency results

Figure 5. Low-flow indices and flood frequency results (T10, T50, T100 are discharge with 10, 50,
and 100-year return period, respectively) for the periods of 2011-2040, 2041-2070, and 2071-2100 for
the Vrhnika gauging station (Ljubljanica River). All values are given as a relative difference (in %)
based on the 1981-2010 period. Five climate models were investigated and the minimum, median,
and maximum values of these five models (RCP4.5 scenario was used) are shown. Different colors
represent different 30-year periods and different symbols (i.e., circle, cross, and rectangle) represent the
minimum, mean, and maximum values.

Changes in the flow duration curves for the Vrhnika gauging station confirm that based on
the predictions used in this study, one could expect that the greatest changes in the hydrological
cycle will be seen primarily in the decline of low-flow values, especially for the 2011-2070 period.
This kind of behavior is manly driven by the precipitation decrease [50] in summer months when
karst rivers in a temperate continental climate often have lowest discharge values. [45,50] indicated
that summer precipitation could decrease in the periods of 2011-2040 and 2041-2070 compared to
the reference period (i.e., 1981-2010) while precipitation could increase in summer for the 2071-2100
period compared to the reference period. Thus, this leads to different FDC dynamics in the period of
2071-2100 compared to the other two periods (Figure 5). Thus, a precipitation decrease could result
in a lower summer discharge value, which could influence the water abundance and vulnerability
of karst rivers. However, looking at the minimum and maximum values shown in Figure 5, one can
notice that low-flow characteristics could either significantly decrease (e.g., Q95 of more than 30% in
the period of 2011-2040) or even increase in the future (e.g., period 2071-2100). [65] stated that the total
uncertainty in the Q95 for some catchments can exceed 60%.
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Figure 6. Flow duration curve (Q2-Q98) comparison for the three investigated periods where the
median curve is shown for the Vrhnika station (Ljubljanica River).

Looking at the seasonality characteristics of the investigated future periods, one can notice
that the minimum discharge could shift for a few weeks from mid-summer to late-summer (D in
Figure 5). However, the minimum option indicates a shifting of the lowest discharge values in the
opposite direction (i.e., towards July). Moreover, the strength of seasonality could become either
more or less significant. No clear pattern could be detected for the median values reported in
Figure 5. Similarly, [65] also found that the seasonality pattern varies among different climate scenarios.
Furthermore, investigated climate models also projected a decrease in the SR for all three period
(Figure 5). This could mean either that g95,, will increase or that g5, will decrease. The latter option is
more likely since Q95 is also projected to decrease. Further, the lowest discharge value in karst areas in
Slovenia in the temperate continental climate usually occur in the summer period.

The low-flow analysis shows a general increase in the Q50 value in the future until the year
2100 (Figure 5). Taking into consideration a decrease of low flows, this means that mean and high
flows are expected to increase in the future, which could result in more frequent extreme flood events.
This conclusion can be mostly confirmed by looking at the results presented in Figure 5 (i.e., median
option). For the discharge with a 10-year return period, the climate models project an increase for all
three investigated periods while for the 50- and 100-year discharge an increase is projected for the
2011-2040 and 2041-2070 periods. On the other hand, a decrease in the design discharge value is
expected for the 2071-2100 period compared to the 1981-2010 period (Figure 5). Some studies that
were included in the review made by [5] also found that 10-year or 100-year floods are expected to
increase (e.g., France, Germany, Slovakia). For some of these cases, the projected increase was larger
than for the selected case studies presented in this paper (e.g., Slovakia). Moreover, for some other
countries, 100-year floods are also expected to decrease in the future (e.g., Finland). However, similar
to the low-flow analyses shown in Figure 5, for the FFA, one can also notice relatively large differences
among the investigated models (i.e., minimum and maximum values). A similar conclusion can also
be made based on the review made by [5]. This means that the magnitude of extreme floods could
either increase or decrease in the future in relation to the considered climate change scenario (i.e., we
used the RCP4.5 scenario).

