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Abstract

Long-term monitoring of the isotopic composition of precipitation is essential for obtaining insights into hydrological
processes. This study presents an updated and expanded dataset of stable isotopic composition of hydrogen (6°H) and
oxygen (6%0), deuterium excess (d-excess), and tritium activity concentration (A(®*H)) in monthly composite precipitation
samples collected at the SLONIP station Ljubljana (Reaktor), Slovenia for the period 2011-2024. The dataset is evaluated
together with meteorological observations for Ljubljana (Bezigrad) and Ljubljana (Hrastje) national stations to assess
temporal variability and is compared with previously published data for the 2007—-2010 period.

The mean precipitation-weighted values for 2011-2024 were —8.41 %o for 680, -56.1 %o for 6°H, 11.1 %o for d-excess,
and 6.7 TU for ACH), with all parameters except ACH) showing an increase compared to 2007—2010 period. The increase
of 6*%0 and 6%H is consistent with rising air temperatures, whereas the decrease in A(*H) reflects the radioactive decay of
°H originating from atmospheric nuclear weapons testing. Temporal trends reveal a seasonal cycle of §°H and §'*0, with
summer maxima and winter minima, strongly correlated with air temperature (r = 0.75 for 6°H and r = 0.78 for 6'°0). The
local meteoric water line (LMWL), §°H = (7.76+0.07) §*0 + (9.11+0.65), has a lower slope and intercept for the period
2011-2024 than for the period 2007—-2010. Precipitation amount does not substantially influence mean isotopic values,
although isotopic extremes were typically associated with low precipitation events. No statistically significant differences
were found between precipitation-weighted means of §°H, §®0, d-excess, and A(PH), calculated using precipitation
amounts from the Ljubljana (Bezigrad) and Ljubljana (Reaktor) stations. Continued long-term monitoring within the
SLONIP programme is essential for statistically robust climate and hydrological assessments in Slovenia and the wider
geographical region.

Izvlecek

Dolgoro¢no spremljanje izotopske sestave padavin je klju¢no za pridobivanje informacij o hidroloskih procesih. Ta
studija predstavlja posodobljen in razsirjen niz podatkov o izotopski sestavi vodika (6°H) in kisika (6'#0), devterijevem
presezku (d-excess), ter koncentracijah aktivnosti tritija ACH) v mese¢nih kompozitih padavin, zbranih na SLONIP postaji
Ljubljana (Reaktor), Slovenija v obdobju 2011-2024. Podatkovni niz smo analizirali skupaj z meteoroloskimi podatki iz
drZavnih postaj Ljubljana (Bezigrad) in Ljubljana (Hrastje), z namenom oceniti ¢asovne spremembe in primerjati rezultate
z rezultati za obdobje 2007-2010.

Srednje padavinsko-tehtane vrednosti za izotopsko sestavo padavin v obdobju 2011-2024 znasajo: —8,41 %o za §'°0,
-56,1 %o za 6°H, 11,1 %o za d-excess ter 6,7 TU za A(®*H). Vse vrednosti izotopskih parametrov razen A(®*H) so visje v
primerjavi z obdobjem 2007-2010. Vi$je vrednosti 6*¥0 in 6§H so skladne z narasc¢ajo¢imi temperaturami zraka, medtem
ko je nizja vrednost A(CH) skladna z radioaktivnim razpadom °H, nastalega pri zra¢nih jedrskih poskusih. Pri ¢asovnih
trendih je razviden sezonski cikel 6°H in 60, s poletnimi maksimumi ter zimskimi minimumi, mo¢no koreliranimi z
temperaturo zraka (r = 0.75 za 6°H in r = 0.78 za §'%0). Lokalna meteorna premica (LMWL), §2H = (7.76+0.07)6*°0 +
(9.11+0.65), ima za obdobje 2011-2024 nizji naklon ter zacetno vrednost kot za obdobje 2007-2010. Koli¢ina padavin
nima znatnega vpliva na srednje izotopske vrednosti, ¢eprav so ekstremne vrednosti izotopske sestave pogosto povezane
z nizkimi koli¢inami padavin. Med padavinsko-utezenimi povpredji §°H, 6'°0, d-excess in ACH), izratunanimi z uporabo
koli¢in padavin na postajah Ljubljana (Bezigrad) in Ljubljana (Reaktor), ni bilo statisti¢no znacilnih razlik. Nadaljnje
dolgoro¢no spremljanje v okviru programa SLONIP je bistvenega pomena za statisti¢no robustne podnebne in hidrologke
ocene v Sloveniji in $irsi geografski regiji.
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Introduction

Precipitation is the primary source of surface
water and groundwater, and represents an integral
part of the hydrological cycle. Thus, understanding
of the dynamics between different components of
the hydrological cycle is crucial for sustainable wa-
ter resource management (Schirmer et al., 2013).
Water fluxes between atmosphere and surface wa-
ter reservoirs are affected by climatic processes,
some of which can be traced and studied through
the use of stable hydrogen (§°H) and oxygen (6'%0)
isotopes, and tritium activity concentration (AGH))
in precipitation (Gourcy et al., 2005).

Multidecadal datasets of hydrogen and oxy-
gen isotopes in precipitation are needed in order
to detect long-term climatic shifts that can inform
national strategic planning, particularly in the
context of rising air temperatures and changing
precipitation patterns (Gac¢nik et al., 2026). Such
datasets are generally facilitated by international
or national-based precipitation monitoring net-
works, such as the Global Network of Isotopes in
Precipitation (GNIP) (International Atomic Ener-
gy Agency & World Meteorological Organization,
n.d.), the Austrian Network for Isotopes in Precip-
itation (ANIP) (Bundesministerium fur Land-und
Forstwirtschaft, n.d.; Hager & Foelsche, 2015),
the Swiss National Network for the Observation of
Isotopes in the Water Cycle (NISOT) (Schiirch et
al., 2003), Slovenian Network of Isotopes in Pre-
cipitation (SLONIP) (JoZef Stefan Institute, 2020;
Vreca et al., 2022), and more.

Since 2014, the precipitation isotope dataset
for Ljubljana (Reaktor) has been used in numer-
ous studies related to the water cycle. These stud-
ies cover a wide range of topics, including precip-
itation (Brencic et al., 2015; Filipovi¢ et al., 2022;
Gacnik et al., 2026; Hatvani et al.,, 2021, 2023;
Hughes & Crawford, 2012; Kern, Erdelyi, et al,,
2020; Kern, Hatvani, et al., 2020; Krajcar Bronic,
Baresi¢, Borkovié, et al., 2020; Nagode, Pavsek, et
al., 2022; Vreca et al., 2022, 2023; Vreca & Pavsek,
2022), caves (Dominguez-Villar et al., 2018) and ice
caves (Carey et al., 2019; Mulec et al., 2021; Racine
et al., 2022; Smith et al., 2023), thermal springs
(Serianz et al., 2020; Winter, 2019), surface waters,
groundwater and groundwater discharges (Brki¢ et
al., 2020, 2021; Kanduc et al., 2019; Ogrinc et al.,
2018; Parlov et al., 2019; Rusjan et al., 2019; Torkar
et al,, 2016; Tréek & Mesarec, 2023), surface water
(Nagode, Pavsek, et al., 2022; Torkar et al., 2016),
water supply systems (Nagode, Kandu¢, et al,
2022; Zagar et al., 2024), general hydrology (Bezjak
et al,, 2017; Nagode et al., 2020; Vreca, Kandu¢, et
al., 2017; Vreca & Malensek, 2016) and archaeology

(Leskovar et al., 2025). Lately, the long-term sta-
ble isotope record of precipitation in Ljubljana was
explored in detail and the results imply an acceler-
ating, exponential-like isotopic response to climate
warming in last decade that has already propagated
into the water cycle (Gacnik et al., 2026).

