
Atmos. Chem. Phys., 21, 10159–10177, 2021
https://doi.org/10.5194/acp-21-10159-2021
© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

Measurement report: Spatial variability of northern Iberian rainfall
stable isotope values – investigating atmospheric controls on daily
and monthly timescales
Ana Moreno1, Miguel Iglesias2, Cesar Azorin-Molina3, Carlos Pérez-Mejías4,1, Miguel Bartolomé5,6,
Carlos Sancho5,�, Heather Stoll7, Isabel Cacho8, Jaime Frigola8, Cinta Osácar5, Arsenio Muñoz5,
Antonio Delgado-Huertas9, Ileana Bladé10, and Françoise Vimeux11,12

1Department of Geoenvironmental Processes and Global Change, Pyrenean Institute of Ecology – CSIC,
Avda. Montañana 1005, 50059 Zaragoza, Spain
2Department of Geology, University of Oviedo, C/Arias de Velasco, s/no 33005 Oviedo, Spain
3Centro de Investigaciones sobre Desertificación, Consejo Superior de Investigaciones Científicas (CIDE-CSIC),
46113 Moncada, Valencia, Spain
4Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an, 710049, China
5Earth Sciences Department, University of Zaragoza, C/Pedro Cerbuna 12, 50009 Zaragoza, Spain
6Departamento de Geología. Museo Nacional de Ciencias Naturales – CSIC, C/José Gutiérrez Abascal 2,
28006 Madrid, Spain
7Geological Institute, NO G59, Department of Earth Sciences, Sonneggstrasse 5, ETH, 8092 Zurich, Switzerland
8CRG Marine Geosciences, Department de Dinàmica de la Terra i de l’Oceà, Facultat de Ciències de la Terra,
Universitat de Barcelona, C/Martí i Franquès, s/no, 08028 Barcelona, Spain
9Stable Isotope Biogeochemistry Laboratory, IACT-CSIC, Avda. de Las Palmeras no 4, 18100 Armilla (Granada), Spain
10Group of Meteorology, Department of Applied Physics, Faculty of Physics, University of Barcelona, Martí i Franqués,
1, 08028 Barcelona, Spain
11HydroSciences Montpellier (HSM), UMR 5569 (UM, CNRS, IRD), 34095 Montpellier, France
12Institut Pierre Simon Laplace (IPSL), Laboratoire des Sciences de Climat et du l’Environnement (LSCE),
UMR 8212 (CEA, CNRS, UVSQ), 91191 Gif-sur-Yvette, France
�deceased, February 2019

Correspondence: Cesar Azorin-Molina (cesar.azorin@uv.es)

Received: 17 August 2020 – Discussion started: 8 September 2020
Revised: 19 May 2021 – Accepted: 25 May 2021 – Published: 7 July 2021

Abstract. For the first time, this article presents a large
dataset of precipitation isotopic measurements (δ18Op and
δ2Hp) sampled every day or 2 d from seven sites on a west-
to-east transect across northern Spain for 2010–2017. The
main aim of this study is to (1) characterize the rainfall
isotopic variability in northern Spain at daily and monthly
timescales and (2) assess the principal factors influencing
rainfall isotopic variability. The relative role of air temper-
ature and rainfall in determining the stable isotope compo-
sition of precipitation changes along the west-to-east tran-
sect, with air temperature being highly correlated with δ18Op

at daily and monthly timescales, while a few sites along
the transect show a significant negative correlation with pre-
cipitation. The highest air temperature–δ18Op dependency
is found for a station located in the Pyrenees. Frontal sys-
tems associated with North Atlantic cyclones are the dom-
inant mechanism inducing precipitation in this region, par-
ticularly in winter. This study allows an exploration of the
role of air mass source and trajectory in determining the iso-
topic composition of rainfall in northern Iberia by character-
izing the moisture uptake for three of the seven stations. The
importance of continental versus marine moisture sources is
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evident, with clear seasonal and spatial variations. In addi-
tion, the type of precipitation (convective versus frontal rain-
fall) plays a key role, with convective rainfall associated with
higher δ18Op values. This comprehensive spatiotemporal ap-
proach to analyzing the rainfall isotopic composition repre-
sents another step forward towards developing a more de-
tailed, mechanistic framework for interpreting stable isotopes
in rainfall as a paleoclimate and hydrological tracer.

1 Introduction

The oxygen isotopic composition of rainfall (δ18Op) is often
considered the dominant influence on the isotopic composi-
tion of terrestrial archives (ice cores, speleothems or authi-
genic lacustrine carbonates) used to reconstruct past climate
(e.g., Leng, 2006). However, few paleoclimate reconstruc-
tions are supported by an in-depth understanding of the re-
gional climatic controls on δ18Op (e.g., Treble et al., 2005).
As a consequence, paleoclimate proxies are often interpreted
without clear knowledge of the processes involved in mod-
ulating δ18Op in a particular region (López-Blanco et al.,
2016; Moreno et al., 2017). It has long been established that
δ18Op is an integrated product of air mass history modulated
by specific prevailing meteorological conditions, in particu-
lar air temperature and amount of precipitation (Craig, 1961;
Dansgaard, 1964). This implies that several dominant factors
may control δ18Op variability depending on the site location,
i.e., latitude, continentality, elevation, seasonal distribution,
local air temperature, and the amount and source of precip-
itation (Rozanski et al., 1993). A detailed study of current
δ18Op values and their variability in a given region is essen-
tial to reconstructing past climate changes using δ18O in re-
gional climate archives (Lachniet, 2009).

Long rainfall isotopic time series allow for comparison of
the δ18Op signal with meteorological variables and calibra-
tion of proxy records. Unfortunately, such long-term obser-
vational studies are scarce, and thus only a few outstanding
examples of studies examining factors controlling δ18Op are
available for continental Europe (Field, 2010; Genty et al.,
2014; Tyler et al., 2016). Yet, results obtained for European
regions mostly under the influence of rainfall with Atlantic
origin (e.g., Baldini et al., 2010) cannot be directly applied to
the Iberian Peninsula (IP), where three major weather precip-
itation regimes coexist (Millán et al., 2005) and where poten-
tial for paleoclimate reconstructions exists via speleothem-
derived proxies. Previous studies have shown that the spa-
tial distribution of δ18Op and δ2Hp on monthly timescales
in Spain can be approached by a simple multiple regres-
sion model based on only two geographic factors: latitude
and elevation (Díaz-Tejeiro et al., 2007, 2013). However, this
model does not reproduce the observed distribution of sta-
ble isotope precipitation composition with detailed spatial
resolution. The well-known complex topography and varied

weather regimes of the Iberian Peninsula (AEMET and In-
stituto de Meteorologia de Portugal, 2011; Martin-Vide and
Olcina-Cantos, 2001) require more targeted studies that take
into account the high spatial variability of δ18Op in Iberia
and the multiple (and sometimes overlapping) processes de-
termining its temporal variation.