3.2.2. Nanoscica River (Mali Otok Station)

The second investigated study area was the Nanos¢ica River catchment, which is much smaller
than the Ljubljanica River catchment upstream of the Vrhnika water station. One could assume that any
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potential climate change impact would be more pronounced in the case of a smaller catchment, which
has less underground storage and a shorter hydrological response to the rainfall events. Moreover,
hydrological processes on a larger scale are also more mixed compared to small catchments, such as the
Nanoscica River catchment. Figure 7 shows the investigation of the low-flow and seasonality indices
for the three investigated periods using the five tested climate models. The value of BFI could decrease
by 2% to 5% in the future (Figure 7), which could be related to the anticipated prolonged dry periods
and more frequent extreme flood events. The median values of MAM7 and MAM30 indicate a decrease
in low flows for the 2011-2070 period with the lowest values in the period of 2040-2071. Similar results
were also obtained for the larger Ljubljanica River case study. Moreover, a low flow decrease in the
2041-2070 period is also observed at maximum values (Figure 7). The decrease of low flows is also
confirmed by the Q95, where the lowest median values are expected in the first period (2011-2040).
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Low-flow indices and flood frequency results

Figure 7. Low-flow indices and flood frequency results (T10, T50, T100 are discharge with a 10, 50,
and 100-year return period, respectively) for the periods of 2011-2040, 20412070, and 2071-2100 for
the Mali otok gauging station (Nanos¢ica River). All values are given as a relative difference (in %)
based on the 1981-2010 period. Five climate models (RCP4.5 scenario was used) were investigated
and the minimum, median, and maximum values of these five models are shown. Different colors
represent different 30-year periods and different symbols (i.e., circle, cross, and rectangle) represent the
minimum, mean, and maximum values.

Similar to for the Ljubljanica River case study, the expected decrease of low flows can be attributed
to the prediction of the decreased precipitation amount. In the periods of 2011-2040 and 20412070,
the predicted change in the precipitation amount at the annual level is between -5% and 5% [50].
Furthermore, the range between the minimum and maximum values of MAM7, MAM30, and Q95
is large. Compared to the Ljubljanica River, the decrease in the MAM7, MAM30, and Q95 is slightly
larger, which could confirm the hypothesis that smaller streams are more vulnerable compared to
rivers with larger catchment areas. Just as we did for the Vrhnika gauging station on the Ljubljanica
River, we also compared the predicted flow duration curves of Nanos¢ica River for three future periods
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with the flow duration curve of the reference period. Figure 8 confirms the observations described
above based on the low-flow indices. In particular, the last observed period of 2071-2100 should
be highlighted, as it shows an increase for the entire discharge value range by approximately 10%.
The reason is that precipitation could increase in this period and it is only for this period that we do
not have a projected decrease in summer precipitation [45,50].

30
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Figure 8. Flow duration curve (Q2-Q98) comparison for the three investigated time periods where the
median curve is shown for the Mali otok station (Nanos¢ica River).

Similar to the Ljubljanica River, the seasonality analysis indicates that the low-flow period could
shift towards autumn for a few weeks and no clear pattern in the strength of the seasonality could be
detected by looking at the R parameter (Figure 7). Parajka et al. [65] also pointed out that no clear
seasonality shift could be found in Austria, at least not at the country scale. Furthermore, differences
among investigated climate models are relatively large, which could also be associated with large
uncertainty as indicated by [65]. Moreover, SR could decrease in the future, which probably means
that go5, will be smaller (the exception is the 2071-2100 period).

