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Studies of rainfall isotopic composition in the Iberian Peninsula are scarce, and to date,
none of them have provided analyses of the triple oxygen isotopes, preventing from the
complete understanding of current atmospheric processes in this region. We investigate
the rainwater δ17O, δ18O, and δD and derived parameters 17O-excess and d-excess in
a mountain site in the Central South Pyrenees (Villanúa, Huesca, Spain) to identify the
main factors (regional and local) controlling the isotopic composition of precipitation at
event scale. The samples were collected on a rainfall-event basis during 2 years (from
July 2017 to June 2019), and meteorological variables [temperature, relative humidity
(RH), and rainfall amount] were monitored at the sampling site. The δ17O, δ18O, and δD
values were higher during summer and lower during the rest of the year. In contrast, the
17O-excess and d-excess were lower during summer and higher during the remaining
months. We found that the isotopic parameters are weakly correlated with rainfall
amount during each event, but they strongly depend on changes in air temperature
and moderately on RH. We consider other factors affecting the isotopic composition
of rainfall events that resulted to have an important role, such as the influence of the
moisture source and trajectory throughout the variations in the synoptic pattern during
rainfall events. This dataset can be useful for further comprehensive atmospheric and
hydrological studies, with application to paleoclimatic investigations.

Keywords: rainfall events, water isotopes, 17O-excess, Pyrenees, triple oxygen isotopes, mountain climate,
environmental monitoring, Iberian Peninsula

INTRODUCTION

The oxygen and hydrogen isotopes composition [18O/16O and 2H/1H or δ18O and δD when
standardized to the international water standard Vienna-Standard Mean Ocean Water (V-SMOW)]
of rainwater has been widely used as a tracer of the hydrological cycle. In high latitudes, δ18O
and δD are mostly correlated with temperature, whereas in the tropics, they are dominated by the
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amount of precipitation of each rainfall event, also known as the
amount effect (Dansgaard, 1964; Rozanski et al., 1993). However,
there are other factors controlling the isotopic ratios in rainwater,
which are associated with evaporation and condensation
processes along the different phases of the hydrologic cycle.
Indeed, the δ18O and δD in rainfall are mostly a result of
the history of specific air masses and particular meteorological
conditions prevailing at the time of cloud formation (Craig,
1961; Dansgaard, 1964). Some effects on the isotope composition
of precipitation are stable for a particular location at short-
term, such as altitude or continental effects. In contrast, other
effects depend on variables that change with time for a specific
location (such as temperature, amount of precipitation, and
moisture source), which result in seasonal oscillations of the
isotope composition of precipitation at the site. In addition to
the primary parameters δ18O and δD, the deviation of a given
sample with respect to the Global Meteoric Water Line (GMWL),
also known as deuterium excess (d-excess = δD – 8 δ18O) (Craig,
1961; Dansgaard, 1964), has been widely used to define moisture
source characteristics, such as the relative humidity (RH) and
the temperature of the sea surface at the time of water vapor
formation (Merlivat and Jouzel, 1979).

More recently, analytical advances have permitted obtaining
precise measurements of the triple oxygen isotope composition
(δ17O and δ18O) of natural waters (Barkan and Luz, 2005;
Steig et al., 2014). Deviations with respect to the δ17O–δ18O
GMWL, with a slope of 0.528, are expressed as 17O-excess [17O-
excess = ln(δ18O/1,000 + 1) – 0.528 ∗ ln(δ17O/1,000 + 1)]
(Barkan and Luz, 2005; Luz and Barkan, 2010). This parameter
has been found to mostly reflect variations in the RH at
the moisture source, with smaller temperature dependence
than d-excess (Barkan and Luz, 2005, 2007; Luz and Barkan,
2010). Therefore, it is expected that 17O-excess of precipitation
represents more directly the signal acquired during the formation
of water vapor, being a function of the normalized RH at the
moisture source, as observed in polar regions (Risi et al., 2010).
Coherently, a recent study in a subtropical island demonstrated
that 17O-excess in rainwater can also be a tracer of isotope
diffusional fractionation during evaporation (Uechi and Uemura,
2019) and suggests that, in the typical humid climate of tropical
and subtropical regions, the 17O-excess in precipitation is a
unique quantitative tracer for the RH at the oceanic moisture
source. In contrast, an investigation in a dry African region
showed that the 17O-excess in precipitation is strongly influenced
by re-evaporation during convective activity (Landais et al.,
2010). When strong convection occurs, rain re-evaporation and
convective downdrafts result in lower oxygen and hydrogen
isotopic ratios of precipitation (Risi et al., 2008). These processes
are not fully explored in mid-latitude regions where a complex
situation governed by multiple factors is expected, thus resulting
in a higher variability on the isotopic composition of rainfall.

In areas, such as the Iberian Peninsula (IP), where atmospheric
dynamics are influenced by the combination of prevailing
westerly winds, the subtropical anticyclone belt and the polar
front oscillations (Lionello et al., 2006), the resulting isotopic
composition of rainfall is thus controlled by several factors.
Despite the high regional and temporal variabilities of the

isotopic composition of rainfall in the IP, the Global Network
of Isotopes in Precipitation (GNIP) stations collecting isotopic
data in precipitation are still scarce, and few studies of rainfall
isotopic composition are currently available (Araguás-Araguás
and Diaz Teijeiro, 2005; Krklec and Domínguez-Villar, 2014;
Moreno et al., 2014). The lack of data in elevated areas, such as
the Pyrenees, is particularly notorious. To understand the main
factors controlling the isotopic variability of rainfall on a specific
site, present-day observations are necessary in many areas far
from the GNIP stations. Besides, very few sites collect and
measure rainfall isotopes at a per-event basis. Indeed, datasets of
stable isotopes in rainfall with high temporal resolution recording
significant rain events are still uncommon.

We provide here the first database of triple oxygen and
hydrogen stable isotopes of rainwater in Central South Pyrenees,
based on a rainfall-event sampling, which has allowed us to
obtain a very detailed rainfall isotopic record during 2 years. We
investigate the local rainfall isotopic variability in a mountain
site (957 m; Villanúa, Huesca, NE Spain) characterized by a
transitional Mediterranean–Oceanic climate and identify the
main factors controlling the isotopic composition of rainwater.
Other factors affecting the isotopic composition of rainfall events
are considered, including changes in the moisture source in order
to understand the atmospheric information recorded by the triple
oxygen isotopes of rainfall. We explore the use of the 17O-excess
signal of Pyrenean rainfall as a further application on paleo-
records to identify wet/dry periods in connection with local and
regional climate conditions.

SITE DESCRIPTION AND CLIMATE
SETTING

This study was conducted in Villanúa (Huesca), a village located
at the western end of Central South Pyrenees (northeastern IP)
(Figure 1). Villanúa is situated at the Aragon Valley, a north–
south valley in an area with a height gradient close to 2,000 m,
where the highest zones correspond to the Internal Ranges
representing a significant geographical barrier northern to the
sampling site. Monitoring was conducted at the interpretation
center of “Las Güixas” touristic cave (42◦40′59′′N; 0◦31′56′′W;
957 m a.s.l.) (Figure 1).

