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ABSTRACT: Climate change is altering hydrological processes and water availability, requiring robust long-
term analyses based on consistent data and models. In the article, the main components of the hydrological
water balance — precipitation, evapotranspiration, and runoff - in Slovenia for the period 1972-2024 are
analysed. The analysis is based on results from a verified national-scale nGROWA water balance model.
The objective of study is to identify trends that could be relevant for water resources management in a chang-
ing climate. A key finding is that evapotranspiration has increased significantly in large parts of the country.
However, above-average precipitation in recent years has so far compensated for this increase, prevent-
ing a country-wide decline in average runoff. Finally, a hydro-climatological trend indicator is proposed
as a future element for monitoring the water balance components in Slovenia.

KEYWORDS: hydrology, water balance modelling, nGROWA, climate change, hydro-climatological trend
indicator, water resources management, Slovenia

Vsedrzavni vodno bilan¢ni model Slovenije (1972-2024): dolgorocni trendi
in spremenljivost komponent vodne bilance

POVZETEK: Podnebne spremembe spreminjajo hidroloske procese in razpoloZzljivost vode, kar zahteva
robustne dolgoro¢ne analize na podlagi konsistentnih podatkov in modelov. V ¢lanku so analizirane glavne
komponente hidroloske vodne bilance - padavine, evapotranspiracija in odtok — v Sloveniji za obdobje
1972-2024. Analiza temelji na rezultatih verificiranega modela vodne bilance mGROWA za obmocje
Slovenije. Cilj $tudije je prepoznati trende, ki bi lahko bili pomembni za upravljanje vodnih virov
v spreminjajoem se podnebju. Klju¢na ugotovitev je, da se je evapotranspiracija v velikem delu drzave
znatno povecala, vpliv tega povedanja pa je bil manjsi zaradi nadpovpre¢nih padavin v zadnjih letih, zato
se povecanje ni izrazilo v manj$em povprecnem odtoku. Avtorji predlagamo hidro-klimatoloski kazalnik
trendov kot element spremljanja vodnobilan¢nih komponent v Sloveniji.
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1 Introduction

The global hydrological cycle is undergoing significant changes due to current climate change affecting
regional water balance components. Rising temperatures and altered precipitation regimes influence evap-
otranspiration, snow cover duration, runoff distribution, and groundwater recharge, leading to shifts in
water availability and hydrological extremes (e.g., Huntington 2006; Milly et al. 2008; Intergovernmental
Panel on Climate Change 2023; Xiong et al. 2023). These climatic developments necessitate continuous
regional water balance assessments to support water resources management and water security planning
(European Commission 2015; Bevacqua et al. 2024).

Slovenia is located in Europe in the transition zone between the Alps, the Mediterranean, the Dinaric
Alps, and the Pannonian Basin (Figure 1, top). In Slovenia previous national-scale water balance studies
analysed the mean conditions for the periods 1961-1990 and 1971-2000 (Kolbezen and Pristov 1998; Frantar
2007; Frantar 2008), providing an important basis for the water resources management. More recent assess-
ments have employed grid-based GROWA model to analyse annual water balance components at high spatial
resolution (Tetzlaff et al. 2015; Andjelov et al. 2016). The latest development of this modelling is the nGROWA
model (Herrmann et al. 2015), which provides the water balance at daily resolution.

This study applies the national-scale nGROWA model to analyse precipitation (P), evapotranspira-
tion (ET) and runoff (Q) in Slovenia for the period 1972-2024. The objectives are to (i) assess long- and
mid-term changes in the main water balance components, (ii) identify regions with significant recent changes
that may require adaptation in water resources management, and (iii) propose a hydro-climatological trend
indicator for continuous monitoring of the national water balance. Results are analysed at national level
and at the level of the five major Slovenian hydrological regions (Figure 1).

The study presents a novel national-scale, high-resolution assessment of long-term and seasonal changes
in water balance components in Slovenia. It is integrating mGROWA simulations with an enhanced hydro-
climatological trend framework that combines LOESS-based continuous trend indicators, raster hydrograph
visualisation, and spatially explicit statistical testing of regime shifts and trends.

