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ABSTRACT

Long-term monitoring of stable isotopes in precipitation (520, §2H), alongside meteorological data, is key to
understanding how large-scale hydroclimate variability influences regional and local climate. This study presents
one of the longest records in Central and Southeastern Europe: the multi-decadal (1981-2024) dataset of
monthly composite precipitation stable isotope records from Ljubljana, Slovenia. The 580, 8°H, and d-excess
values are increasing (40.02 %o, +0.18 %o, and +0.05 %o per year, respectively), consistent with regional
warming. Seasonal patterns were evident, with elevated d-excess values during autumn. The decomposition of
the 5180, 5?H and d-excess time series using Hilbert-Huang Transform revealed statistically significant annual
oscillations in all variables. These oscillations correlated strongly with the annual oscillation of temperature, but
a lag of 2-3 months was identified for d-excess. Lower-frequency (multi-year) oscillations of d-excess were also
observed. HYSPLIT back-trajectory analysis confirmed a significant contribution of Mediterranean-sourced air
masses to autumn precipitation, but did not explain d-excess oscillations. Similar results were observed also for
coastal (Portoroz, Slovenia) and continental (Vienna, Austria) stations. The findings imply an accelerating,
exponential-like isotopic response to warming that has already propagated into the water cycle, providing
isotope evidence that precipitation-surface water-groundwater interactions in investigated region changed in last

decade.

1. Introduction

Stable isotope ratios (120/1°0, 2H/'H, expressed in standard 5 no-
tation as §'%0 and §%H) of precipitation collected at monitoring stations
worldwide are well-known sensitive indicators of hydroclimatic varia-
tions (Dee et al., 2023). Depending on the precipitation collection fre-
quency (e.g., events, monthly composites) and timeframe (years,
decades) precipitation stable isotope records can be used to study
large-scale atmospheric circulations (Baldini et al., 2008; Birks and
Edwards, 2009; Brencic¢ et al., 2015; Liu et al., 2010; Welker, 2012);
however, isotope time series of long temporal coverage are needed to
detect multi-decadal climatic oscillations (Klaus et al., 2015; Lykoudis
and Argiriou, 2011; Vystavna et al., 2020). Isotopic composition of
precipitation depends on various conditions and meteorological pa-
rameters which are related to the atmospheric circulation patterns and
their spatiotemporal distribution (Dansgaard, 1964; Puntsag et al.,
2016; Rozanski et al., 1993). It is known that the source of water vapor
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and air flow direction influences the isotopic composition of precipita-
tion (Bailey et al., 2019; Natali et al., 2023). However, little is known
about the dependence between global and regional atmospheric circu-
lation patterns responsible for precipitation generation and the stable
isotopic composition of the resulting precipitation (Brencic et al., 2015;
Comas-Bru et al., 2016).

Coordinated long-term monitoring of stable isotopes in precipitation,
coupled with basic meteorological parameters such as air temperature
and precipitation amount, are essential to (i) better understand the
impact of larger scale hydroclimate variation on regional and local
climate variability, and (ii) to help interpret long-term hydroclimatic
changes of the past, present, and future (Delavau et al., 2015; Sjostrom
and Welker, 2009; Terzer-Wassmuth et al., 2021; Vystavna et al., 2020).

Global efforts have been made to gather data on precipitation stable
isotopes already in the mid-20th century, in the form of the Global
Network for Isotopes in Precipitation (GNIP) (Araguas-Araguas et al.,
1996). Soon after, stand-alone stations and regional networks started to
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emerge, such as those in Germany (Stumpp et al., 2014), Switzerland
(Schiirch et al., 2003), the US (Dutton et al., 2005; Vachon et al., 2010;
Welker, 2000, 2012), Canada (Birks and Edwards, 2009), Austria (Hager
and Foelsche, 2015), and Australia (Hollins et al., 2018). During the
1960s and 1970s, precipitation stable isotope data have been collected
at several locations across central and SE Europe (Argiriou and Lykou-
dis, 2006; Gospodaric and Habic, 1976).However, systematic moni-
toring in the region was only initiated in the early 1980s (Krajcar Bronic
et al., 1998; Pezdic, 1999, 2003). Some of the established monitoring
stations hold remarkably long observation records, yet recurring
multi-monthly gaps pose challenges for the analysis of trend and cyclic
components (Krajcar Broni¢ et al., 2020a, 2020b). Quasi-continuous
multi-decadal precipitation stable isotope records have also been ob-
tained at two stations in Slovenia, PortoroZ and Ljubljana, now spanning
24 and 43 years of monthly precipitation stable isotope observations,
respectively (Vreca and Malensek, 2016).