This study aims to update and expand the iso-
topic record of precipitation for Ljubljana (Reak-
tor) by presenting new data and their evaluation
covering the period 2011-2024. The objectives are
to 1) characterize the temporal variations in stable
isotopic composition (62H, §*%0, and d-excess) and
A(®H), ii) compare the new data with previously
published results for 2007-2010, and iii) evaluate
the relation between isotopic composition, tem-
perature, and precipitation to better understand
climatic and hydrological influences on precipita-
tion in Ljubljana.

Materials and methods
Sampling

Monthly composite precipitation samples
were collected at SLONIP research station Lju-
bljana (Reaktor) (Fig. 1, WGS84: 46.094612° N,
14.597046° E, 282 m a.s.l.) from January 2011 to
December 2024 by the staff of the Department of
Environmental Sciences (O-2) of the JoZef Stefan
Institute (JSI). Samples were collected from a pre-
cipitation gauge as soon as possible after a precip-
itation event. The volume of collected precipitation
was measured in the laboratory and the sample
was poured into a 5-litre plastic bottle with a
tight-fitting cap.

After bringing the samples to the laboratory the
impurities (e.g. dust, particles) were removed from
the sample by filtration through Black Ribbon fil-
ter paper before taking aliquots for different iso-
tope analyses. A 30- or 50-mL borosilicate glass
bottles provided by International Atomic Energy
Agency (IAEA) were filled for the stable isotope
analysis of hydrogen and oxygen and the rest of the
water was transferred to 0.5- or 1-L high density
polyethylene (HDPE) bottles provided by IAEA for
tritium activity concentration analysis.

During the sampling period, the amount of
water collected in December 2016 (only traces,
amount not determined) was insufficient for all
isotope analysis, while amount of water collect-
ed in November 2011, December 2015, December
2018, January and April 2020, and March 2022
was insufficient for tritium activity concentration
analyses. In August 2015, the tube that connects
the precipitation collector with the sampling bottle
was blocked.
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Fig. 1. a) Location of
the SLONIP Ljubljana
(Reaktor) station and b)
the sampling collector at
the station.

Table 1. List of analytical methods used and laboratories where isotopic composition of precipitation in Ljubljana was determined since 1981.
DI — dual inlet; CF — continuous flow; IRMS — isotope ratio mass spectrometer; CO, equil. — water-CO, equilibration technique; Zn red. to
H, - zinc reduction method; Cr red. to H, — chromium reduction method; Pt red. to H, — platinum reduction method; OA-ICOS - off-axis
integrated cavity output laser absorption spectroscopy; LSC-EE — electrolytic enrichment liquid scintillation counting; JSI — JoZef Stefan
Institute; RBI — Ruder Boskovié Institute, Zagreb, Croatia; ITAEA — International Atomic Energy Agency; JR — Joanneum Research, Graz,

Austria.
Station Analytical methods and laboratories
Period References
name 5180 52H A(3H)
- . Pezdic (1999

Ljubljana— B DI IRMS CO, equil. DIIRMS Znred. to H, L

Bevigrad | 20 1992 | Varian MAT 250 (JSI) | Varian MAT 250 (JSD) GPC (RBI) 2003), Vre€a et
al. (2008)
- . Pezdi¢ (1999
Ljubljana— B DI IRMS CO, equil. DIIRMS Znred. to H, .
1JS 1993=19971 Varian MAT 250 (JSD | Varian MAT 250 (JSI) GPC (RED 2003), Vreca et
al. (2008)
s . Pezdi¢ (1999

Ljubljana— B DI IRMS CO, equil. DI IRMS Crred. to H, .

Reaktor | 127872090 | orjan MAT 250 (3sD) Varian MAT 250 (JST) GPC (RBI) 2003), Vre€a et
al. (2008)

Ljubljana— 2000-2003 DI IRMS CO, equil. DIIRMS Crred. to H, GPC (RBI) Vreca et al.
Reaktor Varian MAT 250 (JSI) Varian MAT 250 (JSI) LSC-EE (IAEA) (2008)
g DI IRMS CO, equil. CFIRMS Crred. to H, .

Ljubljana=1 04 5006 | Finnigan MAT DELTA™ | Finnigan DELTAP™ XP GPC (RBI) Vreca et al.
Reaktor UR) UR) (2008)

DI IRMS CO, equil. GPC (RBI)
Finni MAT DELTAP"s LSC-EE
Lubliana= »)5, 501 mmgan(JR) or Fcligislacéifriio 2123 Quamuclus 1220 | Vieta et al. (2014)
Reaktor CF IRMS CO, equil. & UR) (RBI) or )
IsoPrime with Multiflow LSC-EE TriCarb
Bio (JSI) 3170 TR/SL (JST)
CF IRMS CO, equil. CFIRMS Crred. to H,
IsoPrime with Multiflow Finnigan DELTAP" XP LSC-EE
Liubliana— Bio or (JR) or Quantulus 1220 Gacnik et al.
JReaJktor 2011-2015 DI IRMS CO, equil. DIIRMS Ptred. to H, (RBI) or (2026) and this
Finnigan MAT DELTAP" | Finnigan MAT DELTAP* | LSC-EE TriCarb paper
(JSD) or (JSD) or 3170 TR/SL (JST)
OA-ICOS (TAEA) or OA-ICOS (TAEA)

L iblana DI IRMS CO, equil. DI IRMS Pt red. to H, LBSI%E%ERT/‘;EE;? Gatnik et al.
Juby 2016~ | Finnigan MAT DELTA?™ | Finnigan MAT DELTAP: (2026) and this
Reaktor Quantulus 1220

JSD) JSID) JsD paper
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Stable isotope analysis (6°H and 6'20)

Complete list of used analytical methods and
laboratories for determination of 6°H and 60 in
precipitation is shown in Table 1.

During the period 2011-2015, the capabilities
for determination of isotopic composition of hy-
drogen at JSI were limited, therefore, we cooperat-
ed with two foreign water isotope laboratories op-
erating in Austria, one at Joanneum Research (JR)
in Graz and the other at IAEA in Vienna.

The isotopic composition of hydrogen (62H) in
samples collected between January 2011 and June
2011 was determined on a CF IRMS Finnigan
DELTAplus XP with a HEKAtech high-tempera-
ture oven, by reduction of water over hot chromium
(Morrison et al., 2001) at JR (Vreca et al., 2014).
The typical uncertainty reported as the long-term
standard deviation of a laboratory reference mate-
rial was +1 %o for §2H (Vreéa, Strok, et al., 2017).

The isotopic composition of oxygen (6'%0) in
samples collected between January 2011 and
March 2015 was determined on a continuous flow
isotope ratio mass spectrometer (CF IRMS) Iso-
Prime with MultiFlow-Bio module at the JSI by
means of water-CO, equilibration technique (Ep-
stein & Mayeda, 1953). All samples were mea-
sured as independent duplicates and the typical
uncertainty reported as the long-term standard
deviation of a laboratory reference material was
0.07 %o for §'80 (Vreda, Strok, et al., 2017).