This mountain area is characterized by a Cfb climate
(temperate climate without dry season and warm summer)
according to the Köppen classification (Peel et al., 2007), with a
mean annual temperature of 10◦C and an annual accumulated
precipitation of∼1,100 mm occurring mainly in spring, autumn,
and during part of the winter, for which being April, November,
and January the rainiest months (Figure 1).

Precipitation from October to May is mainly controlled by
the presence of westerly winds and the passage of Atlantic
fronts. The area is exposed to the entrance of Atlantic
fronts that cannot move southwards due to the barrier
effect exerted by the surrounding mountains, dropping a
large amount of precipitation in this area and generating a
seasonal maximum in rainfall. During the warmest months
(July and August), the jet stream retreats northward so
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FIGURE 1 | Location of the precipitation sampling site in Villanúa and meteorological stations (DGT station in Villanúa and SAIH—Ebro station in Canfranc) in the
Aragon Valley (Central South Pyrenees). Pyrenees map from ASTER GDEM (NASA v3, 2019) and aerial view of Aragon Valley from Google Earth. Ombrothermic
diagram shows monthly precipitation amount averaged over 22 years (from 1998) and air temperature averaged over 18 years (from 2002) based on climatological
data obtained from the meteorological station at Canfranc village. This location is 4 km to the north of the precipitation sampling site in Villanúa, having similar mean
annual air temperature (10.7◦C) and slightly higher precipitations (1,235 mm).

subtropical high pressure systems control the weather evolution.
The Azores anticyclone keeps off the entry of the Atlantic
storms allowing atmospheric stability; however, convective events
associated with the combination of warm conditions and strong
orography are able to produce rainfall events during this
period. The transition periods between these two situations,
spring and autumn, are affected by both alternating dynamics
systems, causing a changing and unstable rainy weather, mainly
in spring. Spring is a period of strong contrasts with a
maximum of rainfall in April–May when, together with the
entrance of seasonal frontal rains, the first convective rainfall
events linked to the local topography occur. In early June,
precipitation may be important, but decreases with the onset
of summer. At the autumn onset, the southwards retreat
of Azores anticyclone allows the entrance of western low

pressure systems, and an increase of rainfall is produced. This
detailed description about rainfall in the area (Martín et al.,
2007) is reinforced by the record and detailed observations
made during the rainfall sampling for this study (Figure 2).
Accordingly, precipitation in Villanúa exhibits a mix of the
Atlantic, Mediterranean, and convective precipitation regimes.
Precipitation in winter is characterized by the dominance of
Atlantic fronts, whereas autumn and spring are highly variable
with different precipitation origins, even Mediterranean regime
taking place. In summer, the dominant precipitations are of
convective origin.

Air temperature varies seasonally, with maximum values in
summer (∼20◦C as average monthly value), and RH varies
according to the air temperature and especially with rainfall
amount (Figure 2). The lowest values of RH (∼56% as average
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FIGURE 2 | Monthly precipitation amount at the sampling site, mean monthly air temperature, and mean monthly relative humidity based on data obtained from DGT
meteorological station at Villanúa during the 2-year monitoring period.

monthly value) occur in summer with the highest temperatures
and the lowest rainfall amount. In contrast, the oceanic influence
in winter brings a high RH (∼75% as average monthly value).
In spring, with increasing temperature, high RH values can be
observed as a result of enhanced evapotranspiration (Figure 2).
Another factor influencing RH is the high incidence of wind in
Villanúa, dominated by the Föhn effect from the north that dries
up the environment and lowers the RH values.

METHODOLOGY

Rainfall Sampling and Meteorological
Data
Rainfall samples were collected on a per-event basis from July
2017 to June 2019 (n = 216, Supplementary Table 1) at the
interpretation center of “Las Güixas” touristic cave in Villanúa.
A rain gauge was installed outside the interpretation center,
which allows measuring the amount of rain and water collection.
Precipitation events greater or equal to 1 mm were sampled with
the total event precipitation homogenized. The collected water
was filtered at the time of sampling, stored in 5 ml polypropylene
tubes sealed with screw cup without air inside, and kept cold
in a refrigerator until isotopic analysis. Rainfall samples were
collected at the end of each precipitation event, immediately
afterward whenever possible or after a few hours, in order to
minimize evaporation. In addition, a record has been made of
the amount of precipitation in the form of rain or snow, the
temperature of the sample, and the date and time at which it was
collected.

Meteorological data including air temperature, precipitation
amount, air RH, wind speed, and wind direction, monitored
every 10 min, were obtained from the DGT meteorological
station that is only 120 m far from the sampling site (Figure 1).
Average temperature, RH, wind speed, and wind direction were
calculated for each event (Supplementary Table 1).

Isotopic Measurement
The oxygen and hydrogen isotopes composition (δ17O, δ18O,
and δD) of rainwater was measured using cavity ring down
spectroscopy (CRDS) (Steig et al., 2014) on a Picarro L2140-
i at the Laboratory of Stable Isotopes at the University of
Almería, Spain. The results were normalized to the V-SMOW
scale by analyzing internal standards before and after a set
of measurements of 12–15 samples. Three internal water
standards (JRW, BOTTY, and SPIT; isotope values are shown
in Supplementary Table 4) were calibrated against V-SMOW
and Standard Light Antarctic Precipitation (SLAP), using δ17O
values of 0.0 and −29.69865h, respectively, and δ18O values of
0.0 and −55.5h, respectively (Schoenemann et al., 2013). This
standardization considers 17O-excess = 0 for both international
standards. δD was calibrated against V-SMOW, Green Ice Sheet
Precipitation (GISP), and SLAP. All isotopic deviations are
reported in parts per thousand (h) relative to V-SMOW. 17O-
excess values are given in per meg units (0.001h), where 17O-
excess = δ′17O - 0.528 δ′18O, where δ′17O is ln(δ17O/1,000 + 1),
and δ′18O is ln(δ18O/1,000 + 1) (Angert et al., 2004). The 17O-
excess expresses a small δ17O deviation (normally a few per meg
units) of a water sample with respect to the GMWL for triple
oxygen isotopes, for which the slope is 0.528 (Luz and Barkan,
2010). The d-excess describes the deviation for δ18O and δD
of a given sample with respect to the GMWL (δD-8 ∗ δ18O;
Craig, 1961).

The long-term precision (1σ) of oxygen and hydrogen
isotope analyses was evaluated by measuring an internal
standard (BOTTY) every 5–6 samples. The long-term precision
was ± 0.03, ± 0.05, and ± 0.4h for δ17O, δ18O, and δD,
respectively (n = 55). The long-term precision for the d-excess
parameter was±0.3h and for 17O-excess was±10 per meg.