Analysis of 21 long-term GNIP data series of §'%0 variability in
precipitation revealed complex and diverse isotopic patterns and trends
that cannot be simplistically linked to climate type or generalized no-
tions such as climate change. Instead, the long-term global 5'80 vari-
ability likely reflects the sensitivity to a range of regional and global
hydroclimatic processes, which are not easily unified in time or space
without continuous or higher-frequency isotope monitoring. Further-
more, urbanization has been shown to significantly impact local climate
systems, with urban heat islands influencing temperature and precipi-
tation patterns, and these effects further complicate the interpretation of
regional isotopic data (Carton et al., 2024).

Despite the growing body of work, multidecadal stable isotope re-
cords from SE Europe were not included in the most recent global as-
sessments of long-term isotope trends (Vystavna et al., 2020). This
represents a significant gap, as Central and SE Europe is characterized by
distinctive hydroclimatological conditions, receiving moisture from two
major marine sources: the Atlantic Ocean and the Mediterranean Sea,
and experiencing large seasonal variability in contribution from terres-
trial moisture recycling (Ciric et al., 2018; Gomez-Hernandez et al.,
2013; Krklec et al., 2018). Due to these circumstances, assessing the
trends and cyclic components of multidecadal precipitation stable
isotope records in SE Europe could offer valuable insights.

The main aims of this study are to: i) identify nonlinear and
nonstationary processes embedded in isotopic records using a time se-
ries decomposition method (Huang and Wu, 2008); ii) test the hypoth-
esis that the seasonal and decadal-scale oscillatory components of the
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long-term stable isotope records from Ljubljana are driven by distinct
hydroclimatic processes; iii) evaluate the impact of changes in air mass
origin, particularly the contribution of Mediterranean-sourced moisture,
on isotopic variability; and iv) assess the regional relevance of the
findings by comparing results with isotope records from a costal site
(Portoroz, Slovenia) and a continental site (Vienna, Austria).

2. Materials and methods
2.1. Isotopes in precipitation and meteorological data

Due to its position in temperate latitudes, strong diversity of land-
forms and differences in heights at the transition of the Alps to the
Dinaric range and of the Mediterranean to the Pannonian Basin (Fig. 1),
Slovenia has a transitional type of climate, which results from the
interaction between maritime and continental air masses (Ogrin, 2015).
Consequently, there are interactions between the mountain (Alpine),
Mediterranean and continental (Pannonian) climates in Slovenia, as
discussed in our previous work (Vreca et al., 2006, 2008, 2011, 2014,
2015, 2022).

A dataset of 997 monthly precipitation 5%H and 5'%0 records was
collected from Ljubljana (Table 1) for the period May 1981-December
2024. The records were obtained from different publicly available
sources, including the Slovenian Network of Isotopes in Precipitation
(SLONIP) (Jozef Stefan Institute, 2020; Kern et al., 2020; Vreca et al.,
2008, 2014, 2022; Vreca and Malensek, 2016). Additional, new isotope
data were collected from the Jozef Stefan Institute’s archive and merged
into complete datasets (Supporting Information, “Supplemental Data
Ljubljana™). For comparison within a wider geographical area, precipi-
tation stable isotope data for two reference stations were also investi-
gated. These data were collected for coastal station Portoroz in Slovenia
(Table 1) for the period October 2000-December 2024 and continental
station Vienna in Austria for the period January 1973-December 2023
(Table 1, Fig. 1). All together 568 5%H and 680 data were collected for
Portoroz from publicly available sources, including the SLONIP (Jozef
Stefan Institute, 2020), and other sources (Kern et al., 2020; Vreca et al.,
2011, 2015, 2022; Vreca and Malensek, 2016), merged into complete
datasets (Supporting Information, “Supplemental Data Portoroz”). The
1189 52H and 580 data for Vienna were collected form Global Network

of Isotopes in Precipitation (GNIP) (International Atomic Energy Agency
and World Meteorological Organization) and the Austrian Network of
Isotopes in
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Fig. 1. Map indicating the location of Ljubljana and nearby station with available long-term precipitation isotopic data (marked with black dots). Three letter
country codes follow the ISO 3166 alpha-3 system. Climate plots are provided for each of the corresponding station.
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Table 1
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Basic station attributes. Climate code — Koppen-Geiger classification (Kottek et al., 2006), n.a. — not applicable, JSI — Jozef Stefan Institute, 1 — The data for the

Ljubljana stations are merged into a single dataset.