Since 2016 the 6°H and 60 were analysed at
the JSI also according to the water-H, (platinum
— Pt) and water-CO, equilibration technique (Avak
& Brand, 1995; Coplen et al., 1991; Gourcy et al.,
2005) on a dual inlet isotope ratio mass spectrome-
ter (DI IRMS) Finnigan MAT DELTA plus with au-
tomated H,-H,O and CO,-H,O equilibrator HDO-
EQ48 (Lancaster et al., 2025; Vreca et al., 2022,
2024). All samples were measured as independent
duplicates and the uncertainties were estimated to
be less than 1 %o and 0.05 %o for 6°H and §'¥0
(Vreca et al., 2022). More than half of samples (31
of 60) collected during the period 2011-2015 were
remeasured by this technique (Vreda, Strok, et al.,
2017).

Samples collected between January 2013 and
December 2015 were sent also to Isotope Hydrol-
ogy Laboratory (IHL) at TAEA where 6°H and
680 were determined by off-axis integrated cav-
ity output laser spectroscopy (OA-ICOS, Los Ga-
tos Research, Mountain View CA, United States of
America). Samples were run in duplicate with each
analysis run conducted on a different day and on a
different instrument. The analytical protocol was
adapted from Wassenaar et al. (2014). Selected

samples were repeated on a dual-inlet isotope ratio
mass spectrometer (Thermo Finnigan Delta Plus,
Bremen, Germany) following equilibration with H,
or CO, gases respectively in a custom-built equil-
ibration unit. The typical uncertainty reported as
the long-term standard deviation of a control sam-
ple amounts to 0.5 %o for 6°H and 0.08 %o for 680
(S. Terzer, personal communication).

The collected stable hydrogen (6°H) and oxygen
(6'80) isotope data are expressed in standard 6 no-
tation, as per mil (%o) deviation of the sample (sp)
from the standard (st) as:

§YX (%0)= <&- >><1000 ey
Ry

where ¥X is °H or O, R and R_ is *H/'H or
180/10 ratio of the sample and the standard, re-
spectively (Coplen, 1995). Measurements were
carried out together with laboratory reference
materials (LRM) that are calibrated periodically
against IAEA calibration standards to VSMOW/
SLAP international reference scale (Internation-
al Atomic Energy Agency & World Meteorological
Organization, n.d.; Lancaster et al., 2025; Vreca
et al., 2022, 2024). Results were normalised to
VSMOW/SLAP by the LIMS (Laboratory Infor-
mation Management System for Light Stable Iso-
topes) programme and the final §°H and §*0 data
are rounded to 1 decimal and 2 decimals, respec-
tively (Gacnik et al., 2026).

Tritium activity concentration — A(*H)

Complete list of used analytical methods and
laboratories for determination of A(*H) in precipi-
tation is shown in Table 1.

Tritium activity concentration - A(*H) - in sam-
ples collected between January 2011 and June
2012 was determined at the Tritium Laboratory
of the Department of Experimental Physics of the
Ruder Boskovié¢ Institute (RBI) in Zagreb. Samples
were measured by the liquid scintillation count-
ing technique following electrolytic enrichment
(LSC-EE) using ultra-low-level liquid scintillation
counter Quantulus 1220 (Wallac, PerkinElmer).
The limit of detection of the method is 0.3 to 0.5
TU, depending on measurement duration (Bares$ié¢
et al., 2010, 2011, 2013; Vreca et al., 2014).

Tritium activity concentration in monthly sam-
ples collected between July 2012 and December
2024 was determined at O-2 JSI. Water samples
were first distilled with addition of activated char-
coal to adsorb possible other volatile radionuclides
and after addition of the Na,O, to the 250 mL of
distilled water samples, they were electrolyzed un-
til volume of less than 20 mL. Then second distil-
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lation was performed and distilled samples were
measured on liquid scintillation counter Quantu-
lus 1220 (Perkin Elmer). Typical detection limits
were about 0.15 Bgkg?. The method prior to in-
strumental analysis was the same also for TriCarb
3170 TR/SL; typical detection limits were about
0.21 Bqgkg?®. Results were reported in Bgkg'! but
for the purpose of this paper, results are expressed
in Tritium Units (1 TU = 0.118 BqL™). Given the
low mineralization of precipitation, the density
of water samples was assumed to be 1 kg L, an
approximation commonly applied in precipitation
isotope studies.

Meteorological data

Meteorological data were obtained from a syn-
optic station Ljubljana (Bezigrad) (amount of pre-
cipitation (P) and air temperature (T), WGS84:
46.065507° N, 14.512352° E; 299 m a.s.l.) and
from an automatic station Ljubljana (Hrastje) (T,
46.0743126° N, 14.553962° E; 290 m a.s.l.). Both
stations are a part of the National meteorological
network and the data was acquired from meteo-
rological archive of the Slovenian Environment
Agency for Ljubljana (Bezigrad) (Slovenian Envi-
ronmental Agency (ARSO), 2025) and for Ljublja-
na (Hrastje) (ARSO, M. Dems$ar, personal com-
munication) while for Ljubljana (Reaktor), P was
recorded by JSI.

Data reduction

After collecting all results, we had to decide
which data would be included in SLONIP database
and used for future evaluation (Vreéa, Strok, et al.,
2017). For tritium data, no selection was needed
because each sample was measured only in one
laboratory and the same measurement technique
was used. Contrary, the stable isotopic composi-
tion was determined in 3 laboratories with differ-
ent techniques. Decision for final data used for the
SLONIP database (https://slonip.ijs.si/) was made
using the modified approach applied for evalua-
tion of stable isotope results in proficiency tests
(PT) organized by TAEA (i.e. WICO 2016; Vreca &
Zigon, 2016). The whole stable isotope dataset for
Ljubljana since 1981 with data attributes is avail-
ablein Gacniket al. (2026; Supplementary material
at https://doi.org/10.1016/j.envres.2025.123286:
file: 1-s2.0-S0013935125025393-mmc2.x1sx).

The isotopic composition of precipitation data-
set for period 2011-2024 together with the tritium
activity concentration and precipitation data for
Reaktor is presented in this paper.

The approach of data reduction described by
Vreca et al. (2008, 2014) for Ljubljana isotope re-

cords 1981-2006 and 2007-2010 was used. The
minimum required number of data fulfilled the
requirement of eight monthly measured samples
per year and more than 70 % of total P collected
per year (IAEA, 1992). Basic descriptive statistics,
l.e. mean, minimum and maximum values were
determined. Deuterium excess was calculated as
d-excess = 6°H - 8 x §'80 (Dansgaard, 1964) and
reported in %o to 1 decimal.

Furthermore, mean values weighted by P re-
corded during sampling period at the Ljubljana
(Reaktor) and Ljubljana (Bezigrad) were calcu-
lated from all monthly data, and then summed
over all collected samples per year and per month.
Summation was also performed over each season:
winter (December, January, February), spring
(March, April, May), summer (June, July, August)
and autumn (September, October, November). Ox-
ygen-temperature correlation was calculated using
T data provided by ARSO from Ljubljana (Bezi-
grad) and Ljubljana (Hrastje) which is close to Lju-
bljana (Reaktor).

