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A B S T R A C T

NE Italy presents high-quantity, high-quality and easily exploitable groundwater resources that are seriously 
threatened by anthropogenic pressures. This study analyzes the oxygen and hydrogen isotopic composition of 
2250 precipitation samples collected in 36 sites across the north-easternmost region of Italy, Friuli Venezia 
Giulia, between 1984 and 2015. This is an unprecedented dataset for North Italy with a high density of sampling 
sites and a decadal temporal extension. A series of both routine and original chemometric approaches were 
applied to investigate the temporal and spatial variability of the isotopic composition through relationships with 
geographical and weather variables. New statistical approaches were presented to model the seasonal and spatial 
patterns of isotopic composition as well as to summarize the large amount of isotopic data. Significant gradients 
of δ18O and δ2H were detected in the area due to the peculiar orography and climate of the region; the amplitude 
of the monthly patterns also presented similar gradients. The deuterium excess did not present a clear season
ality, but higher values were found in autumn. The deuterium excess-to-δ18O ratio exhibited typical patterns 
throughout the region when grouping the sites for altitude and continentality; in winter, large differences of δ18O 
were detected among groups, but deuterium excess remained almost unchanged. The inter-site correlations were 
moderately high across all the territory even for deseasonalized data. The local meteoric water line (using all the 
single samples δ2H = 7.8⋅δ18O + 8.9) was also estimated at annual and seasonal basis, evidencing the presence 
of spatial gradients according to the orographic and weather characteristics of the region. Statistically significant 
increasing interannual trends (0.23–0.87‰/y) were detected in 11 sites for deuterium excess; the presence of 
these trends was linked to local processes. Two multiple linear regression models were applied to reconstruct the 
isotopic composition of precipitation at a regional scale. The stepwise approach returned the best results with 
root mean square errors in the 0.5-1‰, 3.5–8.2‰ and 0.9–1.5‰ intervals for δ18O, δ2H, and deuterium excess, 
respectively. The deuterium excess was not modelled in winter, where no relationships were found with 
geographic variables.   

1. Introduction

Water isotopologues undergo temperature-dependent isotope equi
librium exchanges and kinetic non-equilibrium fractionations through 
all stages of the hydrological cycle. Changes of 18O/16O and 2H/1H ratios 
in the atmospheric precipitation are driven by multiple factors besides 

local temperature, including the moisture source areas as well as climate 
and weather conditions during evaporation, phase transitions, atmo
spheric transport pathways, in-cloud processing, and precipitation 
(Rozanski et al., 1993; Gat, 2010). Consequently, stable isotope ratios of 
hydrogen and oxygen are widely used in hydrological, climatological, 
paleoclimatological, environmental, and agricultural studies at global 
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and regional scales. For instance, water isotopic composition measured 
in paleoclimate records enables the reconstruction of past climates 
(Dansgaard et al., 1993; McDermott, 2004; Jouzel et al., 2007; Stenni 
et al., 2017; Affolter et al., 2019). In modern precipitations, stable water 
isotopes are used as tracers to investigate the origin of water recharging 
catchment basins and feeding rivers, aquifers and springs (e.g., Gat, 
1996; Mook, 2001; Gat et al., 2001; Rozanski et al., 2001; Geyh et al., 
2001; Rodgers et al., 2005; Schulte et al., 2011; Aggarwal et al., 2012; 
Klaus and McDonnell, 2013; Bowen and Good, 2015) as well as in the 
study of the hydrological processes of snow (Beria et al., 2018). 

The isotope ratios of meteoric waters are commonly expressed as 
relative deviations to the Vienna Standard Mean Ocean Water (V- 
SMOW) using the delta notation (Craig, 1961). δ18O and δ2H are linked 
by a strong empirical linear relationship, known as the meteoric water 
line (MWL). Using worldwide isotope data, Craig, (1961) and Dans
gaard, (1964) firstly reported a regression line of δ2H = 8⋅δ18O + 10, 
known as the global MWL (GMWL). Beyond the GMWL, many other 
meteoric water lines have been computed using arithmetic or weighted 
isotope mean values collected at different time resolutions (e.g. 
Rozanski et al., 1993; Araguás-Araguás et al., 2000) or using data from 
specific regions (reported as local MWLs, LMWLs). The regression slope 
(≈8) primarily reflects the fractionation of the water isotopologues 
under equilibrium conditions, which is ~ 8-fold stronger for 1H2H16O 
compared to 1H2

18O (8.6 at 0 ◦C to 7.7 at 30 ◦C; Majoube, 1971). The 
intercept, also known as deuterium excess (d-excess or d = δ2H-8⋅δ18O), 
measures the 2H abundance over 18O (Dansgaard, 1964) with respect to 
the GMWL. D-excess is known to be sensitive to non-equilibrium frac
tionation processes driven by the different diffusivity of water iso
topologues during evaporation and transition phases (Pfahl and 
Sodemann, 2014; Benetti et al., 2014; Dütsch et al., 2017). These non- 
equilibrium effects are favored by peculiar environmental conditions, 
including strong gradients in relative humidity above the evaporation 
surface, and fast air mass advection by winds. Under this view, d-excess 
has been extensively used as a proxy to identify water vapor sources, 
ocean surface conditions, continental moisture recycling, the evolution 
of moisture during transport, and plant transpiration (Uemura et al, 
2008; Lai and Ehleringer, 2011; Aemisegger et al., 2014; Steen-Larsen 
et al., 2015). 

A first comprehensive study upon the isotopic composition of pre
cipitations across Italy was presented by Longinelli and Selmo (2003). 
More recently, Giustini et al. (2016) reviewed and summarized most of 
the published and unpublished data at the national level using annually- 
averaged data collected over different periods. These studies present an 
overall view of the isotopic composition of precipitation across Italy but 
did not account for the strong seasonality linked to climate and weather 
factors. Both studies mapped the spatial distribution of δ18O by using 
nation-wide datasets, i.e. extending over a large domain characterized 
by different climates. Italy extends over ~ 1150 km in the North-South 
axis encompassing different climates (Beck et al., 2018). In addition, the 
Apennine range roughly splits the territory into eastern and western 
sides, while the Alps enclose the Po Valley to the North. This peculiar 
orography has a strong effect on the local climate, atmospheric circu
lation, air mass transport pathways, and on the amount of precipitation 
(Brunetti et al., 2006; Toreti et al., 2009). Consequently, the isotopic 
composition of precipitation in Italy is also characterized by a large 
variability, as reported by Longinelli and Selmo (2003). 

A study by Longinelli et al. (2006) reported monthly precipitation 
samples collected at 12 locations in Northern Italy during 2002–2004, 
but results were biased by climatological anomalies occurred during the 
sampling campaign. This study pointed out how possible inter-annual 
climatological differences may strongly affect the isotopic composition 
of precipitation. Under this interpretation, studies over the northeastern 
part of Italy lack of an overall view. For instance, D’Amelio et al. (1994) 
firstly reported δ18O in precipitations over Northeast Italy, with data 
included in the global network of isotopes in precipitation (GNIP). Flora 
et al. (2009) reported the oxygen isotope composition at 4 sites in the 

Eastern end of the Po Valley during 2005–2006 to investigate the 
recharge basin of aquifers. More recently, Cervi et al. (2017) reported 
the water stable isotopes in one site in the Eastern Alps between 2005 
and 2010 to investigate the recharge of aquifers. Zini et al. (2015) and 
Calligaris et al. (2016) used the stable isotopes values to establish the 
springs recharge areas for the Mt. Canin cross-border aquifer system 
(Italy-Slovenia) and for the Mt. Verzegnis aquifer respectively, but the 
two papers are related only to small areas. 

In summary, data on the isotopic composition of precipitation in 
Northeastern Italy -and more extensively across North Italy- are still 
sparse and/or incomplete, especially for δ2H and d-excess. Another main 
gap is the lack of long-term datasets, a valuable resource for under
standing the interannual processes of the water cycle associated with the 
recent climate variability and change. 

To partially fill these gaps, this study presents the isotopic compo
sition of 2250 precipitation samples collected at 36 sites across the 
north-easternmost region of Italy, Friuli Venezia Giulia (FVG) between 
1984 and 2015. Both routine and robust chemometric approaches are 
applied to summarize the high-density original data presented in this 
study in a clear and synthetic way. The isotopic data are used: (i) to 
preliminarily describe the spatial and seasonal variability of the isotopic 
composition; (ii) to relate water isotopes with orography and weather 
parameters; (iii) to model the amplitude of seasonal isotopic composi
tion and its dependance on elevation using a seasonal decomposition 
technique; (iv) to reconstruct the local meteoric water lines across FVG 
at annual and seasonal bases and investigate their spatial gradients using 
multiple aggregation approaches; (v) to quantify interannual trends and 
analyze their spatial distribution using robust nonparametric statistics; 
(vi) to estimate the spatial distribution of isotope content in precipita
tion and create annual and seasonal maps with two multiple regression 
models; and (vii) to match the isotopic composition of modern precip
itation with the isotopic composition of groundwater and surface water 
in the region. The comprehensive set of analysis presented in this study 
can be easily applied to other areas. 