Backward Trajectories
Backward-trajectory analysis was performed using the Hybrid
Single-Particle Lagrangian Integrated Trajectories (HYSPLIT)
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Model (Draxler and Rolph, 2010) and following a similar
methodology to Baldini et al. (2010). The model was run for all
precipitation events of this study. Trajectories were calculated
with hourly resolution, 120 h back from the end of every rain
event, as most of the moisture uptake for the IP occurs within
this time interval (Gimeno et al., 2010). Backward trajectories
were computed for each rainfall event at 850, 700, and 500 hPa
atmospheric levels [approximately equivalent to 1,500, 3,015, and
5,575 m above the ground level (AGL), respectively, depending
on pressure conditions over the region]. These atmospheric
levels (850 and 700 hpa) were selected according to Air
Resources Laboratory (ARL) recommendations1 as a good first
approximation of the levels from which frontal and synoptic
precipitation are identified. Although most of the moisture in the
atmosphere is thought to be in the first 2,000 m AGL (Bershaw
et al., 2012), 500 hPa atmospheric level was chosen to support
the presence of convection and to have meteorological conditions
over high tropospheric levels, taking into account orographic
conditions close to the studied region.

Meteorological Synoptic Conditions
Synoptic pattern classification has been developed using a simple
classification method that takes into account specific rainfall
events in the north of the IP and averages meteorological
conditions on a synoptic scale during these types of events (see
Valenzuela et al., 2018 for more details). Seven parameters have
been considered: (i) 500 hPa temperature (◦C), (ii) 850 hPa
temperature (◦C), (iii) sea level pressure (hPa), (iv) 300 hPa
geopotential height (m), (v) 500 hPa geopotential height (m), (vi)
925 hPa specific humidity (kg H2Ov kg air−1), and (vii) 925 hPa
wind direction. Composites showing the average values of these
parameters during each event have been developed using data
measured every 6 h. Taking into account these considerations,
four different synoptic patterns related with precipitation events
have been identified in the north of the IP (previously published
in Valenzuela et al., 2018): (i) Strong Atlantic Anticyclone (SAA)
pattern, (ii) Atlantic Depression (AD) pattern, (iii) Anticyclonic
Ridge pattern (AR), and (iv) Cut-off Low (CL) pattern.

RESULTS

Rainfall Isotope Results
The variation of δ17O, δ18O, δD, d-excess, and 17O-excess of
the precipitation in Villanúa during the monitoring period is
displayed in Figure 3, whereas their average, maximum, and
minimum values are indicated in Table 1 at seasonal and annual
scales covering the 2 years of sampling.

The δ17O, δ18O, and δD values were higher during the dry
period of summer (June to September; means of −2.55 ± 1.39,
−4.83 ± 2.65, and −32.09 ± 19.57h, respectively; n = 51) and
were lower during the rest of the year (means of −4.59 ± 2.25,
−8.72 ± 4.27, and −61.70 ± 33.06h, respectively; n = 159),
showing a seasonal variation (Figure 3A) with total amplitudes
of 12, 23, and 174h, respectively (see maximum and minimum

1https://www.arl.noaa.gov/hysplit/hysplit/

values in Table 1). The range of amplitude also varies seasonally,
being greater in spring, slightly lower in winter and, and very low
in summer. Five samples with very high values of δ17O, δ18O,
and δD (unfilled circles in Figure 3A) correspond to summer
events that underwent evaporation prior to sampling procedures
because they could not be collected right after precipitation.
These samples have not been considered in the calculations
and correlations.

The deuterium excess (d-excess) of the precipitation events in
Villanúa averaged 7.7 ± 6.2h, ranging 45.7h, between −23.5
and 22.3h (Table 1). Figure 3B shows the time series variation
of d-excess in Villanúa rainfall indicating lower values during
summer (6.6 ± 7.1h) and higher (8.1 ± 5.9h) during the
remaining months. Two extremely low values stand out (−22.4
and−23.5h) marked by yellow shade in Figure 3B.

The Local Meteoric Water Line (LMWL) in Villanúa is
defined as δD = 7.56·δ18O + 4.33 (n = 210; R2 = 0.97).
The slope of the LMWL is close to that of the GMWL
(Rozanski et al., 1993), and the d-excess is lower than that
of the GMWL. The LMWL in Villanúa is shown in Figure 4
where dots in different colors represent rainfall events in the
four seasons. Thus, summer events appear grouped in the
most positive values of the LMWL, whereas the other seasons
are not so clearly differentiated and appear along the line.
Five samples showing very high values of δ18O and δD were
identified to have suffered evaporation prior to sampling (red
dots), and they were not considered in the calculation of the
LMWL. There are other four samples with positive δ18O values
where no evidences of evaporation prior to sampling were
observed but show particular characteristics. Firstly, two rainfall
events from April 2018 corresponding to a southern rain front
carrying Saharan dust (brown dots in Figure 4). Secondly,
events 14 and 214 (enclosed by a circle in Figure 4) that are
represented well outside the LMWL and have extreme low
d-excess values (corresponding with the events with yellow shade
in Figure 3B).

The 17O-excess of the precipitation events in Villanúa
averaged 23± 21 per meg. It shows a clear seasonality opposite to
the δ17O, δ18O, and δD values (Figure 3) with an amplitude of 173
per meg, between−75 and 98 per meg (Table 1). The 17O-excess
values were lower during summer (9 ± 18 per meg) and higher
(28 ± 20 per meg) during the remaining months, similar as in
d-excess values. The 17O-excess results yield two outliers (samples
86 and 196) with remarkably low 17O-excess values of −28 and
−33 per meg, respectively, and an extremely low 17O-excess value
in summer of −75 per meg (sample 14) corresponding also with
a low d-excess value (−22.4h) as is shown in Figure 3B. On the
other hand, the relationship between δ′17O and δ′18O values in
rainwater generates a line with a slope of 0.524.

Correlation of Isotope Values With
Meteorological Parameters
To explore the statistical relationship between isotopic values
in precipitation and meteorological parameters (rainfall amount,
air temperature, RH, wind intensity, and wind direction at the
sampling site), we used Spearman’s rank correlation analysis
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FIGURE 3 | (A) Variation with time of δ17O, δ18O, and δD of the precipitation events in Villanúa during the 2-year monitoring period. Dots show precipitation events,
and thick lines are produced as five-samples weighted averages. Precipitation amount of each event and event average temperature were calculated from data of
Villanúa meteorological station. Shaded areas indicate rainfall events with high precipitation amount and that cause isotope lightening. (B) Deuterium-excess and
17O-excess series in Villanúa rainfall. The d-excess and 17O-excess values are represented by dots, and thick lines are produced as 5-samples weighted averages.
RH at the precipitation site of each event was obtained from data of Villanúa meteorological station. Yellow shaded circles indicate d-excess and 17O-excess outliers
without evidence of evaporation due to sampling that have been considered for calculations. For both graphs, unfilled circles correspond to rainfall waters that
underwent evaporation prior to sampling and were not considered for the calculations of the weighted average.

applying Bonferroni correction to prevent data from incorrectly
appearing to be statistically significant by making an adjustment
during comparison testing and using the Past software (Hammer
et al., 2001) (Supplementary Table 2). In general, the isotopic
parameters strongly depend on air temperature, and they are
moderately correlated with RH and weakly correlated with
rainfall amount at event scale (annual values at Table 2).

