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especially in terms of drought events, with serious consequences for water scarcity and water stress. This issue is
even enhanced in small islands, whose ecosystems are among more sensitive to climatic changes and water
availability. The stable isotope composition of hydrogen (52H) and oxygen (5'%0) in precipitation is globally
recognized as a powerful natural tracer in the water cycle and represents the starting point to investigate hy-
drological processes. The understanding of the prevailing factors that drive the isotopic variability of precipi-
tation in the Mediterranean is therefore essential to unravel the hydrological processes and to ensure proper and
sustainable management of potentially vulnerable resources to climate change. Here, we discuss the results of
multi-year isotopic monitoring in the period 2014-2021 of monthly precipitation collected on Pianosa Island
(Italy), a small island located in the northern Tyrrhenian (western Mediterranean). The lower slope and intercept
of the Local Meteoric Water Line of the island compared to the Global Meteoric Water Line indicated warmer and
drier climatic conditions, suggesting the existence of sub-cloud evaporation processes of raindrops during pre-
cipitation, especially in summer. The mean 5180 of precipitation was lower with respect to other sites placed at
higher elevation in this Mediterranean region, due to the lack of summer precipitation which were generally
enriched in heavy isotopes. Temperature and amount effects may explain part of the 580 variability observed at
the monthly and seasonal scale. An HYSPLIT-based moisture uptake analysis indicated the area between the
western Mediterranean basin, Italy, and the Adriatic Sea as the region that supplied most of the humidity
associated with monthly precipitation samples on Pianosa Island. Less moisture was picked from the north-
western areas of Europe, the North Atlantic Ocean, the proximal Atlantic Ocean, the Iberian Peninsula and North
Africa. Consistently with the rainout effect, the higher the moisture fraction picked from the more proximal
regions, the more positive the 5!%0 of precipitation occurring on Pianosa Island; conversely, the higher the
percentage of moisture sourced from more distal regions, the more negative the 5!%0. A multiple linear model
was proposed to predict the §!80 of monthly precipitation from temperature, precipitation amount and moisture
origin data, which explained 45% of the 5'0 variability. The deuterium excess variability on the island was
partly controlled by the local climatic variables, whose effect potentially modifies the original d-excess signature
imprinted at the moisture source. No relationship was found between the precipitation deuterium excess and
moisture sources, suggesting that more attention should be paid when using the deuterium excess as a tracer of
moisture origin, especially in the Mediterranean.
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1. Introduction

Both present observations and projections of future climate condi-
tions point out as changes are ongoing or will occur in several regions
worldwide in terms of higher temperature, modifications in the seasonal
distribution and amount of precipitation, variation of hydro-climatic
regimes, increase of frequency, duration and intensity of extreme
events, up to shifts in climate types (Bates et al., 2008; Bloschl et al.,
2019; Chan and Wu, 2015; Hirabayashi et al., 2013; Milly et al., 2005;
Trenberth, 2011; Turco et al., 2015). This scenario has important socio-
economic implications (European Environment Agency, 2019), espe-
cially for the planning of proper land and water resources management.
The Mediterranean basin is indicated as a hot spot of climate change
(Giorgi, 2006), which is an area whose climate is especially responsive
to changes. A warming trend has been found in the Mediterranean area
in the last century (Brunet et al., 2006; Brunetti et al., 2006; Giorgi,
2002), with sharp warming and an increase in high temperature events
in summer (IPCC, 2007). Climate projections also point at substantial
warming, especially in the warm season (Coppola and Giorgi, 2010;
Giorgi and Lionello, 2008; IPCC, 2007). Moreover, negative precipita-
tion trends have been revealed in the Mediterranean in recent decades
(Caloiero et al., 2011; Homar et al., 2010; IPCC, 2007; Lopez-Moreno
et al., 2010; Norrant and Douguédroit, 2006; Toreti et al., 2010), mostly
due to a significant decrease in winter and spring (Hoerling et al., 2012).
However, in many areas precipitation trends are not always clear and
significant (Alpert et al., 2002; Reale and Lionello, 201 3; Xoplaxi, 2002).

The insular environment often represents one of the most threatened
by climate change, especially in terms of drought events, with severe
consequences for water scarcity and water stress (Giorgi, 2006;
Mathbout et al., 2021; Turco et al., 2015). This issue is enhanced in small
islands. There are thousands of small islands worldwide, for which the
occurrence of freshwater, as well as the water availability for the
biosphere, have to be considered in a very precarious equilibrium
(Unesco, 1991). In this context, the first step to face these problems is
certainly the knowledge of the hydrological processes occurring in the
most sensitive environments, in order to obtain a long-term hydrological
perspective which allows for the planning of proper and sustainable
management of potentially vulnerable resources to climate change.
Ensuring a reliable and sustainable water supply through effective water
resource planning depends on our ability to understand hydrological
flows and their variability in the future (Gusyev et al., 2016; Watanabe
et al., 2018).

Precipitation represents the first step of the water cycle and the input
for all the surface and sub-surface processes. The stable isotopic
composition of hydrogen (§%H) and oxygen (5'%0) in precipitation is
globally recognized as a powerful natural tracer in the water cycle
(Bowen et al., 2019; Clark and Fritz, 1997; Dansgaard, 1964; Gat, 1996;
Gat et al., 2001) and represents the starting point to investigate hy-
drological processes. The precipitation isotope composition is also
widely adopted to characterize the regional atmospheric patterns (Bal-
dini et al., 2008; Comas-Bru et al., 2016; Zhao et al., 2022), to under-
stand groundwater recharge mechanisms and dynamics (Jasechko,
2019), and to investigate water uptake and movement in natural eco-
systems and agroecosystems (Amin et al., 2020; Penna et al., 2018). In
the Mediterranean region, few comprehensive investigations have been
performed to analyze the statistical relationships between stable iso-
topes of oxygen and hydrogen in precipitation and climatic variables
(Giustini et al., 2016; Longinelli and Selmo, 2003; Natali et al., 2021;
Rindsberger et al., 1983). Moreover, most of the studies on isotope hy-
drology of precipitation in the western Mediterranean (e.g., Doveri
et al., 2019; Frot et al., 2007; Giustini et al., 2016; Longinelli and Selmo,
2003) lack thorough investigations aimed to define the origin of pre-
cipitation and the relationship between moisture origin and rainfall
isotopic composition, except for a few (Casellas et al., 2019; Cruz-San
et al., 1992; Dumitru et al., 2017; Liotta et al., 2008; Moreno et al.,
2014). Hence, the understanding of the prevailing factors that drive the
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seasonal and annual cycles in 180, 52H and d-excess of precipitation is a
challenging task in the Mediterranean to better define the climatic
controls on the 5!80 and 8%H and processes affecting the hydrological
cycle in the region, including on islands.

In this work, we present and discuss the results of multi-year isotopic
monitoring of monthly precipitation collected on Pianosa Island, a small
island located in the northern Tyrrhenian Sea (Tuscan Archipelago)
between Corsica and the shoreline of Tuscany (Central Italy). Pianosa
hosts aquifers with significant groundwater resources, albeit its small
extension, flat morphology, and climatic regime characterized by low
precipitation (Doveri et al., 2012), which is typical of the Mediterra-
nean. In the past (70s and 80s of the last century), this groundwater
resource represented the main source of water supply for over 1500
people when the penitentiary, still present on the island, was at its peak.
However, the likely overexploitation of the aquifer, enhanced by agri-
cultural and livestock activities, determined a quantitative and quali-
tative deterioration over time due to pollution and seawater intrusion
(Doveri et al., 2012). Hence, investigations on the water cycle and hy-
drological processes in the present day are required on Pianosa Island,
especially under the current scenario of a changing climate.