2. Materials and methods

2.1. Study area 

The FVG region lies at the north-eastern end of Italy and extends 
over ~ 7.9⋅103 km2 encompassing high mountain Alpine environments 
to the North, intermediate hill zones (the Prealps), and a wide and flat 
alluvial plain facing the Adriatic Sea to the South. From a hydro
geological point of view, FVG is an interesting case study (Cucchi et al., 
2008a; 2008b; Zini et al., 2013). Large highly-permeable carbonate 
aquifers are present in the Alps and Prealps (e.g., the Classical Karst; 
Jurkovšek et al., 2016), while the southern part of the region is char
acterized by an alluvial plain, split by a spring belt into two sectors: the 
High Plain in the North, characterized by a highly-permeable uncon
fined aquifer, and the Low Plain in the South, characterized by a system 
of confined and artesian aquifers (Martelli et al., 2007; Zini et al., 2013). 
All the aquifers are recharged by strong effective precipitations (peaks 
> 3000 mm/year), which are higher in autumn (up to 1200 mm during 
September-November) and lower in spring and summer. The high 
annual precipitation rate and the lithographical, morphological and 
hydrogeological characteristics of FVG favor the storage of large 
amounts of high-quality groundwater in aquifers. This important water 
resource is today threatened by overexploitation and pollution. Fig. 1 
shows the relief map as well as the annual (Fig. 1 and supplementary 
material S1) and seasonal average precipitation rates in FVG between 
2008 and 2015 (Figure S2 and S3). 

2.2. Experimental 

Most of the data used in this study refer to the 2005/2012 period 
(Table 1) and are unpublished or reported in a PhD thesis (Michelini, 
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2013). Some data were already published in Flora et al. (2009), while 
the isotopic composition of some sites dating back to the 90s was 
retrieved from D’Amelio et al. (1994), Longinelli and Selmo (2003), and 
Longinelli et al. (2006). A total of 36 sites have been included in this 
study (Fig. 1). Table 1 summarizes their general characteristics and 
sampling periods/frequencies. Sites were selected to fulfil some speci
fications: (i) data availability must cover at least one year; (ii) samples 
were collected with monthly to seasonal frequency (Table 1) but the 
average sampling frequency through all the considered period was less 
than bimonthly; (iii) the sampling location did not change through the 
sampling period or, eventually, moved < 1 km from the original loca
tion; (iv) the sampling procedures complied with the regulations pro
vided by the International Atomic Energy Agency (IAEA (International 
Atomic Energy Agency), 2014) for the GNIP network; (v) the analytical 
protocols were well-established; and (vi) meteorological data (air tem
perature and rain at ground level) were measured at a nearby weather 
station located at a distance < 7 km and similar altitude (±100 m). 
However, there are some exceptions. Mt. Matajur (ID4, 1326 m) has two 
nearby weather stations located at a distance < 1.5 km but at different 
altitudes (1630 m and 907 m); the air temperature was thus derived by 
averaging the two nearby stations, while the precipitation amount was 
taken from the station at 907 m (no data for the other one). Rif. Gilberti 
(ID27) is an Alpine hut at 1848 m equipped with a weather station and 
has<1 year of available data (May-October 2013). However, it lies close 
to another site (Sella Nevea, ID26) located at 1170 m, thus it was 
included in view of assessing the altitude effect. Basovizza (ID21) and 
Crnotice (ID32) were coupled with the closest weather station located at 
~ 3.5 and 10 km, respectively. Sella Nevea (ID26) and Claut (ID29) did 
not present associated weather data; they are therefore excluded from 
all the computations requiring meteorological data. 

Meteoric water was collected between 1984 and 2015 with monthly- 
to-seasonal frequencies. Samples were analyzed for δ18O (all samples), 
δ2H and d-excess (1367 samples). Meteoric water samples were 
collected using rain gauges built to prevent evaporation processes; the 
newer ones were assembled with the same specifications reported in 
Gröning et al. (2012), while the older ones used vaseline oil to prevent 
evaporation, as described in Longinelli et al. (2006); in this latter case, 
the water samples were carefully syringed out to avoid vaseline 
contamination. Samples were stored in 50 mL HDPE capped bottles until 
analysis. The geometry of the rain gauges allows the collection of liquid 
precipitations. However, precipitation in the form of snow may occur, 
particularly in high-mountain sites during winter. In this study, no 

particular precautions were adopted for snow sampling, which was 
carried out using the same collectors utilized for liquid precipitation, 
thus the samples during snow periods may undergo some artifacts (e.g., 
sublimation in the superficial layers accumulated in the funnel, partial 
melting, and ablation by wind in case of excessive accumulation) due to 
the snow capping the funnels and the consequent sampling of the snow- 
melted water. 

Oxygen and hydrogen isotopic compositions of most of the samples 
were determined by the well-established CO2-H2/water equilibration 
method (Epstein and Mayeda, 1953) using automatic equilibration de
vices (Finnigan MAT HDO 1086) coupled with isotope ratio mass 
spectrometers (IRMS; Fisons Optima and Thermo-Fisher Delta Plus 
Advantage). About 5% of samples were analyzed by wavelength- 
scanned cavity ring-down spectroscopy (CRDS) using a PICARRO 
model L1102-i. Since the injection of water samples can be affected by 
between-sample memory effects (Penna et al., 2012), samples were 
injected 8 times and final results were filtered using an outlier test, i.e. 
discarding all the results falling outside of the interval described by the 
average of the 8 repetitions ± standard deviation. 

The analytical precision of IRMS was better or equal to ± 0.05‰ for 
δ18O and ± 0.7‰ for δ2H; the analytical precision for CRDS was better or 
equal to ± 0.10‰ for δ18O and ± 0.5‰ for δ2H. The results are reported 
in the usual delta notation (δ, deltas) and expressed as per mil (‰). Data 
consistency is discussed in SI section S1. 

2.3. Data processing 

Statistical and geostatistical analyses were performed using R 3.6.1 
(R Core Team, 2019) and a number of packages, including “plyr” 
(Wickham, 2011), ‘‘zoo” (Zeileis and Grothendieck, 2005), ‘‘lubridate” 
(Grolemund and Wickham, 2011), ‘‘openair” (Carslaw and Ropkins, 
2012), ‘‘MASS” (Venables and Ripley, 2002), ‘‘reshape” (Wickham, 
2007), “car” (Fox and Weisberg, 2019), “DAAG” (Maindonald and 
Braun, 2019), “boot” (Canty and Ripley, 2019), dunn.test (Dinno, 2017), 
“relaimpo” (Grömping, 2006), “rgdal” (Bivand et al., 2019), “sp” 
(Bivand et al., 2013), “raster” (Hijmans, 2019), “gstat” (Pebesma, 2004; 
Gräler et al., 2016), and “ape” (Paradis and Schliep, 2018). 

Samples were collected as close as possible to the end of the month. 
However, the sample collection was not exactly concurrent at all the 
sites for logistic and/or weather reasons. Thus, direct comparisons 
among sites (e.g., correlations, seasonal and trend analyses) were per
formed on monthly- or annual-averaged data when isotope data cover at 

Fig. 1. Map of FVG and sampling sites: (left) location of sampling sites and associated weather stations; (center) relief map showing the digital elevation model data; 
(right) annual average precipitation rates measured at 44 weather stations managed by the local environmental protection agency (ARPA FVG) during 2008–2015. 
Rain data are processed by ordinary Kriging; the standard deviation of interpolated rain values is provided in Figure S1. 
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Table 1 
Characteristics of the sampling sites and associated weather stations.  