Descriptive statistics (mean, median, quartiles,
and range) and data visualization was done in R
version 4.4.2 (R Core Team, 2021) using R pack-
ages “tidyverse” (Wickham et al., 2019), “readxl”
(Wickham & Bryan, 2025), and “ggcorrplot” (Kas-
sambara, 2023). For the geospatial plot (Slovenia
map), packages “rnaturalearth” (Massicotte &
South, 2025) and “sf” (Pebesma, 2018) were used.
Assessment of statistical differences between pre-
cipitation-weighted means of isotopic variables
obtained using P values for Ljubljana (Bezigrad)
and Ljubljana (Reaktor) was done using Die-
bold-Mariano test and package “forecast” (Hynd-
man & Khandakar, 2008). In the test, the forecast
horizon was set to 1 because corresponding an-
nual values (without a time shift) were compared,
and a squared-error loss function (power = 2) was
used to give greater weight to larger differences
between the two isotope reconstructions. Unlike
a paired t-test, this method accounts for temporal
autocorrelation in the isotope records and there-
fore provides a robust assessment of whether the
choice of precipitation station systematically in-
fluences the annual isotopic signals (Hyndman
& Khandakar, 2008). The local meteoric water
lines (LMW Ls, §2H versus §'80 linear regressions)
were calculated using precipitation-weighted re-
duced major axis regression (PWRMA) follow-
ing the suggestions in references (Crawford et al.,
2014; Hughes & Crawford, 2012). The formulation
of the regressions is described in more detail in
the framework of the SLONIP platform (Vreca et
al.,, 2022). Statistical significance of differences
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between LMWLs computed with P data obtained
from Ljubljana (Bezigrad) and Ljubljana (Reaktor)
was tested using the analysis of covariance (AN-
COVA). For T correlations with 6°H and 60, or-
dinary least squares regression (OLS) was applied
together with Pearson correlation tests (using
pairwise complete observations).

Results and discussion
Meteorological data

For Ljubljana (Bezigrad), the maximum P val-
ue of 469 mm was recorded in September 2022,
while the minimum of 0.1 mm was recorded in De-
cember 2016 (Fig. 2a). The largest mean monthly
P values were observed in September (186 mm),
while the lowest were observed in March (78 mm)
(Fig. 2b). The year 2014 recorded the largest total
P (1851 mm), while 2011 recorded the lowest total
(998 mm). On average, a total yearly P of 1411 mm
was observed for the 2011-2024 period, which
is lower than the 2007-2010 mean yearly total
(1472 mm) (Table 2). In comparison to Ljubljana
(Reaktor), the mean monthly P was always high-
er at Ljubljana (Bezigrad) (Fig. 2b). On average,
a total yearly P of 1271 mm was observed for the
2011-2024 period at Ljubljana (Rekator), which is
140 mm lower than the mean value at Ljubljana

(Bezigrad). The relationship between P at Lju-
bljana (Reaktor, P, , ) and Ljubljana (BeZigrad,
Pyosigrad) €21 be described by the following linear

relationship (Pearson, r = 0.96):

p

Reaktor

= 0.9 x +2.8 2

PBeiigrad
During extreme nationwide flood events in Slo-
venia in August 2023, the monthly P (299 mm)
was not as high in Ljubljana as in September 2022
(469 mm) (Fig. 2a). Nonetheless, the year 2023
recorded the second-highest total P (1814 mm)
(Table 2). Additionally, the two-month and three-
month cumulative P values (sum of prior P) were
the largest in August 2023 (559 mm and 701 mm,
respectively), indicating an extended rainy period
prior to the flooding event.
The maximum mean T of 24.5 °C was re-
corded for July 2022, while the minimum mean T
of —-3.2 °C was recorded for Ljubljana (Bezigrad)
in January 2017 (Fig. 2a). The 2011-2024 period
mean T of 12.2 °C was higher than the 2007-2010
period mean T of 11.5 °C (Table 2). When looking
at monthly means, July was the warmest month
with 22.9 °C while January was the coldest month
with 1.9 °C (Fig. 2b). Yearly means show that 2024
was the warmest year with 13 °C, while 2013 was
the coldest with 11.6 °C (Table 2). At Ljubljana
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Fig. 2. Precipitation amount (Ljubljana (BeZigrad) and Ljubljana (Reaktor)) and temperature (Ljubljana (Bezigrad) and Ljubljana (Hrastje))
during the period 2011-2024 representing a) raw data in monthly resolution and b) means per month.
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Table 2. Annual mean precipitation (P) and temperature (T) for Ljubljana (Bezigrad — “Be”, Reaktor — “Re”, and Hrastje — “Hr”) from 2011 to
2024, with a comparison of the 2011-2024 means to those from 2007-2010.

Year P (total), Be | P (total), Re | P difference | T (mean), Be | T (mean), Hr | T difference
[mm] [mm] Be - Re [°C] [°C] Be — Re
2011 998 919 80 11.8 11.3 0.5
2012 1339 1283 57 12.0 11.3 0.7
2013 1531 1330 201 11.6 11.1 0.5
2014 1851 1649 202 12.6 12.1 0.5
2015 1106 1047 59 12.2 11.5 0.7
2016 1317 1250 67 11.8 11.0 0.8
2017 1531 1370 161 119 11.3 0.6
2018 1377 1198 178 12.5 12.0 0.5
2019 1379 1309 70 12.5 11.9 0.6
2020 1262 1186 77 12.1 11.6 0.5
2021 1442 1205 237 11.5 11.0 0.5
2022 1257 1014 243 129 12.2 0.7
2023 1814 1661 153 12.7 11.9 0.8
2024 1553 1373 180 13.0 12.4 0.6
2011-2024 mean 1411 1271 140 12.2 11.6 0.6
(f,?g;i?ﬁfggﬂ) 1472 1338 134 11.5 10.9 0.6

(Hrastje), the T values were systematically lower
than at Ljubljana (Bezigrad) (Fig. 2b, lower part),
with a mean difference of 0.6 °C for the yearly
average T. Values for T at the two stations correlat-
ed strongly (r > 0.99). The maxima of 23.6 °C and
minima of —4.0 °C were recorded at Ljublja-
na (Hrastje) for July 2022 and January 2017, on
the same months as the Ljubljana (BezZigrad) ex-
tremes.

Isotopic composition data (6°H, 6'%0 and
d-excess)

The highest §'80 value of -1.65 %0 was record-
ed in March 2012, while the lowest %0 value
(-16.43 %o) was recorded in February 2012 (Fig.
3, Table 3). The maximum and minimum 6°H val-
ues were observed during the same months as
5180, reaching -7.3 %o and —121.4 %o, respectively.
For d-excess, the maximum value of 18.0 %o was
recorded in February 2023 while the minimum
value of 2.7 %o was recorded in two months, June
2021 and August 2022 (Fig. 3). The variability of
5180 and 6%H follows the annual T cycle, with the
highest values observed during summer months,
and lowest during winter months. For d-excess,
the variability is more complex; however, autumn
months (September, October, and November) gen-
erally exhibit the highest d-excess values through-
out the year. Compared to 2007-2010, 2011-2024

shows higher values for all stable isotopic vari-
ables: =60.0 %o vs —=56.1 %o for 6°H, —8.78 %o vs
-8.41 %o for 680, and 10.3 %o vs 11.1 %o for d-ex-
cess, respectively (Table 4). The temporal changes
were confirmed also with detailed trend analysis
of the whole stable isotope record (Gacnik et al.,
2026).

Table 3. Complete time series of the isotopic composition of precip-
itation at Ljubljana (Reaktor) for period 2011-2024. Notations: “*”
— see Gacnik et al. (2026) for details, “A”- not determined, “B” - not
enough sample for analysis, and “C” - tube blocked.

