Moisture origin and characteristics of the isotopic
signature of rainfall in a Mediterranean mountain
catchment (Vallcebre, eastern Pyrenees)

Enric Casellas®*, Jérome Latron®, Carles Cayuela®, Joan Bech?®, Mireia
Udina®, Yolanda Sola®, Keun-Ok Lee€, Pilar Llorens”

%Department of Applied Physics - Meteorology, University of Barcelona, Barcelona.
bSurface Hydrology and Erosion Group, Institute of Environmental Assessment and Water
Research (IDAEA), CSIC, Barcelona, Spain.
¢ Laboratoire d’Aérologie, Université de Toulouse, CNRS, UPS, Toulouse, France.

Abstract

This study investigates moisture origin, characteristics and intra-event scale
variability of the isotopic signature of rainfall in a Mediterranean mountain area,
based on data from the Vallcebre Research Catchments, NE Spain. Weekly
data and samples were used to analyse the general dynamics of the isotopic
composition of precipitation and its relationship with meteorological variables
at the sampling site. Then, based on the data and samples available at the intra-
event scale, the variability of the isotopic signature during rainfall events was
characterised and an explanation of what caused the observed variability was
attempted. Results at the weekly time scale show that the maximum relative
deviation of the heavy isotopic content with respect to Standard Mean Ocean
Water (6'80) of the precipitation signature occurred during summer months
and, in contrast, the minimum during winter months. The intra-annual trend of
rainfall 6180 roughly followed the mean monthly air temperature. Using intra-
event information, three main types of §'80 isotopic trends were found during
rainfall events: most of the events had a V-shaped isotopic trend, followed by
L-shaped and constant trend events. Changes in moisture sources —diagnosed

using a Lagrangian approach and a previously existing contribution algorithm-—
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were one of the causes of the isotopic variability and changes at the intra-event
scale, but these may also have been influenced by sub-cloud processes that
modified the isotopic signature. Moisture sources for analysed events showed
the main influence of the Mediterranean area, but also an important influence
of the Atlantic Basin.

Keywords: Precipitation, stable isotopes, backward trajectories, moisture

source regions, intra-event scale analysis, Mediterranean area

1. Introduction

The stable isotopes of water, oxygen-18 and deuterium, play an important
role in the study of the global hydrologic cycle (Gat, [1996). Natural waters,
mainly the oceans, have a relatively uniform isotopic composition (Dansgaard)
1964; LeGrande & Schmidt, [2006)), whereas meteoric waters are not in partition-
ing equilibrium. The reason is isotopic fractionation, which can be differentiated
into two types: equilibrium and non-equilibrium fractionations. The former im-
plies that the ratios of different isotopes in each compound are constant for a
particular temperature (Kendall & McDonnell, [1998)). An example would be
the condensation of water vapour to form rain clouds, where the molecules with
heavier isotopes condense more easily than those with light isotopes. In this
case, the liquid phase of water is enriched with heavy isotopes, whereas light
isotopes are left in the vapour phase. The non-equilibrium fractionations, also
known as kinetic fractionations, rely on the ratios of the masses of the isotopes
and their vibrational energies (Craig, [1961). Bonds of molecules with light iso-
topes are easily broken and react faster than molecules with heavy isotopes.
An example of kinetic fractionation is raindrops evaporation, which implies the
isotopic exchange between precipitation and the surrounding moisture in the
sub-cloud layer during its path to the surface (Dansgaard} [1964]).

Isotopic composition of precipitation varies greatly and depends on many fac-
tors, among which are the origin of the air masses, the rain-out history, evapora-

tion and condensation conditions when the precipitation forms and atmospheric
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transport (Dansgaard| [1964; |Gat & Gonfiantini, |1981} [Rozanski et al., [1992).

Dansgaard| (1964) also found a seasonal variation and latitude, altitude and

continental effects on isotopic composition of precipitation, which are related
to rain-out history and temperature. Finally, several studies (e.g. |Dansgaard,

[1964; [Rozanski et all [1992; [Araguds-Araguds et all, 2000} [Yu et all [2016]; [Ren
2017) show a relationship between stable isotopes and local meteorologi-

cal variables such as air temperature, relative humidity or rainfall amount. The
variability of the isotopic composition of precipitation is not only present in the
source area or during atmospheric transport, but also at the intra-event scale.
This has led to the study of single rain events in order to analyse the variations
in the isotopic content of precipitation and relate these to atmospheric processes

(Rindsberger et al. [1990; |Good et al|, 2014)). Three main isotopic trends have

been identified in different rainfall events: L-shaped, V-shaped and constant

trends (e.g. [Miyake, [1968} |Celle-Jeanton et al., 2001, 2004; Muller et al.l 2015).