Temperature exerts an important control on event isotope
values. δ17O, δ18O, and δD values have a clearly positive
relation with air temperature (Figure 3A and annual values
at Table 2). Besides the lower isotopic values occurring at
low temperatures, the snow precipitation events in winter also
show relative low δ17O, δ18O, and δD values (not shown).

Apparently, the rainfall amount does not strongly control the
isotopic values (annual values at Table 2), but analyzing the
δ18O variation through time, added to the strong dependence
on air temperature, it is clearly observed how the most intense
rainfall events together with the longest lasting rain events
(several days) resulted in an isotopic lightening (Figure 3A).
Thus, these results suggest that rainfall amount is modulating
δ18O values. On the other hand, δ17O, δ18O, and δD values
show a moderate negative relationship with RH at the sampling
site (Table 2). Conducting an analysis of these relationships
on different seasons, it is shown that temperature controls
δ17O, δ18O, and δD values in all seasons except in summer,
when the most significant control is rainfall amount (Table 2).
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FIGURE 4 | δD and δ18O values of precipitation events in Villanúa. The Local
Meteoric Water Line (LMWL) is based on a linear regression through
precipitation isotope dataset (black line). Red circles represent samples that
suffered evaporation prior to sampling, and they have not been considered for
the LMWL. The Global Meteoric Water Line (GMWL) is also indicated (dashed
line). Samples enclosed by a circle indicate outliers without evidence of
evaporation due to sampling.

Regarding the relationship with RH, it only occurs in winter and
spring (Table 2).

As for second order parameters, 17O-excess shows a strong
negative correlation with air temperature and a weak positive
correlation with rainfall amount, whereas these environmental
parameters do not appear to exert a direct influence on d-excess.
Both d-excess and 17O-excess exhibit a positive correlation with
RH at the sampling site (annual values at Table 2), that is higher
for 17O-excess. Nevertheless, if we consider these relationships
grouped by the different seasons, 17O-excess correlation with
RH is not found, and a significant negative correlation with
temperature is only shown in winter. Significantly, temperature
correlates negatively with the RH also in winter (Supplementary
Table 2). Finally, the positive correlation of 17O-excess with
rainfall amount is only shown in autumn.

Considering meteorological variables, a negative correlation of
RH with temperature and wind speed occurs, which is moderate
for temperature (rs = −0.39; p-value = 2.74e−6) and strong for
wind speed (rs = −0.54; p-value = 2.08e−13) (Supplementary
Table 2). Analyzing this relationship in the different seasons, it
is observed how these correlations intensify in winter and do not
occur in other seasons, except in autumn when a strong negative
correlation between RH and wind speed is also observed. Besides,
it is worth to note that a seasonal behavior is not a characteristic of
wind intensity, since this parameter is highly variable on a smaller
time scale (event scale or even hourly scale).

Backward-Trajectory Analysis
We perform an analysis of backward trajectories of rainfall
events to evaluate the origin and trajectory of the air mass and
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TABLE 2 | Spearman’s correlation coefficients (rs) and significance levels (p-value) between isotopic parameters and environmental parameters at the sampling site [air
temperature, precipitation amount, and relative humidity (RH)] at event scale for the 2-year monitoring period (shaded) and for the different seasons.

δ17O (h) δ18O (h) δD (h) d-excess (h) 17O-excess (per meg)

rs p-Value rs p-Value rs p-Value rs p-Value rs p-Value

Summer (n = 31) Rainfall amount −0.61 0.007 −0.61 0.007 −0.68 0.001 0.10 1 0.40 0.735

Temperature 0.35 1 0.35 1 0.36 1 −0.03 1 −0.15 1

RH −0.30 1 −0.30 1 −0.34 1 0.17 1 0.21 1

Autumn (n = 54) Rainfall amount −0.36 2.2E-01 −0.36 2.0E-01 −0.29 0.956 0.29 1 0.48 0.006

Temperature 0.50 3.7E-03 0.50 3.7E-03 0.49 0.005 −0.13 1 −0.42 0.040

RH −0.14 1 −0.14 1 −0.08 1 0.32 0.537 0.12 1

Winter (n = 49) Rainfall amount −0.08 1 −0.08 1 −0.05 1 0.10 1 0.01 1

Temperature 0.46 2.5E-02 0.46 2.5E-02 0.32 0.659 −0.53 2.3E-03 −0.51 0.006

RH −0.52 3.3E-03 −0.52 3.5E-03 −0.45 0.032 0.20 1 0.32 0.727

Spring (n = 46) Rainfall amount −0.41 1.3E-01 −0.41 1.3E-01 −0.39 0.188 0.16 1 0.33 0.757

Temperature 0.47 2.9E-02 0.47 2.7E-02 0.50 0.012 0.17 1 −0.35 0.484

RH −0.52 5.1E-03 −0.53 5.0E-03 −0.46 0.032 0.33 0.656 0.34 0.555

Annual (n = 180) Rainfall amount −0.27 0.00591 −0.27 0.00553 −0.25 0.01932 0.12 1 0.27 0.00573

Temperature 0.70 2.92E-26 0.70 2.01E-26 0.69 1.38E-25 −0.19 0.29265 −0.66 3.26E-22

RH −0.46 3.81E-09 −0.46 3.48E-09 −0.41 3.72E-07 0.30 0.00092 0.37 1.13E-05

The number of events used for each correlation (n) is specified in the first column. Significant correlations with p-value < 0.05 after application of Bonferroni test are in bold.

their influence on precipitation isotopic content. The backward
trajectories calculated have similar tracks for the three different
starting altitudes for 48% of the events, mostly winter events.
In contrast, during the rest of the year, and mostly in summer,
trajectories at different altitudes follow different paths, being
common that the trajectory at the highest elevation shows
longer paths due to generally higher wind speeds at higher
altitudes. Trajectories at 850 and 700 hPa follow similar paths for
66% of the events.