2 Hydrological regions of Slovenia

Slovenia is hydrologically divided into two major river basin districts (RBDs): the Danube RBD and the
Adriatic RBD, separated by the main topographic watershed. Approximately 81% of the national territory
belongs to the Danube RBD, which includes the Sava, Drava, and Mura river basins, while the remaining
19% drains into the Adriatic Sea, primarily via the So¢a River and smaller coastal rivers (Figure 1, subar-
eas 3 and 4).

The Danube RBD is characterised by a strong east-west gradient in climate, topography, and water
availability. Mountainous alpine and pre-alpine areas in the west receive higher P, while lower elevations
in the east, particularly in the Drava and Mura basins, experience more continental conditions and lower
P. This gradient is reflected in runoff formation and regional water availability, with major urban centres
such as Ljubljana and Maribor located within the Sava and Drava basins, respectively.

The Adriatic RBD extends from the Alps in the north to the Mediterranean coast. P and Q generally
decrease from the mountainous regions towards the south, resulting in a pronounced north-south gra-
dient in water availability.

Large parts of Slovenia are characterised by karst hydrogeology with scarce surface water flows.
Major structural depressions in Slovenia are filled with unconsolidated alluvial sediments that form
productive aquifers with complex surface—groundwater interactions and highly heterogeneous flow paths
of national importance, while smaller hydrogeological units, such as flysch formations, play a key role
at the local scale. Detailed descriptions of Slovenian hydrology are provided by Kolbezen and Pristov
(1998) and Frantar (2008). These pronounced physiographic and hydrogeological contrasts are reflect-
ed in distinct water balance regimes and justify the spatially differentiated analyses applied in the following
sections.
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Source: ESRI ArcMap Basemap and corresponding data sources
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Figure 1: Location of Slovenia in Europe (top) and location of river basins and districts within Slovenia (bottom). In addition, the bottom map shows
the nationwide ground elevation and the river network. The geographic coordinate system of the map of Slovenia is MGI 1901/ Slovene National Grid
(EPSG:3912), axis labels show metres.

3 Methodology
3.1 mGROWA modelling methodology and data basis in Slovenia

In previous national-scale water balance studies in Slovenia, the grid-based GROWA model was applied.
This model solves the hydrological water balance equation P = Q + ET + AS for high-resolution spatial
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grids, where P denotes precipitation, Q runoff, ET evapotranspiration, and AS changes in water storage. Earlier
applications in the GROWA model focused on annual totals, but subsequent developments improved the
representation of soil water storage dynamics and their varying contribution to evapotranspiration.

As a result of these developments, the deterministic, grid-based water balance model mGROWA
(Herrmann et al. 2013; Herrmann et al. 2015) has been available for several years. It can be applied to assess
the impact of climate variability and change on water resources at the scale of large river systems and entire
countries (Herrmann et al. 2017; Herrmann et al. 2021). Figure 2 provides an overview of the main input
data, simulated variables, and derived statistics, while detailed equations and algorithms are document-
ed in the cited literature. In the following, the mnGROWA model is described from a generic perspective,
focusing on elements relevant for interpreting the results presented in this study.

Climatic input to the model includes air temperature, P, and reference evapotranspiration (ETo). These
variables are typically provided by national meteorological services or derived from regional weather fore-
cast and climate models. Adapted methods can be used to interpolate or downscale these variables and
country-specific ETo methods can be used. The mnGROWA model operates on daily time step; accord-
ingly, meteorological inputs are prepared at daily resolution. Daily variability in P and ETo is derived from
station-based observations, and these temporal patterns are internally transferred from spatially interpolated
monthly grid data.