The trend of the isotopic composition of precipitation at the event scale depends
on rainfall intensity, the altitude where rain forms, whether it is convective or
stratiform rain and if it is caused by a cold or warm front, among other consid-
erations. Apart from the analysis of isotopic trends, the origin of air masses and

the identification of moisture sources have also been the subjects of many stud-

ies. [Celle-Jeanton et al.| (2001)) found that precipitation from Mediterranean

sources was more enriched in heavy isotopes than that from Atlantic sources;

LLiotta et al.| (2008) related the isotopic composition of rainfall events in Sicily

to evaporation from the different areas of the Mediterranean Sea around the
island.
Many other studies used a trajectory analysis to determine the moisture

sources. |Guan et al| (2013) used the HYSPLIT (Hybrid Single Particle La-

grangian Integrated Trajectory Model) model to analyse deuterium excess (d-
excess) variations in relation with atmospheric sources in Australia; m
(2016) worked with the HYSPLIT model to study moisture sources at daily time
scale in the British Isles; also used the aforementioned model to

derive the moisture transport path of individual events on the Tibetan Plateau;
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[Lekshmy et al.| (2018) analysed the moisture source during monsoon in India;

[Pfahl & Wernli| (2008), Winschall et al.| (2014)) and Krklec et al| (2018]) used

a moisture diagnostic algorithm proposed by |Sodemann et al.| (2008) to deter-

mine quantitatively, rather than only qualitatively, the moisture sources in the

Eastern Mediterranean, the North-Western Mediterranean and Central Europe,

respectively. In addition, [Pfahl & Wernli| (2008) used a Lagrangian approach

to relate the isotopic composition of water vapour to evaporative conditions
(RHSST) of the moisture sources. This information opened up the possibility
of inferring whether intra-event variability is related to a change in the mois-
ture source or to other meteorological processes. The quantitative approach

followed by [Pfahl & Wernli| (2008) established a relationship between the mois-

ture source’s meteorological variables, which include sea surface temperature
and two-meter relative humidity, and d-excess. The relevance of using d-excess
is that it is a parameter correlated with the physical conditions of the moisture

sources (Froehlich et al. 2002; \Guan et al. 2013; Pfahl & Sodemann, 2014).

For instance, high deuterium excess values indicate low relative humidity at the
moisture sources. Consequently, a change in d-excess value may be related to a
change in the moisture source. Hence, the isotope signature of precipitation at
a specific measurement site represents the total imprint of all equilibrium and
non-equilibrium fractionation processes that occurred during its transport. In
the last 30 years, the Vallcebre Research Catchments have concentrated on many

studies concerned with understanding the hydrological functioning of Mediter-

ranean mountain catchments (Llorens et all)|2018)). In some recent studies that

used stable isotopes of water, some significant variability in isotopic composi-
tion of precipitation at the event-scale was observed. This variability has been

taken into account in the study of hydrological processes using stable isotopes

(Cayuela et al. [2018), but the dynamics and the reasons for this variability

remain unclear.
This study focuses on what is happening before the precipitation reaches the
ground and, in particular, addresses the question of which are the factors behind

the variability in isotopic composition in precipitation events. For this purpose,
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the isotopic composition of precipitation sampled in the Vallcebre Research
Catchments was analysed to obtain a Local Meteoric Water Line and to test
the relationship of 680 with local air temperature and rain amount. Then,
based on intra-event scale data, the different trends followed by the isotopic
composition of precipitation were analysed. Different processes may determine
the isotopic variability and its values, such as rainfall intensity, conditions below
the cloud, altitude at which rain is produced, the weather system involved and
changes in air masses (Muller et al.,|2015)). Altogether were analysed to establish
its importance in governing intra-event isotopic variability and mean isotopic
event values. To account for changes in air masses, a backward trajectory
analysis based on the methodology proposed by|Sodemann et al.[(2008) was done
with the HYSPLIT model to quantify the origin of moisture. This approach
enabled us to document the moisture source of selected events and relate it to
their d-excess values, so providing a deeper understanding of possible processes

influencing isotopic variability of precipitation.