ID Site name Coordinatesa Altitude a.s. 
l.b 

Sampling period Sampling 
lengthc 

Avg. sample 
durationd 

Associated weather 
statione 

Distancef Diff. 
Altitudeg   

Lon Lat m Start End months days  km m 

1 Tarvisio  13.552  46.51 794 Sep-04 Jun- 
12 

94.3 32 H4 - Tarvisio 0.3 2 

2 Saletto  13.376  46.402 496 Sep-04 Feb- 
11 

78.3 33 PCIV - Saletto 0.1 10 

3 Musi  13.272  46.306 526 Oct-04 Feb- 
11 

77.1 33 PCIV - Musi 0.1 10 

4 Matajur  13.539  46.202 1326 Oct-04 Feb- 
11 

77.1 33 H4 - monte Matajuri 1.3 57 

5 Gemona  13.122  46.261 184 Sep-04 Jun- 
12 

94.4 34 H4 - Gemona 0.2 0 

6 Enemonzo  12.863  46.41 438 Sep-04 Feb- 
15 

125.9 34 H4 - Enemonzo 0.4 0 

7 Zoncolan  12.926  46.502 1755 Oct-04 Jun- 
12 

94.1 34 H4 - monte Zoncolan 0.2 5 

8 Forni  12.594  46.409 922 Oct-04 Jan- 
11 

76 34 H4 - Forni di Sopra 0.4 0 

9 Cansiglio  12.409  46.064 1033 Sep-04 Mar- 
11 

79.6 31 Cansiglio Tramederel 1.6 11 

10 Roveredo  12.616  45.998 82 Jul-05 Jan- 
09 

42.7 35 PCIV - Forcate 2.1 15 

11 Barcis  12.571  46.193 460 Jul-05 Jan- 
11 

66.5 33 H4 - Barcis 0.4 8 

12 Palmanova  13.333  45.91 29 Jul-05 Dec- 
14 

115.1 35 PCIV - Palmanova 0.1 0 

13 Paularo  13.121  46.526 633 Jul-05 Feb- 
11 

67.5 33 PCIV - Paularo 0.1 9 

14 Lignano  13.135  45.682 15 Dec- 
06 

Oct- 
10 

46.5 41 PCIV - Lignano 
Sabbiadoro 

1.2 0 

15 Pojana  13.497  46.219 220 Feb- 
06 

Jun- 
09 

40.1 32 PCIV - Pulfero 5.2 35 

16 Mt. Mia  13.463  46.22 969 Nov- 
07 

Jun- 
09 

18.9 32 PCIV - Montemaggiore 6.1 62 

17 Mt. Lussari  13.52  46.482 1760 Jun- 
06 

Jul-12 66 32 H4 - monte Lussari 0.2 0 

18 Pontebba  13.307  46.506 559 Apr- 
06 

Jun- 
12 

76 34 PCIV - Pontebba T.P. 0.1 9 

19 Pramollo  13.288  46.553 1537 Apr- 
06 

Jun- 
12 

76 37 PCIV - Passo Pramollo 1.2 7 

20 Trieste via 
Filzi  

13.775  45.654 14 Apr- 
06 

Dec- 
15 

118.2 34 Trieste molo F.lli 
Bandiera 

1.8 14 

21 Basovizza  13.877  45.644 400 Apr- 
86 

Dec- 
15 

361.7 38 PCIV - Trieste Cattinara 3.6 135 

22 Rivo  13.009  46.52 600 Jan-90 Oct- 
15 

314.4 36 PCIV - Paluzza 0.9 18 

23 Trieste Lab  13.802  45.658 86 Nov- 
11 

Oct- 
14 

35.7 33 PCIV - Trieste Cattinara 3.5 46 

24 Randaccio  13.59  45.79 16 Jun- 
12 

Jan- 
15 

31.6 32 H4 - Monfalcone 4.2 16 

25 Gorizia  13.603  45.934 63 Jun- 
12 

Jan- 
15 

31.7 33 PCIV - Gorizia 
Aereoporto 

2.7 10 

26 Sella Nevea  13.475  46.39 1170 Nov- 
12 

Jan- 
15 

26.2 35 Not availablel – – 

27 Rif. Gilberti  13.462  46.371 1848 May- 
13 

Dec- 
13 

5.4 32 PCIV - Livinal Lunc 0.7 11 

28 Trieste 
Nautico  

13.764  45.647 20 Jan-84 Oct- 
12 

350 36 Trieste molo F.lli 
Bandiera 

1 20 

29 Claut  12.469  46.264 558 Jan-05 Dec- 
06 

23.7 32 Not availablem – – 

30 Chions  12.802  45.886 20 Jan-05 Dec- 
06 

23.7 30 H4 – S. Vito 
Tagliamento 

1.6 1 

31 Vivaro  12.769  46.076 142 Jan-05 Dec- 
06 

23.7 30 H4 - Vivaro 0.2 0 

32 Crnotice  13.893  45.552 384 Feb- 
08 

Mar- 
09 

13.4 33 PCIV - Trieste Cattinara 10.4 119 

33 Barcis2  12.563  46.189 424 Jan-05 Feb- 
07 

25.4 31 H4 - Barcis 0.6 44 

34 Paularo2  13.102  46.509 990 Nov- 
05 

Nov- 
06 

12.3 37 PCIV - Paularo 2.4 348 

35 Ravascletto  12.925  46.526 981 Nov- 
05 

Nov- 
06 

12.5 37 PCIV - Ravascletto 0.9 68 

36 Pradis  13.203  46.425 402 Jun- 
98 

Apr- 
06 

95.4 56 PCIV - Moggio Udinese 3.1 92  

Totalh  –  – 544 – – – 35 – – – 
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least 95% of days in a month or year, respectively. Beside arithmetic 
averages, isotope data are also reported as precipitation-weighted av
erages using the amount of water measured in the sampling collectors. A 
few data missed this information; thus, the water amount was recon
structed by regressing the rainfall from the weather stations on the 
available data. A good relationship (r2 = 0.85) was found, indicating 
that the reconstructed water amount can be used. 

In simple and multiple linear regression models, the 95th percentile 
confidence intervals (CI) in the prediction of the slopes and intercepts 
were computed by ordinary nonparametric bootstrap resampling 
(Davison and Hinkley, 1997) over 2000 replicates. In addition, the 
measure of performance and predictive ability for regression models 
were estimated by k-fold cross-validation (Maindonald, and Braun, 
2010; James et al., 2013), which randomly partitions the datasets into k 
(k = 5, in this case) equal-sized subsamples and recursively uses k-1 
parts to re-fit the regression and the remaining part as a testing set. The 
root mean squared error (RMSE) and mean absolute error (MAE) ob
tained from residuals of original and cross-validated models were used 
as a quantitative measure of errors associated with the estimates. 

The seasonal patterns were analyzed by applying a seasonal-trend 
decomposition time series procedure based on ‘loess’ (STL; Cleveland 
et al., 1990) aiming to decompose time series into seasonal patterns, 
inter-annual trends, and residuals. STL uses a local regression smooth
ing, thus smooth estimates are calculated for all possible time values. 
Since STL cannot handle missing data, a reconstruction based on sea
sonal Kalman filter (Zeileis and Grothendieck, 2005) was applied before 
STL analysis. The STL analysis was performed in the ‘robust mode’, as 
some variables are not normally distributed (Shapiro-Wilk test at p <
0.05). Since this procedure aims to model the seasonal pattern, the 
window parameter was set as “periodic”, thus no changes in seasonality 
were allowed. Confidence intervals (95%) for trends and seasonality 
were assessed by bootstrap resampling over 2000 replicates. 

Inter-annual monotonic trends were computed through the Mann- 
Kendall trend analysis (Mann, 1945; Kendall, 1975) and the Theil-Sen 
nonparametric estimator of slope (Theil, 1992; Sen Pranab Kumar, 
1968). This method provides the median of the slopes of all lines 
through pairs of points using a robust regression technique which is 
fairly insensitive to outliers; the uncertainty and p-values of these trends 
were estimated by also accounting auto-correlation and using block 
bootstrap simulations (block length set to 1/3th the length of the time 
series). 

The scientific literature reports a number of different methods to 

map the isotopic compositions of precipitation (e.g., Bowen and Wil
kinson, 2002; Dutton et al., 2005; Liebminger et al., 2006a; van der Veer 
et al., 2009; Lykoudis et al., 2010; Delavau et al., 2011; Holko et al., 
2012). In this study, the spatial distributions of δ18O, δ2H, deuterium 
excess and their precipitation-weighted values were estimated at annual 
and seasonal basis according to two strategies and using isotope data 
collected over periods < 60 days. These two models have the advantage 
to be simple, including 3 or 4 variables and linear relationships; they 
were selected to obtain a quick prediction of the isotopic composition of 
precipitation across the region. Methods are comprehensively presented 
in SI section S2. Briefly, the first method adopts a stepwise regression 
analysis and uses the Akaike information criterion as an estimator of the 
relative quality of statistical models. An additional variable (Tdiff) was 
added to account for the difference between the average air temperature 
during each sampling period and the average air temperature recorded 
in the same period for a reference 3 year-long period (January 2013 to 
December 2015). The second method was performed for comparison 
with Giustini et al. (2016) and was developed upon 3 steps, similarly to 
Bowen and Wilkinson (2002). 

The presence of spatial patterns in the residuals of both methods was 
investigated by applying the inverse distance squared weighted inter
polation (IDW, power 2) and was reported along with the results. This 
deterministic method was preferred over others, e.g., Kriging and thin- 
plate spline because residuals should be uncorrelated to other inde
pendent variables, i.e. the spatial pattern of residuals is supposed to be 
driven by local variations, which cannot be captured (modelled) by 
looking at neighborhood points without assuming random or deter
ministic spatial variations. 

