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A B S T R A C T   

The covariance of stable hydrogen (δ2H) and oxygen (δ18O) isotopes in local precipitation (the local meteoric 
water line – LMWL) serves as a benchmark in isotope hydrological or paleoclimatological applications. However, 
the isotope hydrometeorological monitoring network is still sparse in many parts of the Mediterranean, and the 
degree of spatial data coverage is insufficient to address current needs. To remedy this weakness a spatially 
continuous interpolated geostatistical product of the LMWLs of modern precipitation across the Mediterranean 
has been developed. The LMWLs of the stations with data for more than four years between 2000 and 2015 were 
calculated using reduced major axis regression, and then interpolated across the region using statistical and 
machine learning methods. Random forest interpolation with buffer distance and elevation gave the best per
formance in the out-of-sample verification, and was thus used to derive the final interpolated product. The slope 
and intercept of the LMWLs ranged between ~5.9 to 8.2 and − 3.9 to 16.1‰, respectively. A detailed comparison 
with previous local/regional estimations showed that the model presented here concurs with those, albeit with 
minor deviations in certain regions. With the present results, it then becomes possible to assess how well 
grounded the ‘Eastern- and Western Mediterranean Meteoric Water Lines’ (EMMWL and WMMWL) for the 21st 
century are. In the eastern Mediterranean, the current model shows a slope (~6.9) and the intercept (~15‰) 
concurring with local studies, but does not reproduce the frequently cited benchmark values of the EMMWL; 
slope: 8, intercept ≥20‰. The EMMWL may be considered an idealized isotope-hydrological benchmark useful in 
regional studies; nonetheless, it cannot be taken as a valid representation of the actual empirical description of 
the δ2H – δ18O covariance of local precipitation in the eastern Mediterranean. Defining a uniform regional MWL 
in the western Mediterranean is not supported by the spatial heterogeneity of LMWL parameters based on the 
present estimations, calling into question the utility of the ‘WMMWL’ as an isotope hydrological benchmark.   

1. Introduction 

Water phase changes occur over various spatiotemporal scales in the 
global hydrological cycle, resulting in relative changes in the spatio
temporal distribution of stable water isotopes (Yoshimura, 2015). The 
specific isotopic signatures of atmospheric processes such as 

evaporation, condensation, and deposition in precipitation are then 
imprinted in terrestrial water bodies, allowing the application of iso
topic data to hydrological studies (Gat et al., 2001). The isotopic 
composition of hydrogen (δ2H) and oxygen (δ18O) of precipitation (δp) is 
recognized as highly important natural tracer in the water cycle (Bowen 
et al., 2019; Fórizs, 2003; Gat, 1996; Gat et al., 2001). 

Abbreviations: RMA, Reduced major axis; EMMWL, Eastern Mediterranean Meteoric Water Line; WMMWL, Western Mediterranean Meteoric Water Line. 
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Describing the linear relationship between δ2H and δ18O in precipi
tation is a classical concept of hydrology (Gat, 2005), and is called the 
meteoric water line (MWL). It is common practice to define a ‘Local 
Meteoric Water Line’ (LMWL) for a given location as the best linear fit of 
all the precipitation data in δ-space (Gat, 2005). A global compilation of 
the δ2H and δ18O of fresh water provided a best-fit line, δ2H = 8 × δ18O 
+ 10 (Craig, 1961), later called the Global Meteoric Water Line (GMWL). 
Following an additional ~30-years of data collection, the database of 
Global Network of Isotopes in Precipitation (GNIP) allowed the GMWL’s 
revision based on long-term amount-weighted annual means as δ2H =
8.20 (±0.07) × δ18O + 11.27 (±0.65) (Rozanski et al., 1993). 

The GMWL is very useful in hydrology in understanding the origin of 
modern and ancient ground water and its interactions with surface 
waters. The GMWL may be considered an amalgamation of many local 
meteoric water lines (LMWL) which, in turn, vary greatly in their slope 
and intercepts on regional or local scales (Kendall and Coplen, 2001; 
Sharp, 2017). These LMWLs are often evaluated in the context of their 
deviation from the GMWL – e.g. Tappa et al. (2016)-, which represents 
the “expected” equilibrium relationship, where the slope is assumed to 
arise from the ratio of equilibrium fractionation factors (Putman et al., 
2019). 

The GMWL’s slope of 8 reflects the average global relationship be
tween δ2H and δ18O in precipitation, while LMWL slopes documented at 
values ranging from 4.8 to 10.9 at ~400 sites globally (Putman et al., 
2019) may indicate that at least one season is characterized by precip
itation affected by nonequilibrium processes. The intercept of the 
LMWLs has also been documented as varying across the globe from 
− 24‰ to +27‰ (Putman et al., 2019). 

The LMWL represents the characteristic distribution of δp and can, if 
determined from long-term observations, serve as a benchmark in 
isotope hydrological applications such as the estimation of the infiltra
tion period, or the paleoclimatological evaluation of the groundwater 
isotope signals (Clark and Fritz, 1997). It is common practice, however, 
to estimate the LMWLs from just short-term investigations – e.g. Bottyán 
et al. (2017); El Ouali et al. (2022); Kattan (1997); Liotta et al. (2013); 
Paar et al. (2019) – an approach which is prone to biasing by anomalous 
climatic events (Longinelli et al., 2006; Vreča et al., 2007; Vreča et al., 
2022). If at least 48 months’ data for a given station is used, it can 
attenuate the possible noise caused by such extreme events and inter
annual variability in estimating the covariance of δ2H and δ18O (Putman 
et al., 2019). 