A major advance in understanding the controls on δ18Op
has been the proliferation of studies using daily-scale moni-
toring to address the mechanisms behind isotopic signatures
at daily timescales (Baldini et al., 2010; Fischer and Baldini,
2011), which incorporate the complexity associated with the
different types of rainfall (e.g., frontal or convective system)
(Aggarwal et al., 2016). Regrettably, the scarcity of Global
Network of Isotopes in Precipitation (hereafter GNIP) sites in
Iberia, particularly those using data at daily timescales, pre-
vents a broader regional study of climate controls on δ18Op
values. In the IP, only one study has analyzed δ18Op vari-
ability on a daily basis over a short 3-year period (2000–
2002) (Araguás-Araguás and Diaz Teijeiro, 2005), and more
recently a 3-year monitoring survey focused on the Iberian
Range (Molinos Cave, Teruel, NE Spain) (Moreno et al.,
2014). That study revealed the importance of the source
effect on δ18Op values due to the alternating influence of
two air masses with different origins and different isotopic
ranges: Atlantic fronts, which are associated with more neg-
ative δ18Op values (from the west), and Mediterranean con-
vective storms with more positive values (eastern sources)
(Moreno et al., 2014). Additionally, another recent study
based on back trajectories emphasized the role of recycled
moisture uptake within the IP in the final values of δ18Op in
central Spain (Eagle Cave) (Krklec and Domínguez-Villar,
2014). Besides those studies based on δ18Op, another recent
work focused on trace elements in precipitation at two Pyre-
nean sites reveals the importance of seasonality in the role
played by continental vs. marine sources of moisture (Suess
et al., 2019). In addition, to date, the majority of empirical
studies of meteorological controls over δ18Op are based on
event, daily or monthly time series from individual locations
(Moreno et al., 2014; Smith et al., 2016). The scarce stud-
ies dealing with multiple sampling locations span areas un-
der the influence of the same climatic regime (Baldini et al.,
2010; Jeelani et al., 2018). This approach raises concerns
about the spatial representativeness of the resulting statisti-
cal models and the mechanisms behind the identified rela-
tionships in areas as complex as the IP.

In this paper we present a comprehensive analysis of daily
and monthly patterns of δ18OP from multiple stations across
northern IP all the way to the Balearic Islands, following an
850 km long west-to-east transect that extends from an area
dominated by a typical Atlantic climate to one dominated
by a Mediterranean climate. The overall aim is to charac-
terize the dominant factors modulating δ18Op variations in
time (daily and monthly) and space in order to determine the
causes of regional precipitation isotope variations. The role
of geographic factors (continental and elevation effects) and
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atmospheric processes (moisture origin and type of rainfall)
is evaluated. Additionally, this study will serve to improve
the interpretation of oxygen isotope paleorecords from the
northern IP that depend on δ18Op (Bartolomé et al., 2015;
Domínguez-Villar et al., 2017; López-Blanco et al., 2016;
Pérez-Mejías et al., 2019; Sancho et al., 2018, 2015).

2 Weather regime, climate and site description

Our study compares, for the first time, rainfall isotopic val-
ues and meteorological variables (air temperature, precipita-
tion, moisture source and type of rainfall) at seven sites in
northern Iberia and the Balearic Islands, covering an 850 km
long west-to-east transect from an area under a typical At-
lantic climate (Oviedo and El Pindal) to a fully Mediter-
ranean climate (Mallorca and Barcelona). The west-to-east
transect is completed with three additional sites in a transi-
tional zone: two from the Iberian Range (Molinos and Or-
tigosa de Cameros) and one from the Pyrenees (Borrastre)
(Fig. 1a). At those seven locations, rainfall was sampled on
a daily basis except at El Pindal where it was collected ev-
ery 48 h (Table 1). The Borrastre record is, to our knowledge,
the most comprehensive dataset of daily δ18Op for Spain in
terms of both time span covered (2011–2016) and number of
samples (380 d) (Table S1).

In northwestern and north–central Iberia, precipitation is
mainly controlled by the presence of westerly winds and
the passage of Atlantic fronts, especially during November–
April (Martín-Vide and Olcina Cantos, 2001; Rüdisühli et
al., 2020). During the rest of the year, the subtropical
Azores high-pressure system shifts northward, which blocks
the westerly circulation and moisture inflow from Atlantic
sources (Archer and Caldeira, 2008), thus favoring stable at-
mospheric conditions and reducing precipitation. This wet
winter–dry summer regime is quite different from that in
the northeastern Mediterranean region of Iberia, where win-
ters are generally dry, whereas in the warm season (from
late spring to early autumn) precipitation is more abundant
and dominated by convective storms and also fronts that ap-
proach the IP from the east (backdoor cold fronts) (Millán
et al., 2005). This mesoscale circulation is primarily associ-
ated with frequent and persistent sea breezes (Azorin-Molina
et al., 2011), which bring warm and moist air masses from
the Mediterranean Sea inland (Azorin-Molina et al., 2009).
During the summer season, this is typically the only source
of precipitation in the northeastern IP, bringing an average
of 100–125 mm yearly (Millán et al., 2005). Backdoor cold
fronts from the Mediterranean Sea are sporadic events oc-
curring mainly in autumn (and to a lesser extent in winter–
spring) but that can cause heavy precipitation and flooding
(Llasat et al., 2007). Figure 1b summarizes the three ma-
jor precipitation regimes defined by Millán et al. (2005):
(i) Atlantic frontal systems (westerly winds), (ii) convective– Ta
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Figure 1. (a) Location of the studied stations in northern Spain where rainfall was collected. Map source: average annual precipitation
(mm) for 1980–2005 provided by the Spanish Ministry of Agriculture and Fisheries, Food and Environment (MAPAMA). (b) Weather maps
showing the three precipitation regimes of the IP defined by Millán et al. (2005): (i) Atlantic frontal systems, (ii) convective–orographic
storms and (iii) backdoor cold fronts from the Mediterranean Sea. In the maps, the sea level pressure and the 500 hPa geopotential height
(gpdam in German) are indicated by the different colors; the scale represents the height – from 4600 to 6000 m – at which the pressure of
500 hPa is reached. White lines are the isobars (Bodendruck in German). Source: CFS Reanalysis (CFSR) and Wetterzentrale.

orographic storms and (iii) backdoor cold fronts from the
Mediterranean Sea (easterly winds).

Below, the seven studied stations are grouped into four re-
gions and described in terms of their climatology.

The Cantabrian coast. The sites of El Pindal and Oviedo
on the Cantabrian coast (Fig. 1a) are characterized by a typ-
ical oceanic climate with mild summers and winters (Cfb,
following Köppen and Geiger – KGC – classification) due to
the proximity to the coast. Rainfall occurs along the whole
year with a minimum in summer and is associated with At-
lantic frontal systems (westerly winds).

The Iberian Range. Ortigosa de Cameros is located in
the Encinedo Mountain area in the westernmost sector of
the Cameros Range (Iberian Range, Fig. 1a) and is domi-
nated by a continental Mediterranean climate (Dsb, follow-
ing KGC classification). Rainfall occurs mostly in autumn
and spring, with some convective–orographic storms in sum-
mer. The Molinos site is also located in the Iberian Range
and at a similar elevation but further east in the Maestrazgo
basin. It is characterized by a similar climate (Dsb in KGC
classification), with a highly pronounced seasonality; precip-
itation occurs mainly in spring and autumn.

The Pyrenees. Borrastre village is located in the cen-
tral Pyrenees (Fig. 1a) and has a transitional climate from
Mediterranean to oceanic (Csb in KGC classification), with
precipitation occurring mainly in spring and to a lesser extent
in autumn, exhibiting a mix of the three Atlantic, Mediter-
ranean and convective precipitation regimes.

The Mediterranean. The typical Mediterranean climate
(Csa in KGC classification) is represented by the Manacor
and Porto Cristo localities in Mallorca and by Barcelona
(Fig. 1a). Precipitation is mostly distributed from October to
April, typically associated with backdoor cold fronts from
the Mediterranean Sea (easterly winds) as the influence of
Atlantic precipitation is weak over this area.