2. Methodology

2.1. Study site

The Vallcebre Research Catchments are located at the headwaters of the
Llobregat river on the southern margin of the Pyrenees, NE Spain (42°12’N,
1°49’E) with altitudes between 1,100 and 1,700 m above sea level (a.s.l.) (Gallart
et al.;, 2005). There are different sub-catchments: Cal Parisa (0.32 km?) and Cal
Rodé (4.17 km?), which in turn has two sub-catchments, Can Vila (0.56 km?)
and Ca I'Isard (1.32 km?). This area has been used since 1989 for the study and
modelling of hydrological processes, with the aim of providing new information
to evaluate the effects of global change on water resources in Mediterranean
catchments (Latron et al., 2014). A complete overview of the results obtained
in the Vallcebre Research Catchments can be found in |[Llorens et al.| (2018).

The site climate is defined as Mediterranean humid with a mean annual

temperature of 9.1°C at 1,260 m a.s.l. It has a mean of 90 rainy days per year
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with a mean annual rainfall of 880 + 200 mm (Llorens et al.l |2018]).

2.2. Data acquisition and analyses

The rainfall isotopic data used in this study were sampled in two periods
between 2011 and 2016, the first from May 2011 to July 2013 and the sec-
ond from May 2015 to December 2016. This information was complemented
with rainfall and meteorological data measured at an automatic meteorological
station located in the upper part of the Can Vila sub-catchment. Rainfall was
measured with a tipping-bucket rain gauge located 1 m above the ground (Casel-
las cell, UK) and air temperature and relative humidity with respective probes
(Vaisala, Finland). All data were measured every 10 seconds and recorded at
5-min intervals by a datalogger (DT500 Datataker, Australia). Two types of
rainwater samplers, located next to the rain gauge, were used. One was a bulk
rainfall sampler consisting of a plastic funnel (130 mm diameter) connected to a
polyethylene plastic bottle by looped tubing. The plastic bottle had 1 L capac-
ity and was buried in the ground to prevent heating and evaporation. The other
sampling device was a plastic funnel (340 mm diameter) connected to an auto-
matic water sampler (24 polyethylene 500-mL bottles, ISCO 3700C, buried in
the ground), which allowed for automatic sampling at 5 mm-rainfall intervals.
Using this sampling device, for 21% of the samples corresponding to intense
rainfall (i.e. rainfall intensity higher than 5 mm in 5 minutes), a volume greater
than 5 mm of rain may have been collected in a single ISCO bottle.

During the sampling periods, all samples were collected once a week, kept
cold to avoid evaporation and sent to the laboratory. Rainfall samples were anal-
ysed for the relative deviation § of the heavy isotopic content from a standard,
5180 and §D, with a PICARRO L2120-i §D/§'®O Isotopic Water Analyzer
(Cavity Ring-Down Spectroscopy) by the scientific-technical services of Lleida
University (Lleida, Spain). Results were expressed as parts per thousand (%o)
and calibrated to the Vienna Standard Mean Ocean Water (V-SMOW) (Craig,
1961)). Precision was < 0.05%0 and < 0.3%o for 6180 and §D, respectively.
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2.3. General and Local Meteoric Water Lines

The covariance between §'%0 and 6D can be described by the relationship

defined by |Craig) (1961) and known as the Global Meteoric Water Line (GMWL):
6D =8-6%0+10 (1)

The intercept of 10 in Eq. reflects that meteoric and oceanic waters
are not in partitioning equilibrium. This value is defined as deuterium excess
(d-excess), cancelling the covariation of deuterium and 'O and resulting in
a parameter less variable than both isotopes (Dansgaard, [1964). Although the
GMWTL is a useful baseline for comparing stable isotopic data, it may not reflect
the characteristics or ratios of a local region. For this reason, a Local Meteoric
Water Line (LMWL), with its own slope and intercept, is often developed to
represent local meteoric conditions that may differ from those described in the

GMWL (Kendall & McDonnell 1998]).