Geospatial input data (left column of Figure 2) describe land use, topography, soil properties, and sur-
face imperviousness. They are used to parameterise the land surface and the rooting zone of vegetation
and are essential for calculating soil water content and ET as a function of vegetation type, soil water stor-
age capacity, slope, sealings and exposition. Additional geodata are used to characterise subsurface conditions
relevant for Q generation. In particular, the depth to the groundwater table provides an important bound-
ary condition and can serve as an interface to numerical groundwater models.
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Figure 2: mGROWA modelling diagram. Cyan indicates the climatic input data, light brown indicates the geodata on site conditions, violet indicates
the simulated hydrological variables, orange indicates the water storages considered, red-brown indicates simulated runoff components and ground-
water recharge, light green indicates rule-based computations and statistics, lines indicate dependencies.
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Runoff formation (central column in Figure 2) in mGROWA is simulated using physically based rep-
resentations of snow processes, soil water dynamics, ET, and percolation. Snow accumulation and melt
are primarily temperature-controlled and are simulated using methods originally implemented in the WaSiM-
ETH model (Schulla 1997), including a temperature-index approach for snow melting, also considering
the temperature - elevation dependency. Soil moisture dynamics are calculated using the multi-layer soil
water balance model BOWAB (Engel et al. 2012), with the daily change in soil moisture representing the
storage term of the water balance equation. Actual evapotranspiration is computed as a function of soil
moisture using the Disse-function (Disse 1995) in combination with evapotranspiration coefficients anal-
ogous to the FAO crop coefficient concept (Allen et al. 1998). Capillary rise from groundwater into the
root zone depends on groundwater depth and may occur under conditions of soil moisture deficit (con-
version is performed by functional relationship of van Genuchten’s equation (van Genuchten 1980) in
combination with tabulated capillary rise rates). When soil water storage exceeds field capacity, excess water
contributes to total runoff.

Total runoff simulated at daily time steps is aggregated to monthly values and subsequently separated
into groundwater recharge and direct runoff components (right column bottom in Figure 2). Groundwater
recharge is calculated in monthly time steps using the base flow index approach, which has been previously
evaluated for Slovenia (Tetzlaff et al. 2015), while direct runoff components are obtained as residual terms.
By simulating snow and soil water dynamics, the model can also provide spatiotemporal statistics such as
snow cover duration or soil moisture deficit (right column top in Figure 2), which may be used as indica-
tors of agricultural drought. The irrigation water requirements for specific crops can also be derived from
this model (McNamara et al. 2024). These outputs are not analysed further in this study.

The data basis used for the mGROWA application in Slovenia is listed in Table 1. All datasets were
transferred to a 100 m model grid using standard geographic information system methods, resulting in
2,027,330 active grid cells, each representing one hectare of the national territory. Monthly P and ETo fields

Table 1: Data basis used for the mGROWA water balance modelling in Slovenia.

Theme Database / format / resolution Source

Observed climate ~ Station-based, daily time steps (1972—2024): Slovenian Environment Agency (ARSO)
« Precipitation (P)
« Reference evapotranspiration (ETo)
+ 2'mair temperature

Grid-based 100 m, monthly time steps (1972—2024):
« Precipitation (P)
« Reference evapotranspiration (ETo)

Land use « CORINE land cover layer (2006), grid-based 100 m
« Imperviousness layer (2012), grid-based 20 m European Environment Agency (EEA)
Soil + Slovenian soil map (polygons) and over 10,000 soil profiles « Biotechnical Faculty, University of Ljubljana
- European Soil Database derived data layers for gap filling « Hiederer (2013)
Topography Grid-based 100 m, Digital elevation model (DMV 100) Surveying and Mapping Authority of the Republic of
Slovenia (GURS)
Geology « Geological map 1:100,000 Geological Survey of Slovenia (GeoZS)
« Hydrogeological map 1:500,000
Groundwater Depth to groundwater table 1:25,000, grid-based Slovenian Environment Agency (ARSO)
Artificial drainage  Artificially drained farmland 1:25,000, grid-based « Slovenian Ministry of Agriculture, Forestry and Food
(MKGP)
- Tetzlaff et al. (2009)
Hydrology - Catchment boundaries 1:25,000, polygons Slovenian Environment Agency (ARSO)
+ Daily discharge (1981-2020), gauge-based
Base maps River network, political boundaries, towns, digital elevation model  Surveying and Mapping Authority of the Republic
of Slovenia (GURS)
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were reconstructed at the Slovenian Environment Agency (ARSO) using ordinary kriging based on rela-
tive anomalies, which exhibit lower spatial variability than absolute values and are therefore better suited
for interpolation. This geostatistical approach, originally proposed by Matheron (1963), has been estab-
lished as standard practice for climatological data mapping at ARSO (Dolinar 2009).

3.2 Methods for assessing changes and trends

From a water resources management and planning perspective, long-term changes in the mean values of
the water balance components P, ET, and Q are of primary importance. Therefore, the assessment begins
with an analysis of interdecadal variability between the decades from 1972 to 2020 relative to the current
World Meteorological Organization (WMO) reference period 1991-2020.