Month/ 8°H* | 6180* d* | ACGH) P..
Year %0 %o %o TU mm
01/11 -68.9 -9.95 10.7 5.3 37.8
02/11 -76.3 | -11.00 11.7 8.3 20.7
03/11 -32.5 -5.70 13.1 7.0 66.9
04/11 -46.2 -6.67 7.2 12.6 274
05/11 -559 -8.24 10.0 12.7 93.0
06/11 -37.7 -5.72 8.1 8.6 | 138.3
07/11 A -822 A 10.8 | 1391
08/11 -36.3 -5.76 9.8 7.0 51.2
09/11 -29.2 -5.02 11.0 4.1 64.2
10/11 -66.1 | -10.25 159 47| 1676
11/11 -36.5| -5.80 9.9 B 2.7
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Month/ 6*H* | 6'80* d* | ACH) P.. Month/ 6°H* | 6'80* d* | ACH) P..
Year %60 %0 %o TU mm Year %o %0 %0 TU mm
12/11 A | -10.57 A 6.4 | 109.7 04/15 -64.1 -8.91 7.2 7.4 47.0
01/12 -714 | -10.31 11.1 4.8 269 05/15 -38.6 -6.08 10.0 7.0 | 108.1
02/12 -1214 | -16.43 10.0 89 19.9 06/15 -54.2 -8.11 10.7 6.6 | 135.0
03/12 -7.3 -1.65 59 7.3 19.2 07/15 -31.2 -5.18 10.2 7.2 | 1059
04/12 -51.3 -7.58 9.3 8.6 | 1184 08/15 C C C C 99.0
05/12 -50.8 -7.06 5.7 119 | 1477 09/15 -40.1 -6.90 15.1 50| 1522
06/12 -384 -5.96 9.3 10.0 | 144.2 10/15 -69.1 | -10.16 12.2 43| 1399
07/12 -32.7 -5.16 8.6 11.3 92.0 11/15 -119.3 | -16.10 9.5 4.6 41.8
08/12 -35.1 -5.45 8.5 7.2 65.7 12/15 -67.4 -9.74 10.5 B 1.2
09/12 -449 -7.03 11.3 51| 236.7 01/16 -69.1 -9.81 9.4 4.3 64.4
10/12 -66.2 -9.86 12.7 46| 2014 02/16 -87.2 | -12.01 89 3.8 | 188.7
11/12 -59.3 -8.95 12.3 54| 1278 03/16 -904 | -12.70 11.2 5.1 64.7
12/12 -95.5 | -13.59 13.2 4.6 82.6 04/16 -47.6 -7.56 129 6.3 98.2
01/13 -96.2 | -13.34 10.5 3.8 68.6 05/16 -60.5 | -846 7.2 12.0 | 123.8
02/13 -99.5 | -13.58 9.1 31| 1624 06/16 -59.0 | -8.23 6.8 10.2 | 166.1
03/13 -80.8 | -11.29 9.5 6.9 | 169.6 07/16 -25.8 | -4.33 8.8 84 | 1059
04/13 -69.2 -9.62 7.8 8.2 79.6 08/16 -40.7 | -6.28 9.5 82| 1134
05/13 -534 | -8.02 10.8 99 | 2049 09/16 -41.3 | -6.23 8.5 51 49.0
06/13 -66.4 -9.10 6.4 13.1 61.4 10/16 -61.1 -9.37 13.9 58| 122.8
07/13 -37.3 -5.38 5.7 114 30.4 11/16 -63.1 -9.75 149 4.2 | 1534
08/13 -38.1 -5.92 9.3 10.8 84.6 12/16 B B B B A
09/13 -49.2 -7.70 12.4 55| 210.6 01/17 -78.6 | -11.18 10.8 2.5 44.0
10/13 -444 | -6.88 10.6 54 33.8 02/17 -61.9 -9.11 11.0 55| 102.2
11/13 -86.4 | -12.64 14.7 37| 1798 03/17 -65.9 -9.51 10.2 6.0 29.8
12/13 -63.3 -9.13 9.7 3.3 44.3 04/17 -33.7 | -5.57 109 7.8 | 143.2
01/14 -75.5 | -10.54 8.8 40| 1431 05/17 -429 | -6.04 54 9.0 44.0
02/14 -739 | -10.69 11.6 49 | 261.6 06/17 -24.6 -4.47 11.2 5.6 | 1221
03/14 -50.8 -7.67 10.6 4.0 30.8 07/17 -20.0 -3.75 10.0 7.3 94.2
04/14 -38.7 -5.84 8.0 11.1 85.4 08/17 -34.1 -5.46 9.6 6.4 59.9
05/14 -53.3 -7.73 8.5 8.0 83.6 09/17 -48.6 -7.84 14.1 4.3 | 308.6
06/14 -421 | -6.44 9.4 56 | 132.0 10/17 -48.4 -7.64 12.7 3.8 52.0
07/14 -46.5 | -6.86 8.4 11.2 | 1370 11/17 -819 | -12.00 14.1 3.6 | 183.8
08/14 -33.3 | -5.63 11.7 74| 136.3 12/17 -86.4 | -12.50 13.6 4.0 | 186.5
09/14 -83.1 | -11.76 11.0 11.5 | 2039 01/18 -47.0 -7.27 11.2 3.1 65.4
10/14 -46.0 -7.35 12.8 51| 151.7 02/18 -107.2 | -14.79 11.1 49 | 1144
11/14 -41.0 -7.09 15.7 44 | 233.8 03/18 -71.3 -9.96 8.4 4.5 98.2
12/14 -69.0 | -10.17 124 6.5 49.7 04/18 -38.6 -6.17 10.8 8.0 | 1094
01/15 -89.1 | -12.63 119 24 75.6 05/18 -33.6 -5.40 9.6 11.3 | 1194
02/15 -104.6 | -14.78 13.6 6.5 62.9 06/18 -39.8 | -5.56 4.7 14.6 63.4
03/15 -73.8 | -10.48 10.0 57 78.4 07/18 -349 | -5.80 11.5 13.0 | 163.1
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Month/ 6°H* | 6'80* d* | ACH) P.. Month/ 8°H* | 6%0* d* | ACGH) P..
Year %0 %0 %0 TU mm Year %0 %o %o TU mm
08/18 -414 | -6.50 10.6 14.3 | 149.0 12/21 -924 | -13.11 12.4 25| 1127
09/18 -33.7 -5.93 13.7 5.6 107.9 01/22 -68.2 | -10.01 11.9 5.1 23.6
10/18 -31.0 -5.36 11.9 4.8 | 102.5 02/22 -36.0 -6.02 12.2 4.6 46.8
11/18 -68.2 | -10.31 14.3 51 94.5 03/22 -54.8 -7.88 8.2 B 8.7
12/18 -74.3 | -10.57 10.3 B 11.2 04/22 -69.1 | -10.05 11.3 9.2 88.5
01/19 -74.8 | -10.98 13.0 39 59.7 05/22 -43.2 | -6.26 6.9 14.0 39.0
02/19 -67.1 -9.41 8.2 3.3 82.8 06/22 -27.8 -4.11 51 9.3 30.8
03/19 -414 | -6.69 12.2 8.5 43.3 07/22 -17.5 -2.73 4.3 12.7 30.3
04/19 -51.1 -7.68 10.3 8.6 87.0 08/22 -27.6 -3.79 2.7 11.4 24.4
05/19 -75.3 | -10.28 7.0 9.0 | 202.2 09/22 -46.6 -7.44 129 4.7 | 4138.6
06/19 =279 -5.18 13.6 9.7 62.7 10/22 -30.4 -5.52 13.8 3.6 67.6
07/19 -30.8 -4.74 7.2 114 | 129.3 11/22 -66.9 -9.76 11.2 2.6 79.6
08/19 -375 | -5.85 9.3 8.8 | 1139 12/22 -80.9 | -11.85 139 2.7 | 1611
09/19 -37.0 -6.49 15.0 9.0 | 172.8 01/23 -94.5 | -13.39 12.6 31| 156.7
10/19 -399 | -6.63 13.2 4.6 65.7 02/23 -474 -8.17 18.0 6.6 20.1
11/19 -546 | -8.69 14.9 39| 1698 03/23 -49.6 -7.67 11.8 4.7 67.6
12/19 -969 | -13.32 9.6 3.2 1201 04/23 -51.3 -7.62 9.7 44 98.5
01/20 -37.2 -6.12 11.8 B 11.2 05/23 -65.4 -9.17 8.0 11.0 | 116.6
02/20 -42.5 -6.72 11.2 44 38.3 06/23 -43.4 -6.57 9.2 141 | 156.7
03/20 -49.9 -7.42 9.4 5.7 74.1 07/23 -29.2 -4.92 10.2 7.2 | 230.0
04/20 -49.0 -6.97 6.8 B 129 08/23 -37.5 -6.34 13.2 6.5 | 258.6
05/20 -32.3 ] -5.20 9.3 71| 1171 09/23 -379 | -5.83 8.7 39 44.5
06/20 -440 | -6.67 9.4 9.6 | 139.8 10/23 -50.3 -7.75 11.7 21| 196.0
07/20 -37.6 -5.78 8.7 9.8 | 2181 11/23 -56.9 -9.02 15.3 2.8 | 146.5
08/20 -24.3 | -4.09 8.4 9.2 | 1027 12/23 -83.3 | -11.92 12.1 31| 169.1
09/20 -65.5 -9.76 12.6 56| 1154 01/24 -88.7 | -12.22 9.1 3.8 | 1196
10/20 -674 | -10.10 13.4 4.7 | 165.1 02/24 -72.3 -9.92 7.1 5.2 49.0
11/20 -99.2 | -13.44 8.3 4.4 39.3 03/24 -58.6 -8.64 10.5 6.4 | 129.3
12/20 -70.3 | -10.78 16.0 52| 151.7 04/24 -684 | -10.11 12.5 7.8 60.9
01/21 -80.2 | -11.96 15.5 50| 1094 05/24 -451 | -6.88 9.9 8.8 | 145.2
02/21 -69.3 | -10.12 11.7 51 81.6 06/24 -380 | -6.03 10.2 9.2 | 1537
03/21 -48.2 -7.84 14.5 4.8 43.8 07/24 -30.9 -5.10 9.9 94 | 1224
04/21 -54.3 -8.42 13.1 7.6 | 1039 08/24 -30.7 | -4.65 6.5 8.4 98.5
05/21 -45.3 -6.99 10.6 6.5 | 2497 09/24 -62.9 -9.43 12.5 4.7 | 221.8
06/21 -284 | -3.89 2.7 129 204 10/24 -82.1 | -11.71 11.6 3.2 86.5
07/21 -45.7 -6.80 8.7 104 | 1276 11/24 -46.6 -7.72 15.2 43| 1373
08/21 -42.3 -6.65 109 84 | 104.2 12/24 -68.6 | -10.61 16.3 3.0 48.7
09/21 -53.0 -7.90 10.2 74 56.9
10/21 -47.0 -7.59 13.7 4.9 45.3
11/21 -73.7 | -11.20 159 41| 149.7
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Fig. 3. Individual monthly values for §'0, §°H, and d-excess in precipitation at Ljubljana (Reaktor), 2011-2024. The number of mea-
surements available for each respective time series is denoted with n.