At present the Mediterranean region faces an ever-increasing ten
dency towards water shortage (García-Ruiz et al., 2011; Hoerling et al., 
2012; Iglesias et al., 2007; Villani et al., 2022), which will clearly 
amplify the potential for sociopolitical and economic disruption, e.g., 
Kelley et al. (2015), and ecological problems (Cook et al., 2016). Isotope 
hydrological methods have great potential in the improvement of the 
scientific understanding of the processes governing the regional water 
cycle, and so, therefore, to assist in knowledge-based water-resource 
management (Aggarwal et al., 2005). In some parts of the Mediterra
nean region the isotope hydrometeorological monitoring network was 
sparse in the past, leading to the initiation of regional campaigns (IAEA, 
2005) and further subregional monitoring. The spatial data coverage is, 
however, still insufficient for many scientific purposes. 

Isotope hydrological studies frequently use LMWLs across the Med
iterranean, tackling problems in subsurface (Brkić et al., 2020; Christofi 
et al., 2020; Hssaisoune et al., 2022; Koeniger et al., 2017; Liotta et al., 
2013; Trabelsi et al., 2020; Túri et al., 2020; Vasić et al., 2019) or surface 
hydrology (El Ouali et al., 2022; Gat and Dansgaard, 1972; Serianz et al., 
2021). LMWLs taken from relatively remote locations have recently 
started to grow in numbers, e.g., Boumaiza et al. (2021); Elghawi et al. 
(2021); Túri (2019), indicating a great demand for such reference data 
in the isotope hydrological research in the region. Therefore, reliable 
estimates of the LMWLs are also important at places where direct isotope 
meteorological monitoring is not in operation. Remote LMWLs can 
indeed be misleading for local water resource applications, e.g. Serianz 

et al. (2021). 
The LMWLs might be very similar over extended regions, allowing 

the definition of regional MWLs. Pioneering studies have assessed the 
precipitation stable isotope composition on subregional scales in the 
broader Mediterranean realm. Regional meteoric water lines for the 
eastern- (EMMWL; δ2H = 8 × δ18O + 22), and the western parts 
(WMMWL; δ2H = 8 × δ18O + 13.7) were established in the late 20th 
century and both continue to serve as widely used benchmarks in 
isotope hydrological studies (Fernández-Chacón et al., 2010; Giustini 
et al., 2016; Natali et al., 2021; Surić et al., 2018). 

Previously determined models can require revision because of the 
ongoing spatiotemporally varying changes in the hydroclimate, which 
may be presumed to induce alterations in the isotope- 
hydrometeorological signal. A further source of difficulty is the exis
tence of various methodological approaches to addressing the question 
of describing the linear relationship between the water stable isotopes 
across the Mediterranean (e.g. Argiriou and Lykoudis (2006)), and these 
may be expected to result in significantly different estimates (Crawford 
et al., 2014; Marchina et al., 2020; Natali et al., 2021). Moreover, the 
temporal resolution of the input data and most importantly, the time 
period the data cover can cause significant differences in the estimates of 
the slope and intercept of the LMWLs (Putman et al., 2019), as has been 
specifically documented in certain sub-regions of the Mediterranean; e. 
g. Krajcar Bronić et al. (2020a); Vreča and Malenšek (2016). 

The regional MWL was defined in the western Mediterranean 
(WMMWL) on the basis of data from ten coastal stations with relatively 
short-term coverage from the end of the twentieth century (Celle- 
Jeanton et al., 2001). The origin of the Eastern Mediterranean meteoric 
water line (EMMWL) is somehow more obscure. In the eastern Medi
terranean it was found that the d excess, a second-order stable isotopic 
parameter (defined as d = δ2H – 8 × δ18O (Dansgaard, 1964)) has 
characteristically elevated values (well above 18‰) (Gat and Carmi, 
1970). This observation for Eastern Mediterranean precipitation subse
quently received reinforcement: d > 15‰ (El-Asrag, 2005; Rindsberger 
et al., 1990). To complicate the issue further, decades later, in Gat 
(1996) this same observation was referred to as “… the eastern Medi
terranean–MWL of d ~ 20‰ Gat and Carmi (1970)…”. 

Regarding the slope of an eastern Mediterranean regional meteoric 
water line there is no mention of it in Gat and Carmi (1970). A rela
tionship between precipitation δ2H and δ18O samples has been docu
mented for Israel with slopes of 5 and 6.3 (Gat and Dansgaard (1972): 
Fig. 3 therein). A potential source of misunderstanding could be the first 
numeric appearance of the ‘rather well known’ equation: δ2H = 8 ×
δ18O + 22 in relation with isotope data of surface water in the Upper 
Jordan Valley (Fig. 9 in Gat and Dansgaard (1972)); this, however, 
clearly cannot be taken as a figure for precipitation representative of the 
eastern Mediterranean. Furthermore, Rindsberger et al. (1990) in Sect. 1 
states “The δD and δ18O values of the precipitation, in most cases, follow 
a relationship such as δD = 8 × δ18O + d, the so-called … MWL rela
tionship”, which is clearly an oversimplification of the matter. Mean
while, Fig. 7A (δ2H vs. δ18O plot) in Rindsberger et al. (1990) presents a 
reference line annotated as “MWL, d > 22‰” without any underlying 
data or citation, suggesting that this is just an arbitrarily chosen 
benchmark in that particular study. At the turn of the twenty-first cen
tury, it was reported that rain events of > 20 mm at a monitoring station 
in Israel between 1995 and 1997, followed a “trend with a slope of ~8, 
and d-excess of 20 to 30‰” (Ayalon et al., 1998). This, however, cannot 
be considered an MWL, since as noted above, the LMWL is defined as the 
best linear fit of all the precipitation data in δ-space (Gat, 2005). 