In addition to interdecadal changes, inter-annual and seasonal changes and shifts have gained
increasing attention in regional water resources assessments (e.g., Ertl et al. 2018; Ertl et al. 2022).
For the high-resolution mGROWA simulations, a standard visualisation was therefore used that com-
bines area-specific time series of monthly and annual totals with a long-term trend line. In this study, this
visualisation was extended by a hydro-climatological trend indicator enabling continuous monitoring of
recent trends. Figure 6 shows this standard visualisation for P, ET, and Q for Slovenia. The upper panels
display annual totals and a LOESS-42 trend line (Scherrer et al. 2024), representing a smooth nonlinear
climate trend calculated using local linear regression (1st-order LOESS with a 42-year window; grey shad-
ing denotes 95% confidence limits). The main advantage of this filter is that extreme values are strongly
smoothed while still influencing the trend direction. The 42-year window proved suitable for approximating
a 30-year moving average. Unlike moving averages, LOESS-42 also provides unbiased values at the begin-
ning and end of a time series, which is particularly important for monitoring. The difference between the
latest LOESS-42 value and the 30-year average is used as a deficit or surplus indicator, describing whether
recent trends deviate positively or negatively from the long-term reference.

As a second component of the visualisation, monthly totals are displayed as a raster hydrograph (fol-
lowing Strandhagen et al. 2006), allowing seasonal variability to be interpreted together with longer-term
trends (Ehlers et al. 2016). Seasonal patterns and their shifts can thus be quickly compared and evaluated.

Visual interpretation of time series raises the question of whether statistically significant changes or
trends have occurred in recent decades. This was addressed using statistical tests. Mauget (2003) applied
the non-parametric Mann-Whitney-Wilcoxon test (MWW; Wilcoxon 1945; Mann and Whitney 1947)
to detect multi-decadal regime shifts in water balance components, and this approach is reccommended
for evaluating changing climate signals (Pfeifer et al. 2015). The test examines two segments of annual time
series for significant differences in mean values and distributions. In addition, the Mann-Kendall trend
test (MK; Kendall 1938; Mann 1945) was used to detect monotonic trends (Helsel and Hirsch 1992).

Both tests were implemented in a grid-based manner, yielding spatial patterns of the probability of
the alternative hypothesis, i.e., evidence of significant change or trend. For the MWW test, two time-span
pairs were analysed: 1999-2024 versus 1973-1998 (26 years each, covering nearly the entire simulation
period) and 2001-2020 versus 1981-2000 (20 years each), representing conditions before and after the
year 2000, which often marks a more significant shift in climatological time series. For the MK test, the
tail of the simulation from 1995-2024 was evaluated to assess the direction and significance of recent monot-
onic trends.

3.3 Methods for the evaluation of the runoff simulation

Before results of the mGROWA simulation are used for long-term water resources management, the qual-
ity of the calculated runoff balance must be evaluated. This evaluation is generally performed in suitable
catchments based on measured discharge data. The long-term mean observed runoff for a 30-year hydro-
logical period is calculated from stream-gauge hydrographs by averaging daily mean discharges. The simulated
counterpart is obtained by zonal analysis of the total runoff grids produced by mGROWA for the areas
contributing to each gauge.

Identifying suitable river catchments is a key step in this evaluation. Several criteria must be fulfilled: (i)
long-term, gap-free discharge measurements must be available; (ii) catchment boundaries must be delineated
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with sufficient certainty, which is often challenging in karst areas; (iii) human influence on runoff regimes
and water use should be low; and (iv) gauges should be relatively evenly distributed across the country. Additional
technical factors may also affect discharge measurements, but these are not discussed further here.

Agreement between observations and simulations for the selected catchments is assessed using objec-
tive performance measures. For the country-wide evaluation of long-term mean values, the area-weighted
variants of the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970) and PBIAS (percent bias; Gupta
et al. 1999) have proven useful (Herrmann et al. 2015). NSE describes how well observed and simulated
values fit the 1:1 line, with a maximum value of 1.0. Values between 0.75 and 1.00 indicate very good per-
formance, and values between 0.65 and 0.75 indicate good performance (Moriasi et al. 2007). PBIAS quantifies
the overall tendency of a model to over- or underestimate observations. The optimal value is 0.0, with low-
magnitude values indicating high simulation quality. Positive values indicate underestimation and negative
values indicate overestimation. According to Moriasi et al. (2007), values within +10% are considered very
good, £10% to +15% good, and £15% to +25% satisfactory.