Table 4. Annual precipitation-weighted means of 6'0, 6°H, d-excess, and A(*H). Summary statistics of the yearly values and compar-
ison with previous period are shown at the bottom of the table.

Bezigrad precipitation-weighted Reaktor precipitation-weighted
Year 680 6°H d-excess | A(CH) 680 6°H d-excess A(CH)
2011 -7.65 -49.7 11.5 7.9 -7.58 -49.2 11.5 7.8
2012 -8.06 -54.1 10.4 7.2 -7.94 -53.3 10.2 7.3
2013 -10.03 -69.8 10.5 6.7 -9.92 -68.8 10.6 6.6
2014 -8.39 -55.8 11.2 6.8 -8.44 -56.3 11.2 6.9
2015 -9.02 -60.8 11.4 5.7 -9.05 -60.9 11.5 5.7
2016 -9.01 -61.9 10.2 6.8 -8.80 -60.2 10.2 6.8
2017 -8.38 -54.9 12.2 5.1 -8.28 -54.1 12.2 5.1
2018 -7.57 -49.7 10.8 8.6 -7.52 -49.3 10.9 8.6
2019 -8.33 -55.9 10.7 7.1 -8.18 -54.5 10.9 7.2
2020 -8.04 -53.2 11.2 6.7 =771 -50.8 10.9 71
2021 -8.85 -58.8 12.0 6.4 -8.87 -58.8 12.1 6.3
2022 -7.78 -51.0 11.3 5.9 -8.05 -52.6 11.8 5.4
2023 -8.07 -53.1 11.5 5.7 -8.14 -53.6 11.6 5.9
2024 -8.50 -57.2 10.8 6.3 -8.28 -55.3 11.0 6.4
Minimum -10.03 -69.8 10.2 5.1 -9.92 -68.8 10.2 5.2
Maximum -7.57 -49.7 12.2 8.6 -7.52 -49.2 12.2 8.6
2011-2024 mean -8.41 -56.1 11.1 6.7 -8.34 -55.6 11.2 6.7
éggg;i?i?j;g% -8.78 -60.0 10.3 8.3 -8.71 -59.4 10.3 8.5
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Previous studies of precipitation stable isotopes
in Ljubljana (Vreca et al., 2008, 2014) have inves-
tigated the differences in precipitation-weighting
of isotopic means when weighting with two differ-
ent P datasets — Ljubljana (Reaktor) and Ljublja-
na (Bezigrad). Comparison of annual precipita-
tion-weighted means obtained using BeZigrad and
Reaktor P values (Table 4) reveals that there are
no significant differences between the obtained
precipitation-weighted annual timeseries for all

isotopic variables (Diebold-Mariano, p > 0.05). To
be consistent with previous reports on the isotopic
composition of precipitation in Ljubljana (Vreca et
al., 2008, 2014), all further precipitation-weighted
means were obtained using the Ljubljana (Bezi-
grad) P values. Although no statistically signifi-
cant differences were observed between isotope
series weighted using BeZigrad and Reaktor pre-
cipitation data, the spatial separation between the
two stations is very small and their climatological
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Fig. 4. Precipitation-weighted (Ljubljana (BezZigrad) precipitation amount) means of 'O, §°H, d-excess, A(*H), with additional data on P, T,
and relative humidity (RH) for the period 2011-2024, a) grouped by month and b) grouped by season. The numbers below violin plots rep-
resent the number of measurements available for each respective point/violin plot. For all variables besides P, the violin plots extend beyond
the actual data range due to extrapolation via kernel density estimation. The extrapolation was not used for P due to physically-meaningless

negative P values.
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regimes are nearly identical; therefore, collocated
measurements of P and isotopic composition re-
main the recommended best practice.