It seems that some studies have taken it for granted that the slope is 8 
and the intercept is 22‰ of the EMMWL, although these parameters 
were not obtained obeying the rules of how meteoric water lines should 
be derived; see Gat (2005). What is more, further confusion regarding 
the Mediterranean regional meteoric water lines may have originated 
from the occasional usage of ad-hoc terminology and acronyms. For 
example, the Mediterranean Meteoric Water Line (MMWL (Ayalon et al., 
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1998; Koeniger et al., 2017)), which is used to represent location(s) in 
the eastern Mediterranean, or the abbreviation EMWL (e.g. Bajjali and 
Abu-Jaber (2001); Yüce (2005)). Such usage further increases the pos
sibility of confusion over regional MWLs. In the present work, the ab
breviations EMMWL and WMMWL are used exclusively to refer to the 
regional definitions. 

A recent study has addressed the geographic variations in the slope of 
LMWLs across Europe focusing on the temperate and boreal regions of 
the continent (Lécuyer et al., 2020); it does not, however, cover the 
Mediterranean region. Thus, the current work aims to provide a spatial 
extension of that analysis with respect to the slope of LWMLs. 

Additionally, the present study represents a methodological extension, 
because the intercept of the LMWL is also evaluated. Moreover, in doing 
so, the performance of various interpolation methods (classical statis
tical and machine learning) with different set of predictors (altogether 
14 approaches) is investigated in modeling the spatial distribution of the 
slope and intercept of the local meteoric water lines across the Medi
terranean taking into consideration the climatic and geographic context 
of the region. 

Fig. 1. Study area, monitoring sites and available data. Map of Köppen climate zones (Kottek et al., 2006) and precipitation monitoring sites (white dots) of the 
region studied (A). Number of δp records obtained from the GNIP stations and other data sources (see Sect. 2.2) for the period 1960–2020. The red dotted rectangle 
represents the focus period for data preprocessing (2000–2015; see Sect. 2.3.1). The horizontal blue line indicates the threshold chosen to select the focus period (B). 
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2. Materials and methods 

2.1. Study area description 

The study area covers the Mediterranean Basin from north Africa, 
across southern Europe to the Middle East. This area extends from 7.5◦

W to 36.7◦ E, and from 29.9◦ N to the orogenic belt from the Pyrenees 
through the Southern Alps to the Carpathian chains (Fig. 1A). 

The Mediterranean climate of the region is characterized by 
temperate dry hot summers and humid winters, the Csa climate subtype 
in the Köppen-Geiger climate classification system (Kottek et al., 2006). 
Warm dry summers (Csb) are more frequent on the coasts close to the 
Atlantic Ocean in the West and the Black Sea in the East. The southern 
part of the basin is dominated by arid hot and cold steppe conditions 
(BSh, BSk) and arid desert conditions (BWh), especially south of 31◦ N 
under the influence of the Sahara. North of 41◦ N, a temperate climate 
dominates, without a dry season, and with warm (Cfb) and hot summers 
(Cfa), especially around the Black and Adriatic Seas. 

The Mediterranean Basin is characterized by specific patterns of at
mospheric circulation, with dry and cold continental air masses that 
interact with a marine basin characterized by high evaporation rates and 
relatively high sea surface temperatures (≈ 20 ◦C) (IAEA, 2005). Such 
air-sea interactions are important sites of cyclogenesis in the Mediter
ranean (Bartholy et al., 2009; Kelemen et al., 2015). Compared to the 
rest of the European continent, which is dominated by Atlantic moisture, 
the Mediterranean has a more complex moisture source structure, the 
primary source region being the Mediterranean Sea itself, at least 
seasonally (Ciric et al., 2018). Previous subregional isotope hydrome
teorological assessments have revealed that the variable physiographic 
and hydrometeorological factors act differently and result in a remark
able divergence in values of δp between the different parts of the Med
iterranean Basin (Fischer and Mattey, 2012; Giustini et al., 2016; 
Hatvani et al., 2020; Hunjak et al., 2013). Consequently, the δ2H – δ18O 
relationship has also been found to display considerable subregional 
differences; e.g. Dotsika et al. (2010); Giustini et al. (2016); Vreča et al. 
(2006). 

2.2. Data used 

Monthly δp values were acquired from a total of 249 monitoring 
stations (covering 1960–2020), primarily from the Global Network of 
Isotopes in Precipitation (GNIP), with six stations updated with more 
recent data: Râmnicu Vâlcea (Varlam et al., 2021), Zagreb (Krajcar 
Bronić et al., 2020a), Plitvice (Krajcar Bronić et al., 2020b), Ljubljana 
and Portorož (Vreča et al., 2015; Vreča et al., 2011; Vreča et al., 2008; 
Vreča et al., 2014; Vreča et al., 2022), and Pisa (Natali et al., 2021) 
(Table S1). In addition, other local and regional networks were included:  

• 11 stations in Sicily operating between February 2002 and March 
2003 (Liotta et al., 2006); 6 stations (February 1992 to December 
1996) (Longinelli and Selmo, 2003); 8 stations (January 2002 – 
December 2004) scattered across northern Italy (Longinelli et al., 
2006), 3 stations from the Mt. Vulture region (Paternoster et al., 
2008), and 7 stations from Tuscany (Natali et al., 2021). In addition, 
single records from Forni di Sopra (2005–2010) (Cervi et al., 2017) 
and Riva del Garda from February 2007 to January 2008 (Longinelli 
et al., 2008);  