3. Results and discussion 

A summary of all collected samples is reported in Table S1, while 
data distributions are provided as boxplots in Fig. 2 (annual) and 
Figure S4 (seasonal). The isotopic composition shows a large variation 
among sites and among seasons. Considering all the single samples 
collected over the entire study period, δ18O ranged from − 21.6‰ to 
− 1.7‰, while δ2H varied from − 155‰ to − 13‰ and deuterium excess 
from − 0.9‰ to 24.6‰. The average air temperature corresponding to 
the period covered by every single sample was in the − 9/+26 ◦C range. 

(a) Coordinate system: WGS84; (b) a.s.l. = above sea level; (c) number of sampling months; (d) average duration of single samples collected over the entire sampling 
period; (e) name of the weather stations used for retrieving meteorological data; (f) distance between sampling sites and the associated weather stations; (g) altitude 
difference between sampling sites and the associated weather stations; (h) average of the entire set of collected samples; (i) weather station managed by ARPA Veneto; 
(l) no associated weather stations at a distance < 10 km with altitude difference < 100 m or no weather data; (m) a weather station is close to the sampling site, but 
periods of available weather data do not correspond to the isotope data. 

Table 2 
LMWLs computed on aggregated data. Confidence intervals (CI) were computed using ordinary nonparametric bootstrap resampling (2000 replicates). RMSE = root 
mean squared error; MAE = mean absolute error. LMWLs for single sites are reported in Table S3.    

Intercept  Slope  r2 CV RMSE CV MAE 

Data aggregation Period β0 (±std. error) BS 95th CI β1 (±std. error) BS 95th CI  (‰) (‰) 
Single samples         

Entire dataset 8.87 (±0.26) [8.27;9.43] 7.8 (±0.03) [7.73;7.87]  0.98 3.1 2.5  
Winter 13.5 (±0.53) [12.52;14.55] 8.31 (±0.05) [8.21;8.41]  0.99 2.8 2.2  
Spring 6.17 (±0.57) [5.03;7.21] 7.56 (±0.07) [7.41;7.69]  0.97 2.7 2.1  
Summer 4.04 (±0.51) [2.87;5.2] 7.09 (±0.08) [6.9;7.28]  0.96 2.5 2.0  
Autumn 10.3 (±0.55) [9.04;11.72] 7.75 (±0.06) [7.6;7.92]  0.98 3.1 2.2 

Aggregated samples         
Unweighted Single years averages 6.14 (±0.97) [4.28;7.86] 7.46 (±0.12) [7.22;7.67]  0.98 1.6 1.3 
Precipitation-weighted Single years averages 5.3 (±1.07) [3.14;7.33] 7.29 (±0.13) [7.02;7.56]  0.97 1.5 1.2 
Temperature weighted Single years averages 2.61 (±1.65) [-1;5.54] 6.83 (±0.24) [6.26;7.28]  0.90 2.0 1.5 
Unweighted Yearly averages 6.24 (±1.44) [3.98;8.56] 7.45 (±0.18) [7.14;7.75]  0.99 1.4 1.1 
Precipitation-weighted Yearly averages 4.89 (±1.70) [2.14;8.14] 7.23 (±0.21) [6.85;7.66]  0.98 1.3 1.0  
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3.1. Weather-dependence and seasonality of δ18O and δ2H 

The lower delta values were generally recorded during the colder 
periods and in sites located at higher altitudes. The known positive 
relationship between the isotopic composition of precipitation and air 
temperature (commonly known as temperature effect; Dansgaard, 1964; 
Rozanski et al., 1993) is mainly observed at high and mid-high latitudes. 
The relations between air temperature and δ18O or δ2H are uniform 
across the region, considering both the average air temperature (T; 
Fig. S5-6) recorded during each sampling period and the precipitation- 
weighted air temperature (Tp; Figures S7-8), calculated to account for 
the different precipitation rates possibly recorded over the study area 
and during different seasons (Fig. 2 and Figure S2). However, these re
lations exhibit very variable squared correlations (r2) amongst sites. The 
regression slopes for sites with r2 ≥ 0.5 ranged from 0.28 to 0.53 δ18O 
‰/◦Cp and from 1.8 to 4.2 δ2H‰/◦Cp. The temperature effect was not 
related to the site altitude (Figure S9a) but exhibited a spatial gradient 
with higher values toward the northern sites (Figure S9b). The in
tercepts, indicating the delta values expected at 0◦Cp, were in the − 10/- 
14‰ and − 70/-100‰ for δ18O and δ2H, respectively. The intercepts 
showed a spatial gradient similar to the slopes with more depleted iso
topic composition of precipitations toward the northern and more con
tinental areas (Figure S9c). These spatial patterns can be attributed to 
the interplay of several known effects driving the isotope fractionation 
(e.g., cumulative effects of the Rayleigh fractionation processes during 
the transport of air masses from moisture sources, possible different 
moisture source areas or atmospheric transport pathways, cloud pro
cesses, etc.) (Christner et al., 2018). In addition, possible artefacts due to 
snow sampling and accumulation in rain gauges may affect these results, 

particularly in the high-mountain sites, as snow is generally more 
depleted in the heavier isotopes than rain (Beria et al., 2018). Under this 
view, Figures S5-8 clearly show that the linearity of the relationships 
between air temperature and δ18O or δ2H was often broken up by some 
samples mostly collected in winter and transition periods exhibiting 
particularly depleted delta values. These samples may reflect the effect 
of the precipitation in the form of snow. 

The relationship with air temperature at a regional level was inves
tigated by considering the annual precipitation-weighted deltas (δ18Op 
and δ2Hp) and the data averaged over all the study period (including 
round years having at least 95% of available isotope data). Surface air 
temperature was able to explain 77% of the δ18Op and 63% of δ2Hp 
variances (Fig. 3 and Table S2). The slopes were 0.24 [CI 0.2–0.3] 
δ18Op‰/◦C and 1.7 [CI 1.2–2.1] δ2Hp‰/◦C. Similar values were ob
tained using the precipitation-weighted air temperature (Table S2). 

The isotopic composition is also influenced by altitude (altitude ef
fect). This temperature-related effect combines (i) the increased equi
librium fractionation following the adiabatic cooling with the altitude 
and (ii) the increasingly stronger depletion of heavier isotopes due to 
temperature-dependent distillation process during the uplift of air 
masses. Consequently, the most negative delta values were generally 
recorded in high-altitude sites (Fig. 3), as already reported in the Alpine 
area (Liebminger et al., 2006b). Annually, site altitude explains 71% and 
61% of δ18Op and δ2Hp variances with vertical isotopic gradients of 
− 0.17 [CI − 0.23 and − 0.14] δ18Op‰/100 m and − 1.3 [CI − 1.8 and 
− 0.9] δ2Hp‰/100 m (Table S2), which are compatible with previous 
data collected in FVG (-0.19 δ18O‰/100; Longinelli and Selmo, 2003) 
and North Italy (− 0.22 δ18O‰/100; Giustini et al., 2016). 

The temperature effect mostly drives the monthly patterns, which 

Fig. 2. Boxplots showing the distribution of all isotope data at the 36 sites as well as the distribution of air temperature measured at the nearest weather stations 
(Table 1) (line = median, box = inter-quartile range, whiskers=±1.5*inter-quartile range, dots = outliers and extremes; red cross = arithmetic mean). 
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exhibit more depleted values in winter and the less depleted deltas in 
summer (Fig. 4 and S4), as reported in other studies close to the FVG (e. 
g., Vreča et al., 2006; 2011; 2014; 2015). Since the seasonal variations of 
δ18O and δ2H are almost homogeneous across the study area, the sea
sonal patterns of the isotopic composition were analyzed through STL by 
decomposing the time series into interannual trends and periodic de- 
trended seasonal patterns with 12-month time windows. Results 
showed quasi-sinusoidal seasonal cycles at all the sites. Considering the 
95th percentile CI computed by bootstrap resampling, the amplitude of 
the seasonal component was lower at the sites located in the southern
most areas, i.e. close to the coastline or in the lower plain (Fig. 5a;b and 
Figures S10 and S11). 