3 Analytical and statistical methods

3.1 Sampling

Rainwater was collected using a similar procedure as that
recommended by the International Atomic Energy Agency
(IAEA) for daily sampling (http://www-naweb.iaea.org/
napc/ih/IHS_resources_gnip.html, last access: 20 June 2021)
for six of the seven stations (Oviedo, Ortigosa de Cameros,

Atmos. Chem. Phys., 21, 10159–10177, 2021 https://doi.org/10.5194/acp-21-10159-2021
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Molinos, Borrastre, Mallorca and Barcelona). Precipitation
events greater than or equal to 1 mm were sampled man-
ually from the water accumulated in the rain gauge using
a syringe. The collected water was then homogenized and
filtered at the time of sampling; later a 5 mL aliquot was
stored in polypropylene tubes sealed with a screw cap with-
out air inside and kept cold in a refrigerator until analyzed.
Rainfall samples were collected at the end of each precip-
itation event, immediately afterwards whenever possible or
after a few hours, with the total event precipitation being
homogenized. At the El Pindal site the procedure was dif-
ferent: rainfall was collected every 48 h for several months
(November 2006 to April 2009, a total of 101 samples) using
an automated self-built revolver-type sampler that contained
24 1 L Nalgene bottles, thus avoiding any mixing of subse-
quent samples (see Fischer et al., 2019). A film of paraffin oil
was used to prevent evaporation. It was located on the roof
of the San Emeterio lighthouse < 10 m from the modern sea
cliff (Table 1).

The observation staff in charge of each location collected
a sample directly following every rainfall event, except in
El Pindal, which has an automatic system, and in Mallorca
where several events were missed during the first 2 years of
the collection period, preventing the calculation of monthly
averages for some intervals (monthly and annual averages
and standard deviations in Table 2). Thus, 47 rainfall sam-
ples were collected from Oviedo manually in 2015. In Or-
tigosa de Cameros, rainfall was manually collected daily
between September 2010 and December 2014 by the staff
(guides) of the La Viña and La Paz show caves, with an in-
terruption from December 2012–January 2014 (total of 193
samples). In Molinos, rainfall was manually collected by the
staff of the Grutas de Cristal cave every day for just over
5 years (March 2010–May 2015, 268 samples). The first 3
years of rainfall data from that survey were previously pub-
lished (Moreno et al., 2014; Pérez-Mejías et al., 2018). In
Borrastre, rainfall was manually collected daily using a Hell-
man rain gauge from April 2011 to May 2016 (380 events).
In Barcelona, rainfall samples were manually obtained from
the weather station on the roof of the School of Physics of the
University of Barcelona using a standard rain gauge (53 sam-
ples). In addition, 98 rainfall events were collected in Mal-
lorca; 7 were replicated at two different localities (Manacor
and Porto Cristo), obtaining similar δ18Op results. For those
seven events, a weighted average value using the two locali-
ties was calculated (see Table S1).

3.2 Analytical methods

The isotopic composition of oxygen and hydrogen in rainfall
samples is expressed as δ18O and δ2H in per mill (‰) relative
to Vienna Standard Mean Ocean Water (VSMOW). Moli-
nos, Borrastre and most of the Ortigosa de Cameros samples
(143 samples) were analyzed using a Finningan Delta Plus
XL mass spectrometer at the IACT-CSIC in Granada. Wa-

ter samples were equilibrated with CO2 for the analysis of
δ18O values (Epstein and Mayeda, 1953), while the hydro-
gen isotopic ratios were measured on H2 produced by the
reaction of 10 µL of water with metallic zinc at 500 ◦C, fol-
lowing the analytical method of Coleman et al. (1982). The
analytical error for δ18O and δ2H was ±0.1 ‰ and ±1 ‰,
respectively. The Mallorca and Barcelona samples and the
remaining samples from Ortigosa de Cameros (50 samples)
were analyzed at the Scientific and Technological Centre at
the University of Barcelona, δ2H via a thermal conversion el-
emental analyzer (TCEA) for pyrolysis coupled to a Thermo
Delta Plus XP mass spectrometer, and δ18O with a MAT 253
Thermo Fisher spectrometer coupled with a gas bench. The
analytical error for δ18O and δ2H was ±0.2 ‰ and ±1.5 ‰,
respectively. El Pindal samples were measured at three dif-
ferent laboratories (see Stoll et al., 2015, for more details).
Rainfall collected from November 2006 through the end of
February 2007 was analyzed at the University of Barcelona
using the procedure described above. Rainfall collected from
June 2007 to May 2008 was analyzed in the Marine Bio-
logical Laboratories of the University of Oviedo using equi-
libration with CO2 on a GV Multiflow-Bio unit coupled to
a GV ISOPRIME CF mass spectrometer. Rainfall collected
from June 2008 to April 2009 and samples from 2015 were
analyzed using equilibration with CO2 on a Gas Prep unit
coupled to a Nu Instruments Horizon mass spectrometer at
the University of Oviedo. Uncertainties are ±0.1 ‰ (1 s) for
δ18O and ±1 %.for δ2H based on replicate analyses. Unfor-
tunately, no comparison was made between the different in-
volved laboratories and thus the study does not account for
possible offsets between them.

Additionally, 18 samples of potentially evaporated wa-
ter with abnormally high values of δ18Op – and that oc-
curred in summer months when maximum daily air temper-
atures exceeded 30 ◦C – were classified as outliers and re-
moved from the database. These 18 samples (Table S1) were
from Ortigosa de Cameros (4 samples), Borrastre (6 samples)
and Molinos (8 samples). Partial evaporation of falling rain
droplets is an alternative interpretation for the high δ18Op
values of these samples.

3.3 Meteorological data

Air temperature and precipitation (on daily and monthly
timescales) were obtained from the closest meteorological
stations over the sampling periods, as indicated in Table 1,
to investigate the statistical relationship with isotopic val-
ues. For Oviedo, meteorological data are obtained from
the Oviedo AEMET station. For El Pindal (120 km from
Oviedo; 70 km from Santander), since there were no good
data from nearby stations, we decided to use the ERA-
Interim reanalysis from the European Centre for Medium-
Range Weather Forecasts (ECMWF), which provides grid-
ded weather data (Berrisford et al., 2009; Dee et al., 2011).
For the Ortigosa site, meteorological data were obtained

https://doi.org/10.5194/acp-21-10159-2021 Atmos. Chem. Phys., 21, 10159–10177, 2021
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Table 2. Mean values of δ18Op data for every station in the study transect at a monthly and annual scale. Only months and years with all
events collected are averaged. Note that the number of months or years averaged (number between brackets after the δ18Op values) is not the
same for all the stations, and neither is the time period considered (check Table 1 for the sampling period at every station). For the complete
monthly dataset with all the monthly values indicated, please see Table S2.

δ18Op (‰) Cantabrian coast Iberian Range Pyrenees Mediterranean

Oviedo El Pindal Ortigosa de Cameros Molinos Borrastre Barcelona Mallorca

January −7.46 (3) −12.29 (2) −10.12 (4) −8.64 (4) −5.15 (1) −8.91 (4)
February −5.49 (2) −7.28 (3) −9.71 (5) −11.25 (4) −6.71 (2) −4.57 (4)
March −6.29 (1) −5.19 (2) −7.74 (3) −10.25 (6) −9.49 (4) −8.00 (2) −7.15 (3)
April −5.12 (1) −4.27 (2) −6.25 (4) −7.68 (6) −6.35 (4) −7.38 (2) −4.86 (3)
May −5.25 (1) −3.66 (3) −6.13 (5) −5.19 (6) −2.21 (2) −3.36 (3)
June −3.73 (1) −5.21 (4) −5.12 (4) −4.32 (5) −8.01 (1) −3.06 (2)
July −7.50 (1) −2.04 (1) −6.39 (4) −2.22 (4) −4.44 (5) −1.64 (1) −1.13 (1)
August −4.80 (1) −3.94 (1) −3.64 (4) −5.00 (4) −4.65 (5) −3.15 (3)
September −5.83 (1) −3.17 (1) −7.09 (3) −5.93 (3) −5.83 (5) −6.13 (1) −4.14 (5)
October −5.47 (1) −4.12 (1) −6.17 (4) −7.18 (3) −6.46 (5) −5.53 (1) −6.38 (4)
November −5.87 (1) −4.31 (1) −9.40 (4) −11.26 (4) −7.24 (5) −6.95 (2) −6.34 (4)
December −7.16 (1) −5.23 (2) −7.91 (3) −10.41 (3) −8.00 (4) −7.27 (1) −5.28 (4)
Annual −7.09 (1) −7.18 (2) −6.37 (3)

from the Villoslada de Cameros meteorological station (http:
//www.larioja.org/emergencias-112/es/meteorologia, last ac-
cess: 20 June 2021), 6.5 km away from the rainfall collection
site. The Borrastre sampling site has its own meteorologi-
cal station (http://www.climaynievepirineos.com/estaciones/
borrastre.htm, last access: 5 July 2021) (Table 1), but for
the first 22 events data were obtained from ERA-Interim
since the station was not yet operative. Finally, for Mallorca
we used data from the Sant Llorenç station (8 km), while
Barcelona meteorological data are obtained from the Zona
Universitaria station (http://www.meteo4u.com, last access:
20 June 2021).