Station ID Station Name Lat Lon Altitude Climate code Data period Number of isotope data
°N °E m since to

SLO_01 Ljubljana—BeZigrad1 46.065507 14.512352 299 Cfb 05/1981 12/1992 997

SLO_02 Ljubljana-JSI* 46.041944 14.487778 292 01/1993 08/2000

SLO_03 Ljubljana-Reaktor 46.094612 14.597046 282 09/2000 12/2024

SLO_04 Portoroz 45.475314 13.615985 2 Cfa 10/2000 12/2024 568

n.a. Vienna (Hohe Warte) 48.248611 16.356389 198 Cfb 01/1973 12/2023 1189
Forstwirtschaft) (Supporting Information, “Supplemental Data isotopic variables were obtained using the "slider" package (Vaughan,
Vienna™). 2024), where the following equations were used for unweighted and

The collected stable oxygen (6'%0) and hydrogen (5°H) isotope data
are expressed in standard & notation, as per mil (%o) deviation of the
sample (sp) from the standard (st) as:

X (%o) = (%—1) % 1000 )}

St

whereYX is >H or 180, Ry and Ry is 2H/'H or '80,/%0 ratio of the sample
and the standard, respectively (Coplen, 1995). Measurements were
carried out together with laboratory reference materials that are cali-
brated periodically against International Atomic Energy Agency (IAEA)
calibration standards to VSMOW/SLAP international reference scale
(International Atomic Energy Agency and World Meteorological Orga-
nization; Lancaster et al., 2025; Vreca et al., 2022, 2015, 2014, 2011,
2008; Vreca and Malensek, 2016), ensuring comparability and joint
assessment of the data. The final §'®0 and 6°H data are rounded to 2
decimals and 1 decimal, respectively. The performance of the methods
used was regularly tested with participation in IAEA’s Water Isotope
Inter-laboratory Comparisons (Wassenaar et al., 2018), other inter-
laboratory tests, and regular use of commercial reference materials from
USGS. Analytical methods have changed over time, as described in detail
in the referenced works (International Atomic Energy Agency and World
Meteorological Organization; Vreca et al., 2022, 2015, 2014, 2011,
2008; Vreca and Malensek, 2016). Typical analytical precisions (given
as 10) for the datasets until 2016 were 0.10 %o and 1.0 %o for 5'%0 and
52H, respectively. In 2016 the infrastructure of the JSI laboratories was
improved and the overall uncertainties are estimated to be less than
0.05 %o and 1 %o for 580 and 6°H (Vreca et al., 2022). Deuterium excess
was calculated as d-excess = 5°H — 8 x 580 (Dansgaard, 1964) and
reported in %o to 1 decimal.

Monthly precipitation and mean monthly air temperature date were
acquired from the Ljubljana-Bezigrad and Portoroz airport meteoro-
logical stations, which are part of the Slovenian National Meteorological
Network maintained by the Slovenian Environmental Agency
(Slovenian Environmental Agency (ARSO), 2025).

The monthly data were pre-processed for spatial consistency by
comparing to coinciding observations available from adjacent sites via
an outlier detection method combining both density and distance as-
pects (Erdélyi et al., 2024) using an on-line web-app (Hatvani et al.,
2026). No regionally inconsistent values were found in the records
during the procedure; thus, the whole time series were used in the
further analyses. The gaps in the time series caused by the missing
monthly 5'%0 and 52H values were filled by calculating the regional
mean of altitude-corrected precipitation isotope values from nearby
stations identified within a 100 km radius (5'0n and §*Hn in Sup-
porting Information). The altitude correction was applied based on
region-specific gradients of —1.2 %o km ™! for 5'%0 and —7.9 %, km? for
§°H (Hatvani et al., under review; Kern et al., 2020). The imputation
uncertainty amounted to ~0.1 (1) and ~0.8 (10) for 5'%0 and 62H,
respectively, and was generally lower than the analytical uncertainty.

Descriptive statistics (mean, median, quartiles, and range) and data
visualization was done in R version 4.4.2 (R Core Team, 2021).
Precipitation-weighted and unweighted 10-year rolling averages of

weighted means (x; and p; are the isotopic variable and the total pre-
cipitation amount for a particular month, respectively, and n is the
number of total observations in the particular rolling window):

X

n

@

X unweighted —

Di

P ®

Post-processing of figures and creation of the graphical abstracts
were done in Inkscape version 1.4. The outline of the overall data
analysis approach with corresponding methods used is shown in Fig. S1.
All data analysis and visualization scripts are available at the GitHub
repository (https://github.com/jgacnik/Precipitation_isotopes_data
_analysis).

n
i XiWis Wi =

yweighted =

2.2. Trend analysis

The presence of significant (p < 0.05) monotonic trends for 580,
52H, and d-excess time series were explored using Sen’s slope test (Sen,
1968) and their significance assessed using the Mann-Kendall
nonparametric test (Kendall, 1975; Mann, 1945) using the "trend"
package. Prior to applying the Mann-Kendall and Sen’s slope tests, the
raw data were aggregated to annual means to minimize the influence of
seasonal variability and to focus the analysis on long-term trends. The
statistical evaluation of seasonality for isotopic variables was done using
the nonparametric Kruskal-Wallis test in combination with post-hoc
analysis using the pairwise Mann-Whitney U tests. All statistical tests
were taken as significant at the a = 0.05 level.