4 Results

4.1 Long-term water balance and interdecadal deviations

The water balance components P, ET, and Q are listed in Table 2 for the reference period 1991-2020,
their deviations in the five decades from 1972 to 2020, and the five hydrological regions. During 1991-2020,
Slovenia received an average annual P of 1455 mm/a. The dependence of P on topography and along
a west—east gradient is visible in Figure 3A. The highest mean values, exceeding 3200 mm/a, occur in
the Julian Alps (Soca River basin), while the lowest P, below 900 mm/a, is found in the northeastern plains
of the Mura River basin. Almost nationwide, P was above the reference value (+33 mm/a) in 1972-1980,
particularly in the northwest and southwest. In the following decades, 1981-1990 and 1991-2000, declines
of —24 mm/a and —17 mm/a occurred, respectively. The decade 2001-2010 was also slightly below
the reference level (~10 mm/a). In contrast, 2011-2020 was characterised by an average anomaly of
+27 mm/a. During this period, the Drava River basin represented the driest region (Figure 3). Deviations
in the hydrological regions vary in magnitude between decades, but the large-scale spatial gradients of
P remain evident.

For 1991-2020, the average annual ET, simulated with mGROWA was approximately 710 mm/a (Table 2,
Figure 4). ET exhibits pronounced spatial variability related to vegetation cover, soil physical properties,
and topography (slope and exposition). Highest values (>850 mm/a) occur in lowland areas with dense
vegetation and favourable climatic and soil-moisture conditions, especially in southwestern and central
Slovenia. Lowest values (<500 mm/a) are found in alpine regions, where low temperatures, short growing
seasons, and vegetation-free areas constrain ET. Because summer P regularly replenishes soil moisture across
Slovenia, spatial P patterns are not directly reflected in ET patterns. The influence of rising temperatures
is already visible in the persistent increase of ET anomalies over the five decades. In 2011-2020, a nation-
wide anomaly of +21 mm/a was reached relative to the reference period, indicating the need for the more
detailed trend analyses presented in the following chapter.

Spatial and temporal patterns of runoff result from the combined effects of P and ET and are sim-
ulated accordingly in mGROWA. During 1991-2020, the average annual Q in Slovenia amounted to
741 mm/a (Table 2). The highest Q values (>2000 mm/a) occur in parts of the Julian Alps, whereas the
lowest values (<100 mm/a) are found in the northeastern lowlands of the Mura River basin (Figure 5A).
Q patterns are primarily controlled by P, consistent with previous studies (Kolbezen and Pristov 1998; Frantar
2008). Owing to above-average P, the first decade shows the highest Q almost nationwide. In the subse-
quent decades, interpretation becomes more complex. With increasing ET (Figure 4), deviations of Q
(Figure 5) diverge more strongly from those of P (Figure 3). Thus, as climate change progresses, runoff
correlates less directly with P. The strength of this decoupling varies regionally, reflecting the combined
effects of changing P patterns and Slovenias geodiversity, ranging from the Alps to the Dinaric karst,
Mediterranean, and Pannonian regions. Consequently, country-level generalisations are more uncertain
than basin-scale interpretations, which highlights the importance of regional trend analyses presented in
the following section.
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Table 2: mGROWA model results for the major water balance components precipitation (P), evapotranspiration (ET) and runoff (Q) in Slovenia and
in the five major hydrological regions in the period 19912020 and corresponding interdecadal deviations. The interdecadal deviations have been
calculated as decadal average minus long-term average. All values are in mm/a.