3.4 Statistical analyses

Prior to conducting correlation analysis at daily timescales,
we removed the seasonal cycle of the variables by subtracting
their monthly averages to avoid sympathetic seasonal corre-
lations (e.g., Kawale et al., 2011; Rozanski et al., 1993) (Ta-
ble 3a). To establish correlations on the monthly scale with
meteorological variables (Table 3b), δ18Op monthly averages
weighted by the amount of precipitation were calculated us-
ing the following formula:

δ18Omonthly = ((Q1× δ
18O1)+ (Q2× δ

18O2)

. . .(Qi × δ
18Oi))/(Q1+Q2+ . . .Qi), (1)

where Q is the rainfall quantity for day i (in mm). Daily
values were not averaged since there was only one rainfall
sample per day due to the homogenization of all event sam-
ples from that day. Spearman’s rank correlation analysis, a
nonparametric measure as an alternative to Pearson corre-
lation analysis, was preferred to account for nonlinear rela-

tionships, with r indicating the correlation coefficient (PAST
software; Hammer et al, 2001). The analyses were conducted
on daily (Table 3a) and monthly (Table 3b) timescales. The
Bonferroni test was applied to prevent data from spuriously
appearing as statistically significant by making an adjustment
during comparison testing. Additionally, to integrate both air
temperature and rainfall amount effects, a multiple regres-
sion model for δ18O was carried out using PAST software
for every studied site (Table 3c).

3.5 Backward-trajectory and moisture uptake analysis

Backward-trajectory analysis was performed using the HY-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model (version 4.8) (Draxler and Rolph, 2010) follow-
ing a similar methodology as in Baldini et al. (2010) over a
24 h lifetime (120 h trajectories were also calculated; Fig. S1)
for three of the seven stations: Oviedo, Borrastre and Mal-
lorca. The Global Data Assimilation System (GDAS) has
been used in HYSPLIT simulations with 0.5◦× 0.5◦ spatial
resolution. Thus, to facilitate the statistical comparison of
mean trajectory paths and moisture uptake regions with the
oxygen isotope signature of sampled rain events, the vector
angle between every site (Oviedo–Borrastre–Mallorca) and
each hourly position along 24 h back trajectories (at 700 and
850 hPa) for each event was estimated following the method-
ology presented in Baldini et al. (2010). Once all the vectors
that represent the mean trajectory of the air mass transport as-
sociated with precipitation were produced for each sampled
event, they were averaged and presented in a compass rose
using 10◦ intervals, together with δ18Op values and rainfall
amount for each daily sample (mm) provided by weather sta-
tions close to each analyzed location. To explore the moisture
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Table 3. Spearman’s rank correlation coefficients between δ18Op and air temperature as well as precipitation amount for every sampling
station at a daily scale (a) and monthly scale (b) using deseasonalized data (removing the seasonal component by subtracting their monthly
averages). Significant correlations with p value< 0.05 after application of the Bonferroni test are in italics. Note that the relatively small size
of Oviedo and Barcelona rain events likely precludes statistically significant correlations. (c) The multiple regression coefficient (r) and p
value for every site are included, indicating the coefficient and the standard error for the constant, precipitation and air temperature variables.
As an example, the equation for Molinos should be read as follows: δ18Op =−0.05(±0.019)A+0.40(±0.05)T +0.43, withA as the amount
of precipitation, T as air temperature and 0.43 as a constant value.

Oviedo El Pindal Ortigosa Molinos Borrastre Barcelona Mallorca
de Cameros

(a) Daily correlations n= 39 n= 109 n= 189 n= 248 n= 352 n= 53 n= 98
δ18Op–temperature rs 0.23 0.34 0.25 0.41 0.31 0.24 0.35

p value 0.328 0.0012 0.001 2.00× 10−11 1.17× 10−09 0.21 0.0013

δ18Op–precipitation amount rs −0.22 −0.06 −0.32 −0.19 −0.11 −0.35 −0.28
p value 0.368 1 1.05× 10−05 0.005 0.119 0.029 0.013

(b) Monthly correlations n= 9 n= 17 n= 41 n= 51 n= 49 n= 16 n= 40

δ18Op–temperature rs 0.3 0.33 0.46 0.76 0.61 0.39 0.41
p value 1 1 0.013 3.36× 10−10 1.44× 10−05 0.804 0.05

δ18Op–precipitation amount rs 0.066 −0.44 −0.34 −0.4 −0.11 −0.30 −0.12
p value 0.843 0.4 0.176 0.018 1 1 0.436

(c) Multiple regression (with daily data) r 0.30 0.40 0.40 0.43 0.30 0.32 0.41
p value 0.118 0.0001 3.36× 10−08 4.68× 10−13 8.13× 10−09 0.004 0.008

Constant Coeff 0.14 0.32 −1.6 0.43 −2.83× 10−11
−0.49 0.23

SE 0.43 0.24 0.22 0.18 0.16 0.38 0.26

Precipitation Coeff −0.015 −0.013 −0.11 −0.05 −0.018 −0.05 −0.02
SE 0.05 0.04 0.02 0.019 0.014 0.02 0.017

Temperature Coeff 0.21 0.25 0.25 0.40 0.40 0.37 0.31
SE 0.11 0.05 0.06 0.05 0.06 0.19 0.11

uptake along the backwards trajectories, we have performed
a new analysis in all events (850 hPa trajectories) using Bal-
dini’s method (Baldini et al., 2010) in a more restrictive way
(see also Iglesias González, 2019) to identify the locations
where moisture uptake processes took place during the 48 h
before the rainfall samples were collected. Taking into ac-
count that the Iberian Peninsula is surrounded by ocean, to-
gether with the fact that most of the analyzed rainfall events
were produced by frontal systems and convection events (see
synoptic analysis), only 850 hPa air mass moisture uptake
events have been considered relevant to our new analysis. In
addition, while Baldini et al. (2010) considered moisture up-
take processes with an increase of 0.1 g of H2Ov per kgair
in 1 h to be significant, in our analysis we only took into ac-
count events in which moisture uptake was higher than 0.25 g
of H2Ov per kgair; therefore, if there is any influence on the
rainfall isotopic signal, it would be easier to identify than in
previous studies. With this restricted method and consider-
ing all the events examined, more than 3000 moisture uptake
events have been identified. These events were analyzed con-
sidering seasonal variability and the different locations where
the rainfall samples were collected (Oviedo, Borrastre, Mal-
lorca).

3.6 Precipitation types

Lastly, to better explore the role of the type of precipita-
tion in controlling the isotopic composition of rainfall across
northern Iberia, we applied a disaggregation procedure of
the precipitation series on the basis of their meteorologi-
cal origin following the same subjective criteria described
in Millán et al. (2005) (see disaggregation criteria in their
Table 1). This method classifies each precipitation event on
the basis of its characteristics and moisture source region,
distinguishing between three categories (Fig. 1b, Table 4):
(i) frontal systems associated with passing cold fronts from
the west; (ii) convective–orographic storms driven by differ-
ential heating, sea breezes and local winds (Azorin-Molina
et al., 2009); and (iii) easterly advection from the Mediter-
ranean Sea (backdoor cold fronts). The Kruskal–Wallis H
test (sometimes also called the “one-way ANOVA on ranks”)
is a rank-based nonparametric test (Hammer et al., 2001) that
was applied to the three rainfall categories to determine if
there were statistically significant differences in their δ18Op
distributions (Table 5).
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Table 4. Relative frequency (in %) of the three rainfall types at every studied station.