2.3. Trend decomposition

Time series were decomposed by using i) ensemble empirical mode
decomposition (EEMD) to decompose the signal into multiple single
modes, also known as intrinsic mode functions (IMFs), and ii) Hilbert
spectral analysis for obtaining and analysing the time-frequency spectra
of generated IMFs (Huang et al., 1998).

Briefly, the EEMD decomposes time series data (x(t)) into a series of
oscillating functions (IMFi(t)) and a residual (r(t)), through the
following equation:

x(t)=>"" IMFi(t) +r(t) @

where the decomposition is stopped once the standard deviation be-
tween two successive oscillatory components (sifted components) falls
below a predefined threshold (typically between 0.2 and 0.3), ensuring
that each IMF has a locally zero mean and that the number of local
maxima and minima is equal or differs by at most one (Huang et al.,
1998). The standard deviation criterion is dimensionless and reflects the
relative change between two successive siftings. Additionally, EEMD
repeats the process multiple (typically 50-150) times, hence the name
“ensemble”, with added Gaussian noise, and the mean IMFs produced as
the final result (Huang and Wu, 2008). In this work, we used the package
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"Rlibeemd" for EEMD analysis (Luukko et al., 2016) and values of 0.2
and 100 for the threshold and the ensemble, respectively. Both the
S-number and the maximum number of siftings were used as the stop-
ping criteria for the EEMD procedure. This means that the iterations
stopped either when: i) the number of extrema and zero crossings in the
signal differed at most by one and stayed the same for S consecutive
iterations, or ii) the number of iterations exceeded the maximum num-
ber of siftings (Luukko et al., 2016). In the present work, the maximum
number of iterations was defined as 50, and S was set to 4. The EEMD
requires a continuous time series to identify local extrema for extracting
IMFs. Missing data can disrupt this process, so data gaps in the time
series of precipitation isotope data for Ljubljana (approximately 5 % of
time points) were filled by using the average values of nearby stations
with available precipitation data. Gap-filling was necessary to meet the
method’s requirement for a continuous signal. The small proportion of
imputed data was considered acceptable for this analysis.

The statistical significance of EEMD-derived IMFs was evaluated
using a Monte Carlo approach. For each variable, 1000 surrogate
Gaussian white noise series (matching the original series in length and
variance) were decomposed via EEMD with the same parameters. IMF
variances from the original data were compared to corresponding sur-
rogate distributions to estimate probabilities; IMFs with p < 0.05 were
deemed significant, indicating non-random oscillatory components.

Finally, the IMFs were transformed using Hilbert-Huang transform
(HHT) to obtain amplitude envelopes, thus providing a different
expression of the x(t) using the instantaneous amplitude (a;(t)) and
phase (6;(t)) of the IMF:

x(t) = Zi":lai(t)cos 0i(t) +r(t) 5)

The HHT was done using the "gsignal" package (Van Boxtel et al.,
2021). Each IMF was further analyzed using Fourier transform to extract
its frequency components. The resulting power spectrum revealed
dominant oscillation periods, revealed the periodic structure of the
signal and enabled identification of the dominant oscillation period
associated with each IMF.

The procedure outlined above is described in greater detail in
Nguyen et al. (2022), with the exception of the determination of IMF
significance, which was assessed using a Monte Carlo approach in the
present study. The approach has been utilized for decomposition of
various geophysical and environmental signals, but not for precipitation
stable isotope records, separating the signal into meaningful compo-
nents that show short-term fluctuations, seasonal patterns, and
long-term trends (Chen et al., 2025; Nguyen et al., 2022; Wang et al.,
2015; Yang et al., 2024; Zhang et al., 2024).

2.4. Long term covariance of 5°H and §'0

The linear relationship between 5°H and §'%0 in precipitation,
known as the meteoric water line, is a fundamental hydrological concept
(Gat, 2005). The local meteoric water line (LMWL) represents the
best-fit line through § - § space for precipitation at a specific site. In the
present case, the LMWLs were calculated using major axis regression
(MA), reduced major axis regression (RMA), precipitation weighted MA
(PWMA), and precipitation weighted RMA (PWRMA) following the
suggestions in refs (Crawford et al., 2014; Hughes and Crawford, 2012).
The formulation of the regressions is described in more detail in the
framework of the SLONIP platform (Vreca et al., 2022).