In this study, we analyze back-trajectories at 850 hPa for
each precipitation event. Their representation is grouped by
season (Supplementary Figure 1) showing in every case the
dominance of the different sources and paths followed by the
air masses throughout the year. A classification of these back-
trajectories at 850 hPa according to their source origin and
their mean direction until they reach the study site in the IP
has been performed (Table 3). The main criterion chosen in
this classification is the mean direction of the trajectory until it
reaches the study site. Trajectories that fit on described types and
directions have been used in this comparison. However, some
trajectories that do not fit with this classification (20%), either
because they experience sudden trajectory changes, or because
they present a looped trajectory with scarce displacement,
have not been considered for this analysis. Trajectories with
Atlantic origin represent 70% of trajectories throughout the
year, accounting for 75% of the total amount of precipitation,
with a δ18O mean value of −8.48h and a large δ18O variation
range of 20h. The number of events with trajectories coming
from the Mediterranean is smaller (∼30%), with a δ18O
mean value of −3.26h and a lower δ18O variation range
(10.1h).

A predominant Atlantic source is observed in winter
trajectories with three dominant maritime (m) types: (i) an
Arctic cold and low humidity air trajectory (mA) arriving from

the N-NW and reaching the Pyrenees from the Cantabrian
Sea or crossing France before; (ii) the polar wet and cold air
trajectory (mP) with origin on northern positions of the Atlantic
(Greenland, Canada) that usually enter the IP by the west,
around Galicia and North Portugal, and sometimes from a NW
position through the Cantabrian Sea; and (iii) the subtropical
warmer and humid air flows (mT) from lower latitudes on
the N Atlantic that enter IP from the SW between Lisboa
and Cádiz and cross central IP before reaching the Pyrenees,
providing less negative δ18O values compared with the previous
two (Table 3).

During the rest of the year, the trajectories are more variable,
adding also wet air masses arriving from the Mediterranean
(Med). Most of the trajectories with a Mediterranean source
origin enter the peninsula through southern Catalonia. In
summer and spring, several air masses come from North Africa
(cT) and cross the Mediterranean before entering the IP. In
spring, the entrance of continental cool air masses coming
from North of Europe (cP) occurs occasionally and provides
the most positive δ18O values of this classification (Table 3).
Interestingly, the other isotopic parameters, such as 17O-excess,
appear with similar organization following the different sources
and trajectories as the δ18O values (Table 3).

Meteorological Synoptic Patterns
Analysis
Considering the four main meteorological patterns defined by
Valenzuela et al. (2018) (graphical description in Supplementary
Figure 2), a synoptic pattern has been assigned to every rainfall
event at Villanúa (Supplementary Table 1).

The SAA pattern shows the presence of a strong Atlantic
high-pressure system extended to the north of Azores and a low-
pressure system over the Mediterranean Sea. It is characterized
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by polar and artic maritime air masses, frontal and post-frontal
rainfall with high orographic forcing and moderate precipitation,
and strong winds from the NW-N in all the troposphere over
the IP. It has been identified in 44 out of 216 events along the
whole year, although it is more common in winter and autumn
that conforms around 25% of events (Table 4).

The AD pattern is defined by the presence of one or several
deep depressions near the Britannic Islands moving toward
the East and a weak Azores high pressure system displaced
southward. It is characterized by polar maritime air masses,
frontal rainfall with moderate orographic forcing and moderate
precipitation values, and very strong zonal winds in all the
troposphere from the W-NW affecting the IP. This is the most
common pattern at our study site, identified in 98 out of 216
events along the whole year, with maximum occurrence in
winter and autumn representing 53 and 50% of the events,
respectively (Table 4).

The AR pattern is defined by the presence of a strong Azores
high pressure system, extended as a ridge, affecting the North
IP. AR pattern is characterized by subtropical air masses, low
stratiform orographic precipitation values associated with the
tail-end of weak fronts, and weak winds from the W-NW-N
in all the troposphere, affecting the IP. It has been identified
in 13 events along the whole year with a greater occurrence in
winter (Table 4).

The CL pattern represents the presence of a cut-off low
extended down to the surface over or near the IP. It is
characterized by a weak polar air mass surrounded by a
subtropical air mass, producing an intense thermodynamic
instability over the region, high convective precipitation values,
and weak close-circulation winds in all the troposphere with
predominance of N-NW components. CL pattern has been
identified in 61 out of 216 events, occurring mainly in
spring (with 47% of the events) and in summer (33% of the
events) (Table 4).

δ18O values of rainfall events associated to every pattern are
indicated in Table 4, where a strong influence of seasonality is
observed. Although there are no large differences in the δ18O
values between the different synoptic patterns, in general, events
classified as SAA, AD and CL patterns show the more negative
values, and events classified in AR pattern show the higher values.
Summer is the exception to this rule when events associated with
the AR pattern show the lowest δ18O values.

TABLE 4 | Number of events (n) and average of δ18O values that correspond to
the different synoptic patterns (SAA, AD, AR, and CL) analyzed for the 2-year
monitoring period (annual) and specified for the different seasons.

n Mean δ18O (h)

SAA AD AR CL SAA AD AR CL

Summer 7 12 3 9 −4.1 −3.8 −6.5 −4

Autumn 14 27 3 10 −8.8 −9.3 −5.6 −8.2

Winter 14 31 6 7 −9.8 −10 −7.6 −12.8

Spring 8 26 1 32 −6.1 −7.2 −3.2 −6.4

Annual 43 98 13 61 −7.87 −8.29 −6.51 −7.14
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TABLE 5 | Number of events that correspond to the different synoptic patterns analyzed and to the different seasons, indicated for each trajectory type and direction.

Trajectory type and direction n Meteorological synoptic pattern Season

SAA AD AR CL Summer Autumn Winter Spring

mA (N-NW) 2 1 0 0 1 0 2 0 0

mP (N-NW) 35 21 4 4 6 1 9 20 5

mT (W) 38 8 26 3 1 3 11 13 11

mT (SW-S) 53 3 41 0 9 5 16 18 14

Med + cT (SSE) 5 0 2 0 3 1 3 0 1

Med + cT (SE) 27 3 9 2 13 12 3 2 10

Med (ESE) 4 0 0 0 4 0 1 1 2

Med (E) 5 0 0 1 4 1 3 0 1

cP (NNE) 2 0 0 1 1 0 0 0 2

The number of events (n) for each trajectory type is indicated.

In Table 5, the relationships among synoptic patterns and
the different trajectories are indicated. Thus, the SAA pattern
is mostly associated with trajectories with Atlantic origin and
NW directions, and the AD pattern is also fundamentally
associated with trajectories of Atlantic origin but mostly from
SW directions. AR pattern is associated with trajectories of
more scattered directions, although trajectories with Atlantic
origin and NW direction are the predominant ones. In contrast,
CL pattern is related to trajectories of Mediterranean origin,
although other trajectories are also observed. This pattern is
also the most widely distributed throughout the year and at the
same time the one with the least incidence in winter. Trajectories
that occur more frequently in winter are predominantly related
to the SAA and AD patterns, whereas trajectories that occur
most frequently in summer are predominantly related to
AD and CL patterns, thus indicating the role of both the
meteorological situation (synoptic pattern) and the seasonality
to explain the link between isotopic composition and air
mass trajectory.