• data collected at 6 stations in Lebanon between October 2012 and 
May 2013 (Koeniger and Margane, 2014);  

• 6 stations in Hungary operating between January 2005 and 
November 2017 (Fórizs et al., 2020);  

• 3 stations in Croatia operating between May 2012 and September 
2013 (Paar et al., 2019) and one station between 2017 and 2019 
(Marković et al., 2020);  

• Dumbrava (Romania) from April 2012 to July 2015 (Bojar et al., 
2017);  

• 16 stations in Cyprus (2014–2017) (Christofi et al., 2020);  
• 1 station in Serbia (1992–1997 and 2003–2005) (Golobočanin et al., 

2007); and  
• 2 short time series from Morocco from June 2010 to November 2011 

(Wassenburg et al., 2016). 

In general, the data gathered were unequally distributed in space 
(Fig. 1A) and time (Fig. 1B). Until the mid-1980s, the number of active 
precipitation monitoring stations was limited (n < 12). From the mid- 
1980s onwards their number rose progressively, reaching about 50 by 
the turn of the millennium. In the early 2000s, owing to a coordinated 
research project of the IAEA (IAEA, 2005), the network was quite 
extensive. For instance, in 2002/3 the number of active stations peaked 
at over 80, while the average number of annual δp pairs was ~60 at that 
time (Fig. 1B). In the 2000s  the same number of δ2H and δ18O data were 
generally available, although in certain cases the δ18O records were 
more abundant. 

To maximize the spatiotemporal coverage of the δp values available 
from the study region, a focus period of 2000–2015 was chosen. This 
period was characterized by an annual average number of stations > 31 
providing data in any given year. The only exception was 2007, in which 
the average number of active stations was only 30.2 (Fig. 1B). Never
theless, the focus period chosen (2000–2015) was not cut in half on 
account of this one year. 

2.3. Methodology 

2.3.1. Data preprocessing 
As a first step, local Moran’s I statistics (Moran, 1948) were calcu

lated to investigate the correlations within different spatial units and 
their surrounding spatial lags (up to 501 km). This was done for each 
month from January 2000 to December 2015 for both δp, using Moran 
scatterplots (Anselin, 1996), classifying the spatial autocorrelation 
(Moran Is) of the stations into four types, and enabling an advanced 
screening for outliers. 

If the Moran scatterplot suggested a possible error, the d-excess 
values (d − excess = δ2H − 8 × δ18O (Dansgaard, 1964)) were also 
compared between the neighboring. If the d-excess values of the possible 
outlier deviated inexplicably from its neighbor(s) (e.g. diff. > 10), the δp 
values were dropped; cf. Erdélyi (2023). This approach is more complex 
than that employed in previous studies, which used a static d-excess 
cutoff threshold (Bowen, 2008; Nelson et al., 2021), outside of which δp 
values were excluded without any consideration of the spatial 
relationship. 

As a result of this approach, δp values from Patras (Dec 2000), Ciudad 
Real (Feb 2002), Antalya (Mar 2003) and Murcia (Jan 2004) were 
dropped, in all cases the d-excess was < − 20. In addition, curiously in 
2010 the exact same δp values were recorded at the Ankara and Antalya 
stations and it was not possible to trace back the origin of the GNIP 
database error or decide to which station the values belong. Thus, these 
were excluded from the analyses. 

Next, the monitoring stations were classified into three quality cat
egories (QC) according to the number of data recorded at each one 
during 2000–2015.  

• Stations belonging to QC 1 had to have δ2H–δ18O pairs from > 48 
months, as this was the amount of data required for any LMWL 
calculation for it to take on the characteristics of the long-term dis
tribution without bias caused by natural noise (Putman et al., 2019).  

• In the study area, in high summer, precipitation may not fall for 
months. Thus, an additional ‘quality category’ was set up. QC 2 had 
to have data from at least four years covering not < 16 months, 
because below this threshold the use of RMA regression frequently 
resulted in insignificant relationships (see Sect. 2.3.2).  

• The stations not meeting any of the criteria above (QC 3) were 
excluded from the analysis. 
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The possibility was entertained that stations situated close to each 
other (within 10 km) could be merged to improve the input data for 
LMWL estimation. Since certain monitoring sites had been relocated 
within a short distance, or restarted at a nearby locality after a multi
annual halt in monitoring, the datasets for such nearby stations were 
merged (Table S1). The coordinates of the one functioning longest from 
among those merged was used in the final dataset. In all cases the inter- 
station distance of the stations forming these merged datasets was 
smaller than 8 km. The final quality-controlled dataset contained 
42 QC1 and 20 QC2 stations, of which 11 had been merged. 

2.3.2. Reduced major axis (RMA) regression 
Traditionally the LMWLs are defined employing ordinary least 

squares regression (OLS) or reduced major axis (RMA) regressions 
(IAEA, 1992). The conceptual difference between the two approaches is 
that while OLS regression minimizes the sum of the squared deviations 
of the predicted values, RMA minimizes both the vertical and the hori
zontal distances between each point and the regression line, i.e. it uses 
diagonal residuals that have slopes opposite to the slope of the regres
sion line (Clarke, 1980). Since RMA is less prone to outliers, and more 
importantly, the relationship of the two assessed variables can be 
described by physical laws (Carroll and Ruppert, 1996), the application 
of RMA is more appropriate to the definition of the LMWL (Crawford 
et al., 2014; Putman et al., 2019). 