A total of 73 monthly precipitation samples were collected on the
island from October 2014 to December 2021, and they were analysed for
5'%0 and §?H aiming to the following objectives: 1) to define the Local
Meteoric Water Line (LMWL) of Pianosa Island, evaluating the atmo-
spheric processes that influence precipitation isotopic composition on
this island in the Tyrrhenian Sea; 2) to define climatic controls on the
isotope signatures of precipitation, at monthly, seasonal, and annual
scale; 3) to reconstruct backward trajectories for each monthly precip-
itation sample collected from 2015 to 2021 and to evaluate the potential
influence of moisture uptake locations on the isotopic composition of
precipitation; 4) to propose a multivariate linear model for predicting
the §'%0 in precipitation by temperature, precipitation amount and
moisture origin data. Results from this work provide the basis for further
hydrological, hydrogeological and paleoclimatic investigations on Pia-
nosa Island.

2. Study area and climate

Pianosa Island (42°35'07” N, 10°04'44’ E) is located in the middle of
the northern Tyrrhenian Sea (Fig. 1A), in the western Mediterranean
basin. It is placed about 13 km southeast of Elba Island, about 45 km east
of Corsica and about 55 km west of the shoreline of Tuscany. Pianosa is
the fifth largest among the islands of the Tuscan Archipelago, which also
includes the islands of Elba, Giglio, Capraia, Montecristo, Gorgona,
Giannutri and other smaller islets, and with a surface of 10.3 km? and a
coastal perimeter of 18 km. Pianosa differs from other hilly-
mountainous islands for its typically flat morphology, with an average
altitude of 18 m a.s.l. and a maximum elevation that reaches 29 m a.s.1.
in the northern sector. The island has a sub-triangular shape (Fig. 1B):
the southern part has an E-W width of just over 4.5 km, whereas the
northern part consists of a very narrow and elongated promontory of
about 3 km.

Pianosa is characterized by a particular climate due to its position in
the Tyrrhenian Sea and its flat morphology, which distinguishes it from
the other islands of the Tuscan Archipelago. According to Koppen'’s
classification system (Koppen, 1931), the climate is explained as Csa.
Precipitation is rather low with a mean annual value of 481 mm, as
calculated by instrumental time series measured from 1951 to 2007 at
the meteorological station on the island (Fig. 1B), managed by the
LaMMA Consortium - Environmental Modelling and Monitoring Labo-
ratory for Sustainable Development (http://www.lamma.rete.toscana.
it/) (Nicotra, 2008). The small size of the island and the absence of
reliefs limit the condensation of moist air masses. The rainiest season is
autumn, with the maximum rainfall in October, whereas summer is the
driest one with a minimum in July. The atmospheric temperature fol-
lows the typical trend of the Mediterranean area, with higher values in
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Fig. 1. Map of the study area. A) Location of Pianosa Island in the Thyrrenian Sea (western Mediterranean); B) Orthophoto of the island showing the typical flat
morphology. The thermometer/barometer in situ is indicated by the white cross. The white circle indicates the LaMMA Consortium meteorological station; C)

Precipitation collector used to collect monthly precipitation.

summer and lower values in winter. Monthly mean temperature ranges
from a minimum in January/February to a maximum in July/August,
with an average annual temperature of 14.4 °C. The autumn tempera-
tures are on average higher than the spring ones, probably due to the
large influence of the sea on climate, with consistent heat releases from
the sea surface to the atmosphere.

From a geological point of view, Pianosa Island is entirely made up of
sedimentary rocks. The outcropping lithotypes are mostly Plio-
Pleistocene marine organogenic calcarenites and cemented sands,
lying on a Miocene sedimentary succession (marl and clay with inter-
bedded conglomerate). The series ends with marine and continental
Quaternary deposits (Foresi et al., 2000; Raggi, 1983). The permeability
of these outcropping sedimentary rocks, along with the flat morphology
and the absence of a surface hydrographic network, promotes the
infiltration of precipitation water. As a consequence of these charac-
teristics, the island has important aquifers with significant groundwater
resources, albeit its small extension and low precipitation (Doveri et al.,
2012). Since the presence of rocks with a carbonate component, karst
processes are significant on the island, which occur with both epigean
(e.g. dolines) and underground forms (caves and tunnels with a preva-
lently horizontal development). The most important underground forms
currently known are the Cervo Cave and the Lancia Cave, along the
eastern coast of the north sector of the island, in which some speleo-
thems (stalactites, stalagmites and flowstones) are present (our obser-
vation). Karst processes have important implications on the
hydrogeological setting of the island, ensuring a high infiltration

potential of precipitation that feeds the groundwater systems.
3. Materials and methods
3.1. Precipitation monitoring, samples collection and meteorological data

An isotopic monitoring of precipitation was carried out on Pianosa
Island from October 2014 to December 2021, as part of different projects
coordinated by the Institute of Geosciences and Earth Resources of the
National Research Council (IGG-CNR) and the Earth Science Department
of the University of Pisa (DST-UNIPI), and partly funded by the Province
of Livorno and the Tuscan Archipelago National Park. A total of 81
monthly precipitation samples were collected also thanks to the
collaboration with the penitentiary police of the island. 73 monthly
precipitation samples were analysed of the total collected samples, as 8
precipitation samples were discarded due to very low amounts (<2 mm,
Table A.1, supplementary materials). Isotopic data of monthly precipi-
tation collected from 2014 to 2018 are included in the regional isotopic
database published by Natali et al. (2021) and were used for the defi-
nition of the LMWL of Tuscany (Natali et al., 2021). However, these data
have only been discussed as a whole and no detailed evaluation of cli-
matic controls on the precipitation isotope composition on Pianosa Is-
land was performed. The monitoring station (named PLP) was located in
the centre of the island (42°35'9”N, 10°4'44E) at an altitude of 19 m a.s.
1. (Fig. 1B). Homemade oil collector was adopted to collect monthly
precipitation (Fig. 1C), equipped with a 10 L bottle and a funnel of 16
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cm. A thin layer of paraffin oil (ca. 0.3 L) was added to bottles before
each sampling period to prevent evaporation. Oil was accurately sepa-
rated by using separatory funnels (IAEA, 2014), to avoid the presence of
oil fractions in the water samples that can create various issues for
laboratory analysis. The bottle was changed at the end of each month,
typically between the last day of the month and the first day of the
following one. The total precipitation amount during each month was
measured by subtracting the initial weight of the bottle with oil from the
final weight. Free-oil aliquots were therefore filtered through 0.45 pm
nylon filters and transferred in 50-mL double-sealing HDPE bottles and
stored at a temperature of about +4 °C before the analysis.

Hourly air temperature was measured over the investigation period
using a Diver Baro probe (Schlumberger Water Services) with an accu-
racy of £0.1 °C (Fig. 1B) which was placed very close to the rain
collector.