2.5. Circulation

To semi-quantitatively assess whether decadal change of
Mediterranean-sourced air masses could contribute to the isotopic
composition of precipitation in Ljubljana, Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) analysis was used
(Draxler and Hess, 1997; Stein et al., 2015). 6-hour back trajectories of
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air parcels arriving at the Ljubljana, Portoroz, and Vienna stations were
calculated for the periods 1981-2024, 2000-2024, and 1973-2023,
respectively, using the following input parameters: 3000 m above sea
level as the top of the model and —120 h as the total run time. For
meteorological data, National Center for Environmental Prediction
(NCEP) - National Center for Atmospheric Research (NCAR) reanalysis
data were used, specifically the “NCEP-NCAR reanalysis I data pro-
vided by the NOAA PSL, Boulder, CO, USA (Kalnay et al., 1996), from
their website (https://psl.noaa.gov). To link the back trajectories to the
Mediterranean Sea, we used the Mediterranean Sea geographical poly-
gon as defined by the International Hydrographic Organization (IHO)
(Flanders Marine Institute, 2018) and the R package "sf' (Pebesma,
2018). The time points of the trajectories that fell within the Mediter-
ranean Sea polygon were compared with the total number of trajectory
points for the investigated period to obtain the percentage of
Mediterranean-origin air masses. The trajectories of air masses for the
days without precipitation in Ljubljana, Portoroz, and Vienna were
filtered out based on historical daily precipitation data obtained from
the Slovenian Environmental Agency (Ljubljana and Portoroz)
(Slovenian Environmental Agency (ARSO), 2025) and GeoSphere
Austria (Vienna) (Geosphere Austria).

While this approach provides useful insights into air mass origins, it
does not directly model the transport of water vapor. Ideally, an atmo-
spheric model that simulates water molecules directly would be used
(Sodemann et al., 2008; Stohl et al., 2005), but such modelling was
beyond the scope of this study.

Beside this semi-quantitative measure of the proportion of
Mediterranean-sourced air masses, two oscillation indices were also
tested as potential indicators of changes in air-mass origin in the study
area. The North Atlantic Oscillation (NAO) represents the atmospheric
pressure gradient between the Azores High and the Iceland Low
(Hurrell, 1995). The NAO reflects the intensity of westerly circulation
between these latitudes, and the hydroclimatic sensitivity of the
Euro-Mediterranean region to NAO variability and forcing is
well-known (Hurrell, 1995; Lopez-Moreno and Vicente-Serrano, 2008;
Trigo et al., 2002). In this study, the NAO index was defined using
principal component analysis of the Northern Hemisphere 500 mb fields
(Barnston and Livezey, 1987). The monthly mean NAO index series for
period 1950-2024 was obtained from the NOAA Climate Prediction
Centre website (https://www.cpc.ncep.noaa.gov/products/precip/C
Wlink/pna/nao.shtml). The Mediterranean Oscillation (MO) index was
defined as the normalized pressure difference between Algiers (36.4°N,
3.1°E) and Cairo (30.1°N, 31.4°E.) (Palutikof et al., 1996). Although the
MO is not independent of the NAO, it has been proven to be a reliable
measure of atmospheric forcing over the Mediterranean Basin, since on
an annual basis it provides a stronger correlation with the main climatic
variables that influence freshwater and heat budgets in the region
(Criado-Aldeanueva et al., 2014; Kutiel and Maheras, 1998). The ob-
tained time trend was statistically evaluated using methodologies
described in sections 2.2 and 2.3.

3. Results and discussion

In the Ljubljana dataset, the medians and interquartile ranges of the
monthly values of 5'20, 62H, d-excess, temperature, and precipitation
amount are —8.0 %o (—10.4 to —6.4), —54.0 %o (—72.3 to —41.3), 10.0 %o
(8.0-11.9), 11.2 °C (4.5-17.9), and 107.0 mm (64.8-150.3), respec-
tively; full summary of descriptive statistics can be found in Table S1.

3.1. Time trends and seasonality

10-year rolling averages indicate visually increasing trends for 5'%0,
62H, and d-excess over time (Fig. 2a). These increases are further sup-
ported by statistical analyses of the yearly averaged raw data, which
reveal significant increasing trends on for all variables (p = 0.050 for
6180, p=0.0097 for 62H, and p < 0.001 for d-excess). However, the 580
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Fig. 2. a) Raw values and 10-year rolling averages of isotopes in precipitation and related meteorological variables in Ljubljana. b) Monthly variation of all variables
indicated on violin plots, where dots indicate the mean value (Hintze and Nelson, 1998).

trend was only marginally significant. Sen’s slope estimates for yearly
averaged data indicate that the rate of monotonic change is +0.02 %o
yr~! for 5'80, +0.18 %o yr ! for 52H, and +0.05 %o yr ! for d-excess. The
yearly average air temperature also shows a significant increasing trend
(p < 0.001), with a Sen’s slope of +-0.069 °C yr~ !, whereas no significant
monotonic trend is observed for the yearly average precipitation amount
(p = 0.32).