2.4. Rainfall events characterization

Two parameters to characterize rainfall events were considered: type of pre-
cipitation and isotopic trend. The first one takes into account the synoptic
meteorological situation, which was derived from analysis synoptic charts (Met
Officel [2006), to determine whether precipitation was due to a cold (CF) or
warm front (WF), a low-pressure system (L), or if it was a non-frontal convec-
tive shower (S). The second one is based on a visual classification of the tempo-
ral evolution of the isotopic signature into one of the three commonly identified
trends (e.g. [Miyakel (1968} |Celle-Jeanton et al., [2001} |2004): L-shaped, constant
and V-shaped trend (Figures , and , respectively). The L-shaped trend
describes a steadily decrease of § followed by a stationary trend. If the latter
was followed by an increase of §, then the event would be labelled as V-shaped.
Finally, if the isotopic signature remained mostly constant, it would be labelled
as constant trend. For example, if the 680 evolution of an event followed first
a depletion, then a constant trend and finally an enrichment, the trend event

would be labelled as V-shaped.
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2.5. Moisture source identification and attribution

In this study, the identification and attribution of moisture sources was based

on the quantitative Lagrangian moisture source diagnosis proposed by

mann et al. (2008) and applied in several other studies (Sodemann et al., 2008;
[Sodemann & Zubler], 2010} [Pfahl & Wernlil, [2008}; [Winschall et al., 2014} [Krklec
2018). This methodology was based on the changes in specific humidity

of an air parcel during its trajectory from a particular location to the study
area. Two assumptions were made: (i) the integrity of the air parcels over sev-

eral days and (ii) every change in specific humidity was related to evaporation

or precipitation (Sodemann et all 2008). To calculate the backward trajec-
tories of each selected rainfall event, the HYSPLIT model was used (Draxler,
|& Rolph| 2003} |Stein et al.l 2015). One-degree meteorological GDAS (Global
Data Assimilation System) data were selected. Although a half-degree GDAS

dataset was also available and provided a finer spatial resolution, it lacked the
vertical velocity that needed to be calculated from horizontal divergence.
found that backward trajectories calculated with half-degree GDAS
datasets generate greater uncertainties than those with one-degree GDAS data.
Thus, the coarser-resolution GDAS dataset was selected and downloaded from
the portal available at the HYSPLIT interface. GDAS is used by the National
Center for Environmental Predictions (NCEP) Global Forecast System (GFS)
model to place observations into a gridded model space with a 3-hour temporal
resolution. It is used by HYSPLIT, which finally delivers interpolated trajec-
tory information with hourly resolution. The calculation process followed these

three steps:

1. Definition of the starting location of the backward trajectories’ calculation.

In this study, the Vallcebre Research Catchments (42°12°’N, 1°49’E).

2. The height levels required by the HYSPLIT model were computed from
selected pressure levels from 850 hPa to 450 hPa in steps of 50 hPa, which
were transformed to altitude using the barometric equation and assuming

a standard International Civil Aviation Organization (ICAO) atmosphere.
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3. A 10-day backward trajectory was calculated for each level and selected
event. Calculations provided hourly coordinates of the air parcel and
hourly meteorological data relevant to this study: mixed layer depth, rel-

ative humidity and specific humidity.

The Vallcebre catchments were considered the end of the trajectory; and
the start was the location where the air parcel reached a specific humidity (q)
of 0 g-kg™! or, if this value was not reached, the location where the trajectory
was 240 hours before the event. Once all the trajectories were calculated, only
those that had a decrease of q and a relative humidity higher than 80% at the
end of the trajectory were selected. This methodology is approximate due to
several moisture transport processes that are ignored, as|Sodemann et al.| (2008)
pointed out. The variation of specific humidity, Ag, was also retrieved by the

algorithm proposed by |Sodemann et al.| (2008)):