Region Long-term Deviation Deviation Deviation Deviation Deviation
average 1972-1980 1981-1990  1991-2000 2001-2010 2011-2020
1991-2020

Slovenia p 1455

ET 712

Q 741
(1) Mura river p 827
basin (Pomurje)

T 693

Q 132
(2) Drava river p 1130
basin (Podravje)

T 688

Q 441
(3) Socariver p 2222
basin (Posocje)

Er 751

Q 1468
(4) Adriatic river basin P 1491
without Soca watershed
(Obalne reke in Kras)

T 730

Q 759
(5) Sava river p 1463
basin (Posavje)

Er m

Q 750

Figure 3: Observed long-term precipitation (P) patterns and interdecadal deviations in Slovenia from 1972 to 2020. The geographic coordinate system
of the map of Slovenia is MG/ 1907 / Slovene National Grid (EPSG: 3912), axis labels show metres. » p. 130
Figure 4: Modelled long-term evapotranspiration (ET) patterns and interdecadal deviations in Slovenia from 1972 to 2020. The geographic coordinate
system of the map of Slovenia is MG/ 1907 / Slovene National Grid (EPSG: 3912), axis labels show metres. » p. 131
Figure 5: Modelled long-term runoff (Q) patterns and interdecadal deviations in Slovenia from 1972 to 2020. The geographic coordinate system of the
map of Slovenia is MG/ 1901 / Slovene National Grid (EPSG: 3912), axis labels show metres. » p. 132
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4.2 Temporal variability and trends in Slovenia’s water balance

In Slovenia, months with unusually high P occur most frequently in September, October, and November
(Figure 6), whereas months with below-average P are more common in winter. Annual P currently exhibits
an upward trend (+87 mm). However, comparison of individual years with the trend line indicates that
a small number of dry years could substantially weaken or even offset this trend. Monthly ET displays
a pronounced seasonal cycle, with high values during summer when sufficient soil moisture is available
and low values during winter. In response to global warming, annual ET totals show a relatively contin-
uous upward trend that has intensified since year 2000 (+42 mm). The temporal behaviour of Q again
reflects the superposition of P and ET. High winter P is transformed into high Q, in some cases delayed
by temporary storage as snow, whereas low Q typically occurs during summer when ET is high. The cur-
rent increase in annual P is largely compensated by rising ET, resulting in only a small net increase in Q
(+42 mm).

Figures 7 to 11 show that general temporal patterns are similar across the five Slovenian hydrolog-
ical regions, while trend magnitudes differ substantially. For example, Q in the alpine Soca River basin
(area 3 in Figure 1) exhibits a clear increasing trend (Figure 9), whereas in strongly karstified areas near
the Mediterranean coast (area 4 in Figure 1) virtually no substantial trend is detected (Figure 10). A more
precise evaluation of the significance of identified changes and trends is provided by the two statistical
tests.

Grid-based results of the MWW and MK tests (Figures 12 and 13) indicate that statistically signifi-
cant changes and trends in water balance components occur with varying frequency across Slovenia’s river
basins and districts. The maps display probabilities of the alternative hypothesis for the MWW test (Figures
12A-12F) and for monotonic trends in the MK test (Figures 13B, 13D, 13F). High probabilities indicate
changes or trends; probabilities above 0.85 denote high significance (a = 0.15, commonly applied in geo-
sciences). For the MK test, Kendall’s Tau (Figures 13A, 13C, 13E) indicates trend direction, with positive
values representing increases and negative values decreases.

Significant changes and trends in P are currently evident only in limited areas, mainly at higher alti-
tudes in the Alps and Dinaric Alps. In contrast, significant changes and trends in ET are more widespread,
although no high significance is reached in the southwest, the Adriatic region, and the southeast. Spatial
patterns of ET further indicate that the influence of vegetation, groundwater depth, and topography varies
regionally (e.g., Sava River basin in Figure 12D). Because variability in P and ET is superimposed in a com-
plex manner at larger catchment scales, no significant change in the overall Q regime is detected at that
level. However, at smaller spatial scales within river systems, significant local changes occur. Overall, ET
has changed significantly across approximately half of Slovenia in recent decades. At the river-basin and
district aggregation level shown in Figure 1, only changes in spatiotemporal ET patterns in the Drava and
Sava basins reach significance at the o = 0.15 level.

The simulation results (grid data) shown in Figures 3 to 11 can be downloaded for free (see Frantar
and Herrmann 2026).