A more advanced option could have been to use precipitation 
weighted RMA (PWRMA) regression (Crawford et al., 2014), but that 
would require precipitation amounts recorded for all δp values, a 
requirement not met in the present case. Moreover, studies support that 
the difference between slope and intercept values estimated by RMA and 
PWRMA agree within error bounds (Boschetti et al., 2019; Krajcar 
Bronić et al., 2020a). Therefore, in the present study RMA regression 
was applied to raw monthly δp values using the lmodel2 package 
(Legendre, 2018) in R (R Core Team, 2019) with 2,000 permutations to 
obtain the significance values. 

2.3.3. Interpolation techniques 
Three major types of interpolation techniques were employed in the 

study, with different sets of predictors to obtain a spatially continuous 
map of the intercept and slope of the RMA regression. Inverse distance 
weighting (IDW), a traditional interpolation method (Webster and 
Oliver, 2008), and two machine learning (ML) methods, specifically 
random forest (RF) (Li et al., 2011; Liu et al., 2012) and support vector 
machine (SVM) (Cortes and Vapnik, 1995), were used. 

IDW interpolation is a method in which each point of estimation is 
calculated as the average of nearby sample values, weighted by their 
distance from the estimation point. It does not make assumptions about 
spatial relationships, except for the basic assumption that nearby points 
are expected to be more closely related to the value at the estimation 
location than distant points. Two alternatives were trialed, linear 
(weighting power α = 1; IDWp1) and nonlinear (weighting power α = 2; 
IDWp2). 

RF is a machine learning algorithm. In the procedure, a combination 
of a series of tree structure predictors is assessed. Here, each tree de
pends on the values of a random vector sampled independently with the 
same distribution for all trees in the forest. The generalization error for 
forests converges to a limit as the number of trees in the forest increases. 
The generalization error of a forest of tree classifiers depends on the 
strength of the individual trees in the forest and the correlation between 
them (Breiman, 2001). Its predictions are based on the average results of 
the decision trees, which use bootstrap sample (bagging) to eliminate 
the possibility of over-fitting; for details see e.g. Biau and Scornet 
(2016); Breiman (2001); Prasad et al. (2006). As with RF, SVM is 
another frequently used supervised machine learning technique for 
classification and regression purposes. However, the theory behind SVM 
is different to that of RF. It relies on the application of Kernel functions, 
which also means that SVM is a nonparametric technique, in finding a 

function that deviates from an observation by a value not greater than a 
given threshold value for each observation and at the same time is as flat 
as possible. As a consequence, the function fitted by SVM is the hyper
plane that has the maximum number of observations (Cortes and Vap
nik, 1995). 

Six combinations of predictors which can influence the stable iso
topic composition of precipitation, consequently the slope and intercept 
of the LWMLs in the region, were considered in the case of the ML 
algorithms:  

• latitude, longitude (in Web Mercator EPSG: 3857), Köppen-Geiger 
climate class codes (category variable) with the approaches denoted 
as RFKG & SVMKG,  

• latitude, longitude and elevation (ele), denoted as RFele & SVMele, 
elevation was incorporated since the local orographic features may 
significantly change the isotopic composition of precipitation in the 
Mediterranean (Liotta et al., 2006; Liotta et al., 2013), 

• latitude, longitude, Köppen-Geiger climate class codes, and eleva
tion, denoted as RFKG-ele & SVMKG-ele,  

• the distance matrix of the monitoring stations, and again the Köppen- 
Geiger codes following the RFsp procedure of Hengl et al. (2004), 
with the approaches denoted as RFsp-KG and SVMsp-KG, 

• the distance matrix of the monitoring stations, and elevation, deno
ted as RFsp-ele and SVMsp-ele,  

• the distance matrix of the monitoring stations, the Köppen-Geiger 
climate class codes and elevation, denoted as RFsp-KG-ele and SVMsp- 

KG-ele. 

The IDW interpolation was performed using Golden Software Surfer 
15 and GS+ 10. In the RF approach, the value of the nodesize and 
mtry parameters was selected automatically using the tune command 
of the randomForestSRC package (Ishwaran et al., 2021; Ishwaran 
et al., 2008) in R (R Core Team, 2019), while for RFsp, these were chosen 
as 5 and 10 for the slope and intercept parameters, respectively, using 
the ranger package (Wright and Ziegler, 2015). The SVM modelling 
was carried out using the caret (Kuhn et al., 2020) and e1071 (Meyer 
et al., 2019) R packages. 

2.3.4. Validation 
The results of the different interpolation schemes were validated by 

forming two pairs of training and validation datasets. Validation stations 
were only selected from those countries where there was more than one 
station available (not considering merged stations). The Validation-set 1 
(Vs1; n = 10) consisted of one randomly chosen station from each 
country, preferably from its Q2 station(s). Validation-set 2 (Vs2; n = 10) 
consisted of the first stations in alphabetical order from each country 
(Table S1). The reason the stations were chosen from different countries 
was to avoid biased validation results that might arise due to some 
spatial clustering. 