Cantabrian coast Iberian Range Pyrenees Mediterranean

Oviedo El Pindal Ortigosa Molinos Borrastre Barcelona Mallorca
de Cameros

Atlantic fronts 68.09 71.29 58.7 51.8 65.2 58.49 40.82
Backdoor cold fronts 14.89 16.83 20.6 23.9 11.8 24.53 38.78
Convective 17.02 11.88 20.6 24.3 23.0 16.98 20.41

Table 5. Kruskal–Wallis test performed on δ18Op data to determine if the three synoptic patterns are statistically different in terms of their
isotopic composition. High values of the test (Kruskal–Wallis H ) and low p values indicate that at least two of the three synoptic patterns
are statistically different in terms of δ18Op data.

Cantabrian coast Iberian Range Pyrenees Mediterranean

Oviedo El Pindal Ortigosa Molinos Borrastre Barcelona Mallorca
de Cameros

Kruskal–Wallis H 3.017 10.86 23.3 48.38 47.84 4.109 22.23
p value 0.221 0.004 8.7× 10−06 3.12× 10−11 4.09× 10−11 0.1282 1.49× 10−05

4 Results and discussion

This section is focused on characterizing δ18Op in the studied
transect in northern Spain on daily and monthly timescales
and on analyzing the main factors behind the observed pat-
terns. It is important to highlight here the high complexity of
the hydrological cycle, with many processes playing a role
in the formation of the isotope signals in precipitation. These
range from source processes and transport processes to cloud
and rainfall formation at the sampling site. Those factors may
also overlap, making it difficult to disentangle their effects.
The following sections are presented as follows: Sect. 4.1
and 4.2 are dedicated to daily and monthly data, respectively.
Section 4.3 is dedicated to the influence of geographical pa-
rameters, such as distance from the coast or elevation of the
studied sites. Section 4.4 deals with the role of meteorologi-
cal parameters, in particular local air temperature and precip-
itation amount. Section 4.5 investigates the role of moisture
origin in δ18Op variability, while Sect. 4.6 explores the role
of rainfall type (convective, frontal) in determining δ18Op.

4.1 Daily rainfall isotopic variability

The rainfall samples for the studied stations on a daily scale
define local meteoric water lines (LMWLs) that are roughly
parallel for all sites with a similar offset from the Global Me-
teoric Water Line (GMWL, δ2H= 8 · δ18O+ 10) (Fig. 2). All
the slopes and the intercepts are lower than the GMWL, with
slopes ranging from 6.9 to 7.2 and intercepts from 1.05 to
6.4 (Fig. 2). Thus, the LMWLs determined from daily data
for each of the studied sites reveal a broadly similar regional
signal and are consistent with previous studies using GNIP
data from southern France (Genty et al., 2014), even though

that study is based on monthly δ18Op data. The slopes ob-
tained in our study are slightly lower compared to a previ-
ous analysis in the IP (Araguás-Araguás and Diaz Teijeiro,
2005), in which the sampling period only covered the rainy
season (October to March).

Despite the differential time coverage of samples among
the studied stations, the different daily time series of δ18Op
at all stations are presented together (Fig. 3). Figures with
δ18Op, d-excess and total precipitation for every separate
site are included in the Supplement (Figs. S2 to S8). From
2010 to 2017, daily δ18Op values are clearly lower in win-
ter and higher (sometimes positive) in summer at all sta-
tions (Fig. 3). Yet some summer rainy episodes (e.g., the
25 June 2014 event in Borrastre and the 18 June 2016 one
in Barcelona) exhibit values typical of winter after several
days of rain or after an intense rainfall event (41.6 mm in
Borrastre from 23 to 25 June; 17.8 mm in Barcelona from 17
to 18 June). Also evident in Fig. 3 is the synchronicity among
stations for specific events. A good example is the episode of
16–18 November 2013 (inset in Fig. 3) when very negative
values were reached at Molinos (black line), Borrastre (green
line) and Mallorca (red line). This period was characterized
by intense widespread rain – e.g., 43 mm in Mallorca and
36 mm in Molinos (Table S1). At the three sites, this period
was among the rainiest in our record with some of the lowest
δ18Op values recorded.

It is evident from this large dataset that there is significant
day-to-day variability, as large as the seasonal cycle, thus em-
phasizing the need for high-resolution measurements such as
the ones presented in this study to characterize rainfall iso-
topic variability in northern Iberia.
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Figure 2. Scatter plots of δ2Hp versus δ18Op in precipitation and local meteoric water lines (LMWLs), including equations, for El Pindal,
Ortigosa de Cameros, Borrastre, Molinos and Mallorca–Barcelona stations. Note that the El Pindal plot includes only 36 samples since δ2H
was not measured in the remaining samples. The difference in the other graphs in sample number (n) with respect to those indicated in
Table S1 is due to the removal of some samples that have been subject to evaporation effects (see text for more information). The Global
Meteoric Water Line (GMWL) and western Mediterranean meteoric water line (WMMWL) are plotted in black and gray, respectively, in
every graph.

4.2 Monthly rainfall isotopic variability

Seasonality in δ18Op in northern Iberia is further explored in
Fig. 4 (data in Tables 2, S2). All stations exhibit a clear sea-
sonal pattern in air temperature, with a peak in July–August
and minimum values in December–January, and a similar
seasonal signal in δ18Op with peak δ18Op values in sum-
mer and minimum δ18Op in winter. It is worth noting that
precipitation exhibits a bimodal pattern with peaks in spring
and autumn, which is not reflected in δ18Op. The average
seasonal differences between the δ18Op maximum values in
July–August and minimum values in January–February are
large: 5.8 ‰ at Borrastre, 4.6 ‰ at Ortigosa de Cameros,
6.2 ‰ at Molinos and about 4 ‰ at Mallorca–Barcelona. In-
terestingly, the Oviedo–El Pindal samples reveal a very dif-
ferent pattern, with a marked reduction in seasonality com-
pared to the other sites (2 ‰ δ18Op difference between winter
and summer) (Fig. 4b). The seasonal difference from winter
to summer in Oviedo–El Pindal is similar to the values pub-
lished by Genty et al. (2014) for stations in southern France
(e.g., 2.1 ‰ in Villars with only Atlantic influence; 3.6 ‰

in Orgnac with Atlantic and Mediterranean influence). The
weak seasonality in the Oviedo–El Pindal δ18Op signal and
the similarity to the Villars station could be related to the ori-
gin and type of precipitation (Sect. 4.5 and 4.6). Even though
there are fewer precipitation events associated with fronts in
summer than in winter, the Oviedo and Villars stations are
characterized by a relatively constant source of precipitation
throughout the year associated with Atlantic fronts and the
absence of a dry season (Fig. 4a). This is in clear contrast to
the other stations, which are characterized by a more hybrid
Atlantic–Mediterranean climate (e.g., Orgnac; Genty et al.,
2014). In particular, in Barcelona and Mallorca the seasonal
difference in δ18Op monthly values is high (6 ‰) (Fig. 4b).
At these two stations, the influence of different air mass his-
tories may be important to explain the observed high vari-
ability. These influences are further evaluated using back-
trajectory and moisture uptake analysis in Sect. 4.5.
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Figure 3. δ18Op daily time series for the studied stations presented versus time (2010–2017). Note that El Pindal samples (2006–2009) are
not represented since they do not overlap with the time period of the other stations. See text for more explanation.