Regarding the seasonal distribution of 580 values (Table S2; winter:
Dec-Feb, spring: Mar-May, summer: Jun-Aug, autumn: Sep-Nov), there
is a statistically significant difference between all pairs of seasonal 580
data (p < 0.001) except for the spring-autumn pair (p = 0.23). A similar
pattern is observed for 5°H data. The seasonality patterns of 580 and
5°H data match the seasonality pattern of temperature, a well-known
phenomenon for isotopes in precipitation (Salamalikis et al., 2016a).

More interestingly, there is a statistically significant difference in d-
excess between autumn and all other seasons (p < 0.001), while there is

no significant difference between other season pairs. This indicates that
autumn is the season with the most unique and highest d-excess values
for Ljubljana. Autumn is also the season with the highest and the most
variable precipitation amount of all seasons (Fig. 2b). Values by month
(Fig. 2b, Table S3) show a similar trend as the seasonal plots. Notably,
September, October, and November are the only months that showed
significantly different d-excess values compared to other months
(Table S4). Among them, November appears to be the most unique
month with respect to d-excess in Ljubljana. These findings are consis-
tent with similar observations in the Central Mediterranean, such as
those in Pisa, Italy (Natali et al., 2025).

The trends of 562H versus 5'°0 regressions suggest that slopes and
intercepts for precipitation in Ljubljana are decreasing (Fig. 3), regard-
less of the used regression method or weighting. A similar decreasing
trend is also observed when splitting data into decades (Fig. S2). This
pattern may be the result of two main factors: i) rising temperatures
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to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 2), which increase evaporative processes and promote moisture
recycling, both of which lead to isotopic enrichment of precipitation
(Salamalikis et al., 2016b); and/or ii) temporal shifts in the water vapor
sources. In particular, the Mediterranean Sea is a well-known moisture
source for this region (Ciric et al., 2018; Gomez-Hernandez et al., 2013)
and is typically associated with higher §'%0 and 52H values compared to
Atlantic-derived air masses (Gat et al., 2003). These two contributing
factors are explored in more detail below.

3.2. Time series decomposition

The decomposition of 5'80, 6%H, and d-excess time series reveals
significant oscillations through EEMD-derived IMFs and corresponding
instantaneous frequencies and amplitudes obtained from HHT analysis.
The decomposition highlights temporal patterns in the data (Fig. 4a).
The dominant oscillation periods were determined via spectral analysis,
as exemplified by IMF 3 for d-excess (Fig. 4b; full spectral analysis in
Fig. S3). The strongest oscillations with the highest mean amplitudes
were the 1-year oscillations for all variables: 5'%0 (3.18 %o, IMF 2 + IMF
3), 5%H (25.17 %o, IMF 2 + IMF 3), and d-excess (1.83 %o, IMF 3). The
decomposition residuals, representing the long-term non-periodic
component remaining after removal of cyclical trends, provide insight
into baseline processes influencing the source and transport of moisture.
These residuals show a steady increase with time for all variables, in
agreement with the observed 10-year rolling averages (Fig. 2a). Since

the 1-year oscillations were also significant for temperature (T) and
precipitation amount (P) (p < 0.001), correlations between these vari-
ables and the yearly 5'°0, 5°H, and d-excess were analyzed (Fig. 4c,
Table S6). Strong positive correlations (r > 0.6) were found for 1-year
oscillations (IMF 2) of 5180 and 6%H with T, confirming that these var-
iables follow the annual temperature cycle (Fig. 4b). Decomposition
residuals of all variables were strongly correlated (r > 0.8) with both P
and T, reflecting the increasing long-term values in all decomposed
variables. Initially, no strong correlation was observed between the d-
excess oscillations and the T/P oscillations. However, cross-correlation
analysis (Fig. S4, Text S1) revealed a time lag of approximately two
months between the 1-year cycles of temperature and d-excess (Fig. 4c).
A moderate cross-correlation (> 0.4) was observed between the annual
temperature and d-excess cycles. The correlation could have been
stronger, but the time lag was not consistent throughout the study
period. Up to around 1990, the oscillations were largely in phase,
whereas after that point, the lag became more apparent (Fig. 4c).
Nonetheless, this correlation does not extend to the longer-term d-excess
oscillations (IMF 4 and IMF 5), suggesting that neither temperature nor
precipitation is the dominant driver of these components. This was
further investigated in Section 3.3.