When looking at the precipitation-weighted
monthly mean isotopic composition (Fig. 3a, Table
5), the lowest 6°H and §'®0 values occur during
the winter months, while the highest values occur
during the summer months. The values during
winter months range from -80.2 %o to -76.4 %o
for 6°H and from -11.8 %o to -11.3 %o for §'20.
Summer monthly means range from -43.1 %o to
-30.1 %o for 6°H and from -6.5 %o to —5.5 %o for
6'80. These values further confirm the dependence
of hydrogen and oxygen isotopes in precipitation
on the annual T cycle as confirmed also by de-
tailed trend analysis of the whole stable isotope
record (Gacnik et al., 2026). The distribution
(spread) of 6°H and 60 is much wider during
September—March than during April-August (vi-
olin plots, Fig. 4a), and visually resembles the in-
fluence of different monthly T and relative humid-
ity variations but also shifts in moisture sources,
increased atmospheric instability or mixing of
Atlantic, Mediterranean or continental air masses
with the intrusion of Arctic air masses during the
colder period of the year. More detailed discussion
requires additional climatological analysis and is
beyond the scope of this paper.

For d-excess, the highest precipitation-weight-
ed mean values (Fig. 4a, Table 5) during autumn
months range from 12.5 %o to 14.5 %o. Notably,
November is the only month with > 14 %o, mean
monthly d-excess, while d-excess of other months
falls below 13 %o. This indicates that November is
the most unique month with regards to d-excess
in Ljubljana. The spread of d-excess values is com-

parable between different months, although June
shows the widest distribution of d-excess values
(violin plots, Fig. 4a). Low d-excess values under
5 %o all correspond to summer months, and not to
months with low precipitation and coldest months,
as was observed for 2007-2010 by Vreca et al.
(2014). This indicates either the influence of sec-
ondary processes such as evaporation that alters
the d-excess as the air masses moves inland (Gat
et al., 1994) or d-excess values change as precipi-
tation falls through the warm and dry atmosphere
(Araguas-Araguas et al., 2000; Gat, 1996; Peng et
al., 2004) or as the precipitation sample sits in the
precipitation collector (Harvey, 2005). On the oth-
er hand, d-excess values greater than 15 %o are
primarily associated with autumn months, with a
slight occurrence in the winter months, which is
in agreement with previous investigations of the
Ljubljana dataset (Gacnik et al., 2026; Vreca et al.,
2008, 2014).

Seasonal precipitation-weighted means of iso-
topic data (Fig. 4b, Table 5) show similar find-
ings as monthly means, 6°H and §'¥O following
the yearly T cycle with winter minima and sum-
mer maxima. The spread of 6°H and 60 values
is the smallest during summer (violin plots, Fig.
4b), caused by T and relative humidity variations
as well as mixing of different air masses during
different seasons. For d-excess, autumn is the sea-
son with clearly the highest mean d-excess values.
This can be attributed to the Mediterranean-de-
rived precipitation (Gacnik et al., 2026), which
carries characteristically high d-excess values
(Rozanski et al., 1993). Autumn is typically influ-
enced by the Mediterranean precipitation in this
geographical region (Vreca et al., 2008).

Table 5. Monthly and seasonal precipitation-weighted means of 60, §°H, d-excess, and ACH) (Ljubljana (Bezigrad) precipitation amount)

for the period 2011-2024.

Month 6°H 080 d-excess | *H Season O’H 6180 d-excess | ACH)
January -79.6 -114 11.3 3.8 Winter -787 |-11.5 |11.3 4.1
February |-80.2 -11.3 10.5 4.7 Spring -52.5 |-8.0 9.6 8.1
March -61.7 -9.0 10.4 59 Summer -36.3 | -5.8 89 9.3
April -51.3 =77 10.3 79 Autumn -56.6 | -8.8 13.2 4.8
May -51.5 -7.5 8.8 9.5
June -43.1 -6.5 8.9 9.5
July -30.1 -5.5 8.2 9.9
August -34.1 -5.5 9.6 8.4
September | -50.4 -79 12.6 5.8
October -57.7 -8.8 129 4.2
November | -66.3 -10.1 14.3 4.1
December |-76.4 -11.8 12.2 39
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Local meteoric water lines

In comparison to 2007-2010, both slope and in-
tercept of the precipitation-weighted reduced ma-
jor axis regression (PWRMA) for 2011-2024 are
lower (Table 6). This may indicate that the isotopic
composition of precipitation in Ljubljana is getting
progressively heavier, which could be either due to
evaporative effects of rising T or due to changes
in source origin of water vapour (for details see

Gacnik et al., 2026). The difference between pre-
cipitation-weighted LMWLs for Reaktor and BeZi-
grad during the period 2011-2024 is minimal, and
any discrepancy falls within the uncertainty of the
regression coefficients. Furthermore, analysis of
covariance (ANCOVA) showed no statistically sig-
nificant difference between the LMWLs for each
year (p > 0.05).
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_25 -
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Fig. 5. §°H versus 6**0 plots for the whole 2011-2024 period, where size of the point corresponds to either temperature or precipitation

amount.

Table 6. Comparison of yearly precipitation-weighted reduced major axis (PWRMA) regressions, weighted using precipitation amounts

-8 -4
580 [%o]

T
-12
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-100 A O 200
O 300

O 400
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obtained at the Ljubljana (Bezigrad) and Ljubljana (Reaktor) stations; 2011-2024.

Year PWRMA, Bezigrad precipitation PWRMA, Reaktor precipitation

2011 6°H = (7.19 £ 0.38) 60 + (5.29 + 3) 6°H = (7.13 £ 0.37) 60 + (4.83 + 2.88)
2012 6°H = (747 £ 0.21) 60 + (6.13 + 1.81) 0°H = (7.46 £ 0.23) 60 + (5.97 + 1.93)
2013 6°H = (7.89 £ 0.27) §'°0 + (9.35 + 2.83) 6°H = (7.89 + 0.27) 680 + (9.45 £ 2.77)
2014 6°H =(8.15+0.34) 680 + (12.47 +2.92)  6°H =(8.13 £ 0.34) 60 + (12.35 £ 3)
2015 6°H = (8.01 £0.21) 60 + (11.49 £ 2.04)  6*H =(8.01 £ 0.22) 6**0 + (11.58 + 2.08)
2016 6°H = (7.86 + 0.42) §'°0 + (8.97 + 3.88) 6°H = (7.86 + 0.4) §*®0 + (8.95 + 3.59)
2017 6*H = (7.61 £ 0.2) %0 + (8.89 + 1.74) 6°H = (7.62 + 0.18) 60 + (9.02 + 1.57)
2018 6°H = (7.95 + 0.24) 6'%0 + (10.46 + 1.95) 6*H = (796 + 0.23) 580 + (10.59 + 1.87)
2019 6’H =(8.29 £ 0.39) 60 + (13.12 £ 3.37)  6*H =(8.32 £ 0.39) 6'¥0 + (13.49 £ 3.32)
2020 6*H = (7.26 + 0.24) %0 + (5.2 + 2.05) 6°H = (7.24 + 0.23) 680 + (5.05 + 1.82)
2021 6°H = (7.21 £ 0.24) 60 + (5.03 £ 2.24) 6°H = (7.25 £ 0.24) 60 + (542 + 2.2)
2022 6°H = (7.2 £ 0.28) 60 + (5.09 + 2.34) 0°H = (7.4 £ 0.28) 6'°0 + (6.94 + 2.36)
2023 6*H = (7.82 £ 0.25) 6'%0 + (10.06 + 2.08)  §°H =(7.81 + 0.25) 60 + (10.02 + 2.13)
2024 6°H = (7.72 £ 0.27) 6*°0 + (8.45 + 2.36) 6°H = (7.76 + 0.31) 6'°0 + (8.98 + 2.69)
2011-2024 6°H = (7.76 £ 0.07) 60 + (9.11 + 0.65) 6*H = (7.78 £ 0.07) 60 + (9.29 + 0.65)
2007-2010

(VreCaetal, |&6°H =(793 +0.21) 60 + (9.68 + 1.93) 6°H = (794 £ 0.21) 6'°0 + (9.76 + 1.91)
2014)
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The § — § plots (Fig. 5) indicate that in general,
high 6H and 6'80 values are associated with high
T values and vice-versa (6°H and §'¥0 are high-
ly correlated with T), but there is no significant
correlation with P (Fig. 6). The extreme isotopic
composition values (low and high) occur when P
values are low (Fig. 5).