Similarly, as for the Ljubljanica River, the low-flow analysis shown in Figure 7 indicates that Q50
could increase in the future, which could indicate more extreme events since Q95 is also decreasing.
While the median values indicate a slight increase in Q50 by 2100, the minimum and maximum values
show approximately a 15% change in the negative and positive direction, respectively. Figure 7 also
presents FFA results for the Nanos¢ica River. One can notice that the median values are always positive,
which means that the magnitude of extreme events for the Nanos¢ica River could increase in the future.
This increase can be up to 30% for the discharge with the 100-year return period. These results (Figures 5
and 7) indicate that, similar to what has been suggested for some other European countries [5,27,28],
in Slovenia, it would also be reasonable to adopt adjustment factors that incorporate a consideration of
climate change impacts in water management decision making guidelines. For our case studies, these
could range up to 30%. However, additional investigation should be carried out using data from other
catchments in order to confirm this conclusion. A comparison of our results with findings of other
studies showed that in some countries (e.g., Slovakia), the projected increase in maximum discharge
values is larger than in both of our study cases [5]. On the other hand, the 10-year flood in France
does not significantly change (up to 10%) [5], which is similar to that presented for Nanoscica River.
Compared to the larger Ljubljanica River case, extreme floods for the Nanos¢ica River could increase
in all three future periods for T10, T50, and T100 (Figure 7).
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Land cover and climate change (variability) effects on floods and low flows are strongly controlled
by the flow paths in catchment systems that differ in their time scales and the degree of connectivity [66].
One of the key questions is how does land use change and climate change (variability) modify flow
pathways, storage, and consequently also water resource vulnerability. Due to the high complexity
and heterogeneity of flow pathways in karst catchments, the impact of climate change on the low-flow
dynamics in karst catchments might be controlled by different factors, but one of the most important is
undoubtedly the quantity and temporal distribution of rainfall. In our case, climate change impact
on low-flow dynamics, and most likely also on storage, seems to be more pronounced at catchments
of small size such as the Nanos¢ica River catchment, which has smaller groundwater storage and
shorter transit times. According to the modelling result, we could expect changed dynamics (e.g.,
longer periods) of discharge intermittence due to changed temporal precipitation patterns. This might
not only be problematic solely from the water quantity point of view (availability of water for different
uses), but also from the view of changed ecological functions and ecosystem services that a stream
channel can provide.

4. Conclusions

The presented paper investigated climate change impact on the low- and high-flow conditions
for two Kkarst rivers in Slovenia. The smaller Nanog¢ica River (catchment area of about 50 km?; Mali
otok station) and larger Ljubljanica River (catchment area of more than 1000 km?, Vrhnika station)
were selected. CemaNeige GR6] and GR6] models were used for the rainfall-runoff modelling of
these two catchments. Both hydrological models were calibrated using measured discharge, rainfall,
evapotranspiration, and air temperature data. Using climate change scenario RCP4.5, we investigated
the hydrological situation in periods of 2011-2040, 20412070, and 2071-2100 compared with the
1981-2010 period. Five climate models are selected. Based on the presented results the following
conclusions can be made:

e A summer precipitation decrease (i.e., 2011-2040 and 2041-2070) could result in lower summer
discharge values, which is in our analysis confirmed with the investigation of the MAM7, MAM30,
and Q95 indices. This could mean that the vulnerability of karst rivers will increase in the future,
which could, for example, impact groundwater availability in this area or ecosystem services that
a stream channel can provide. Therefore, special emphasis should be given to the water resource
management in karst areas in the future due to the potential climate change impact. This applies
for both the small and large catchments that were investigated in this study.

e Investigation of the seasonality characteristics indicates that a slightly changed low-flow seasonal
pattern. However, the strength of seasonality is not expected to either significantly decrease
or increase.

e (50 and Qmean could increase in the future, which means that the magnitude of extreme events
could also increase since the low flows are expected to decrease. This was also confirmed with
the FFA results for both investigated case studies. Similarly, as in other EU countries, climate
change adjustment factors should be used in engineering practice when designing different
hydro-technical structures, such as dams or levees, taking into account climate change impacts.
This conclusion is valid for small and large catchments with no clear and significant difference
between two investigated cases.

e  Related to the use of different climate models and projections, there is an inevitable high uncertainty
in the climate change projections. Consequently, there is huge variability among the five investigated
climate models for the RCP4.5 scenario for both high and low-flows. Despite the fact that the above
mentioned conclusions were drawn based on the median value of five models, there is undoubtedly
still a high uncertainty present and future situations could be different than the calculated situation
based on the median value. Thus, further investigation is needed in order to investigate the future
climate situation and its impact on the hydrological conditions in karst areas.
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