3.2. Isotopic analysis

Samples collected from October 2014 to December 2020 were ana-
lysed at the IGG-CNR of Pisa; samples collected from January 2021 to
December 2021 were analysed at the Laboratory of Fluid Geochemistry
(LFG) of the University of Florence. Different isotopic techniques and
equipment were used at two laboratories, and some tests were per-
formed by analysing internal standards and reference materials to verify
the congruence of isotopic measurements. A few real samples were also
analysed by more techniques to check the comparability of measure-
ments. Oxygen isotope composition was measured at IGG-CNR by the
water-CO, equilibration technique (Epstein and Mayeda, 1953) fol-
lowed by the analysis of CO2 using a Finnigan MAT 252 mass spec-
trometer (IRMS). A Los Gatos Research (LGR) Liquid Water Isotope
Analyzer based on the “Off-Axis Integrated Cavity Output Spectroscopy”
technique (Lis et al., 2008) was used at IGG-CNR to determine the
hydrogen isotope composition. 3'80 data from LGR were not used
because of some randomly distributed errors that were detected during
the analyses of secondary standard and replicated samples. On the
contrary, laboratory tests revealed that 3°H data from LGR were more
consistent than the IRMS method and characterized by high reproduc-
ibility. The 80,20 and 2H/H isotopic ratios of the other samples were
determined at LFG using a Picarro L2130-i analyzer based on cavity
ring-down spectroscopy (CRDS). Picarro’s ChemCorrect post-processing
software was used to analyze the spectral features of samples and to
determine whether the analysis was compromised by organic molecules
(e.g., paraffin oil). The data are expressed as 8%o compared to the in-
ternational reference standard V-SMOW. The total error was within
+0.1 %o for 8'80 and + 1 %o for 52H for all methods. All the laboratories
ran isotopic reference materials spanning isotope scales of interest
which were calibrated to the VSMOW-SLAP scale. An internal lab
standard was run several times among samples as a check on the
instrumentation. d-excess was calculated by Dansgaard’s equation
(Dansgaard, 1964) using the relationship d-excess = §2H - 8*5'%0. Error
propagation for d-excess was calculated according to the formula pro-
posed by Natali et al. (2022), and it resulted in an error of about +1.8 %o,
by using the total errors of +0.1 %o for 520 and =+ 1 % for §2H.

3.3. Backward-trajectory and moisture sources diagnostic

To diagnose the origin and pathways of precipitating air masses and
to better understand the rainfall isotopic variability in this island of the
western Mediterranean, we reconstructed the moisture uptake regions of
each monthly precipitation sample by applying back-trajectory analysis.
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model of the Air Resources Laboratory (ARL) of the National Oceanic
and Atmospheric Administration (NOAA) (Rolph et al., 2017; Stein
et al., 2015) was used to identify the pathways of moist air masses at the
precipitation sampling site in the period 2015-2021. All calculations
were performed through PySPLIT (Warner, 2018), which is a Python-
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based Application Programming Interface (API) for HYSPLIT. The
necessary input data for this model consists of gridded meteorological
data, a location, a starting altitude of the model, a runtime, and a
starting date. Global Data Assimilation System (GDAS1) grids were used
as meteorological input data, with a horizontal resolution of 1° (ca. 111
km) and 23 vertical layers (available at ftp://arlftp.arlhq.noaa.gov
/pub/archives/gdas1). The archive meteorological data from GDAS1
are provided in UTC (Coordinated Universal Time) time. Therefore,
precipitation data registered on the ground in the study area were syn-
chronized to UTC. 5-day (120h) back trajectories were initialized at PLP
for each month from January 2015 to December 2021. The model run-
time of 5 days backward from the time of precipitation was chosen to
avoid an increase of uncertainty of trajectories with time, but to be
within 10 days, a period that is considered as the average residence time
of water vapour in the atmosphere (Numaguti, 1999). Trajectories were
initialized at 1500 above ground level (a.g.l.) every 6 h per day (00, 06,
12, 18 UTC) and then only trajectories corresponding at hours with 6 h
cumulative precipitation >0 mm were selected, for a total of 1207 5-day
back trajectories. 6 h cumulative precipitation values were obtained
using the hourly precipitation records registered at the LaMMA Con-
sortium meteorological station on the island. To track the specific air
mass producing precipitation at the precipitation monitoring sites, the
starting altitude of the model should ideally correspond to the cloud
altitude during precipitation. Unfortunately, no radiosonde ascent
measurements providing absolute cloud base and humidity maxima
were available for the study area over the investigation period. How-
ever, most of the moisture in the atmosphere is thought to be in the first
2000 m a.g.l. (Bershaw et al., 2012; Wallance and Hobbs, 2006), and
elevations lower than 1000 m a.g.l. should not be considered in order to
minimize the influence of surface topography on wind direction.
Moreover, back trajectories from different starting altitudes showed
similar paths (Baldini et al., 2010; Krklec et al., 2018; Krklec and
Dominguez-Villar, 2014). Therefore, we selected the altitude of 1500 m
a.g.l. (approximately equivalent to 850 hPa atmospheric level) as the
initial vertical height and it was assumed to be representative of the
column of air where most of the moisture was contained. The numerical
trajectory error was estimated by generating the reversed trajectories
that were initialized at the end of the original trajectories and run the
opposite direction. By calculating the total travel distance of the two
trajectories and the distance between the original trajectory start and
reverse trajectory endpoints, we estimated the relative integration error.
Only the trajectories with an error lower than 5% were selected and used
for further calculations, for a total of 959 5-day back trajectories.

As previously stated by other authors (e.g., Krklec et al., 2018;
Sodemann et al., 2008), the modelled air mass trajectories from a site
during the days previous to precipitation events could provide erroneous
and misleading estimations of the actual moisture sources of those
events. Air masses do not uptake moisture along their full trajectory, but
only when certain requirements are fulfilled (Sodemann et al., 2008).
Consequently, the spatial distributions of back trajectories and moisture
uptake locations may be very different. Hence, an additional model is
required to identify moisture uptake locations along back trajectories
(Baldini et al., 2010; Bershaw et al., 2012; Krklec et al., 2018; Krklec and
Dominguez-Villar, 2014; Sodemann et al., 2008). In this study, the
identification of moisture uptake locations and the definition of the
actual moisture source regions were based on the quantitative diag-
nostic proposed by Sodemann et al. (2008) and applied in several other
studies (e.g., Casellas et al., 2019; Krklec et al., 2018; Oza et al., 2022;
Saranya et al., 2021; Wolf et al., 2020). This method relies on the
assumption that specific humidity (q, g/kg) changes during a specific
time interval (6 h) at a particular trajectory location reflect the effects of
evaporation and precipitation along the air mass pathway. To calculate
the moisture uptake along each trajectory we used specific humidity
data, considering a threshold of the positive gradient in specific hu-
midity of 0.2 g/kg within 6 h (Sodemann et al., 2008). If the change in
specific humidity (Aq) of the air parcel between the time ‘t’ and “t-6 h”
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was >0.2 g/kg, then there was a moisture uptake. If this uptake occurred
below the “planetary boundary layer” (PBL, which is defined as the
lowest part of the atmosphere whose behaviour is directly influenced by
its contact with the planetary surface), the trajectory location was
considered as the actual moisture source; conversely, if the uptake
occurred above the PBL, the location was discarded because it was not
possible to be sure that the moisture was coming from below the air
parcel. Moisture uptake locations were therefore identified along each
trajectory of each month. To evaluate the influence of the moisture
sources on the isotope signal of monthly precipitation we divided the
area into regions, a common methodology to evaluate the role of
moisture sources on the isotope composition of precipitation (Krklec
et al., 2018; Krklec and Dominguez-Villar, 2014; Zhang et al., 2020). 11
regions around the Pianosa Island were defined (Fig. A.1): distal Atlantic
(dA); north Atlantic (nA); north America and Greenland (nAm_Gr);
proximal Atlantic and Iberian Peninsula (pA_IP); north Africa (nAf);
western Mediterranean and Italy (wM_It); eastern Mediterranean (eM);
southeast (se); northeast (ne); north (n); northwest (nw). The
geographical limits (e.g., ocean-continent borders) and the spatial dis-
tribution of trajectories were considered when defining these regions.
For a particular region (r) and each month (m) in the period 2015-2021,
the percentage contribution of moisture uptake (PMU) is estimated
following the formula (1):

PMU, (%) = % . 100 &)

where f; is the fraction of moisture (g/kg) picked from the region r,
which is given by the sum of all Aq of each trajectory within this region,
and TF is the total fraction (g/kg) given by the sum of Aq from all the
source regions. Besides the percentage contribution of each region, we
also calculated the percentage frequency of moisture uptake regions
(PFU) following the formula (2):

ny

PFU, (%) = — 100 (2)

Nyor

where n, is the total number of points with a valid Aq (>0.2 g/kg and
below the PBL) of each trajectory within a specific region (r) and n; is
the total number of points of all the source regions.