4.3 Geographical controls on rainfall isotopic
variability

The combination of the various isotope effects results in con-
sistent and spatially coherent variations in δ18Op values that
are primarily related to geographical location and regional
orography (Rozanski et al., 1993; Bowen, 2008), which are
parameters that influence the circulation and therefore the air
mass history. Preliminary observation of the monthly aver-
aged δ18Op data (Table 2 and Fig. 4b) reveals similar val-
ues among the sites located at opposite ends of the transect:
Oviedo and El Pindal compared to Barcelona and Mallorca.
This similarity was unexpected since differences in mois-
ture source conditions at the location of the moisture uptake
were anticipated to be markedly different (see also Sect. 4.5).
However, this similarity may be explained by two processes
partly associated with the geographical location of the stud-
ied sites.

First, the fact that Oviedo and El Pindal rainfall samples
show enriched δ18Op values is consistent with their location
on the Cantabrian coast very close to the Atlantic Ocean,
with climatological oceanic conditions characterized by rel-
atively mild temperatures (Table 1). Thus, Oviedo and El
Pindal are the stations that receive the first precipitation pro-
duced via contact with the Atlantic; they are the stations in
the transect least affected by the “continental effect”, which

occurs when moist air and clouds move inland from the
Atlantic Ocean and become gradually isotopically depleted
due to progressive rainout (Dansgaard, 1964). Therefore, as
we follow the typical displacement of an Atlantic front on
its way to the IP from west to east, we find progressively
more negative winter δ18Op values (see values for January–
February–March in Table 2) going from El Pindal (−6.0 ‰),
to Ortigosa de Cameros (−8.1 ‰) to Borrastre (−9.8 ‰) and,
finally, to Molinos (−10.0 ‰). This pattern is not as evident
in other seasons when the entrance of Atlantic fronts is not
the dominant synoptic situation that generates rainfall in the
transect (Rüdisühli et al., 2020). In addition to this continen-
tal effect, which accounts for only a small gradient in δ18Op
(about 0.002 ‰ km−1 in Europe as described in Rozanski et
al., 1993), the higher annual mean air temperature in both
Mallorca and Barcelona as well as Oviedo and El Pindal
compared to the other stations (Table 1), may help explain
their similar δ18Op values. The effect of warmer temperature
on the less negative δ18Op values recorded will be discussed
in more detail below (Sect. 4.4).

Second, another geographical factor that could account for
the similarities found for stations at opposed ends of the tran-
sect is related to the elevation at those sites. The Ortigosa de
Cameros, Molinos and Borrastre stations, the three stations
located at a higher elevation, show monthly δ18Op values
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Figure 4. (a) Climographs showing monthly mean temperature (line with dots) and monthly mean rainfall (bars) obtained for the longest
AEMET meteorological station records available next to the study sites (Oviedo, Logroño, Teruel, Huesca, Barcelona and Palma de Mal-
lorca). Note that these stations are not at the same elevation or microclimate as the ones where rainfall was collected. For this reason,
the climographs are indicated here to account for broad regional climates, while the correlations (Table 3) with meteorological data were
performed using more proximal (although shorter in the recorded time interval) stations. (b) Variability of monthly weighted δ18Op at the
studied sites. Dots represent monthly precipitation-amount-weighted averages, and lines are the mean of these monthly precipitation-amount-
weighted averages (see also Tables 2 and S2).

that are quite similar and, normally, more negative than the
Oviedo, El Pindal, Barcelona and Mallorca sites, which are
close to sea level. This pattern is particularly clear for autumn
values (see monthly averaged δ18Op values from Septem-
ber to December in Table 2 along the west-to-east transect).
Therefore, the “elevation effect” (Siegenthaler and Oeschger,
1980) likely also plays a role in explaining the similarities
among coastal sites. Considering the δ18Op annual averages
(Table 2), there is a difference of 2.3‰ between Molinos
(1040 m a.s.l.) and Mallorca (90 m a.s.l.). Based on the dif-
ference in elevation, the vertical isotopic gradient observed
is −0.24 ‰ per 100 m of elevation. This result is consistent
with previous studies in other mountain ranges such as the
Alps, where an altitudinal gradient of −0.2 ‰ to −0.3 ‰
per 100 m of elevation was observed (Ambach et al., 1968;
Siegenthaler and Oeschger, 1980).

In the next sections we explore how the geographical fac-
tors reviewed in this section (distance to the coast or conti-
nental effect and elevation effect) exert a direct influence on
the observed spatial distribution of rainfall δ18Op by their in-
fluence on other controlling factors: air temperature, rainfall
amount, air mass origin and rainfall type.

4.4 The influence of air temperature and rain amount
on the spatial distribution of rainfall δ18Op values

Spearman’s rank correlation analysis (Table 3) reveals that
δ18Op does not correlate with air temperature or amount of
precipitation in a similar way at each station, at neither daily

nor monthly timescales, thus reinforcing the need to con-
duct calibrating studies on a local basis, particularly when
conducting paleoclimatic reconstructions (Leng, 2006). Air
temperature appears to be the variable better correlated with
δ18Op across the west-to-east transect, with modest but sta-
tistically significant correlations (daily scale) at all sites (red
numbers in Table 3a) except Oviedo and Barcelona, most
likely due to the low number of daily samples (n= 39 and
n= 53, respectively). The coefficient of correlation among
δ18Op daily values and air temperature is highly variably
from west to east: El Pindal (rs = 0.34; p = 0.001), Ortigosa
de Cameros (rs = 0.25; p = 0.001), Molinos (rs = 0.42;
p< 0.001), Borrastre (rs = 0.29; p< 0.01) and Mallorca
(rs = 0.35; p = 0.001) (Table 3a). Regarding monthly val-
ues, air temperature is significantly correlated with δ18Op
values at eastern stations, with the highest coefficients associ-
ated with higher-altitude sites (e.g., in Molinos with rs = 0.76
and p< 0.001 and in Borrastre with rs = 0.61 and p< 0.001)
(Table 3b).

The influence of rainfall amount on δ18Op is strong in trop-
ical regions where deep convection is frequent, although it
may also occur in the extratropics in summer (Bar-Matthews
et al., 2003; Treble et al., 2005). Correlation among rain-
fall amount and δ18Op is negative, associated with rain-
drop evaporation during periods of sparse rain (Dansgaard,
1964; Risi et al., 2008) when the relative humidity is low
and is thus not a purely equilibrium process. In the stud-
ied transect, at the daily scale, the strongest correlation is
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observed in Barcelona (rs =−0.35; p = 0.029) (Table 3a).
There is also a significant correlation at the two sites of the
Iberian Range (rs =−0.32; p = 1.05×10−05 in Ortigosa and
rs =−0.19; p = 0.005 in Molinos). Interestingly, the west-
ernmost stations (El Pindal and Oviedo) do not show a sig-
nificant δ18Op–precipitation correlation on daily or monthly
scales. This lack of a correlation at the Atlantic sites con-
trasts with a previous study carried out in northern Spain at a
site also characterized by an Atlantic climate (Matienzo de-
pression), where a significant δ18Op–precipitation monthly
correlation was found (r =−0.51; p< 0.01) (Smith et al.,
2016). In our study, the δ18Op–precipitation correlation at a
monthly scale is only significant in Molinos in the Iberian
Range (rs =−0.4; p = 0.018), while no correlation is ob-
served at the other sites (Table 3b).