DISCUSSION

Influence of Geographical Setting on
Rainfall Isotopic Values in an Alpine Site
Mean rainfall isotope values collected in Villanúa site are in the
range of previous studies from the IP but with generally lower
δ18O values (Araguás-Araguás and Diaz Teijeiro, 2005). This is
likely due to the altitudinal effect that influences precipitation
isotope ratios at this particular site, compared with most of the
available GNIP data from IP. The altitude effect is associated
with the decreasing temperatures of condensation and to the
progressive Rayleigh distillation as the air mass is lifted over an
orographic barrier (Lachniet, 2009). δ18O values decrease with an
increase in altitude and its consequent decrease in mean annual
temperature along the mountain slope (Clark and Fritz, 1997).
Indeed, mean rainfall δ18O values in Villanúa are similar to those
found in other locations situated inland the IP at a relative high
elevation (average altitude of 660 m) (δ18O ranging from −7 to
−10h) and that present a progressive depletion as distance to
the coast and elevation increase, as a result of the continental

effect (Araguás-Araguás and Diaz Teijeiro, 2005). δD values are
between those found on the IP (δD ranging from−40 to−67h)
with a continental influence (Araguás-Araguás and Diaz Teijeiro,
2005). Similarly, mean d-excess values in Villanúa rainfall are in
the range of the mean weighted values observed in rain samples
over the IP (+7 to +14h), which reflects the importance of
Atlantic air masses as major factors controlling the isotope values
over the IP (Araguás-Araguás and Diaz Teijeiro, 2005). The 17O-
excess values are similar to those of mid-latitude rains analyzed
in other studies (Luz and Barkan, 2010). The linear relationship
described by the values of δ′17O and δ′18O in rainwater generates
a slope of 0.524, slightly lower than the slope for rainwater at
a global scale that is around 0.528 (Luz and Barkan, 2010) but
similar to that one from waters slightly evaporated (Luz and
Barkan, 2010; Aron et al., 2020).

Comparing these results with other rainfall isotopic studies
from nearby Pyrenean sites, an altitude effect is clearly observed,
with a decrease of isotopic values when altitude increases. This
relation is shown in Figure 5 where mean δ18O value in Villanúa
rainfall is compared with other nearby rainfall sampling sites
located at different elevations. The lowest locality in Figure 5 is
Borrastre where rainfall sampling site is located at 770 m a.s.l.
Rainfall has been collected in Borrastre at per-event basis from
June 2011 to May 2016 (Moreno et al., 2020). The weighted
average of rainfall-event values is −6.9h for δ18O and −46.8h
for δD (n = 373). δ18O and δD weighted average values in
Villanúa (−8.6 and −60.1h, respectively) are more negative
than those found in Borrastre rainfall, according to their altitude
difference. Other sites in Figure 5 (Góriz and Parador) are rainfall
sampling sites located in PNOMP (Ordesa and Monte Perdido
National Park), a high mountain area immediately north to
Borrastre, where rainfall was sampled between 2014 and 2016 in
Parador house and between 2013 and 2015 in Góriz mountain
hut (Jódar et al., 2016). Although the averaged data from these
four localities correspond to different periods, it is still possible to
observe the elevation influence when comparing averaged δ18O
values (Figure 5).

The elevation gradient determined from the comparison of
Pyrenean δ18O data is −0.3h per 100 m (Figure 5), similar to
values found in other areas in Spain (Julian et al., 1992; Andreo
et al., 2004), the same value that is found in most mountain

Frontiers in Earth Science | www.frontiersin.org 10 May 2021 | Volume 9 | Article 633698

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-09-633698 May 15, 2021 Time: 15:17 # 11

Giménez et al. Isotopic Composition in Pyrenean Rainfall

FIGURE 5 | Relationship between elevation and δ18O of different rainfall
sampling sites in Pyrenees. δ18O rainfall mean values are obtained by the
weighted average of rain events values in Borrastre (n = 373) and Villanúa
(n = 210). For Góriz and Parador, δ18O values of rainfall samples are seasonal
averaged and calibrated with a sinusoidal equation (Jódar et al., 2016).

areas in the Alps (∼0.3h per 100 m) (Poage and Chamberlain,
2001 and references therein) and consistent with the gradient
values from most mountain regions of the world (∼0.28h
per 100 m) (Poage and Chamberlain, 2001). Nevertheless, this
comparison has some limitations. One limitation resides in
the fact that rainfall data from the presented sampling sites
correspond to different periods. In addition, the particular
location of Borrastre, due to its eastern position with a greater
influence of the Mediterranean climate and further away from the
highest orographic barriers located northwards, shows slightly
more positive δ18O values than those occurring if only elevation
was considered (Figure 5).

Meteorological Controls on the δ18O
Variability of Rainfall
The meteorological parameters at the studied site control the
isotopic composition through different effects. Condensation of
atmospheric vapor that forms clouds is an equilibrium process
where the heaviest isotope is preferentially incorporated into the
liquid phase, leading to the isotopic depletion of the remaining
vapor. This process of progressive condensation and lowering
of precipitation isotopic ratios is known as Rayleigh distillation,
an effect that is mediated by surface air temperature (Clark and
Fritz, 1997; Lachniet, 2009). The isotopic composition of Villanúa
rainfall is strongly dependent on air temperature, leading to more
negative δ18O values in winter and more positive in summer
(Figure 3A) and thus indicating a seasonal variation. The
observed correlation between δ18O and air temperature at event
scale is also verified at monthly scale with weighted averaged

values (rs = 0.7; p-value = 3.9× 10−5; n = 24) (see monthly values
in Supplementary Table 3). The same relationship is found at
yearly scale, thus supporting this dependence on air temperature.
Other important control on δ18O rainfall composition is the
amount effect, which is defined as the observed decrease in
rainfall δ values with increased rainfall amount (Dansgaard,
1964; Rozanski et al., 1993; Bony et al., 2008; Risi et al., 2008).
In Villanúa, the “amount effect” modulates δ rainfall values as
observed in the isotopic lightening during the longest lasting
rainfall events (e.g., event of October 19, 2017, δ18O =−11.64h;
event of December 10–11, 2017, δ18O = −20.36h; event of
October 31, 2018, δ18O = −18.6h; and the isotopic decrease
after 9 days of rain from May 30, 2018 to June 07, 2018)
(Figure 3). It is also worth to highlight the influence of the
amount effect on rainfall isotope values during summer, when
the positive isotopic characteristics of the few events that occur
are only interrupted by low values corresponding to a heavy
rain event (event of August 23, 2018, 45 mm of precipitation
in 2 h, δ18O = −9.23h). The mechanisms underlying the
amount effect of this summer precipitation events are tightly
related to convective processes (Risi et al., 2008). The strong
climatic seasonality of the study area has an important influence
on the correlations with isotopic signal in precipitation that
show an annual cycle (Table 2). Temperature controls strongly
the isotopic composition of rainfall, whereas rainfall amount
modulates this composition, both factors strongly depending on
the seasonality. In order to explore the variability controlled
by the combination of these two parameters, we conducted
a multiple regression model on event precipitation δ18O data
(n = 210). This analysis results in the following equation:

δ18O = 0.50 ∗ T – 0.07 ∗ p – 10.73,

where T (◦C) is the event averaged temperature and p (mm) is
the event rainfall amount. This exercise supports the dominant
role of temperature, whereas the amount effect is likely important
during specific rain events (Figure 3). There is a moderate
negative correlation of isotopic ratios with RH that for δ18O is
only significant in winter and spring (Table 2). This negative
correlation is inherent to the fact that δ18O correlates positively
with temperature that at the same time correlates negatively
with RH. Winter is the only season when a real dependence
between temperature and RH is shown. There is also a
strong correlation between RH and wind speed suggesting an
important role of the wind on RH variations during this period
(Supplementary Table 2).