Aq(t) = q(Z(t)) — q(Z(t - 1h)) (2)

where Z(t) indicates the position of the air parcel at time t. If Aq(t) >=
0.1 g-kg™!, then there was an uptake of moisture. This uptake was classified
regarding the altitude of the air parcel in respect to mixed layer height. In
the present study, following |Sodemann et al.| (2008), mixed layer height was
multiplied by 1.5. Henceforward, mixed layer height times 1.5 is simply referred
as mixed layer height. If this uptake took place below the mixed layer height, the
location of the air parcel was considered a moisture source and the uptake was
flagged as "attributed”. However, if the uptake happened above the mixed layer
height, then it was not possible to be certain that the moisture came from the
area below the air parcel and the uptake was flagged as ”above”. In case Aq(t)
<=-0.1 g-kg™!, then the decrease was assumed to be caused by precipitation.
Wang et al| (2017) reported that moisture sources were sensitive to the Aq(t)
threshold value to decide whether a positive Ag(t) should be considered or not
a moisture uptake. In the present study, Ag(t) threshold was set to 0.1 g-kg™!.
Although in|Sodemann et al.|(2008) a Ag(t) threshold of 0.2 g-kg~! was adopted,

the temporal resolution of uptake identification was 6 hours, whereas in the
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present study it was 1 hour. After a sensitivity analysis of Ag¢(t) and accounting
for the finer Ag(t) values found for 1 hour resolution in comparison to 6 hours
resolution, the threshold of 0.1 g-kg™! was considered suitable. Details of this
analysis are given in

Finally, once all moisture sources were identified, the relative contribution
of each one to the moisture at the end of the trajectory was calculated. In addi-
tion, these contributions were classified in different regional divisions (Figure|2)),
including the Atlantic (ATL), Western Mediterranean (WM), Eastern Mediter-
ranean (EM), Continental Europe (EUR), Africa (AFR) and Polar (POL) re-
gions. Sources falling outside these regional divisions were considered as “not

classified sources”.

3. Results

8.1. Rainfall stable isotope composition and LMWL

The isotopic content of weekly rainfall samples (n=125) collected in the
Vallcebre Research catchments can be found in Table[ll The 6D and §'80 data
varied greatly; dD ranged from -152.2%¢ to 4.4%c and §'%0 from -19.1%0 to
-0.8%g. This variability was reflected in the relatively high values of standard
deviations. The minimum value of d-excess was negative, which is not common.
A d-excess value smaller than 3%y is considered anomalous due to possible post-
precipitation interference (Harvey & Welker| [2000) or a local isolated air mass
(Yuan & Miyamoto, [2008)).

The scatter plot between 6D and §'30 is useful, since it describes how the
heavy isotope components behave in different ways (Dansgaard, [1964) and how
different the measurements from the GMWL are. In order to calculate the
LMWL for Vallcebre, isotopic composition of weekly rainfall was used. Isotopic
values (0D and §*80) were weighted by the amount of rainfall corresponding to
each sample (Figure [3)). The local meteoric water line was calculated by an or-

dinary least-squares fitting method with an R? adjusted value of 0.96 (p<0.01).

10
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The equation obtained was:
6D =17.9-6%0+129 (3)

8.2. Seasonality of rainfall signature

Figure [4] shows the intra-annual variability of the 6'80 precipitation signa-
ture (weekly samples) and its relationship with weekly mean air temperature
and rainfall amount. The maximum §*¥0 was recorded in summer (-0.8%yo); the
minimum, in winter (-19.1%o). The intra-annual trend of the §'%O precipita-
tion signature roughly follows the mean monthly air temperature trend (Figure
). A moderate correlation (R? = 0.44, p<0.01) was found between air tem-
perature and the 'O precipitation signature at Vallcebre (Figure 4b). The
correlation suggested a reliable relationship between air temperature and iso-
topic composition of precipitation, which is known as the temperature effect.
When precipitation was considered (Figures |4 and ), no correlation (R? =
0.01, p=0.19) was found between rainfall amount and its §'%0 content. In this
case, the amount effect, which implies depleted precipitation in heavy isotopes
as rainfall depth increases, was not seen. The §D precipitation signature fol-
lowed the same trend as §'80, with a minimum value of -152.2%o during winter

and a maximum of 4.4%o in summer.