The observations from time series decomposition for Ljubljana were
further explored on two additional nearby long-term datasets, from the
Portoroz and Vienna stations (Fig. 1, Table 1). The most powerful os-
cillations from the decomposition of Porotoz and Vienna datasets were
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is provided in Text S1.

the 1-year oscillations for 6180, 62H, and d-excess; all of them correlated
with the 1-year oscillation of temperature (Table S6, Table S7). There is
a time lag between the 1-year cycles of temperature and d-excess,
namely a 2-month lag for Portoroz and a 3-month lag for Vienna, similar

to the observed time lag for Ljubljana. The correlations with tempera-
ture are weaker for Portoroz, which can be related to the lower isotopic
amplitude at this coastal station/maritime conditions similarly to the
findings on Central European precipitation 580 records (Salamalikis
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Fig. 5. a) Time series, 10-year rolling averages, and seasonality of Mediterranean-sourced air masses in Ljubljana. b) Ensemble empirical mode decomposition
(EEMD) of the Mediterranean-sourced air masses time series into intrinsic mode functions (IMFs) and a residual with corresponding amplitude envelopes from
Hilbert-Huang transform. Only significant IMFs are shown.
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et al., 2016a; Vreca et al., 2006). Overall, Portoroz and Vienna results
are in agreement with the decomposition results of the Ljubljana dataset,
suggesting that the observations are not only local, but relevant to a
wider regional scale. The lower-frequency IMFs of d-excess, 2.7-year and
7.5-year oscillations, seem to be less relevant at the coastal Portoroz site
(p = 0.07 and p = 0.37, respectively) while their significance increases
(p = 0.01 and p < 0.001, respectively) with increased continental
character of the station (e.g., Vienna).

3.3. Connection to the mediterranean

Trajectories of HYSPLIT-derived time series of back trajectory points
in Ljubljana, crossing the Mediterranean region during their travel, are
shown in Fig. S5. The percentage of air masses originating from the
Mediterranean Sea ranges from O to 45 % in Ljubljana on the monthly
basis, and 10-year rolling averages are decreasing (Fig. 5a), with a Sen’s
slope of —0.046 % (—0.053 to —0.40) yr’l. Since a decrease in the
contribution of Mediterranean-sourced air masses would, if anything,
decrease the d-excess values, the increasing long-term values for d-
excess in Ljubljana are most likely not caused by changes in the
contribution of Mediterranean-sourced air masses. This is particularly
evident considering that Mediterranean-sourced vapor typically im-
prints high d-excess values (Gat and Carmi, 1970), higher relative to
Atlantic-sourced moisture (Bottyan et al., 2017). However, the season-
ality of these air masses (Fig. 5a: bottom plot) clearly shows autumn is
the season with the highest percentage of air masses arriving to Ljubl-
jana from the Mediterranean Sea, driving the seasonal variability of
d-excess (Fig. 2b).

From the time series decomposition, the strongest IMF with the mean
amplitude of 3.8 % was IMF 3, having a 1-year dominant oscillation
period (Fig. 5b; full decomposition results in Table S8). This seasonal
oscillation is most likely linked to the seasonality of d-excess; however, it
is not correlated to any of the significant oscillations of d-excess
(Table S9), even when checking for phase shifts between oscillations.
The lower frequency oscillation, IMF 6, had a 15-year dominant period
of oscillation and an amplitude of 1.7 % (Fig. 5b). Again, this oscillation
is not strongly or moderately correlated to any of the significant oscil-
lations of d-excess (Table S9). The decomposition residual shows an
increase with time (Fig. 5b), in disagreement with the observed 10-year
rolling averages (Fig. 5a). The residual of Mediterranean air masses
increased by 1 % during the period, which represents an 8 % relative
increase since 1981. This is a small increase in comparison to the 52 %
relative increase of d-excess residual since 1981 (absolute increase of
4.6 %o), which suggests that Mediterranean-origin air masses are not the
sole driver of long-term d-excess values in Ljubljana.

Overall, the statistical evaluation of the decomposition of the
HYSPLIT-derived time series suggests that temporal changes in the
contribution of Mediterranean-sourced air masses are not the primary
driver of the long-term increase in d-excess values in Ljubljana. A similar
observation was found for a Central European precipitation site, where
5180 showed no dependence on air mass sources, but rather on evapo-
rative processes and moisture recycling (Krklec et al., 2018). Although
the Mediterranean influence shows a clear seasonal pattern, particularly
with higher contributions in autumn, it does not explain the observed
long-term trend. The absence of correlation between the dominant
low-frequency oscillations of Mediterranean-sourced air masses and
those of d-excess further supports this conclusion. However, the seasonal
variability in the origin of air masses, especially the increased autumn
input from the Mediterranean Sea, appears to play an important role in
shaping the seasonal cycle of d-excess in Ljubljana.