Moisture Source Effect Revealed by
Backward-Trajectory Analysis and
Synoptic Patterns
Besides temperature and rainfall amount, the moisture source
also controls the isotope composition of precipitation at event
timescale (Krklec and Domínguez-Villar, 2014; Moreno et al.,
2014). The source effect depends on the isotope composition
of the different ocean surface waters, the different conditions
of temperature and RH at the source, and also on varying
air mass histories when moisture uptake takes place. Different
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paths followed by air masses, derived from different moisture
sources, control the isotopic values of the rainfall events. The
effect of seasonality is particularly relevant in the IP since the
two dominant sources of moisture exert their influence on a
different season. The Atlantic source is dominant in winter,
whereas the Mediterranean source occurs mainly in summer.
In consequence, backward-trajectory analysis clearly shows that
Villanúa receives atmospheric moisture from two dominant
sources: The Atlantic Ocean that provides lower δ18O values in
precipitation and the Mediterranean Sea that provides enriched
values (Table 3). This situation was previously evidenced in
other IP sites by several authors (Celle-Jeanton et al., 2001;
Araguás-Araguás and Diaz Teijeiro, 2005).

The analysis of stable isotopes in rainfall and backward
trajectory of air masses enables to differentiate the two dominant
moisture sources and several frequent trajectories (Table 3).
Thus, analyzing the isotope values of rainfall coming from the
different trajectories, a clear change of rainfall δ18O values is
observed, going from more negative values associated to the
northern and northwestern trajectories to less negative values
when the trajectories come from the south, southeast, and finally
northeast (Table 3). This is certainly the reflect of a gradual
mixing of sources, with Atlantic source being the more negative
one and the continental air trajectories coming from Northern
Europe the less negative one (Table 3). The δ18O variation reflects
a parallel evolution with air temperature associated with both
the decrease in the latitudinal trajectory of the air masses and
its temporal occurrence. The seasonal variation correlates with
several parameters and with rainfall δ18O content around the year
and is also related to the source. Therefore, the Mediterranean
influence takes place in summer, when the temperature is
higher and leads to more positive rainfall δ18O values. Fewer
Mediterranean rain events occur compared with the occurrence
of Atlantic rains (70% of events throughout the year). However,
the influence of Mediterranean source is noticeable because of the
high amount of rain provided in each event (Table 3).

Considering the trajectories with an Atlantic source, an
increase of δ18O values when the source is moving southwards
is observed (Table 3). This δ18O increase occurs in parallel to
the increase of the distance traveled over land since the air
masses cross over the entire IP before reaching the Pyrenees.
The δ18O values increase associated to the contribution of re-
evaporated land moisture to the water vapor moving inland, as
already observed by Krklec and Domínguez-Villar (2014). Owing
to this inland contribution, rains with an Atlantic origin present
a notable δ18O variability (variation range of 20h), whereas
rainfall events originated in the Mediterranean, with shorter
distances traveled over the IP, present a lower δ18O variation
range (10.1h). Otherwise, the scarce continental air trajectories
coming from North of Europe throw the most enriched δ18O
values (−2.96 ± 0.33h) (Table 3), likely due to the inland
contribution of re-evaporated moisture, as found in other regions
where the trajectories are really long and there is incorporation of
recycled moisture (Chakraborty et al., 2016).

The different types of trajectories obtained in this classification
appear associated to one of the synoptic patterns obtained
(Table 5), indicating the important role the meteorological

situation is playing on controlling the influence of air mass
trajectory on rainfall isotopic composition. As trajectories change
from Atlantic origin to Mediterranean origin, the occurrence of
synoptic patterns also changes from SAA and AD conditions
to AR and CL patterns, so the influence of the trajectory
on the rainfall δ18O values is certainly mediated by the
meteorological situation.

Controls on 17O-Excess and d-Excess:
Source Effect vs. RH
The d-excess and 17O-excess records of Villanúa rainwaters
are correlated during some periods; however, some opposite
pattern can be observed in some intervals, such as during
spring–summer 2018 (Figure 3B). These differences suggest
that different mechanisms control the d-excess and 17O-excess
variabilities. Both parameters are largely determined by kinetic
effects during evaporation of the sea water. Detailed analyses
have shown that d-excess is influenced by surface air temperature
and RH at the moisture source (Merlivat and Jouzel, 1979),
whereas 17O-excess in rainfall is mainly control by the RH of
the atmosphere at the boundary layer where evaporation occurs,
while the effect of temperature is negligible (Tian et al., 2018;
Uechi and Uemura, 2019).

Previous studies on 17O-excess during the water evaporation
process have shown that the water vapor acquires higher values
of 17O-excess, whereas the liquid phase presents negative values
as the volume of water decreases (Luz and Barkan, 2010).
Higher RH values generate water vapor with lower 17O-excess,
whereas when sea surface evaporation occurs under conditions
of lower RH, the expected 17O-excess value in the vapor is
higher (Uechi and Uemura, 2019). During the condensation
of water vapor in the clouds, there is hardly any change in
the value of 17O-excess. Therefore, precipitation should reflect
moisture source 17O-excess values (Uechi and Uemura, 2019)
that at the same time, depend on the RH at the moisture
source that controls the amount of 17O-excess gained during sea
surface evaporation. Hence, 17O-excess values in precipitation
increase when evaporation occurs in more arid conditions (i.e.,
lower RH) at the moisture source. In consequence, a negative
correlation between the 17O-excess of rainfall and RH at the
moisture source would be expected. This behavior has been
observed in a detailed study on rainfall isotopes collected on
Okinawa subtropical island, where there is an inverse relationship
between 17O-excess and RH with the lowest RH occurring in
winter (Uechi and Uemura, 2019). These authors claimed that
RH measured in Okinawa at the sampling site is similar to that
at the moisture source, and that the variability in the rainwater
17O-excess reflects seasonal changes in seasonal RH during the
evaporation process (Figure 6A).