To further assess the relative role of temperature and rain-
fall amount effects, a multiple regression model for δ18Op
was carried out for the seven studied sites (Table 3c). The de-
pendence of δ18Op on air temperature has been extensively
studied, yielding an average slope for midlatitude continen-
tal stations of 0.58 ‰ per ◦C (Rozanski et al., 1993). In our
data that value is highly variable in time and space. The
strongest air temperature–δ18Op relationship, based on daily
data, is found at Borrastre (0.4 ‰ per ◦C), Molinos (0.4 ‰
per ◦C) and Barcelona (0.37 ‰ per ◦C), while the weakest
is at Oviedo–El Pindal (0.2 ‰ per ◦C). The other three sta-
tions, Ortigosa de Cameros (0.25 ‰ per ◦C) and Mallorca
(0.317 ‰ per ◦C), show intermediate values. Compared to
other areas, such as the Alps with temperature–δ18Op gradi-
ents of 0.5 to 0.7 ‰ per ◦C, the results presented above indi-
cate that, although important, air temperature only explains
part of the observed δ18Op variability and is therefore not
the only control. Air temperature, together with amount of
precipitation (Table 3c), accounts for less than 40 % of the
variability of δ18Op in the study transect. Since the origin of
air masses producing rainfall and the type of rainfall (i.e.,
convective vs. frontal) are also spatially dependent in north-
ern Iberia, these variables and their influence on the observed
δ18Op variability are investigated in Sect. 4.5 and 4.6 below.

4.5 The role of the source effect in modulating δ18Op

The source effect describes how air masses derived from
different moisture sources have distinct δ18Op values (e.g.,
Friedman, 2002). The source effect results from varying
air mass histories, different conditions of the moisture
source (air temperature, relative humidity and wind speed)
and regional differences in the δ18O of the surface ocean
(LeGrande and Schmidt, 2006). In the case of the northern
IP, it is necessary to consider the effect of both the Atlantic
Ocean and Mediterranean Sea as important sources of atmo-
spheric moisture (Gimeno et al., 2010). Typical present-day
δ18O values of seawater (LeGrande and Schmidt, 2006) in-
dicate slightly different values for the Atlantic Ocean and
the Mediterranean Sea due to temperature and salinity dif-

ferences. Source δ18O values range from 1 to 1.5 ‰ in the
subtropical Atlantic to 2 ‰ in the Mediterranean (Schmidt
et al., 1999). These differences in the source (about 0.5 ‰–
1 ‰) are small, but they are further modulated by the air mass
history, thus resulting in a change in the relative influence of
moisture sources on δ18Op along the west-to-east transect.

To evaluate the role of air mass origin in determining
δ18Op values at a daily scale in northern Iberia and the
Balearic Islands, back trajectories were calculated for all the
rainy days and subsequently averaged into wind rose dia-
grams, following the representation used in previous stud-
ies (Smith et al., 2016), for three stations along our northern
Iberia transect: Oviedo and Mallorca, the two extreme lo-
cations, and Borrastre, located at an intermediate location,
comprising a total of 519 events. This analysis reveals the
dominance of western trajectories at the three studied sites
considering a 24 h lifetime, with very few episodes associ-
ated with a different direction (Fig. 5; see also Fig. S1 for
trajectories calculated over a 120 h lifetime). In fact, com-
parison with the analysis carried out over 24 h and over 120 h
shows only few episodes with trajectories from the SW (e.g.,
Borrastre) or SE (e.g., Mallorca), and, interestingly, they all
have different δ18Op values (see below).

Despite the three sites sharing a common dominant WNW
direction of Atlantic air mass origin, they behave quite dif-
ferently in terms of amount of rainfall and δ18Op values for
every event. Oviedo (with a temperate oceanic climate – Cfb,
Table 1) presents a narrower range in both rainfall amount
and δ18Op in comparison to the other two sites (clearly seen
at 120 h, Fig. S1), as shown by the negligible frequency
of rainfall amounts above 32 mm (orange) and below 2 mm
(purple), while “extreme” events are much more common at
the Borrastre and Mallorca sites. Similarly, in Fig. 5b, where
the isotopic values for the different trajectories are plotted,
Oviedo appears to be the station with more uniform δ18Op
values (between −10 ‰ and −2 ‰) compared to the other
two stations. Thus, in Borrastre and Mallorca, δ18Op values
between−8 ‰ and−12 ‰ (red – green – yellow – dark blue)
are only present for northwestern trajectories, while less neg-
ative values (−6 ‰ to 2 ‰) appear in events with SW and SE
directions (see also Fig. S1). These results confirm the ho-
mogeneity of the Atlantic sites in terms of δ18Op amplitude
(Cantabrian coastal sites: Oviedo, El Pindal) compared to the
intermediate (Iberian range and Pyrenean sites: Ortigosa de
Cameros, Molinos and Borrastre) stations already described
by monthly data in Fig. 4.

This study of the source origin indicates a low, almost
negligible, presence of trajectories associated with Mediter-
ranean air mass advections. However, it is well-known
that, since meteorological processes connected to convection
(e.g., orographic, dynamic and thermodynamic) can produce
moisture uptake in less than 6 h (Romero et al., 2000, 1997;
Tudurí and Ramis, 1997), they will not be well-captured in
back-trajectory analyses that are computed for the previous
24 h (and even less for 120 h; Fig. S1). Therefore, it is im-
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Figure 5. Wind roses showing the averaged back-trajectory directions over a 24 h lifetime for air masses that produced precipitation at three
stations in northern Iberia: Oviedo (northern Spain), Borrastre (central Pyrenees) and Mallorca (Balearic Islands). (a) Amount of precipitation
(measured at the nearest meteorological station) during the intervals of sample collection and (b) δ18Op indicated by colors (see legends).
Source regions of each air mass, generated by averaging the direction of each point of the back trajectory (20 points), are divided into 10◦

sectors. The percentages of back trajectories, whose averaged directions are associated with each 10◦ sector, are shown as dashed circles
(from 0 % to 12 %).

portant to note that this method provides information on the
air mass origin (source effect) but not on the moisture uptake
regions. In that way, the dominant WNW air mass origin for
the three studied stations is clear.

To account for the different moisture uptake processes
along the studied trajectories, we followed the Baldini
et al. (2010) methodology in a more restricted way
(see Sect. 3.5) for the Oviedo–Borrastre–Mallorca stations
(Fig. 6). Our findings highlight the importance of moisture
uptake in generating the observed δ18Op differences along
our west-to-east transect, with Oviedo and Mallorca show-
ing a clearly dominant marine signal (Atlantic and Mediter-
ranean, respectively), while in Borrastre the moisture up-
take occurs over the whole Iberian Peninsula with the ma-
rine uptake being less important. The Oviedo station appears
very homogenous in terms of the moisture uptake regions,
clearly concentrated on the Portuguese margin and with very
few events characterized by recycled continental moisture.

Interestingly, we observe seasonal differences in the dom-
inant regions for moisture uptake, particularly at the Bor-
rastre station. Thus, the contribution of continental moisture
recycling, although observed along the whole year, is more
frequent in summer, as deduced from the red dots located
very close to the station, pointing to local convective pro-
cesses (Fig. 6). The oceanic contribution to Borrastre rainfall
is small and present mostly in winter (WNW oceanic source)
and, to a lesser extent, spring and autumn (Mediterranean
source). A recent study analyzing the trace element compo-
sition of precipitation also shows this seasonal tendency for
the Pyrenees (Suess et al., 2019). This seasonality in the land
vs. ocean moisture source contribution to Pyrenean precip-
itation is most certainly an important driver of the seasonal
cycle of the isotope signals in precipitation, as was previously
highlighted for many stations in Fig. 4b. The moisture uptake
regions identified for Mallorca rainfall events are also quite
heterogeneous, highlighting the Mediterranean as the domi-
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Figure 6. Maps of moisture uptake locations along rainfall backward trajectories represented for the Oviedo, Borrastre and Mallorca stations.
See the legend for colors (indicating seasons) and dot sizes (indicating amount of moisture).

nant source for moisture uptake, while in winter–spring some
events are observed to originate in the WNW sector. Addi-
tionally, some southern events arriving from North Africa
are also detected, indicating the importance of that area to
account for the Balearic Islands rainfall composition. In ad-
dition, we suggest that the Borrastre station offers a good
representation of Iberian rainfall in terms of δ18Op composi-
tion since it receives moisture from a wide area, thus being
of utility for further paleoclimatic studies in the Pyrenean
region. Similarly, the Oviedo site appears to be a good pro-
totype for the Atlantic region, allowing nearby paleoclimate
sites to be compared with well-known marine cores from the
Portuguese margin. Finally, the Mallorca site represents the
western Mediterranean in terms of a preferred moisture up-
take region.