The sets of stations used in the actual interpolation were comple
mentary to Vs1 and Vs2, and were referred to as Set 1 and Set 2, 
respectively. After applying the interpolation methods to estimate the 
slope and intercept of Set 1 and Set 2, the squared point-differences for 
stations in Vs1 and Vs2 were calculated. The performance of the 14 
interpolation schemes was primarily evaluated using the squared errors 
of Vs1 and Vs2, while visual inspection of the interpolated maps was 
employed to check for systematic interpolation errors, artefacts etc. First 
and foremost, the median of the squared errors was taken into consid
eration rather than the mean, since latter is much more sensitive to 
outliers (Wilcox, 2003), which is a crucial strength in the case of a 
relatively small sample size, as with the present one. 
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3. Results and discussion 

3.1. Local meteoric water lines in modern precipitation across the 
Mediterranean 

In the estimations presented here, the point values of the stations and 
the pattern seen on the interpolated maps are compared with previous 
studies of the region. The slope of the δ2H – δ18O relationship varied 
between ~5.9 and 8.3. The lowest values, some even falling below 7, 
were observed in the east and in the western parts and N Africa. The 
highest values, exceeding 8, in the north, in the Alpine foothills of Italy 
(Fig. 2A). 

Considering subtropical arid or seasonally hot and dry regions 
(Köppen-Geiger climate class B and Cs), ~40% of the slopes obtained fall 
within the typical range (5 to 7) reported for these climate regions in a 
global assessment (Putman et al., 2019). The rest of the stations assigned 
to these climate classes had slightly steeper slopes (max Lake Massa
ciuccioli: 7.9 in zone Csa), which is still not unusual in these climates. 
Considering humid temperate and seasonally snow dominated regions 
(Köppen-Geiger climate class Cf and D), 77% of the obtained slopes fall 
within the typical range (7 to 8) for these climate regions reported in a 
global assessment (Putman et al., 2019). The remainder is in the vicinity 
of the southern Alps, where, as previously mentioned, the highest slope 
values are observed. In the subtropical arid or seasonally hot and dry 
regions (Köppen-Geiger climate classes B and Cs), almost all (90%) of 
the intercept values fall within the typical range (0 to 15‰) reported for 
these climate regions in (Putman et al., 2019). The outliers comprise 
mainly stations with low intercepts in central Iberia. In the case of 
humid temperate and seasonally snow dominated regions (Köppen- 

Geiger climate classes Cf and D), only 14% of the intercept values ob
tained fall within a typical range (− 20 to 5‰) (Putman et al., 2019). 
This discrepancy may be due to the differing extent of various colder 
climate zones incorporated into the studies. It should be noted that the 
stations studied here are characteristically rather humid, and experience 
less snowfall (Fig. 1 and Table S1), whereas snowfall tends to result in 
negative intercepts (Putman et al., 2019). 

The large-scale spatial patterns fit well into the estimations made for 
a continental transect across Europe, where slopes ranged from 6 to 10 
(Lécuyer et al., 2020). In fact, from the western margin of the area 
studied up to the Adriatic (~12◦E), a similar longitudinal trend is 
observed as that reported across the temperate and boreal regions of 
Europe, reaching a slope of 8 Lécuyer et al. (2020): Fig. 4 therein. 
Further eastward, however, while the slope of the relationship assessed 
from the continental transect continues to increase up to 9 (Lécuyer 
et al., 2020), in the case of the Mediterranean, it declines. 

The spatial pattern of the intercept, on the other hand, shows a more 
complex pattern. In central Iberia, the intercept is < 3.5‰, while the 
coastal parts have values ranging between 2.7 and 6‰. Then, after a 
gradual increase, higher values are seen surrounding the Adriatic Sea, 
peaking at > 10‰ in northeastern Italy and Slovenia (Fig. 2B), matching 
the area of the steepest slopes (Fig. 2A). Eastward from the Adriatic, a 
gradual decrease is observed. Around 17◦E intercepts of 7.5‰ are 
observed to decrease to around 5‰ (20–23◦E). A subregional pattern is 
seen surrounding the Black Sea, where intercept values are < 3.2‰ 
(Fig. 1A). It is a common climatic feature of the ‘low-intercept’ areas 
(both central Iberia and this particular region) that the summer is 
characterized by very dry conditions (Table S1). An explicit contrast is 
observed in the southeastern sector of the Mediterranean Basin, where 

Fig. 2. Slope (A) and intercept (B) of the RFsp-ele interpolated map of the Mediterranean LWMLs. The colored circles with a white outline indicate the LMWLs of the 
precipitation monitoring stations belonging to QC1, while tha black outline denotes QC2 stations. The GeoTIFF versions of the maps can be found as Figs. S1 and S2 
for the slope and the intercept, respectively. 
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altogether the highest (> 16‰) intercept values are to be found 
(Fig. 2B). 

In the northern part of Africa, the number of stations used to estimate 
the LMWLs and interpolate those is smaller and much less continuous 
compared to the other regions in the Mediterranean (Fig. 2). Therefore, 
attention should be paid to these points when the estimations for this 
specific sub-region are used. 

3.2. Performance evaluation of the spatially continuous estimations of the 
LMWLs across the Mediterranean region 

In choosing the best performing interpolation method, the median, 
the upper quartile and the interquartile interval obtained squared dif
ferences and the question of how prone the method was to showing 
extreme outliers were all considered. If the number of squared differ
ences classified as extreme outliers (Fig. 3) is ≥10% (practically n = 2) 
for either the slope or the intercept, said method is discarded. This was 
true for all the SVM approaches regardless of the predictors applied. 
Since the SVM methods gave the most extreme outliers in the case of the 
slope and intercept, those were not considered in the following. It was 
also determined that there was no significant difference either between 
the medians as calculated using Mood’s independent samples median 
test (Mood, 1950) (asymptotic significance p = .549 and .72 for the slope 

and intercept, respectively), or in the distribution of the squared errors 
between the three models with the best performance based on inde
pendent samples using the Kruskal-Wallis test (Kruskal and Wallis, 
1952), which yielded values of H(2) = .663, p = .718 for the slope and 
H(2) = .82,p = .644. 