5 Evaluation of the runoff simulation

For Slovenia, the 76 catchments were identified as suitable for evaluating the simulated Q (Figure 14). The
evaluation was conducted for two 30-year periods, 1981-2010 and 1991-2020. For almost all gauges, good
to very good agreement between observed and simulated values is evident, as most points are located close
to the 1:1 line or at least within a maximum deviation of 30%. Individual deviations are difficult to explain
in detail. Overall, they reflect a combination of uncertainties related to the evaluation methodology and
the inherent uncertainties of the mGROWA model setup.

For the period 1981-2010, the NSE and PBIAS values are 0.86 and +10.5%, respectively, indicating
very good overall model performance, but also a slight underestimation of Q. In the period 1991-2020,
the NSE and PBIAS values are 0.74 and +15.4%, respectively, which can still be considered a good overall
model performance. The underestimation is somewhat more pronounced in this period.
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Figure 6: Time series of annual and monthly precipitation (P, top), evapotranspiration (ET, middle) and runoff (Q, bottom) in Slovenia from 1972 to
2024. LOESS-42 trend lines in red, 30-year average 1991—2020 dashed in black, 95%-confidence limits as grey band.
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Slovenia: (1) Mura river basin (Pomurje)
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Figure 7: Time series of annual and monthly precipitation (P, top), evapotranspiration (ET, middle) and runoff (Q, bottom) in (1) Mura river basin (Pomurje)
from 1972 to 2024. LOESS-42 trend lines in red, 30-year average 1991—2020 dashed in black, 95%-confidence limits as grey band.
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Slovenia: (3) Soca river basin (Posodje)
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Figure 9: Time series of annual and monthly precipitation (P, top), evapotranspiration (ET, middle) and runoff (Q, bottom) in (3) Soca river basin (Posocje)
from 1972 to 2024. LOESS-42 trend lines in red, 30-year average 1991—2020 dashed in black, 95%-confidence limits as grey band.
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Figure 10: Time series of annual and monthly precipitation (P, top), evapotranspiration (ET, middle) and runoff (Q, bottom) in (4) Adriatic river basin
without Soca watershed (Obalne reke in Kras) from 1972 to 2024. LOESS-42 trend lines in red, 30-year average 1991—2020 dashed in black, 95%-
confidence limits as grey band.
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Slovenia: (5) Sava river basin (Posavje)
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Figure 11: Time series of annual and monthly precipitation (P, top), evapotranspiration (ET, middle) and runoff (Q, bottom) in (5) Sava river basin (Posavje)
from 1972 to 2024. LOESS-42 trend lines in red, 30-year average 1991—2020 dashed in black, 95%-confidence limits as grey band.
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Figure 12: Grid-based probability of the alternative hypothesis in the Mann—Whitney—Wilcoxon test for the two sets of time spans and modelled long-term
precipitation (P), evapotranspiration (ET) and runoff (Q). The geographic coordinate system of the map of Slovenia is MG/ 1901 / Slovene National Grid
(EPSG: 3912), axis labels show metres.
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Fiqure 13: Grid-based probability of a monotonic trend (alternative hypothesis in the Mann—Kendall test) and Kendall's Tau for the time span 1995-2024
and modelled long-term precipitation (P), evapotranspiration (ET) and runoff (Q). The geographic coordinate system of the map of Slovenia is
MGl 1901 / Slovene National Grid (EPSG: 3912), axis labels show metres.
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Figure 14: Simulated versus observed Q in Slovenia in 76 reference catchments and the two periods 1981-2010 and 1991-2020.
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6 Discussion and implementation

The mGROWA simulation presented in this study is based on a temporally constant spatial distribution
of parameters that represent the influence of land use, terrain, vegetation, and soil properties on evapo-
transpiration and runoff formation. Consequently, the effects of climate variability and change between
1972 and 2024 on the present land-surface state in Slovenia are examined. For example, land use changes
and other human interventions were not reconstructed, and their potential impacts on the water balance
were therefore not assessed. However, the mGROWA model would be technically capable of performing
such analyses if suitable input data were available.