3.4. Statistics and calculations

Statistical analyses were performed using R 4.1.2 (R Core Team,
2019) and some packages, including “psych” (Revelle, 2023), “plyr”
(Wickham, 2011), “tidyverse” (Wickham et al., 2019), “caret” (Kuhn,
2008), and “QuantPsyc” (Fletcher, 2022). All the standard deviations
calculated were given at 1lc. Spearman’s rank correlation analysis
(Spearman, 1904) was applied between isotopes and hydrometeoro-
logical parameters and PMU;. Correlations were significant for p-values
<0.05. Moreover, a multiple linear regression was applied to predict the
5180 of monthly precipitation on the basis of three predictor variables:
the monthly mean temperature, the total monthly precipitation amount
and an index of the Mediterranean character of each monthly precipi-
tation sample (Ivgp), as defined in the Subsection 5.4. The multiple
linear model was calculated by using the “lm” function in R. The “Im.
beta()” function of the package “QuantPsyc” was used to calculate the
standardized regression coefficients for each predictor variable and to
understand which of these three variables had the greatest influence on
the 5'%0 of monthly precipitation. Besides arithmetic means, amount-
weighted isotopic composition (5'%0,,, 8°H,, and d-excess,,) was calcu-
lated using the amount of water (L) measured in the rain collector. Four
regression techniques were tested to derive the LMWLs of Pianosa Is-
land. Ordinary least squares regression (OLSR) and reduced major axis
(RMA), along with the corresponding precipitation-weighted re-
gressions (PWLSR and PWRMA), were applied (Crawford et al., 2014;
Hughes and Crawford, 2012). Precipitation-weighted regressions are
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useful to minimize the impact of evaporation secondary processes when
dealing with small precipitation amounts (Hughes and Crawford, 2012).
The root mean of the sum of squared errors (rmSSEav, Crawford et al.,
2014) was used to determine the goodness of fit, which is better when
rmSSEav equals 1.00.

4. Results
4.1. Climatic conditions

The annual and monthly mean temperatures and precipitation
amounts during the monitoring period from 2015 to 2021 are shown in
Fig. 2. The mean annual temperature from 2015 to 2021 was 16.5 °C (+
1.1 °C), ranging from a minimum of 14.6 °C in 2021 to a maximum of
17.9 °C in 2018. The total annual mean precipitation was 567 mm (£
122 mm) and ranged from a minimum of 400 mm in 2021 to a maximum
of 728 mm in 2016. The mean monthly temperature was 17.5 °C (&
5.6 °C) from October 2014 to December 2021, ranging from a minimum
of 8.4 °C in February 2018 to a maximum of 27.9 °C in July 2015. Winter
was the coldest season with a mean temperature of 11.2 °C (+ 1.4 °C),
and January was the coldest month; on the contrary, summer was the
warmest season with a mean temperature of 24.8 °C (+ 2.1 °C) and
August was the warmest month. The maximum monthly precipitation
amount was 187 mm in November 2016. Autumn and winter were the
rainiest seasons with a mean precipitation of 238 and 164 mm, respec-
tively, and November was the wetter month; precipitation was lower in
spring and summer with a mean value of 117 and 48 mm, respectively,
and June was the driest month.

4.2. Seasonal and annual isotopic variability of monthly precipitation on
Pianosa Island

The §'80 and 5%H values of monthly precipitation collected on Pia-
nosa Island from October 2014 to December 2021, the calculated d-
excess values, the monthly precipitation amounts, and the monthly
mean air temperatures are reported in Table A.1. Summary statistics of
raw monthly data from January 2015 to December 2021 are provided in
Table 1, whereas the data distribution is shown in Fig. 3 through his-
tograms and boxplots. The isotopic values showed a large variability,
which is typical of rainwater. The §!80 values ranged between —10.5%0
and 0.60%. with a median value of —5.66%o; the 5°H values ranged
between —69.9%o and 9.1%. with a median value of —33.8%o; d-excess
ranged between 2.1%o0 and 21.7%o with a median value of 11.6%o.

The isotopic values followed a normal distribution, as shown by the
Shapiro-Wilk normality test (p > 0.05), and skewness was nearly zero,
indicating a symmetrical dataset. Normality cannot be assumed for air
temperature values (p < 0.05), which ranged from 8.4 °C to 27.9 °C with
a mean value of 16.6 °C. The monthly precipitation amount was better
described by a log-normal distribution. The positive skewness indicates
a large influence of months with a high precipitation amount, as also
evidenced by the difference between the median (40 mm) and the mean
value (56 mm). The amount-weighted mean 5% (and 62H) value was
more negative than the arithmetic mean (Table 1), whereas the amount-
weighted mean d-excess was higher.

The §'%0 (and 8%H) values of monthly precipitation collected on
Pianosa Island showed a large seasonal variability (Fig. 4, Table 2),
which roughly followed the temperature and rainfall amount trends.
5180 tended to be more negative during colder and rainier periods, with
the lowest value in winter, and more positive during warmer and drier
periods, with the highest value in summer (Table 2). Spring and autumn
showed intermediate values, with lower values in autumn. The mini-
mum 8'80 value was registered in January 2019, despite the rather low
precipitation amount (ca. 20 mm). The maximum 580 value was
instead measured in June 2021, when the temperature was high
(23.2 °C) and the precipitation amount very low (ca. 2 mm). The
amount-weighted seasonal mean 50 was more negative than
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Fig. 2. A) Annual mean temperature and total annual mean precipitation on Pianosa Island; B) monthly mean temperature and monthly mean precipitation on

Pianosa Island over the monitoring period (2015-2021).

Table 1
Summary statistics of isotopic parameters of monthly precipitation collected on Pianosa Island from January 2015 to December 2021, and climate-related variables.
Parameter n min. 1st Qu. median mean mean,, sd 3rd Qu. max Skewness Kurtosis
Temperature (°C) 71 8.4 12.0 15.1 16.6 / + 5.2 20.2 27.9 0.46 —0.96
Prec. amount (mm) 71 2.0 18 40 56 / + 51 81 187 1.10 0.11
5180 %o 71 -10.5 —7.14 —5.66 —-5.36 —6.16 + 2.34 —-3.52 0.6 0.11 —0.56
5%H %o 71 —69.9 —43.4 -33.8 -31.5 —36.6 +17.0 —-17.2 9.1 0.08 —0.74
d-excess (d) %o 71 2.1 8.7 11.6 11.4 12.7 + 4.4 14.5 21.7 -0.10 —0.58
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Fig. 3. Histograms (top) and boxplots (bottom) for isotopic values of monthly precipitation and climatic variables registered on Pianosa Island. The vertical dashed
grey lines in the histograms indicate the mean value. The number of classes for the histograms was computed using Sturges’ formula. The red square in the boxplots
indicates the mean value. Lower and upper box boundaries indicate 25th and 75th percentiles, respectively, and line inside box marks the median. Whiskers above
and below the box are identified with the 1.5eIQR rule; the black dots are the outliers. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

arithmetic means, with a larger difference in summer and spring (A5'%0
of —1.55%0 and — 0.87%o, respectively) than in winter and autumn
(A8'80 of —0.35%0 and — 0.15%o, respectively). It is worth noting that
fewer samples were collected in summer than in other seasons because
this season was generally dry or characterized by very weak precipita-
tion (Table 2).