Although the RH values in the moisture source have not been
identified for our study, a variation in the origin of the source
has been revealed by the analysis of the backward trajectories.
A variation throughout the year for 17O-excess values has also
been determined, showing a decrease as the trajectories change
from Atlantic sources in winter to Mediterranean sources in
summer (Table 3). Villanúa sampling site has a rainfall pattern
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FIGURE 6 | Temporal variation of monthly precipitation-weighted average values of δ18O and 17O-excess and meteorological data (monthly RH, monthly
precipitation amount, and monthly mean air temperature) (A) at Okinawa Island (modified from Uechi and Uemura, 2019) and (B) at Villanúa (average RH of the
rainfall events for every month). Shaded areas indicate time periods of low RH.

characterized by rains that occur mostly in cold and transition
periods, when the highest RH in the source (Atlantic origin)
occurs. Thus, it would be expected that rains will present
lower 17O-excess values in winter–spring, when the RH is
higher, and higher 17O-excess values in summer, with lower RH.
However, the opposite pattern is observed: 17O-excess values of
precipitation in Villanúa are higher during the humid period than
during the dry period (summer) (Figure 6B). This contrasts with
the observations of Uechi and Uemura (2019) in Okinawa Island.
In contrast, the positive correlation between 17O-excess and RH
is in agreement with the pattern observed in precipitation of West
Africa (Landais et al., 2010). These authors found that, under
lower RH conditions, rainwater shows lower 17O-excess values,
interpreted as a result of re-evaporation of rainwater droplets in
a dry air column.

The positive correlation between the RH and 17O-excess
points to a raindrop evaporation effect, as that observed in
West Africa (Landais et al., 2010). In a raindrop re-evaporation
model (Bony et al., 2008) when the RH is low, kinetic effects
during rain evaporation are enhanced, and thus the vapor has
a higher 17O-excess, leaving a progressively lower 17O-excess

in the remaining rain water. Therefore, when the RH in the
precipitation site is low, a raindrop evaporation effect occurs
resulting in a fractionation process that decreases precipitation
17O-excess. This means that, during the dry months, 17O-excess
rising during evaporation from the source may be balanced by
17O-excess lowering in raindrop evaporation. Therefore, during
the driest periods in the Pyrenees and when the RH is lower
(summer), the values of the 17O-excess in the rain will be
more negative, whereas, in the winter rains, when the RH is
high, the secondary evaporation of the raindrops is reduced,
and 17O-excess values are higher. Consequently, 17O-excess in
rainwater in the studied area is controlled by two parameters: (1)
changes in the RH in the source where the moisture is generated,
which is mainly from Atlantic origin and (2) the humidity
conditions at the time of precipitation in the surroundings of
the rainfall sampling site. Unlike the study of Uechi and Uemura
(2019), the results of Villanúa suggest that the RH at local
scale controls the variability of 17O-excess in the rainfall of this
region, in agreement with the results of the African rains of
Landais et al. (2010). Precipitation 17O-excess in Villanúa shows
a positive correlation with RH at the sampling site (Figure 7A)
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FIGURE 7 | (A) Monthly 17O-excess precipitation variation versus RH at the sampling site. (B) Monthly d-excess precipitation variation versus RH at the sampling
site.

although this correlation is only found when analyzed at an
annual scale (Table 2). Additionally, RH variation occurs on a
sub-seasonal scale conditioned by factors that occur on this scale,
such as wind speed. In this regard, the geographical conditions
of the sampling site with an important Föhn effect facilitate the
important role of the wind throughout the year in reducing the
RH. As for the relationship between 17O-excess and d-excess,
there is a weak correlation between both parameters (R2 = 0.16),
but this correlation is strong and significant considering only
summer data (R2 = 0.55; with a slope of 1.3 per meg%−1),
suggesting that in this period, the variability of 17O-excess and
d-excess is controlled by processes that have a similar impact on
both parameters: i.e., either RH at the moisture source or RH
during rain evaporation.

The relationship between 17O-excess and RH at event
scale (rs = 0.37; p-value = 1.13e−05) is slightly higher
than the relationship between d-excess and RH (rs = 0.30;
p-value = 0.00092). The slopes of the 17O-excess vs. RH and
d-excess vs. RH linear relationships are also very different.
At monthly scale this behavior is also shown (Figure 7).
These results suggest that other factors besides re-evaporation
processes, such as the origin of air masses or fractionation
processes along the distillation pathway from the evaporation
sources (continental recycling), were contributing to the
evolution of d-excess. Monitoring of triple oxygen and hydrogen
isotopes in rainwater and water vapor at sites closer to the
moisture sources (Atlantic Ocean vs. Mediterranean Sea) may
shed light on the importance of local RH and moisture sources
changes on the isotopic composition of precipitation in the
Pyrenees. Monitoring the water vapor will allow to directly
quantify the effect of rain evaporation and to better understand
controlling factors.

CONCLUSION

We present the first database of triple oxygen and hydrogen
stable isotopes of precipitation events in the Pyrenees. Main
regional and local factors controlling the isotopic composition of
rainwater have been explored. Our results show the importance
of an altitude effect on the isotopic composition of rainfall, when
comparing mean δ18O and δD values with other Pyrenean sites.
As for local controls, temperature has been identified as the
main factor controlling δ18O and δD of rainfall and determines
their seasonal variability. Rainfall amount only exerts a noticeable
control in summer, when convective storms take place in
the Pyrenees. Backward-trajectory analysis shows that Villanúa
receives atmospheric moisture from two different sources, the
Atlantic Ocean and the Mediterranean Sea, although the Atlantic
source supplies ∼75% of the total precipitation amount. Rainfall
events with Atlantic origin show lower δ18O values, whereas they
are less negative when the trajectory indicates a Mediterranean
source. Additionally, the different identified synoptic patterns are
associated to the described trajectories, thus also influencing the
rainfall isotopic values.

Based on previous theoretical and empirical studies that
demonstrate that 17O-excess of rainwater is controlled by the
surface RH at the moisture source, we suggest that 17O-excess
in precipitation at our study site is controlled by the RH, both
at the humidity source (ocean) and local air column at the time
of precipitation. The lowest 17O-excess values in summer, when
the RH is low in the Pyrenees, suggest an important effect of
the re-evaporation of raindrops, as has been observed in West
Africa. This indicates that 17O-excess may be a good proxy of
aridity conditions in this area at different time scales. Additional
analysis of the RH conditions at the moisture source and its
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changes along the trajectories would be very useful to further
understand the effect controlling the precipitation 17O-excess.
Equally, monitoring the water vapor at the rainfall site would
allow to directly quantifying the effect of rain evaporation.

This new dataset of triple oxygen and hydrogen isotopes of
rainfall is helpful to fully understand the influence of atmospheric
features in isotopic rainfall composition at local and regional
scales and can be highly useful for further interpretation of
paleoclimate records based on isotopic data in this region.
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