The inverse distance approaches performed worst in the case of the 
slope regarding the median and the upper quartile (Fig. 3A) and 
regarding the median in the case of the intercept (Fig. 3B). Therefore, 
the RF approaches with the different combination of predictors seemed 
the most promising. RFsp-ele was the only combination that gave the most 
promising results for the slope and intercept as well. This was not true 
for the other options, because those gave incoherent errors: for some the 
squared errors were higher for the slope while indicating relatively 
smaller errors for the intercept, and vice-versa (Fig. 3). Thus, to be 
consistent, the random forest approach with buffer distance, and with 
the inclusion of elevation as predictors (RFsp-ele) was chosen to provide 
the best interpolation for the slope (Fig. 2A) and the intercept (Fig. 2B) 
of the Mediterranean LWML. 

3.3. Spatial patterns and regional differences 

Comparing not only the estimated point values (Sect. 3.2) but the 
spatial trend seen in the spatially continuous interpolated products 

Fig. 3. Box-and-whiskers plots of the 
squared errors. Boxes represent the squared 
errors between the measured values of both 
sets of validation stations (Vs1 and Vs2) and 
the values for slope A) and the intercept B) 
estimated at their locations. The boxes indi
cate the interquartile interval, the black line 
in the middle the median, while the values 
outside 1.5-times the interquartile interval 
are indicated by a circle and the ones with 
higher values than 3 times the interquartile 
range are extreme values indicated with an 
asterisk (Kovács et al., 2012). Grey bars 
represent the errors of the SVM results 
omitted in the first round of the analysis, see 
text for details.   
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(Fig. 2 and Figs. S1 and S2), it was observed that these concur with the 
findings documented in numerous studies from the region over the de
cades. There are, however, some differences that are explained later in 
this section. 

A recent regional study described the LMWL across NW Iberia on the 
basis of a small regional monitoring network (Moreno et al., 2021) 
partially overlapping with the chosen timeframe (2010–2012), but not 
meeting the quality criteria described in Sect. 2.3.1. Apart from Barce
lona and Mallorca, the stations used in that study were not included in 
the present analysis, hence offering the possibility of an independent 
comparison to assess the interpolated LMWL parameters. Along the 
Cantabrian Coast, the difference in the slope between the presented 
model and a reference study (Moreno et al., 2021) is 0.6. This may be 
because the region is on the border of the present study area, where the 
slope values were merely extrapolated. In contrast to this, the slope does 
represent quite a good match with the other stations (Moreno et al., 
2021), with an average difference of 0.12. In an Iberian regional refer
ence study, the intercept ranges between 1 and 5‰ (Moreno et al., 
2021), which is similar to the values in the present estimations (Fig. 2. 
B). 

Heading east, the regional trend previously documented across the 
Apennine Peninsula (Giustini et al., 2016) is in harmony with the 
pattern documented here: a continuous decrease in slope (from 8 to 7) 
and intercept (from 9.5 to 6‰) from north to south (Fig. 2A). Specif
ically, the slope parameter displays a good match over the whole region 
(Fig. 2A), while the values of the intercept are smaller (Fig. 2B) 
compared to those in a reference study (Giustini et al., 2016). If the 
present estimations are compared with the LMWL of a more localized 
study from NE Italy (Masiol et al., 2021), the slope values show a good 
match, while the intercept estimated in the present work is slightly 
higher by ~1‰. On the SE coast of the Gulf of Genoa (Fig. 1A), a 
regional study estimated a slope of 7.28 and intercept: 7.3‰ (Natali 
et al., 2021), which gave a rather good match with the presented 
modelled values (Fig. 2). It should be noted, however, that two out of the 
four central Italian stations were used in the interpolation exercise after 
preprocessing. Therefore, this comparison cannot be taken as fully in
dependent. Similar slope and intercept values are observed across Sicily 
compared to the sub-regional outcrop of the model for the Apennine 
Peninsula (Giustini et al., 2016), and a better match is seen in the highly 
elevated NW coastal stations of Sicily when compared to a sub-regional 
model of the island (Liotta et al., 2006). Compared to a study assessing 
the regional LMWLs in Sicily, the presented slope values are slightly 
higher and so are the intercept values (~1‰) (Liotta et al., 2013), 
although this difference might come from the relatively short period 
covered (Jul 2004 – Jun 2006), which does not meet the necessary “four 
year criterion” (Putman et al., 2019). 

An independent dataset from eastern Serbia incorporating three 
stations overlaps with the study period (Vasić, 2017). The specific lo
cations of the stations used in that reference work were not documented 
and the temporal coverage was not continuous, thus these could only be 
used with reservations for comparison and are not included in the 
modeling. The slope of individual stations (n = 3) ranged from 6.6 to 7.2, 
with the intercept spanning − 2.4 to 4.8‰ (Vasić, 2017). The present 
model provided a spatially much smoother and somewhat higher esti
mation for the slope and intercept for the corresponding area, with 
values of ~7.4 and ~5.3‰, respectively (Fig. 2), probably due to their 
applied method (OLS) and temporal gaps and in the reference data 
(Vasić, 2017). 

Considering the southern sector of the Balkan Peninsula, reported 
LMWLs display an unusually large scattering in slope and intercept 
(from 5.5 to 9.2 and from − 1.2 to 21‰, respectively), even for locations 
close to each other in southern Greece (Dotsika et al., 2010). On the 
contrary, the macro-regional Mediterranean model presented here dis
plays much smoother, and hence realistic, estimates of the LMWL pa
rameters. Heading further east, the slope and intercept indicate a rather 
meridional trend across Greece. The slope gradually decreases from 

~7.3 to ~6.9 going west to east across Greece (Fig. 2A), while the 
intercept decreases from the Albanian-Greek border (~5.9‰) to < 3‰ 
also towards Turkey (Fig. 2B). 