The d-excess also seasonally changed in monthly precipitation
collected on Pianosa Island (Fig. 4, Table 2). The d-excess trend roughly
followed the temperature and precipitation trend and appeared anti-
correlated with §'80. Higher d-excess were measured in winter and

autumn rains, whereas lower values were registered in spring and
summer (Table 2). The lowest d-excess was registered in June 2020
(2.1%0), whereas the highest value was measured in December 2017
(21.7%0). The amount-weighted mean d-excess was higher than arith-
metic means, except for autumn (Table 2). However, differences among
weighted and not-weighted d-excess values were lower than the
analytical error (+£1.8%o), except for summer when a large difference
was measured (Ad-excess of —4.4%o).

The §'80, §°H and d-excess values also showed an inter-annual
variability (Fig. 5, Table 3). The annual mean 5'®0 ranged from a
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Fig. 4. Time plot of precipitation amount, atmospheric temperature, 5'20, and d-excess for monthly precipitation collected on Pianosa Island from October 2014 to
December 2021. The error for 880 is smaller than the size of symbols; the error for d-excess is represented by the vertical bars.

Table 2
Summary statistics at seasonal scale of climate-related and isotopic variables of monthly precipitation collected on Pianosa Island from January 2015 to December
2021.
Precipitation amount (mm) Temperature (°C) 5180 (%o) 52H (%o0) d-excess (%o)
Code Season n mean sd mean sd mean sd mean,, mean sd mean,, mean sd mean,,
PLP DJF 20 164 64 11.2 1.4 —6.71 2.09 —7.06 -39.7 16.8 —42.1 14.0 4.5 14.4
MAM 19 117 59 15.3 2.6 —-4.39 2.22 —5.26 —25.9 16.7 -31.7 9.2 3.4 10.3
JJA 12 48 61 24.8 2.1 —3.44 1.86 —4.99 —20.0 13.7 —28.0 7.5 3.9 11.9
SON 20 238 77 18.4 3.4 —6.08 1.82 —6.23 —35.5 14.3 -37.0 13.1 2.7 12.9

minimum of —5.87%o in 2019 to a maximum of —4.77%. in 2021; the
annual mean d-excess ranged from a minimum of 10.2%o in 2020 to a
maximum of 12.4%o in 2016. The amount-weighted annual mean 5'%0
was more negative than the arithmetic means, whereas the amount-
weighted annual mean d-excess was higher than the arithmetic ones,
even though differences were lower than the analytical error and,
therefore, negligible.

4.3. Back-trajectories and moisture uptake regions of precipitating air
masses

A total of 959 trajectories were obtained for monthly precipitation
collected on Pianosa Island from January 2015 to December 2021
(Fig. 6a). All the trajectories calculated for each month in the period
2015-2021 are reported in Appendix B. The PFU; and PMU; values for
each month are reported in Table A.2 and shown in boxplots of Fig. 7,
whereas the mean moisture uptake over the entire period is given in
Fig. 6b. The wM_It region was the most frequent region where the
moisture uptake occurred, as indicated by the highest mean PFU; of 48%
(£17%) and ranging from a minimum of 16% in December 2019 to a
maximum of 100% in July 2015, April 2017 and August 2019. The

moisture uptake always occurred within the wM_It region during each
month over the monitoring period, even if with a wide monthly vari-
ability as indicated by the large standard deviation (Fig. 7). Other
important regions where the moisture uptake rather frequently occurred
were the nw and nA regions, with a mean PFU; of 15% (+12%) and 11%
(£11%), respectively (Fig. 7). However, moisture was not picked (PFU;
= 0%) from these two regions in some months, whereas the maximum
percentage frequency was 68% for the nw region in May 2015 and 39%
for the nA in December 2019. Other areas showed mean PFU, values
lower than 10% and pA_IP and nAf regions were the most frequent, with
a mean PFU; of 9% (+11%) and 8% (+8%), respectively. The moisture
uptake above the other regions rarely occurred. Although the most
frequent regions where the moisture uptake occurred were also gener-
ally the regions with higher moisture fraction picked from, a slight
difference may be observed between PFU; and PMU; values (Fig. 7).
Interestingly, the PMU; of the wM_It region was higher than the PFU,,
with a mean value of 59% (£+17%), and ranging from a minimum of 18%
in July 2017 to a maximum of 100% in the same months when the PFU;
values were maximum. On the contrary, the fraction of moisture picked
from the nw and nA regions were lower than the frequency of moisture
uptake above these areas (Fig. 7), as indicated by the lower PMU; values
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Fig. 5. Annual variability of precipitation amount, atmospheric temperature, 580 and d-excess for monthly precipitation collected on Pianosa Island from January
2015 to December 2021. The analytical errors for 580 and d-excess are represented by the vertical bars.

Table 3

Summary statistics at annual scale of climate-related and isotopic variables of monthly precipitation collected on Pianosa Island from January 2015 to December 2015.

Precipitation amount (mm) Temperature (°C) 5180 (%0) 52H (%o) d-excess (%o)

Code Year n mean mean sd mean sd mean,, mean sd mean,, mean sd mean,,

PLP 2015 11 590 16.7 5.9 —5.61 2.24 —6.91 -34.1 15.8 —43.6 10.8 4.5 11.7
2016 9 728 16.3 4.4 —5.38 1.01 —5.56 -30.6 7.7 -31.6 12.4 3.9 12.9
2017 10 488 15.4 5.1 —4.89 2.53 —5.96 —-27.3 17.0 -33.7 11.8 5.8 14.0
2018 12 694 17.9 6.0 —5.57 2.50 —6.66 -32.4 18.2 —40.1 12.2 5.0 13.1
2019 10 650 17.6 5.6 —5.87 2.39 —6.14 -35.8 19.3 -36.9 11.1 3.6 12.2
2020 10 422 17.2 5.4 -5.31 2.63 —5.62 —-32.2 19.2 -33.1 10.2 4.6 11.9
2021 9 400 14.6 4.3 —4.77 3.06 -6.17 —26.9 21.1 -36.1 11.2 4.0 13.2

than the PFU; ones. The mean PMU;, values were 12% (+11%) and 5%
(£6%) for nw and nA regions, up to a maximum of 54% and 23%,
respectively. PFU; and PMU; were instead very similar for pA_IP and nAf
regions, whereas the moisture fraction sourced from other regions was
generally very low (Fig. 7).

Slight seasonal variability in PMU, was also observed for monthly
precipitation collected on Pianosa Island over the investigated period
(Fig. 8). The moisture fraction picked from the wM_It region was
generally lower in winter (55%) and higher in spring (59%), autumn
(60%) and summer (63%). Conversely, PMU; of the nA region was
higher in winter (11%) and lower in other seasons (4%, 4% and 2%,
respectively). The moisture fraction sourced from the nw region was
very similar in all seasons, except in summer when PMU, was slightly
higher (16% compared to 12% in spring and 11% in winter and
autumn). Similar seasonal PMU, values were also calculated for pA_IP
and nAf regions, with higher and lower moisture uptake in summer,
respectively, compared to other seasons.

5. Discussion
5.1. LMWL of the Pianosa Island

The isotopic variability registered in monthly precipitation samples
collected on Pianosa Island was consistent with the monthly isotopic
composition of precipitation registered in Tuscany (Natali et al., 2021)
and the entire Italian Peninsula (Giustini et al., 2016; Longinelli and
Selmo, 2003). The OLSR and RMA regressions and the corresponding
precipitation-weighted regressions (PWLSR and PWRMA) were applied
to derive the LMWL of Pianosa Island. The calculated values of rmSSE
for different regressions (Table 4) indicated the PWLSR as the best-
fitting model, whereas the RMA was the most suitable not-weighted

model. The lower slope and intercept compared to the Global Mete-
oric Water Line (GMWL) (Fig. 9) indicated warmer and drier climatic
conditions on the island, suggesting the existence of secondary evapo-
ration processes of raindrops beneath the cloud base during precipita-
tion (Gat, 2005; Gonfiantini, 1986). Rain droplets fall a long distance
from the cloud base to the ground, thus increasing the possibility of
raindrops evaporation, especially in warmer and drier months. The in-
fluence of sub-cloud processes on the weaker rains on Pianosa Island is
also depicted by the difference between the amount-weighted mean
5'80 and d-excess and the arithmetic mean ones (Table 1). The weighted
mean 5'80 was more negative than the arithmetic one because weaker
precipitation with a more positive 580 had a lesser weight in the
computation. Since evaporation of falling droplets was more likely in
drier and warmer months (spring and summer) when weaker precipi-
tation generally occurred, differences between the weighted mean §'%0
and the arithmetic ones were larger in spring and summer (Table 2). The
same observation may be drawn looking at the d-excess mean values
(Tables 1, 2). Differences among the weighted and not-weighted mean d-
excess were higher than the propagated error (+1.8%o) only in summer
when sub-cloud evaporation was more likely.