In the evaluation chapter, a slight underestimation of Q was identified. One important reason for
this tendency is the use of uncorrected distributions of P. Point measurements of P and spatial inter-
polation are subject to bias. However, it is very difficult to determine the exact influence on the overall
simulation bias. Moreover, correcting individual variables may obscure underlying uncertainties. This
is illustrated by the fact that the magnitude of bias differs between the two evaluation periods, despite
their 20-year overlap. A bias correction of P would not eliminate this discrepancy because it would have
a consistent effect on the entire simulated period. Presumably, there is another relevant influence on
the overall bias due to the methodology behind the calculation of ET. The parameters used in the sim-
ulation were set constant over time. The upward trend in ET levels (Figure 6), particularly since about
2005, supports this interpretation. From a modelling perspective we can conclude that this phenome-
non must be further observed and further scientific efforts must be made to improve the parameterisation
of the model.

The results chapter demonstrates pronounced spatial and temporal variability, as well as trends and
changes in P, ET, and Q across Slovenia. The emerging picture is complex and reflects the superposi-
tion of regional climate variability with site-specific characteristics. Similar ranges of positive and negative,
as well as significant and insignificant, changes in discharge have been reported for Slovenian rivers by
Oblak et al. (2021). Based on observed changes, Stojilkovi¢ and Brecko Grubar (2024) proposed a mod-
ern typology of discharge regimes in Slovenia. ETo represents a key driver of variability and change and
forms the basis for ET calculation in mGROWA. Spatially variable ETo trends related to global warm-
ing were reported for Slovenia by Macek et al. (2018) and are also reflected in our reconstructed ET patterns.
Comparable climate-related impacts on discharge regimes have been reported for Croatia (Canjevac and
Oresi¢ 2018). In Austria, the COSERO model, which is conceptually similar to mGROWA, has recently
been established (Zeitfogel et al. 2025), although detailed trend analyses based on this model are not
yet available.

All of these studies highlight the need for continuous observation and evaluation of trends and changes.
Importantly, the objective of this study was not to prove climate-change impacts on Slovenia’s water bal-
ance, but to provide a data basis that supports water-resources management in identifying relevant long-
and mid-term changes. Such changes do not necessarily require statistically significant trends in individ-
ual climate variables. Nevertheless, analysis of the LOESS-42 trend line and its 95% confidence limits provides
a robust framework for assessing recent climatic variability and trends. The overlap of the 95%-confidence
limits and the 30-year mean can be interpreted as an early indication of emerging change in one of the
components under investigation.

With the implementation of mGROWA as a national water balance model, Slovenian water-resources
management and other stakeholders will benefit from state-of-the-art, model-based assessments. The sim-
ulation will be continued at the Slovenian Environment Agency (ARSO), providing a long-term data basis
for research and operational applications that extend beyond the scope of this study. The comprehen-
sive data basis is already being used for various purposes, for example for reporting by the Slovenian
government under the EU Water Framework Directive, for identifying regions with water stress, sup-
porting policy decisions and allocation of water rights, for regional and local water-resources assessments,
defining boundary conditions for groundwater models, assessing ecosystem services (Bogataj and
Frantar 2025), and analysing drought severity. Finally, the mGROWA-based annual hydro-climatologi-
cal trend indicator is intended to serve as essential contribution to a national Slovenian Water Resources
and Drought Monitor.
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7 Conclusion

The results of the mGROWA simulation for the period 1972-2024 provide a comprehensive data basis
that contributes to an improved understanding of the spatio-temporal variability of water balance com-
ponents in Slovenia under ongoing climate change. Statistical analyses demonstrate a significant increase
in evapotranspiration over large parts of the country. However, due to above-average precipitation in recent
years, this increase has not yet translated into a country-wide decline in mean runoff. The proposed hydro-
climatological trend indicator has proven to be a useful tool and represents a promising future element
for monitoring changes in water balance components in Slovenia.

From a scientific perspective, the existing simulation results also enable analyses of the influence of
meteorological drought on the severity of hydrological drought. Shifts and changes in this relationship are
expected in the future. Moreover, the current nGROWA setup can serve as a basis for comprehensive cli-
mate-impact studies, for example by linking outputs from Regional Climate Models (RCMs) or Shared
Socioeconomic Pathways (SSPs) to mGROWA. This will allow the assessment of projected future water
balance components and facilitate systematic comparisons with the current state of knowledge.

Finally, further improvements in the underlying data basis and in the mGROWA methodology itself
are expected to reduce remaining uncertainties. Nevertheless, with regard to retrospective analyses, such
improvements are not expected to lead to fundamentally different conclusions about the impact of climate
change on the national-scale water balance in Slovenia.
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