4.6 The influence of rainfall type on δ18Op values

The influence of rainfall type on δ18Op is well-documented
globally, with different δ18Op observed depending on the
type of precipitation: convective showers, frontal, contin-
uous stratiform precipitation, etc. (Aggarwal et al., 2012).

This dependency is observed in previous studies on both
daily and monthly timescales (Aggarwal et al., 2016), with
a few examples of frontal precipitation (Aemisegger et al.,
2015) and tropical convective processes (Risi et al., 2008)
in Europe. These previous studies indicated that δ18Op val-
ues were lower when precipitation was dominantly stratiform
and higher when it was mostly convective. The main reason
explaining this difference involves the processes of conden-
sation associated with boundary layer moisture, which pro-
duce higher isotope ratios in convective rain (Aggarwal et
al., 2016). Additionally, some studies in the Mediterranean
region also directly link the isotopic signature of precipita-
tion to the prevailing weather conditions during the rainfall
event (Celle-Jeanton et al., 2001), helping us to further un-
derstand the role of water vapor transport and the moisture
cycling during convective events (Lee et al., 2019).

Here we explore how the specific synoptic situation, i.e.,
rainfall types and rainfall components, influences δ18Op val-
ues across the studied transect. Table 4 shows the percent-
age of rain events associated with each type of precipita-
tion, which were previously defined following Millán et al.
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(2005) and are represented in Fig. 1b: (i) Atlantic frontal sys-
tems (westerly winds), (ii) convective–orographic storms and
(iii) backdoor cold fronts from the Mediterranean Sea (east-
erly winds).

The prominence of rainfall associated with Atlantic fronts
is evident (above 40 % in the seven studied stations). This
percentage decreases eastward from 68 and 71 % in Oviedo
and El Pindal, respectively, to 58 and 41 % in Barcelona
and Mallorca, respectively. A previous study at a northern
Iberian site (Matienzo, Cantabria) indicates that approxi-
mately 80 % of air masses originate in the North Atlantic
and that their movement is associated with westerly frontal
systems (Smith et al., 2016). This situation appears to be true
for the Cantabrian coastal sites; for the Mediterranean and
Iberian Range sites, however, the Atlantic and Mediterranean
sources are of comparable importance (including backdoor
cold fronts) (Table 4). Distance to the Mediterranean and
elevation are also important factors in determining the fre-
quency of rainfall associated with backdoor cold fronts.
Thus, backdoor cold fronts are associated with 39 % of Mal-
lorca rain events and are still frequent situations at the two
sites in the Iberian Range (21 % in Ortigosa de Cameros and
24 % in Molinos). The frequency of convective precipitation
is higher at the three mountain sites (21 % in Ortigosa de
Cameros, 24 % in Molinos and 23 % in Borrastre) compared
to the sites at lower elevation (17 % in Oviedo, 12 % in El
Pindal, 17 % in Barcelona and 20 % in Mallorca).

The Kruskal–Wallis test was applied to investigate if there
were significant differences in the δ18Op values of the three
rainfall types analyzed (Atlantic, backdoor frontal precipi-
tation and convective) from the studied stations at the daily
scale. Test values shown in Table 5 (p values< 0.05) indicate
that the δ18Op values of at least two of the three rainfall types
are significantly different (this does not apply to Oviedo and
Barcelona since the number of degrees of freedom is too
small to yield a significant result). We conclude that the type
of rainfall (frontal versus convective) is an important fac-
tor controlling δ18Op values in the studied transect at the
daily scale. This result is also evident when the three rainfall
types are represented according to their δ18Op composition
(Fig. 7). Thus, regarding δ18Op composition, convective pre-
cipitation (in green in Fig. 7) is associated with the highest
δ18Op values, while events related to Atlantic and backdoor
cold fronts display more negative δ18Op values (albeit with
a large spread), consistent with previous studies (Aggarwal
et al., 2016). The highest δ18Op values associated with con-
vective precipitation may be related to the critical role played
by the re-evaporation of droplets, a process that usually takes
place during convective rainfall (Bony et al., 2008). In any
case, what is relevant here is the similarity between δ18Op
values associated with the two types of frontal rains (Atlantic
fronts and Mediterranean backdoor cold fronts), while there
is a significant difference when considering the type of pre-
cipitation, i.e., convective versus frontal.

Figure 7. Box plots of δ18Op for the three identified rainfall types in
northern Iberia: Atlantic fronts (in dark blue), backdoor cold fronts
(light blue) and convective precipitation (in green) for the studied
stations. The central rectangle spans the first quartile to the third
quartile (the likely range of variation, or the IQR). A segment inside
the rectangle shows the median, and “whiskers” above and below
the box show the locations of the minimum and maximum. Values
of δ18Op are normalized for better comparison among the seven
stations. The Kruskal–Wallis test indicates that at least two of the
three rainfall types are significantly different in terms of their δ18Op
values.

5 Conclusion

The major findings in this study are summarized as follows.

– The analysis of δ18Op and δ2Hp at seven stations along a
west-to-east transect in northern Iberia and the Balearic
Islands yields similar LMWLs, but all with lower slope
and intercept values than the GMWL.

– Oviedo–El Pindal and Mallorca–Barcelona rainfall
samples display the least negative δ18Op and δ2Hp val-
ues in the transect. Our results suggest that this similar-
ity between the two stations located at the western and
eastern ends of the northern IP is due, firstly, to the ini-
tial condensate of water vapor generated over the North
Atlantic and, secondly, to the influence of air masses
originating in the Mediterranean Sea, together with the
much warmer temperatures there than at the other three
sites. Besides those effects, the “elevation effect” must
be taken into account to explain the more negative av-
erage values at the three mid-transect stations (Ortigosa
de Cameros, Borrastre and Molinos).
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– The seasonal variability is larger at Ortigosa de
Cameros, Borrastre and Molinos, while it is reduced in
Oviedo–El Pindal due to the single origin of rainfall in
that area and the concentrated regions of moisture up-
take along the Portuguese margin.

– Air temperature appears to be the best-correlated vari-
able with δ18Op on daily and monthly timescales, with
the highest air temperature–δ18Op dependency found at
the Pyrenean station (slope of 0.38 ‰ per ◦C). Only a
few sites in the transect show a significant negative cor-
relation with precipitation amount (monthly in Molinos;
daily in Ortigosa de Cameros, Molinos, Barcelona and
Mallorca).

– The dominance of rainfall with an Atlantic origin is
clear in the study of rainfall back trajectories associ-
ated with each rainy event at the Oviedo, Borrastre and
Mallorca sites, but the regions in which moisture uptake
takes place are highly heterogeneous in space and time.
At the Borrastre station, moisture comes from all over
the Iberian Peninsula, with a dominance of recycled
continental moisture and less influence of oceanic mois-
ture in summer (Atlantic influence in winter, Mediter-
ranean influence in spring and autumn).

– Convective rainfall yields higher δ18Op values, while
rainfall events related to Atlantic and backdoor fronts
exhibit more negative δ18Op values.

In conclusion, the northern Iberian region is under the in-
fluence of two climatic regimes (Atlantic and Mediterranean)
and affected by different moisture source origins and uptake
regions. Therefore, the synoptic-scale atmospheric circula-
tion plays a key role in determining the ranges, values and
seasonal distribution of δ18Op variability.
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