Using the same HYSPLIT-based approach for the nearby stations of
Portoroz and Vienna also reveals characteristically elevated d-excess
values during autumn (Fig. S6), which is consistent with observations
from neighbouring regions where precipitation d-excess tends to peak in
the fall (Masiol et al., 2021). As with Ljubljana, the temporal decom-
position of Mediterranean-sourced air mass contributions at these sites
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does not exhibit significant correlation with the low-frequency oscilla-
tions of d-excess (Tables S8 and S11). This consistency across multiple
locations reinforces the conclusion that these findings are not only local,
but relevant across the region. Moreover, the lack of correlation between
d-excess and Mediterranean-origin air masses aligns with previous
studies; for instance, isotope monitoring in Austria has shown that large
d-excess fluctuations are more strongly influenced by local factors (e.g.,
sub-cloud evaporation, regional circulation) than by the air mass source
region (International Atomic Energy Agency (IAEA), 2005).

For oscillations of MO, no significant correlations were found with d-
excess. However, a weak correlation was observed between NAO IMF 4
(2.7-year oscillation) and d-excess IMF 4 (2.6-year oscillation), for both
Ljubljana (r = 0.25) and Vienna (r = 0.21), supporting the link previ-
ously detected by linear methods (Baldini et al., 2008; Kern et al., 2019;
Vystavna et al., 2020) between precipitation stable isotope records and
NAO. The time trend decomposition method applied here, which is
capable of identifying nonlinear and nonstationary processes, was able
to attribute this relation to a 2-3-yr oscillatory component. For Portoroz,
no significant low-frequency oscillation of d-excess was detected, and
thus no correlations could be established.

3.4. Implications

Although increasing trends were more common than decreasing ones
for precipitation isotopes, statistically significant trends were observed
only in very few cases when temporal trends were studied for isotopic
composition of monthly composite precipitation in the period of
1961-2000 at nine stations across southern Central Europe and Eastern
Mediterranean (Lykoudis and Argiriou, 2011). The lack of a temporal
trend might suggest that, despite the widely reported empirical “tem-
perature effect” in this region (Hager and Foelsche, 2015; Krajcar Bronic
et al., 2020a; Vreca et al., 2006, 2014) and the ongoing regional
warming (Ogrin, 2015), such signals were still unseen in the noisy
precipitation stable isotope composition records. However, the strong
positive correlation found at the annual scale and in the long-term trend
between temperature and precipitation isotopes at each of the studied
stations (Table S6) provides clear evidence that the observed atmo-
spheric temperature increase (i.e., energy input) has already propagated
into the water cycle. In this respect, the results clearly imply the regional
relevance of a globally coherent water cycle response to temperature
change (Konecky et al., 2023). The explanation for the previously re-
ported lack of significant trends in the isotopic composition of precipi-
tation for sites in southern Central Europe and Eastern Mediterranean
(Lykoudis and Argiriou, 2011) might be that gaps in the assessed records
bias trend detection, or that the changes have strengthened during the
past 20 years, which were not included in the earlier study (Lykoudis
and Argiriou, 2011). The latter explanation is supported by our findings,
which show an increase of 1.2 %o in 5'%0 and 13.7 %o in 52H over just 43
years during 1981-2024, as calculated from the oscillation residuals in
Fig. 4. These changes are striking when compared with the global
average increase of only 0.56 %o in 520 over a much longer period of
150 years during 1850-2000 (Konecky et al., 2023). and local average
increase of 0.65 %o in 580 and 5.3 %o in §°H over 38 years during
1980-2018 in Zagreb, Croatia (Krajcar Bronic et al., 2020a). Moreover,
the trend resembles exponential rather than linear growth (as evidenced
by Fig. S7), with the strongest increases occurring in the last two
decades.

Understanding temporal and spatial variations in the amount and
mode of precipitation and information regarding the stable isotopic
composition is essential. Precipitation represents an integral part of the
hydrological cycle, as it is the primary source of surface water and
groundwater (Dutton et al., 2005; Jasechko et al., 2016) and under-
standing of the dynamics between different water cycle components is
crucial for sustainable water resource management because climate
change, land use changes and human activities impact aquifer recharge,
as well as surface and groundwater quality and quantity (Schirmer et al.,
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2013; Zagar et al., 2024). In comparison to precipitation, the surface
water and groundwater isotope patterns are significantly dampened but
also change in time. Consequently, mean residence times of surface
waters and contribution of local precipitation to groundwater recharge
are changed (Jasechko et al., 2016; Zagar et al., 2024). These findings
have implications for national strategic planning, including the
long-term environmental monitoring programs and construction of
water resource infrastructure (e.g., dams and wellfields), particularly in
light of increasing air temperature and changing precipitation patterns
(Papadimitriou et al., 2016; Zagar et al., 2024).
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