Although the resulting periodic seasonality of the STL is not a perfect 
sinusoidal curve, the amplitudes were calculated as half the difference 
between the maximum and minimum in the seasonal patterns. The 
average interannual trend and the amplitude of the de-trended seasonal 
components were then investigated to depict their spatial variation. 
Ordinary Kriging was used to interpolate the data after evaluating 
semivariograms and residual analysis. The interannual trend compo
nents represent the deseasonalized time series; their averages are 
therefore roughly comparable to the mean values recorded during the 
sampling campaign. Consequently, results point out again that there is a 
vertical gradient with more depleted isotopic values at higher latitudes 
(Fig. 6 and S12), which roughly correspond to sites located at higher 
altitudes due to the peculiar orography of FVG. Similarly, amplitudes 
showed a gradient with increasing values at higher latitudes. Thus, the 
amplitude of time series due to the seasonal effect increases according to 
the degree of the isotopic depletion. A similar result was reported by 

Jódar et al. (2016), who analyzed the changes in the seasonal isotopic 
amplitude of precipitations collected along a vertical transect in a cen
tral Alpine region (Switzerland, at altitudes between 250 and 2020 m a. 
s.l.). This latter study used a different approach to model the seasonal 
patterns (a general sinusoidal function) and found that (i) the isotopic 
amplitude depends upon the elevation if the air moisture sources are 
common, and (ii) the amplitude also depends on local evaporation 
controlled by local atmospheric and synoptic conditions. Similarly to 
Jódar et al. (2016), statistically significant linear relationships were 
found between the site altitude and the amplitude of δ18O (r2 = 0.62) 
and δ2H (r2 = 0.63) (Fig. 5c;d), when excluding the 5 sites located above 
1000 m a.s.l. (ID 4, 7, 9, 17, 19). These high-mountain sites show iso
topic seasonal amplitudes smaller than expected given their elevations. 
This effect can be explained by the increased inter-seasonal ranges of air 
temperature recorded at higher locations as well as by other factors 
influencing the isotopic composition, such as the closeness to sources of 
water moisture (Gat et al., 2003). In addition, the effect of possible ar
tefacts in sampling due to the snow accumulation in the rain gauges may 
have affected the results. 

The amount effect, related to the quantity of precipitation, was not 
detected for any variable both considering the amount of water sampled 
at each site (Figures S13-S14) or the rain amount measured by the 
corresponding weather stations. Similarly, no relationships were found 
with relative humidity. 

3.2. Weather-dependence and seasonality of deuterium excess 

On the contrary, the air temperature had a weak and non-uniform 

Fig. 3. Linear regression analysis between precipitation-weighted delta values and d-excess against air temperature (T), precipitation-weighted air temperature (Tp), 
and site altitude using annually-averaged data. The numbers show each site ID (Table 1). Regression statistics are reported in Table S2. 
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effect on deuterium excess when considering all single sample data 
(Figure S4, S15-S16). The regression computed using annually averaged 
data showed moderate (r2≈0.6) relationships of − 0.38 [CI − 0.46;- 
0.28]‰/◦Cp, which is the mirror image of those for δ18O and δ2H 

(Fig. 3). Using the data from the GNIP network, Froehlich et al. (2002) 
reported that deuterium excess in the Northern Hemisphere exhibits 
lower values in summer and higher in winter. In this study, the seasonal 
cycles were highly variable, often with no recognizable patterns 

Fig. 4. Monthly patterns for δ18O (red) and δ2H (blue). The lines represent the averages; the bars are the 95th confidence intervals in the mean. The monthly patterns 
for d-excess are reported in Figure S17 (for interpretation of the references to color in the figure, the reader is referred to the web version of this article). 

Fig. 5. Average trends (blue dots) and the amplitudes (red dots) obtained by the STL analysis for δ18O (a) and δ2H (b) and linear relationships between site altitude 
and the amplitudes (c, d). In (a, b),bars correspond to the min–max range of the average trends and the 95th confidence intervals of the amplitudes computed by 
bootstrapping (2000 replicates). In (c, d), the linear relationships (red lines) and their 95th confidence intervals (grey) are reported; the 5 sites located above 1000 m 
asl (ID 4, 7, 9, 17, 19) are shown in red (for interpretation of the references to color in this figure, the reader is referred to the web version of this article). 
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(Figure S17) and STL decomposition failed to detect a periodic seasonal 
component for almost all the sites. However, higher values were 
generally recorded in autumn and minima during spring-summer. 
Similar patterns are reported in Alpine areas surrounding FVG (Lieb
minger et al., 2006b; Hager and Foelsche, 2015) and other countries 
facing the Northern Adriatic Sea (e.g., Vreča et al., 2006; 2007; 2015; 
Bronić et al., 2020). The relationship with altitude was 0.23 [CI 
0.15;0.3] ‰/100 m (r2 = 0.53). No statistically significant effects were 
recorded for the amount of precipitation (Figure S18) neither for relative 
humidity. 

The altitude effect and the seasonal cycles of d-excess were then 
jointly analyzed with δ18O by using the precipitation-weighted seasonal 

averages for pairs of sites located at different altitudes and at a distance 
< 10 km. The selected pairs were Tarvisio-Mt. Lussari (altitude differ
ence ΔH 966 m), Pontebba-Pramollo (ΔH 978 m), Enemonzo-Zoncolan 
(ΔH 1317 m), Trieste Filzi-Basovizza (ΔH 314 m), Sella Nevea-Rif. 
Giberti (ΔH 678 m, only summer data), and Pojana-Matajur (ΔH 
1106 m), which also has an intermediate site (Mt. Mia). Beyond the 
seasonal patterns (more 18O-depleted values in winter and higher 
deuterium excess in autumn) and the altitude effect (more 18O-depleted 
values and higher deuterium excess in mountain sites), results also show 
that the seasonal variations of dp/δ18Op follow anticlockwise “cycling 
patterns” (Fig. 7a). The pattern was detected at almost all the pair of 
sites; thus, it can be considered homogeneous throughout the study area. 

Fig. 6. Maps showing the spatial variation of average trends and amplitudes computed through STL analyses and predicted by ordinary Kriging interpolation. The 
Kriging relative standard error maps are reported as Figure S12. The maps also report the sites included in the computations (black crosses), which may differ 
between δ18O and δ2H because of data availability. 

Fig. 7. (a) Relation between the precipitation-weighted seasonal averages of δ18O and d-excess for pairs of sites located at different altitudes but at a distance < 5 km; 
(b) relation between δ18O and d-excess measured on single samples categorized by seasons and clustered for sites located in 5 altitude groups (site ID for group 1 
“coastal” 20, 24, 28; group 2 “0–100 m inland” 10, 12, 14, 23, 25; group 3 “100–500 m” 2, 5, 6, 11, 15, 21, 32; group 4 “500–1000 m” 1, 3, 8, 13, 16, 18, 22; group 5 
“>1000 m” 4, 7, 9, 17, 19, 26). The seasons are listed as: winter (1), spring (2), summer (3), and autumn (4) (for interpretation of the references to color in the figure 
legend, the reader is referred to the web version of this article). 
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Generally, the transition between winter and spring exhibited high 
changes of δ18Op but small variation of dp in the more continental sites. 
On the contrary, an opposite behavior was recorded between spring and 
autumn, exhibiting similar δ18Op values against higher changes of dp. 
For δ18O, this result reflects the cumulative effect of equilibrium frac
tionation of atmospheric vapor when air moves from the sea to more 
continental areas as well as the result of temperature changes due to the 
adiabatic cooling of the air with the altitude. For d-excess, this pattern 
probably reflects the increasingly higher effect of non-equilibrium 
fractionation due to evapotranspiration, large-scale advection of water 
vapor evaporated in remote source areas as well as the effect of local 
boundary layer dynamics. Another explanation could be related to the 
interaction between falling raindrops and orographic clouds (seeder- 
feeder mechanism) that may have a relevant effect on d-excess (Liotta 
et al., 2006a). This mechanism occurs when precipitation droplets or ice 
particles from an upper-level cloud (seeder) falls through a lower-level 
cloud formed by orographic lifting (feeder). The result is an enhance
ment of the orographic precipitation since the feeder clouds could be 
washed out by the falling precipitation through collision, coalescence or 
aggregation processes. However, the interpretation of d-excess patterns 
is often ambiguous because of changes in water vapor sources and vapor 
transport which may affect d in non-unique ways (Bershaw, 2018). 

In addition, Fig. 7a also shows that the cycles do not overlap for most 
of the pairs, indicating that both the equilibrium and kinetic fraction
ations may occur locally rather than reflecting air masses of different 
origin or history (due to the closeness of the pair of sites). Under this 
view, the topography plays a key role in determining microclimatic 
changes in the Alpine areas (Beniston, 2006), especially due to altitude, 
slope profile, aspect, the orientation of slopes with respect to the pre
vailing wind regimes, and solar irradiation exposure. The topographical 
factors have a strong impact on the distribution of precipitations as well 
as on their isotopic composition. These effects include: (i) the increased 
fractionation following the adiabatic cooling with the altitude, (ii) the 
progressive effects of the Rayleigh distillation when air masses from the 
sea to the more continental areas, thus from the sea (the main source of 
water vapor) throughout the Alpine areas, (iii) the progressive isotopic 
fractionation when precipitation falls on the windward-facing slopes of 
the mountains during uplift, and (iv) the mixing of different water vapor 
sources and post-condensation evaporation and evapotranspiration. 