Tritium activity

The lowest value for tritium activity of 2.1 TU
was recorded on October 2023 while the highest
value of 14.6 TU was recorded on March 2018
(Fig. 2, Table 3). July is the month with the high-
est means (9.9 TU), while January is the month
with the lowest means (3.8 TU) (Table 5). Season-
al fluctuations show that highest values are ob-
served in spring and summer, whereas lowest val-
ues are observed in autumn and winter (Table 5).
The seasonality, characterized by summer maxima
and winter minima, is typical of temperate regions
in the Northern hemisphere. This pattern results
from the spring rise of the troposphere, which
leads to the injection of tritium-rich air from the
stratosphere into the troposphere (Krajcar Bro-
nié¢, Bares$ié, Sironié, et al., 2020; Rozanski et al.,
1991). In addition, tritium production in the at-
mosphere is governed by the neutron flux, which
reaches its maximum during the solar minimum
sunspot numbers (Palcsu et al., 2018). This is also
evidenced in annual precipitation-weighted mean
tritium results (Table 4) where maximum value of
8.6 TU was found in 2018, which coincides with
the onset of last solar sunspot minimum. The sea-
sonal fluctuations in the period 2011-2024 dom-
inate over the long-term decreasing trend, which
was not the case for Ljubljana during 1981-2006
(Vreca et al., 2008). The long-term decrease in tri-
tium activity is due to the radioactive decay of tri-
tium released during nuclear testing (Rozanski et
al., 1991). This long-term trend is now much less
pronounced due to the exponential nature of radio-
active decay, making seasonality the more promi-
nent feature. The mean tritium activity of 6.7 TU
for the period of 2011-2024 is lower than the mean
of 8.3 TU for the period 2007-2010 (Vreca et al.,
2014) (Table 4). Again, the decrease is caused by
the radioactive decay of the global background tri-
tium released during 1960s nuclear testing.

Temperature correlation

The ordinary least squares (OLS) regression for
62H and §*¥0 at Ljubljana (Bezigrad) as a function
of monthly T values at Ljubljana (BeZigrad) (T,,)
and Ljubljana (Hrastje) (T,,) during 2011-2024
resulted in the following equations:

§2H = 2.1 (+ 0.2) * T,, - 80 (+ 2) 3)
§180=0.28 (+ 0.02) * T, - 11.7 (x 0.3) (4
§2H = 21 (£ 0.2) * T, - 79 (& 2) (5)
§180=0.28(+0.02) * T, - 11.5(+ 0.3)  (6)

where the both §2H and &0 are strongly cor-
related with T, (Pearson, r = 0.72 and r = 0.75, re-
spectively) and T, (Pearson, r = 0.72 and r = 0.74,
respectively). The differences in regression coeffi-
cients, intercepts, and correlations between T',, and
T, . are minimal. The regression equation for %0 as
a function of T for the period 2007-2010 is similar
to that for 2011-2024, with differences in the coef-
ficients falling within the range of regression uncer-
tainty. This correlation is typical of mid and high lat-
itudes, where seasonally fluctuating T values cause
variations in the P, due to the progressive degree of
rainout from air masses as they cool off (Rozanski
et al., 1993). Using a time series decomposition ap-
proach for the Ljubljana dataset (1981-2024), Gac¢nik
et al. (2026) isolated the annual §°H, 60, and T cy-
cles from other oscillations with different frequen-
cies and from noise. They observed coefficients of
2.57 %o/°C for §°H and 0.32 %o/°C for 0. These
values are slightly higher than the values observed
in the present study, most likely due to the improved
ability of the time series decomposition approach
to separate individual oscillatory components from
overlapping cycles and noise. For groundwater in
Ljubljana during the period 2009-2011, Mezga et al.
(2014) observed a coefficient of 0.30 %o/°C for 50,
which is similar to the above discussed tempera-
ture-dependency coefficients of precipitation.

Besides the correlation with T, 6°H and §'80 are
also moderately (0.4 < p < 0.6) correlated with ACH)
and moderately anticorrelated with relative humidity
(RH) (Fig. 6). In contrast to other isotopic variables,
d-excess shows moderate anticorrelation with T.
Gacnik et al. (2026) showed that a ~3-month lag ex-
ists between the annual T cycle and the annual d-ex-
cess cycle in Central Europe, which complicates the
interpretation of the unadjusted correlation between
T and d-excess. RH is strongly (0.6 < p < 0.8) to
moderately anticorrelated with 6°H, §%0, and ACCH)
which is in line with dry (low RH) atmospheric con-
ditions causing increased evaporation and therefore
heavier isotopic composition of precipitation. Cor-
relations of ACH) with T are not as strong as for 6°H
or 680 with T, likely due to the radioactive decay of
the background atmospheric *H masking the influ-
ence of T. All variables are at best weakly correlated
with P, indicating its limited influence.
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d-excess

P 0.27
5°H -0.07
50 -0.1

T 0.17
ACH) —0:1

A (g,o (g\zs R
Conclusions

Air temperatures in Ljubljana are rising, and
although mean precipitation amounts are not
higher than in previous investigations of the Lju-
bljana dataset, extreme precipitation events are
becoming more frequent. These meteorological
changes are also reflected in the isotopic composi-
tion of precipitation in Ljubljana with temperature
variations still being the primary driver of isoto-
pic composition. Precipitation amount does not
substantially influence the mean isotopic values;
however, extremely low precipitation amounts are
responsible for the majority of isotopic extremes
observed in the investigated dataset.

Precipitation-weighted means of 60, &2H,
d-excess, and A(H) in Ljubljana (Reaktor) were
not affected by the choice of precipitation amount
data, as collocated data and data collected at a
nearby station, Ljubljana (Bezigrad) did not re-
sult in statistically significant differences between
precipitation-weighted means of any of the inves-
tigated variables.

Yearly and seasonal cycles of §'*0 and 6%H fol-
low the temperature cycle, whereas the interpre-
tation of d-excess seasonality is less straightfor-
ward and requires advanced statistical methods.
Nevertheless, the autumn maximum of d-excess
in Ljubljana has been shown to be driven by pre-
cipitation of Mediterranean origin (Gacnik et al.,
2026). The radioactive decay of the nuclear-test-

Fig. 6. Pearson correlation ma-
trix of the isotopic and ancil-
lary variables for the Ljubljana
dataset (whole 2011-2024 pe-
riod correlations).

ing background of *H over time has lowered the
baseline of A(®*H), thereby enabling the detection
of seasonal cycles driven by natural processes,
such as the spring rise of the troposphere and so-
lar minima and maxima, which were previously
mostly obscured.

As the dataset lengthens, increasingly reliable
information will be obtainable on the basis of ro-
bust statistical analyses. Therefore, it is crucial
that monitoring within the SLONIP programme
continues uninterrupted over the long term.

Data Availability Statement

Data analysis and visualization was done in R
version 4.4.2 (R Core Team, 2021). Post-process-
ing of figures and creation of the graphical abstract
were done in Inkscape version 1.4. All data anal-
ysis and visualization scripts are available at the
GitHub repository (https://github.com/jgacnik/
Geologija_data_analysis).
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