Interestingly, the mean 580 of monthly precipitation collected on
Pianosa Island from January 2015 to December 2021 was more negative
than the mean 5'%0 as calculated at different sites placed at higher al-
titudes in the Apuan Alps area (Natali et al., 2022), a mountain range of
northwestern Tuscany about 170 km north of the island. This finding is
quite odd since the altitude effect, which was detected at the regional
(Natali et al., 2021) and local scale (Natali et al., 2022), should produce
more negative 580 values as the altitude increases. Therefore, the more
negative 580 calculated for precipitation on Pianosa Island may be
explained by the lower number of summer precipitation samples
collected at this site but also almost by half the lower amount of
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Fig. 6. A) Map of 120 h HYSPLIT backward trajectories computed for all monthly precipitation samples collected in this work. The 11 regional classes selected for
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Fig. 7. Boxplot for PFU, (Percentage Frequency of
moisture Uptake for each region for each month) and
PMU, (Percentage of Moisture Uptake for each region
for each month). The red square in the boxplots in-
dicates the mean value. Lower and upper box
boundaries indicate 25th and 75th percentiles,
respectively, and line inside box marks the median.
Whiskers above and below the box are identified with
the 1.5*IQR rule; the white dots are the outliers.
Classes: distal Atlantic (dA); north Atlantic (nA); north
America and Greenland (nAm_Gr); proximal Atlantic
and Iberian Peninsula (pA_IP); north Africa (nAf);
western Mediterranean and Italy (wM_It); eastern
Mediterranean (eM); southeast (se); northeast (ne);
north (n); northwest (nw). (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
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precipitation in this season. Precipitation was often absent in summer on
the island, thus decreasing the mean 5'0 because of lower summer
precipitation which was generally enriched in heavy isotopes relative to
samples collected in other seasons (Longinelli et al., 2006).

5.2. Climatic effects on the precipitation isotopic composition

5'80 (and §%H) exhibited seasonal variability (Fig. 4) that roughly
reflected the trend in air temperature and precipitation amount during
the investigated period. A lead-lag relationship seems to be observed
between the two climatic variables and isotopic values and the seasonal
cycles are apparently not synchronized. Actually, this seeming lagged
relationship may be attributed to the fact that summer precipitation was
often absent or very weak to be sampled and analysed (e.g., summer
2016, 2017, 2020 and 2021). Consequently, the more positive 5'%0
values were often registered before the higher temperature values and
lower precipitation amounts. Conversely, when summer precipitation
was relatively more intense, such as in the summer of 2018, the rela-
tionship was not lagged. Moreover, the large 5'%0 and d-excess vari-
ability makes it quite difficult to clearly identify this possible lead-lag
relationship. Therefore, congruently to conclusions derived by an iso-
topic study performed at the regional scale (Natali et al., 2021), as well
as at the local scale in the Apuan Alps area (Natali et al., 2022), the two
well-known temperature effect (Dansgaard, 1964; Rozanski et al., 1993)
and amount effect (Clark and Fritz, 1997) were, almost partly, respon-
sible of the 5180 variations. To evaluate the influence of these effects on
the precipitation isotope composition on Pianosa Island both at the
monthly, seasonal and annual scale, a Spearman’s correlation analysis
was performed for data from January 2015 to December 2021 (Table 5).

10

A moderate positive correlation was found between the monthly
mean atmospheric temperature and monthly §'80 in precipitation on
Pianosa Island (Table 5). The relationship was also weakly linear
(Fig. 10a), with a slope of +0.21%o0/°C which was very similar to that
obtained at regional scale (+0.19%o/°C, Natali et al., 2021). However,
theoretically, to evaluate the influence of the temperature effect on the
precipitation isotopic composition, the monthly mean atmospheric
temperature should be calculated by using only the temperature data of
rainy days. Therefore, Spearman’s correlation coefficient was also
calculated between the %0 and the mean temperature of rainy days.
The correlation was still moderate (r = +0.53***), although the higher
% and slope (0.28, +0.26%0/°C). A moderate positive correlation was
also identified between the seasonal mean atmospheric temperature and
seasonal mean §'%0 in precipitation (Table 5, Fig. 10b), and the rela-
tionship was more linear with a slope of +0.21%o./°C. Conversely, an
opposite-sign correlation, although not significant, was found between
5'%0 and annual temperature (r = —0.75"), with more positive 51%0
values as temperature increased. This result is in disagreement with the
theoretical definition of the temperature effect, but more years should
be used to obtain a reliable and significant relationship. A moderate
negative correlation was found between the monthly total precipitation
amount and monthly 5180 (Table 5), which was very similar to that
found at the regional scale (Natali et al., 2021). The linear relationship
was weak (Fig. 10a), with a linear gradient of —1.8%c per 100 mm/
month, which was higher than that found at the regional scale (—0.8%o
per 100 mm/month, Natali et al., 2021). This correlation was stronger
when applied to the seasonal total precipitation amount and seasonal
mean 580, and also at the annual scale, although not significant in this
latter case (Table 5). The relationship 5'%0 vs. precipitation amount was
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Fig. 8. Monthly variability of PMU, of each regional class for each season. The symbols of boxplot are described in the caption of Fig. 7. Classes: distal Atlantic (dA);
north Atlantic (nA); north America and Greenland (nAm_Gr); proximal Atlantic and Iberian Peninsula (pA_IP); north Africa (nAf); western Mediterranean and Italy
(wM_It); eastern Mediterranean (eM); southeast (se); northeast (ne); north (n); northwest (nw).

Table 4
Monthly LMWLs computed by different regression techniques on Pianosa Island. s.e.: standard error; CI: Confidence Interval.
n data slope intercept 95% CI slope 95% CI intercept ? rmSSE

PLP value + s.e. value + s.e. Upper Lower Upper Lower
OLSR 71 7.06 = 0.20 6.36 = 1.17 7.45 6.67 8.64 4.07 0.95 1.011
RMA 71 7.25 + 0.20 7.39 + 1.15 7.64 6.87 9.64 5.13 0.95 1.004
PWLSR 71 7.39 + 0.22 8.93 + 1.44 7.83 6.95 11.8 6.12 0.95 1.000
PWRMA 71 7.62 +0.23 10.4 £1.45 8.06 7.18 13.2 7.52 0.95 1.028

also more linear at the seasonal scale (Fig. 10b), with a gradient of
—1.1%0 per 100 mm/season. Overall, congruently to the regional
framework (Natali et al., 2021), temperature and amount effects
contribute to explaining the 20% and 15%, respectively, of the isotopic
variability observed at the monthly scale, whereas their effect is more
evident at the seasonal scale.