The d/δ18O patterns were also investigated by using all single 
monthly samples and by grouping the sites by altitude and con
tinentality (Fig. 7b). Generally, the more elevated and continental the 
sites are, the more 18O-depletion and higher d values the samples show. 
This relationship is observed during all the seasons but winter, which 
shows large changes of δ18O within groups accompanied by almost 
constant values of d-excess. This result indicates that non-equilibrium 
fractionation processes during winter are almost constant over all the 
study area. This finding might be partially explained by the different 
origin of air masses during the year, with the Atlantic provenance 
dominating the air mass origin on the study area during winter (Sode
mann and Zubler, 2010). 

3.3. Inter-site comparisons 

The monthly data collected at all single sites were analyzed to detect 
the pairwise inter-site correlations and inter-site differences using 
nonparametric statistics. The correlation on ranks was measured by the 
Spearman’ rho. Almost all the pairs of sites were significantly (p < 0.05) 
and moderately (0.4 < ρ < 0.6) to highly (ρ > 0.6) correlated 
(Figures S19-21, bottom-left). However, the bivariate correlations 
measured on variables undergoing similar periodic cycles mostly reflect 
the concurrent effect of the seasonal patterns. To overcome this limita
tion, the monthly data were normalized by subtracting the average 
values computed over the four seasons. The correlation matrixes using 
“deseasonalized” time-series (Figures S19-21, upper-right) still showed 
significant and moderate to high correlations, indicating that the month- 

to-month isotopic composition varied almost uniformly over the entire 
study domain nevertheless the site characteristics and location in the 
study area. This result is consistent with similar source areas and air 
mass pathways for all the sites. 

3.4. Local meteoric water lines 

The LMWLs, revealing the linear relationship between δ18O and δ2H, 
were determined by considering all single samples from the entire study 
period (Fig. 8) as well as using aggregated data (Figure S22). Un
weighted and precipitation-weighted aggregated data were computed 
either considering entire years (Jan to Dec) with at least 95% of sampled 
days (single-year averages; Figures S22a-c) and the average of all 
available entire years (multi-year averages; Figures S22d-e). Regression 
statistics are summarized in Table S3; the coefficients were always sta
tistically significant at p < 0.05. The LMWLs determined over un
weighted year averages (r2 = 0.98; Figure S22d) was: 

δ2H = 7.2 [CI 6.8; 7.6]⋅δ18O+ 5[CI 2.4; 7.7]

slightly different from the data reported by Giustini et al. (2016) 
(δ2H = 8.04⋅δ18O + 11.47) for North Italy, but similar to a southern site 
in Austria (Klagenfurt δ2H = 7.8⋅δ18O + 7.1, Hager and Foelsche, 2015). 
The LMWLs determined over precipitation-weighted year averages (r2 

= 0.97; Figure S22e) was very close to the unweighted one: 

δ2H = 7.2 [CI 6.8; 7.6]⋅δ18O+ 4.5[CI 1.6; 7.6]

The LMWL computed on all single samples (n = 1365, r2 = 0.98; 
Fig. 8) was: 

δ2H = 7.8 [CI 7.7; 7.9]⋅δ18O+ 8.9[CI 8.3; 9.4]

with a prediction error of 3.1‰ δ2H (5-folds cross-validated RMSE). 
This value is very similar to δ2H = 7.71⋅δ18O + 9.4 reported by Long
inelli and Selmo (2003) for North Italy and calculated over mean 
monthly samples. The LMWLs calculated at annual and seasonal basis 
(Fig. 9, black symbols) show smaller slopes (7.1 [CI 6.9;7.3]) and in
tercepts (4 [CI 2.9;5]) in summer while higher regression coefficients 
were recorded in winter (slope 8.3 [CI 8.2;8.4]; intercept 13.5 
[12.5;14.6]), clearly depicting the seasonal effect over the isotopic 
composition. 

Further, LMWLs were determined for each site using single samples 
(Table S3). The slopes ranged from 6.9 (Gorizia, ID25) to 8.6 (Zoncolan, 
ID7), generally showing increasing values with altitude. Similarly, in
tercepts varied from 2.6‰ (ID25) to 18‰ (ID7), exhibiting increasing 
values from coastal-plain sites to high-mountain sites. A further 
regression analysis among slopes (β1) and intercepts (β0) (Fig. 9) showed 
a clear and strong relationship (r2 = 0.85). In addition, the regression 
coefficients of the single-site LMWLs exhibited similar relationships 
against the site altitude and the minimum distance from the nearest 
coast. LMWLs were similar to the GMWL (i.e. slopes close to 8 and in
tercepts ~ 10) in sites with an altitude between ~ 100 and ~ 1500 m 
(Figure S23). In these “intermediate sites”, the fractionation of the water 
isotopologues under both equilibrium and non-equilibrium conditions 
are similar, indicating the stronger influence of water vapor of more 
local origin. 

However, both coefficients drop for sites < 100 m or close to the 
coastline (<20 km). Generally, slopes below 8 indicate kinetic frac
tionation due to the secondary evaporation of rainfall, i.e. non- 
equilibrium isotope exchange occurring when rain droplets fall be
tween the cloud bases to the ground passing through a unsaturated air 
column. Hence, this effect may explain the drop of both slopes and in
tercepts for sites in the more flat and coastal areas due to the longer 
extension of the rainfall path between the cloud bases and the ground 
(more time for secondary evaporation) as well as to the lower humidity 
(higher evaporation rate) in the air column with respect to the mountain 
areas. 
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Figure S23 also shows that intercepts increase quasi-linearly with the 
altitude for sites located >~500 m, indicating that topography has an 
effect on non-equilibrium kinetic fractionation processes. A similar 
result is reported by Liotta et al. (2006a), who interpreted this behavior 
by the interaction between falling raindrops and orographic clouds. 
Hence, high deuterium excess values of the higher sites can be also 
related to the orographic precipitation with a seeder-feeder mechanism. 

3.5. Interannual trends 

Long-term data sets are useful to detect and quantify possible trends 
in the delta values or deuterium excess that may be related to changes in 
the water cycle processes due to recent climate variability (e.g., Stumpp 
et al., 2014). In this study, four sites present long time-series for δ18O, i. 
e. >9 years of available data starting in the 90 s (ID 20, 21, 22, 28), while 
δ2H and d-excess are generally available starting in 2006 at all the sites. 
No statistically significant (p < 0.05) interannual trends were detected 
by analyzing the long time-series (not shown) either considering all 
annual data or single seasons separately and using both raw or desea
sonalized data through STL procedure. Statistically significant positive 
trends ranging from 0.23 to 0.87‰/yr were detected only for d-excess 
(Table S4). Despite these trends were generally found on the north
easternmost sites (Figure S24), their spatial distribution is neither ho
mogeneous over the study area nor related to the site altitude, indicating 
that factors driving the trends may be local rather than regional. 

3.6. Mapping 

The validity of regression models developed to predict the spatial 
variability over a spatial domain relies on the characteristics and dis
tribution of the points (sites) used for inferring the prediction. In this 
study, the characteristics of the sites extensively cover the variation of 
the independent variables across the study area. The spatial extent 
(latitude, longitude) is well covered by the wide distribution of the sites. 
The orography is also well represented due to the high density of sites in 
mountain areas, where there is a larger spatial variability of the altitude. 
The sites in the mountain areas include valleys, medium-altitude and 
high-mountain sites. Conversely, the site density is lower to the South; 
however, the southern part of the region is a flat area with probable little 
changes in the isotopic composition of precipitation. In addition, four 
sites are located close to the coastline. 

Fig. 8. Local meteoric water lines computed using all the analyzed samples at both annual (all data) and seasonal basis. Regression parameters are also summarized 
in Table 2. The plot for all data also illustrated in comparison to LMWLs reported by other studies in Northern Italy (for interpretation of the references to color in the 
figure legend, the reader is referred to the web version of this article). 

Fig. 9. Relationship between the slopes (β1) and intercepts (β0) of the LMWL 
regression computed for all the sites (colored dots, the color scale shows the 
altitude of the sampling site). The regression parameters computed over all the 
sites at annual and seasonal basis are reported as black symbols. The bars 
represent the 95th confidence intervals of the regression coefficients as esti
mated by bootstrap (for interpretation of the references to color in the figure 
legend, the reader is referred to the web version of this article). 

M. Masiol et al.                                                                                                                                                                                                                                 

11



Journal of Hydrology 598 (2021) 125749

12

The choice to use the IDW interpolation (power 2) to map the re
siduals was supported by the Moran’s I measure of spatial autocorrela
tion computed on the residuals of the models. No spatial autocorrelation 
at alpha = 0.05 was detected (except for d-excess in spring), indicating 
that residuals are randomly distributed across the domain. Thus, the role 
of the residuals is emphasized using a deterministic interpolation, 
allowing to directly detect the sites where local factors have an influence 
on the isotopic composition of precipitation. 