For the final subregional comparison, in Cyprus, a LMWL (δ2H = 6.58 
± 0.13 × δ18O + 12.64 ± 0.91) was derived in a recent study from the 
mean precipitation-weighted values of 16 monitoring stations (Christofi 
et al., 2020), updating older findings based on many fewer stations, δ2H 
= 5.75 × δ18O + 3.6 (Jacovides, 1979). Taking the previous estimations 
into account, the present model’s slope for the area (~6.8) agrees well 
with the most recent one, while the intercept (~7‰) is below the recent 
estimate, but definitely higher than the older study’s intercept value. 

Regarding North Africa, a study combining rainfall events and 
monthly data from 17 monitoring stations defined two LMWLs (Ait 
Brahim et al. (2016): Fig. 5 therein), the estimated parameters of which 
are both higher than those yielded by the present estimation (slope ~7; 
intercept ~7.5‰). This may well be due to relative scarcity of station 
data in this subregion passing the quality control requirements (Sect. 
2.3.1) of the present study. 

3.4. Regional meteoric water lines in the eastern and western 
Mediterranean domain? 

In the eastern sector of the region the current macro-regional Med
iterranean model (i) displays a slightly higher slope (around and be
tween 6.8 and 6.9) compared to previous regional works for 
precipitation from the 1960s (< 6.3; (Gat and Dansgaard, 1972)), but (ii) 
better agrees if all rain events from the 1990s are considered (slope < 8; 
(Ayalon et al., 1998)). The present model’s highest intercept values 
scatter around 15‰ in the Eastern Mediterranean sector. Thus, neither 
the slope, nor the intercept reproduce the frequently cited benchmark 
values of the δ2H = 8 × δ18O + 22 EMMWL ‘variant’. It should be noted 
that both parameters show a quite homogeneous pattern in this subre
gion, supporting the derivation of a regional MWL. The EMMWL may 
well have proven itself to be a useful isotope-hydrological benchmark, 
but cannot be taken as an actual empirical relationship validly 
describing the meteoric waters in the eastern Mediterranean following 
the fundamental rules of deriving meteoric water line(s) (Gat, 2005). 

In the western Mediterranean the presence of a regional MWL has 
been suggested, with a slope of 8 and intercept 13.7‰ (Celle-Jeanton 
et al., 2001) overarching a vast part of the area. However, the present 
model – based on a much higher number of stations – shows clear dif
ferences across the domain under consideration (Fig. 2). The slope varies 
between ~6.5 and ~7.5, with the lowest values in Algeria, and the 
highest in Iberia (Fig. 2A), while the intercept ranges from ~2.5 to 
~6.5‰, with the lowest values seen again in Algeria, and the highest 
values near the Gulf of Genoa (Fig. 2B). The spatial heterogeneity of 
LMWL parameters based on precipitation from between 2000 and 2015 
in the western Mediterranean Basin does not support the definition of a 
uniform regional MWL for this region. Further use of the “Western 
Mediterranean Meteoric Water Line” as an isotope hydrological bench
mark therefore seems to be untenable. Instead, the use of (i) the local 
estimates from nearby stations with long-term monitoring, or in the 
absence of a nearby station, (ii) estimates retrieved from the current 
interpolated product is recommended (Fig. 2). 

4. Conclusions 

In the study the long-term precipitation stable isotopic data of 249 
Mediterranean precipitation monitoring stations were assessed to derive 
a revised and extended spatially continuous geostatistical model of the 
local meteoric water lines of the region for the early twenty-first century. 
In the chosen focus period (2000–2015) rigorous preprocessing con
sisted of iteratively assessing (i) the local indicator of spatial association 
together with (ii) d-excess values to find outliers. As a result, 62 stations 
were retained with at least four years of data coverage ensuring a 
quality-controlled dataset for the derivation of the LMWLs with RMA 
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regression and the interpolation of the slope and intercept of the δ2H – 
δ18O relationship across the region using random forest interpolation 
with buffer distance. The slope and intercept of the LMWLs ranged from 
~5.9 to 8.2 and − 3.9 to 16.1‰, respectively. 

The macro-regional Mediterranean model of δ2H – δ18O covariance 
presented here provides spatially continuous predictions of the slope 
and intercept of the LMWL of modern (post-2000 CE) precipitation, 
updating the results of subregional studies from the twentieth century. 
The model provides an opportunity to revisit the classical concepts of the 
EMMWL and the WMMWL. With regard to the former, the coherent 
pattern of rather high intercept values in the eastern Mediterranean 
reinforces the validity and utility of the concept of the EMMWL for the 
21st century, too, but in the west there was no homogeneous pattern of 
LMWL parameters. On the basis of the results of the present model, it is 
therefore suggested that the WMMWL should be abandoned as an 
isotope-hydrological benchmark for modern precipitation. The sub- 
regional to regional differences observed in the interpolated LMWLs 
highlight the importance of deriving fine scale spatially continuous es
timations of the MWL and not aggregating data together from numerous 
stations that may be hundreds or even thousands of kilometers apart. It 
is therefore advised that either local estimates from close stations with 
long-term monitoring, or in the absence of a nearby station, estimates 
retrieved from the current interpolated product (Figs. S1 and S2) should 
be used for the region. 
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