A moderate negative correlation was found between monthly d-
excess and monthly mean air temperature, as well as at the seasonal
scale (Table 5, Fig. 10). This negative relationship, which was more
linear when the seasonal mean temperature and d-excess were consid-
ered, proves once again the influence of sub-cloud processes on pre-
cipitation occurring on the island in warmer seasons. The correlation
was instead absent at the annual scale (Table 5), probably due to the few
years that were considered in this work. On the other side, a moderate-
to-strong positive correlation was found between the d-excess and pre-
cipitation amount respectively at the monthly and seasonal scale
(Table 5, Fig. 10), which implies decreasing d-excess values as rain
amount decreases, congruently to a sub-cloud evaporation model. The
relationship was much more linear when the seasonal mean d-excess and
total seasonal precipitation amount were considered (Fig. 10b), whereas
no significant correlation was found at the annual scale (Table 5).
Overall, the d-excess seasonal variability registered on Pianosa Island
from October 2014 to December 2021 was partly controlled by changes
in SST and RH at the moisture sources (Bonne et al., 2019; Pfahl and
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Sodemann, 2014; Uemura et al., 2008), but also by the local climatic
variables, whose effect overlaps and potentially obscures the original d-
excess signature imprinted at the moisture source, as also indicated by
very recent studies (Natali et al., 2022; Xia and Winnick, 2021; Xiang
et al., 2022).

5.3. Moisture origin and “source” effect on the precipitation isotope
composition

The quantitative diagnostic for moisture uptake locations applied in
this work indicated the region between the western Mediterranean
basin, Italy and the Adriatic Sea as the most frequent moisture source
region associated with monthly precipitation samples (Fig. 7a). Moisture
contributions from this area were always present in each month in the
period 2015-2021, as expected since the position of the Pianosa Island
approximately in the centre of the considered area. Regardless of the
origin of air masses producing rainfall, all of them had to cross at least a
part of this region before reaching the sampling site, where the moisture
uptake occurred although with variable frequency and intensity. Mois-
ture was less frequently picked from the northwestern areas of Europe
(central-western France and the area lying between the Bay of Biscay
and the North Sea), the North Atlantic Ocean, the proximal Atlantic
Ocean, the Iberian Peninsula and North Africa (Fig. 7a). However, when
the moisture fraction picked from each region was considered, the
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et al., 1993); Central Italy Meteoric Water Line (CIMWL, Giustini et al., 2016);
Tuscany Meteoric Water Line (TMWLgma (2), Natali et al., 2021).

Table 5

Spearman’s rank correlation coefficients between §'®0 and d-excess and cli-
matic variables (air temperature and precipitation amounts) at monthly, sea-
sonal, and annual scale. ***: p-values < 0.001; **: p-values < 0.01; *: p-values <
0.05; ns: p-values higher than 0.05.

Temperature (°C) Precipitation (mm)

580 (%0)

Monthly +0.52%** —0.46%**
Seasonal +0.57** —0.63%**
Annual —0.75" _0.64"
d-excess (%o)

Monthly —0.43%** 40.42%%%
Seasonal —0.55%* 40,715
Annual —0.14™ 10.60™

moisture contribution of the western Mediterranean region to the pre-
cipitation on Pianosa Island was even higher, whereas the northwestern
areas of Europe and the North Atlantic Ocean supply less humidity in
relation to the frequency of moisture uptake above these regions
(Fig. 7b). The moisture fraction sourced from the proximal Atlantic, the
Iberian Peninsula and North Africa was also larger than the fraction
picked from the North Atlantic Ocean. This outcome was consistent with
the mean climatology of the study area, and a conceptual model of
moisture associated with precipitation on Pianosa Island may be hy-
pothesized. Local atmospheric disturbances, which more frequently
occurred in spring, summer, and autumn (Fig. 8), mostly originated
above the western Mediterranean basin and they picked the most hu-
midity above this region, in addition to Italy and the Adriatic Sea for air
masses coming from eastern sectors and to the Iberian Peninsula and
North Africa for air masses coming from western and southern sectors.
On the other side, more distal atmospheric disturbances, generally
coming from the North Atlantic Ocean and the northwestern areas of
Europe in winter, supplied much less humidity compared to more
proximal regions. Air masses frequently reached the western Mediter-
ranean with a low moisture content, probably due to prior precipitation
along trajectories (i.e., rainout), thus loading humidity above more
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proximal regions, especially above the Mediterranean basin. This pro-
cess was likely due to strong evaporation above the Mediterranean Sea,
which was boosted by the relatively high sea surface temperature (SST)
and by the large thermal gradient between the sea surface and atmo-
sphere, especially in autumn (Pastor et al., 2018). However, vapour from
evapotranspiration above the continental surfaces crossed by air masses
also likely contributed to precipitation on Pianosa Island. It is worth
noting that when quantifying the total contributions as defined in this
work (PFU, and PMU,) precipitation along the trajectories should be
discounted because it would decrease the contribution by previous
moisture uptake regions. Without considering in-route precipitation, the
calculated results may overestimate distal contribution but underesti-
mate proximal contribution. As a consequence, the moisture contribu-
tion of the more proximal regions, such as the western Mediterranean
region, to precipitation on Pianosa Island would be even higher
compared to a minor role of the more distal moisture source regions.
This evidence confirms the primary role of the western Mediterranean in
supplying moisture to precipitation above the study area.

In order to evaluate the influence of moisture origin on the isotopic
composition of precipitation on Pianosa Island, Spearman’s correlation
analysis was applied between the climatic variables (temperature and
precipitation amount), 580 and d-excess and PMU; of each region
(Table 6). Interestingly, among the most frequent regions, the PMU; of
wM_It and nAf regions showed a weak positive and significant correla-
tion with 580, although the significance for nAf was lower and within
the 90% confidence level. On the contrary, the PMU; of nw and nA re-
gions exhibited a weak-to-moderate negative and significant correlation
with 880, with the significance for nw at a 90% confidence level. The
PMU; of nA was also negatively correlated with the atmospheric tem-
perature, whereas the PMU; of nw was positively correlated. No signif-
icant correlations were found between the PMU, and §'%0 for other
regions. These results indicated that the higher the moisture fraction
picked from the western Mediterranean basin, Italy, the Adriatic Sea,
and North Africa, the more positive the 5'80 of precipitation occurring
on Pianosa Island. On the other side, the higher the percentage of
moisture sourced from the North Atlantic Ocean and northwestern re-
gions of Europe (France, Bay of Biscay, North Sea), the more negative
the §'%0. These patterns are consistent with the rainout effect (Dans-
gaard, 1964) since Pianosa Island is located in the western Mediterra-
nean (Tyrrhenian Sea) and moisture picked from this basin and more
proximal regions is carried by air masses over a much shorter distance
compared to humidity coming from more distal areas (e.g., the North
Atlantic Ocean). Moreover, the Mediterranean Sea tends to be isotopi-
cally enriched in heavy isotopes compared to the Atlantic Ocean
(LeGrande and Schmidt, 2006) and SST and atmospheric conditions
above the evaporating surface may also produce different isotope sig-
natures in evaporative flows. On the other side, precipitating air masses
supplied by moisture picked from more distal regions, such as the North
Atlantic Ocean and northwestern regions of Europe, were characterized
by a longer rainout distance, thus producing more negative !0 values.
Interestingly, the moisture fraction picked from the North Atlantic
Ocean was higher when the temperature was lower on the island, sug-
gesting a prevalence of this condition in winter that is congruent with
the NAO-linked origin of atmospheric disturbances in the Mediterranean
area during this season (Lopez-Moreno et al., 2011; Luppichini et al.,
2022; Luppichini et al., 2021).