The two modelling approaches were applied using either arithmetic 
or precipitation-weighted seasonal averages. The selection of the best 
approach was based on the analysis of cross-validated (CV, 5-fold) RMSE 
and MAE as estimators for the goodness of the predictions as well as 
evaluating the presence of patterns in the residuals. Despite the appli
cation of the two methods yielded to similar results, the higher R2 and 
the lower standard errors of the estimate, CV-RMSE and CV-MAE, were 
obtained using precipitation-weighted averages and applying the 
models based on the stepwise regression analysis. This method also 
provided the less extent of R2 shrinkage via 5-fold cross-validation (CV 
R2). In addition, the VIF quotient analysis did not reveal severe multi- 
collinearity among variables (VIF < 4, tolerance > 0.2). The low effect 
of collinearity is also reflected by the regression coefficients for the 
altitude (0.17 δ18Op‰/100 for all the seasons), revealing values close to 
the altitude effect reported in the literature for the North Italy (-0.19 
δ18O‰/100; Longinelli and Selmo, 2003). 

Results are summarized in Table 3, maps in Fig. 10 and maps of re
siduals in Figures S25-S27. The method was able to explain 68–75% and 
60–82% of variances for δ18Op and δ2Hp, respectively. However, the 
model failed to obtain statistically significant results for the deuterium 
excess during wintertime, while it was able to explain 50–79% of the 
variance during the remaining seasons. The poor relation of d-excess 
with predictors is consistent with the lack of spatial variability already 
discussed when analyzing the d/ δ18O ratios for groups of sites located in 
different areas of FVG (Fig. 7b). 

The maps for δ18Op and δ2Hp showed very similar spatial and sea
sonal patterns. The altitude was the overwhelming predictor mostly 
shaping the maps (Fig. 10), while latitude and longitude were not always 
included in the models according to the Akaike information criterion. 
The analysis of the relative importance metrics for linear models (R2 

partitioned by averaging over orders (Grömping, 2006), showed that 
where latitude and/or longitude have been included as independent 
variables, the altitude contribution to R2 was 64% for δ18Op and δ2Hp, 
and 79% for dp, while the contribution of longitude was always lower 
than 12%. The additional variable Tdiff, originally included in the 
models to account for the difference of sampling periods among sites, 
did not show significant increases in the goodness of fit and was there
fore excluded from all the models. 

The maps of residuals (Figures S25-S26) showed no spatial patterns 

and lower values in summer for both for δ18Op and δ2Hp. This finding 
reflects the lower RMSE assessed through cross-validation, indicating 
that the model better performed during the summer. On the contrary, 
higher residues were found in winter and autumn. Since residuals reflect 
the spatial variability unexplained by the geographic variables, this 
result confirms that local characteristics and weather conditions have a 
more important effect on the isotopic composition of precipitation 
during colder periods. One of the most probable causes of this result is 
linked to snowfall events: in some mountain sites (e.g., ID8), the 
experimentally-measured delta values were more depleted than the 
values predicted by the model, pointing out the possible influence of 
snow in the isotopic composition of collected samples. 

Similarly to Liebminger et al. (2006a), the average of the four sea
sonal models was used to predict annual results (Figure S28). This choice 
improved the model performance by including the different influences 
during the various seasons. Since the deuterium excess was not modelled 
in winter, indicating a poor spatial variation, the annual mean map of dp 
was computed by averaging the maps of the 3 seasons with the average 
value of d-excess measured over the whole FVG. 

This model has the advantage to be simple, including 3 or 4 variables 
and linear relationships. These simple approaches were selected to 
obtain a quick prediction of the isotopic composition of precipitation 
across the region. More sophisticated regression models might be 
applied to the data using different approaches, including multiple 
regression analysis with nonlinear terms and the D/S/A (deletion/sub
stitution/addition) algorithm (Sinisi and Van der laan, 2004a; 2004b) 
and the spatio-temporal bayesian modelling (Bakar and Sahu, 2015). 
These models will be discussed in a companion paper (Masiol et al., in 
preparation). 

3.7. Comparison with previous data and implication for the regional 
hydrogeological cycle 

The knowledge of the isotopic composition of precipitation allows a 
comparison with groundwater and thus a better understanding of the 
hydrological cycle. The isotopic composition of precipitation was 
therefore compared with data available in the literature for ground
water, surface waters (rivers, lakes), springs and caves. Briefly, Cucchi 
et al. (2008) analyzed the δ18O in 128 aquifers in the FVG plain area (72 
phreatic, 38 shallow confined, and 18 deep confined). Calligaris et al. 
(2018) reported the isotopic composition of different hydrogeological 
compartments, including 4 water caves, 4 wells/piezometers, 4 rivers, 2 
lakes and 5 springs in the Classical Karst region aquifer area encom
passing the eastern FVG and the Slovenian karstic areas. Martelli and 
Granati (2010) measured the isotopic composition of 56 wells reaching 
8 confined aquifer levels in the low FVG plain multi-layered system as 
well as the isotopic composition of 17 springs in the spring belt and 4 

Table 3 
Results of the stepwise regression model. Beta coefficients of multiple regression analysis (β0 = intercept; β1 = coefficients) with 95 percentile confidence intervals (CI) 
estimated by bootstrap and cross-validated (CV, 5-folds) R2, RMSE and MAE.     

Coefficients R2 CV R2 CV RMSE CV MAE 
Dep. Variable Season N β0 (±std. error) βAltitude (±std. error) βLatitude (±std. error) βLongitude (±std. error)       

– – m Decimal degreea Decimal degreea   – (‰) (‰) 
δ18O winter 34 124.4 (±32.2) − 0.0016 (±0.0004) − 2.89 (±0.7) –  0.74  0.64 1.00 0.80  

spring 33 − 16.3 (±3) − 0.0016 (±0.0002) – 0.72 (±0.23)  0.75  0.66 0.60 0.40  
summer 33 − 5.5 (±0.1) − 0.0016 (±0.0002) – –  0.73  0.65 0.50 0.40  
autumn 34 28.1 (±32.5) − 0.0016 (±0.0004) − 0.94 (±0.65) 0.61 (±0.39)  0.68  0.62 0.90 0.70 

δ2H winter 28 1052.9 (±258.5) − 0.0109 (±0.0035) − 24.09 (±5.63) –  0.76  0.67 8.20 6.40  
spring 27 236.8 (±175) − 0.0082 (±0.0024) − 6.12 (±3.81) –  0.6  0.46 5.90 4.90  
summer 29 2 (±21.1) − 0.012 (±0.0011) – − 2.63 (±1.58)  0.82  0.74 3.50 2.80  
autumn 29 594.1 (±236.4) − 0.0086 (±0.003) − 13.9 (±5.15) –  0.63  0.50 7.10 5.40 

d winter 28 – – – –  –  – – –  
spring 27 8.3 (±0.3) 0.0026 (±0.0004) – –  0.63  0.54 1.20 1.00  
summer 29 15.9 (±5.3) 0.0027 (±0.0003) – − 0.56 (±0.4)  0.79  0.71 0.90 0.70  
autumn 29 11.3 (±0.4) 0.0025 (±0.0005) – –  0.5  0.38 1.50 1.20 

a) WGS84 decimal degree, EPSG:4326 
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Fig. 10. Map of spatial distribution of δ18O, δ2H, and deuterium excess (all expresses as ‰) of precipitations in FVG. The maps of the spatial distribution of residuals 
are reported in Figures S25-S27. The maps also report the sites included in the computations (black dots), which may differ among seasons because of data gaps (for 
interpretation of the references to color in the figure legend, the reader is referred to the web version of this article). 

Fig. 11. Comparison between the precipitation-weighted LMWL and the data available in literature. Isotopic data of wells and caves (a), spring water (b) and 
superficial waters (c) were retrieved from Martelli and Granati (2010), Saccon et al. (2013) and Calligaris et al. (2018). 
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rivers. Saccon et al. (2013) reported the isotopic composition of a large 
number of water samples collected in the Lagoon of Marano (located 
along the southern FVG coastline), its tributary rivers, the spring belt, 
sewer pipes, and open water from the Adriatic Sea. 

δ18O data presented in the literature for aquifers, rivers, springs and 
lakes agree with data collected in this study (Figure S29). In particular, 
the ranges of δ18O reported in the literature for groundwater and springs 
fall well within the precipitation-weighted annually-averaged delta 
values (red boxes) for sites at > 100 m altitude, which mostly correspond 
to the catchment areas of the confined aquifers. In addition, the δ18O 
reported in the literature show a much lower range of isotopic values 
compared to precipitation monthly samples (grey boxes). This result 
may indicate that aquifers generally favor the mixing of meteoric waters 
through the year. On the contrary, less depleted δ18O values are reported 
for the Lagoon of Marano, showing intermediate values between the 
precipitation and the Adriatic Sea (Saccon et al., 2013) due to the mixing 
of freshwater and seawater. 