Concerning the d-excess, no significant correlations were found with
PMU; (Table 6), except for a very weak negative correlation for the pA_IP
region and significant at a 90% confidence level. This outcome indicated
that d-excess should not be used to distinguish Mediterranean precipi-
tation from Atlantic ones (Natali et al., 2022), because no significant
difference may be identified among these two source areas. Interpreting
high d-excess values in precipitation as the result of more intense
evaporation above the Mediterranean Sea, which leads to more intense
moisture uptake, may be erroneous and imprecise. The lack of correla-
tion between the d-excess and PMU; could be due to secondary
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Fig. 10. Correlation plots between §'®0 and d-excess of monthly precipitation collected on Pianosa Island and climatic variables (atmospheric temperature and
precipitation amount) at A) monthly scale (n = 71) and B) seasonal scale (n = 28).

Table 6
Spearman’s correlations coefficients between the PMU; of each region and cli-
matic and isotopic variables. ***: p-values < 0.001; **: p-values < 0.01; *: p-

values < 0.05; ns: p-values higher than 0.10. Significant correlations are in bold.

Regions mean Temperature Precipitation 580 d-excess
(6] PMUr (9] (mm) (%0) (%o)
[%]

dA 1 —0.18™ +0.05™ -0.14" —0.22"™
nA 5 —0.44%** +0.15™ —0.40%* +0.19™
nAm_Gr 1 —-0.18™ +0.01™ —0.20™ +0.06™
pA_IP 9 +0.15™ +0.02™ +0.08™ —0.22
nAf 8 —0.05" +0.01™ +0.22 +0.02"
wM_It 59 +0.16" -0.13" +0.27* -0.11™
eM 2 +0.03™ -0.18™ +0.26™ +0.10™
se 2 +0.19™ -0.05™ +0.10™ -0.22™
ne <1 +0.42" —0.42* +0.26™ —0.29™
n <1 —-0.23"™ —-0.18™ —0.20™ +0.11™
nw 12 +0.22 —-0.13™ —0.21 +0.10™

evaporative processes (i.e. sub-cloud evaporation) and/or other pro-
cesses occurring during the humidity transport able to modify the d-
excess values imprinted at the moisture uptake source (Natali et al.,
2022; Xiang et al., 2022), cancelling any relationships with the source
region.

5.4. A linear model for predicting the 5'80 in precipitation by
temperature, precipitation amount and moisture origin

In the previous sections, the influence of temperature, amount and
source effects on the 5'80 of precipitation on Pianosa Island has been
evaluated separately by applying Spearman’s correlation analysis and
simple linear regression models. As all these effects emerged as controls
on the precipitation isotope composition, although with different in-
tensities, we applied a multiple linear regression model for predicting
5180 values in precipitation. In order to define the Iygp, which is an
index of the Mediterranean character of each monthly precipitation
sample, only regions with a higher mean PMU; and having a significant
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correlation with the 8180 (Table 6) were considered: the wM_It and nAf
regions, for positive correlations between PMU;, and 5'80; the nA and nw
regions, for negative correlations. The index was therefore defined for
each monthly precipitation sample as follows:

PMU,y_i + PMU,,5f
PMU,y_y + PMU,ss + PMU, 4 + PMU,,,

e 100

IMED =

where Iygp provides an estimate of the Mediterranean character of
precipitation as expressed by the ratio between the sum of moisture
fraction (i.e., PMU,) picked from more proximal regions around the
precipitation collection site (WM_It and nAf regions) and the total
moisture fraction source from all the four regions. The higher the Iygp
value, the larger the moisture fraction picked from proximal regions (i.
e., Mediterranean areas). Therefore, a multivariate linear model was
created for predicting 5'80 values in precipitation by using the monthly
mean temperature (T), the total monthly precipitation amount (P) and
the Iygp: 5'%0 = 0.16 T — 0.01P + 0.05Iygp — 10.4 (12 = 0.47***,
adjusted = 0.45%**), This model explains 45% of the §'%0 variability.
The regression p coefficients express the change in the dependent vari-
able 580 following a unitary change in one of the regressors, provided
that the value of the other regressors remains constant. However, the
values of the coefficients depend on the unit of measurement of the
variable to which they are associated, therefore they cannot be directly
compared and used to establish an order of importance among the re-
gressors with respect to the impact on the dependent variable. For this
purpose, the standardized regression p coefficients are useful for eval-
uating the relative importance of regressors, as they are not influenced
by the unit of measurement of the variables. The regressors T and Iyigp
had a higher coefficient (+0.39 and + 0.36, respectively) compared to
the variable P (—0.28), indicating the source and temperature effects as
the main effects affecting the 880 in precipitation, compared to the
amount effect.

6. Conclusions

In this work, we presented and discussed the results of multi-year
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isotopic monitoring in the period 2014-2021 of monthly precipitation
collected on Pianosa Island (Italy), a small island located in the northern
Tyrrhenian Sea (western Mediterranean). The LMWL of this Mediter-
ranean island was defined for the first time by using different regression
techniques. The lower slope and intercept compared to the GMWL
indicated warmer and drier climatic conditions on the island, suggesting
the existence of sub-cloud evaporation processes of raindrops during
precipitation, especially in summer. The lack of precipitation in sum-
mer, when higher 580 values were generally registered, was likely
responsible for the more negative mean 580 of monthly precipitation
collected on Pianosa Island. The influence of temperature, amount, and
source effects on the 8'%0 of precipitation was evaluated firstly sepa-
rately by applying Spearman’s correlation analysis and simple linear
regression models; then, a multiple linear regression model was applied
for predicting 5'%0 values in precipitation. When taken apart, temper-
ature and amount effects contribute to explain the 20% and 15%,
respectively, of the 5'80 variability observed at the monthly scale,
whereas their effect is more evident at the seasonal scale. The HYSPLIT-
based moisture uptake analysis performed in this work indicated the
effect of moisture origin and rainout on the isotope composition of
precipitation. The region between the western Mediterranean basin,
Italy, and the Adriatic Sea was the most frequent moisture source region
and supplied most of the humidity associated with monthly precipita-
tion samples on Pianosa Island. Less moisture was picked from the
northwestern areas of Europe, such as central-western France and the
area lying between the Bay of Biscay and the North Sea, the North
Atlantic Ocean, the proximal Atlantic Ocean, the Iberian Peninsula and
North Africa. Results from this study indicated that consistently with the
rainout effect, the higher the moisture fraction picked from the more
proximal regions (such as the western Mediterranean basin, Italy, the
Adriatic Sea, and North Africa), the more positive the §'%0 of precipi-
tation occurring on Pianosa Island; conversely, the higher the percent-
age of moisture sourced from more distal regions (such as the North
Atlantic Ocean and northwestern regions of Europe), the more negative
the 8'80. The model resulting from the multivariate regression indicated
that 45% of the §'80 variability may be explained by temperature,
amount and source effects. However, among these effects, moisture
origin and temperature were major controls on the 5'%0in precipitation,
compared to the precipitation amount.

Overall, the d-excess seasonal variability registered on Pianosa Is-
land from October 2014 to December 2021 was partly controlled by
changes in SST and RH at the moisture sources, but also by the local
climatic variables such as temperature and precipitation amount, whose
effect overlaps and potentially obscures the original d-excess signature
imprinted at the moisture source. No correlation was found between the
precipitation d-excess and the moisture fraction picked from any re-
gions, suggesting that the d-excess should not be used to distinguish
precipitation coming from the Mediterranean basin from those origi-
nating in the North Atlantic Ocean, because no significant difference
may be identified among these two source areas. Interpreting high d-
excess values in precipitation as the result of more intense evaporation
above the Mediterranean Sea, which leads to more intense moisture
uptake, may be erroneous. Sub-cloud evaporation may represent one of
the reasons why the d-excess did not show any relationships with
moisture source regions, along with other processes occurring during
the humidity transport able to modify the d-excess values imprinted at
the moisture uptake source, cancelling any relationships with the source
region. This suggested that more caution should be paid when using the
d-excess as a tracer of moisture origin and climatic conditions at the
evaporative areas.
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