Inspired by previous studies (e.g., Liotta et al., 2006a, 2013; Pater
noster et al., 2008; D’Alessandro et al., 2013), the precipitation- 
weighted LMWL (Figure S22e) was used to define the meteoric end- 
members for a direct comparison with the isotopic composition data 
available in the literature. These values are often recognized to provide 
good estimations of the isotopic signature for waters that feed aquifers in 
the Mediterranean area (Liotta et al., 2006a; 2006b; 2013; Paternoster 
et al., 2008). Results show that the isotopic composition of groundwa
ters, springs, and superficial waters collected in FVG lies very well along 
the precipitation-weighted LMWL (Fig. 11). Thus, post-precipitation 
non-equilibrium fractionation processes (e.g., evaporation at the air–
water interface, evapotranspiration, interaction between water and 
rocks or biological effects) and the effects of the morphological and 
hydrogeological parameters of soils and bedrock (e.g., permeability, 
porosity, slope and soil cover) are negligible and do not change the 
isotope ratios in other hydrogeological compartments significantly. 
Under this view, the experimentally measured isotope ratios and maps 
estimated in this study may be used as geochemical tracers for future 
hydrological studies. 

3.8. Strengths and limitations 

This study presents some novel approaches and has several strengths:  

1) The sampling density. Generally, studies on water isotopes present 
poor spatial resolutions, while this study offers a high density of sites 
that allows a comprehensive understanding of the “medium-scale” 
changes in the isotopic composition of precipitations.  

2) The sampling periods. Sampling sites operated over multiple years, 
mostly between 2005 and 2012; the sampling frequency was also 
similar (monthly). This synchronous sampling campaign allows for a 
better inter-site comparison, not easily achievable when using data 
from the GNIP or multiple networks.  

3) The study area. FVG is largely representative of many continental 
middle-latitude regions and also presents a complex orography. Such 
heterogeneous geographic and environmental characteristics (along 
with the high precipitation rates) makes FVG very interesting for a 
hydrological point of view with the results largely exploitable to 
other regions.  

4) The chemometric approaches. Generally, studies on the isotopic 
composition of precipitations rely on basic statistics, often using 
parametric statistics or non-robust procedures. This study applies 
more robust statistical approaches (often nonparametric). Also, re
sults of regressions, long-term trends and seasonal patterns are pro
vided with the prediction biases assessed by nonparametric 
bootstrap resampling.  

5) More reliable seasonal amplitudes. Seasonal patterns are often 
modeled in a simple way or with sine-wave functions. This study 
applies a seasonal-trend decomposition procedure of time series 

accounting for preserving the heterogeneous seasonal patterns and 
better fitting the real data.  

6) Summary of a large amount of data. Data of sampling sites are 
singularly reported but the overall dataset was also comprehensively 
investigated using clear and synthetic procedures that allow for a 
broader view of the results and can be of great interest for an in
ternational audience. 

Beside all these points of strength, this study has some limitations: (i) 
the lack of a proper snow sampling procedure may lead to bias and ar
tifacts, mostly in high-mountain sites in winter; (ii) the lack of a 
comprehensive set of weather data to be associated with the isotopic 
composition of precipitation did not allow to a better model of the 
spatial and seasonal patterns, as done in previous studies (e.g., Lieb
minger et al. 2006a); (iii) the lack of concurrent sampling campaign for 
superficial waters or springs that do not allow for a direct comparison 
with precipitation data for better investigating the regional hydro
geological cycle (section 3.7). 

4. Conclusions 

One of the main challenges currently faced by researchers and pol
icymakers is the comprehensive understanding of the hydrogeological 
cycles over regions where the water resource is threatened by heavy 
exploitation, pollution, land-use changes, infrastructures, and climate 
change. In these regions, the identification of recharging catchment 
basins feeding rivers, aquifers and springs is possible using a reliable 
geochemical tracer for hydrological studies, like the isotopic composi
tion of water. However, one of the main gaps in water isotopes research 
is the generally poor spatial resolution of experimental data, which 
frequently cover large domains with a few sampling points. This poor 
resolution does not allow for a comprehensive understanding of the 
“medium-scale” changes in the isotopic composition of precipitations. 
The present study partially overcomes this limitation providing a high 
spatially-resolved dataset in the north-easternmost region of Italy. This 
area can be representative of many continental mid-latitude regions. 
Given the long-term data and the high density of sites across such 
complex area from a geomorphological and hydrological point of views, 
this study provides a solid dataset that is also relevant for other regions 
where groundwater is a precious and high-quality exploitable resource. 
This dataset was investigated using both routine and robust approaches 
which have never been used in isotopic studies. 

The average altitude effect was estimated as − 0.17 δ18Op‰/100 m 
and − 1.3 δ2Hp‰/100 m, similar to previous data collected over 
Northern Italy. The local meteoric water line computed on the original 
samples was δ2H = 7.8⋅δ18O + 8.9, while the water line determined 
over unweighted yearly averages was δ2H = 7.2⋅δ18O + 5, both very 
close to the global meteoric water line. 

Despite the small extension of the study area, the isotopic composi
tion of precipitation exhibits evident gradients, being more depleted in 
18O and 2H from the coastline and flat plain to the northern Alpine area. 
Seasonal patterns and the amplitude of seasonal isotopic composition 

of rainfall were investigated using robust statistical approaches. 
Similar patterns are found in mountain sites experiencing more depleted 
isotope ratios and more pronounced seasonal variations. The topog
raphy of the region determines microclimatic changes in the mountain 
region that impact on the isotopic composition of precipitations. Evident 
changes in both slopes and intercepts of the local meteoric water lines 
are detected. The kinetic fractionation due to the secondary evaporation 
of rainfall plays an important role in lowering the slopes below 8 in sites 
located in the flat and coastal areas. On the contrary, intercepts increase 
quasi-linearly with altitude in mountain sites (>~500 m), indicating 
that topography may have an effect on kinetic fractionation processes 
probably related to the orographic precipitation with a seeder-feeder 
mechanism. Despite the spatial variation in the isotopic composition, 
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the monthly δ18O, δ2H and deuterium excess are generally well corre
lated through the entire region even considering “deseasonalized” time- 
series to drop the effect of seasonality. This is consistent with air masses 
of similar origin. Two simple methods were applied to predict the iso
topic composition of precipitation across the region. Both methods 
yielded to similar results, serving as a reference for subsequent studies 
on water resources across FVG. Furthermore, this dataset can be used as 
a benchmark for numerical models (e.g., trajectories ensemble models) 
for a deeper understanding of the physical processes driving the isotopic 
variability of precipitation in the region. 
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Hydrogeological and Environmental Investigations in Karst Systems. Environmental 
Earth Sciences, vol 1. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3- 
642-17435-3_24. 

M. Masiol et al.                                                                                                                                                                                                                                 

17

https://doi.org/10.1016/j.earscirev.2011.07.003
https://doi.org/10.1016/j.earscirev.2011.07.003
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0460
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0460
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0465
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0465
https://doi.org/10.2202/1544-6115.1069
https://doi.org/10.2202/1544-6115.1069
https://doi.org/10.1002/joc.1932
https://doi.org/10.1002/2015JD023234
https://doi.org/10.1002/2015JD023234
https://doi.org/10.5194/cp-13-1609-2017
https://doi.org/10.1016/j.jhydrol.2014.05.034
https://doi.org/10.1016/j.jhydrol.2014.05.034
https://doi.org/10.1007/978-94-011-2546-8_20
https://doi.org/10.1002/joc.1840
https://doi.org/10.1002/joc.1840
https://doi.org/10.1029/2008JD010209
https://doi.org/10.1016/j.gexplo.2008.06.008
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0515
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0515
https://doi.org/10.1016/j.jhydrol.2006.04.005
https://doi.org/10.1080/10256010701702739
https://doi.org/10.5474/geologija.2011.010
https://doi.org/10.5474/geologija.2011.010
https://doi.org/10.5474/geologija.2014.019
https://doi.org/10.5474/geologija.2015.019
https://doi.org/10.5474/geologija.2015.019
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0545
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0550
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0550
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0555
http://refhub.elsevier.com/S0022-1694(20)31210-5/h0555

	Spatial distribution and interannual trends of δ18O, δ2H, and deuterium excess in precipitation across North-Eastern Italy
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Experimental
	2.3 Data processing

	3 Results and discussion
	3.1 Weather-dependence and seasonality of δ18O and δ2H
	3.2 Weather-dependence and seasonality of deuterium excess
	3.3 Inter-site comparisons
	3.4 Local meteoric water lines
	3.5 Interannual trends
	3.6 Mapping
	3.7 Comparison with previous data and implication for the regional hydrogeological cycle
	3.8 Strengths and limitations

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References