3.3. Intra-event dynamics

Out of all the rainfall events identified in the study period, 15 events (with
at least 4 rainfall samples taken by the sequential rainfall sampler, e.g. corre-
sponding to at least 20 mm of rainfall) were selected to evaluate the different
isotopic trends and types of precipitation observed (Table. 580 mean values
for the selected events ranged from their minimum in April (-10.8%0) to their
maximum in July (-3.0%o). d-excess values ranged from 10.4%o in an event in
July to 22.2%0 in November. In terms of rainfall characteristics, 8 out of 15
events were classified as non-frontal convective. Most of the selected events (12
out of 15) had a V-shaped isotopic trend, showing that in the first steps of the

rainfall event depletion of heavy isotopes occurred. However, in the final stages

11
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of the event, precipitation was enriched by heavy isotopes and isotopic composi-
tion recovered to be similar to that at the beginning of the rainfall event. Only
two events followed an L-shaped isotopic trend. The third isotopic trend type
with nearly constant isotopic content was identified once, which led to mini-
mum values for the standard deviation of §'*0O and §D. The embedded graph
in Figure [5] suggests that half of the 15 events analysed fell above the LMWL,
showing a d-excess higher than 12.9%o. Two groups of events could be identified:
events with d-excess values close to the LMWL and events with values further
away from the LMWL. Although half of the events were above the LMWL,
this does not mean that all individual samples during a rainfall event showed
the same trend. To show intra-event scale variability, intra-event scale samples
are given (Figure [5]) for three selected events that had different isotopic trends:
Events 2, 9 and 15. Event 2 corresponded to a constant isotopic trend (Fig-
ure |§|b) and showed less variability. The samples are concentrated in the same
zone in Figure [5| and aligned with a slope of 4.3, which suggests evaporation
of raindrops, although the precipitation accumulated for each sample. Events
9 and 15, in contrast, had great variability and corresponded to L-shaped and
V-shaped isotopic trends, respectively (Figures Elb and ) Both events can
be associated with equilibrium fractionation effects, as their isotopic variability
approximately follows the linear relationship of the LMWL with a slope of 7.6
for Event 9 and 7.5 for Event 15 (Figure[5)). However, Event 15 is partly affected
by kinetic fractionation since its V-shape also arise in the 6180 and D plane,
not following then the LMWL as Event 9 does (Figure [5). It can be seen in
the last sample of Event 15, far from the LMWL and with small precipitation

amount.

8.4. Moisture source attribution

Two or three representative instants of each event were selected to calculate
moisture attribution depending on d-excess trend (e.g. three specific instants
if the d-excess decrease is gradual -at the beginning, in the middle and at the

end of the event- or only two if the decrease is sharp). Although the duration

12
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of some of the events was close to the GDAS data temporal resolution, differ-
ent trajectory calculations were still considered to discard abrupt changes of
moisture sources. A total of 324 trajectories were calculated for the 15 selected
events. 113 of them (34.8%) met the conditions described in Sectionto allow
the computing of the moisture uptake history of the backward trajectories. The
frequency plot of all the valid trajectories (Figure[9p) had two features: i) most
of the trajectories came from the west, as expected from global atmospheric
circulation, ii) the entry to Vallcebre Research Catchments was concentrated in
two sectors, namely the Gulf of Bizkaia and the Catalan coastline (Figure [Jh).
From all 113 trajectories considered, a 0.5°x 0.5° grid covering their extent was
drawn and the contribution to the final moisture from each cell of the grid was
calculated (Figure[Op). Results showed that 56% of the moisture present above
the Vallcebre catchments could be attributed to one of the six moisture source
regions described in Figure 40% of the moisture could not be attributed
to any source region because it corresponded to uptakes above the boundary
layer. Finally, a remaining moisture amount was categorized as unknown in
cases when the air parcel was not completely dry at the start position of the
trajectory, representing 4% of the moisture. From the known moisture sources,
the regions that contributed most were: the Western Mediterranean (58%), the
Atlantic area (25%) and the African region (14%). Contributions from the other
regions were less than 1% each. Moisture source attribution at the event scale
(Table [3)) showed that most of the events with a high d-excess were related to a
predominance of air masses with a Western Mediterranean and African origin
(Events 2, 3, 4, 11, 15). However, this did not hold for Events 6 and 7. Event
9, whose main contributor for moisture origin was the Atlantic area, showed a
mean d-excess of 11.0%o, which may be related to the combination of WM and
ATL sources. Event 10 had a mixture of Western Mediterranean and Atlantic
moisture contribution sources with little influence from African and European
regions. This combination may explain the d-excess value of 11.9%. In Event 1,
d-excess values varied slightly, from 10.0%0 to 13.0%o, which was also reflected

at intra-event scale moisture source attribution (Table . In addition, mean

13
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d-excess value of 11.1%¢ may be related to a mixture of WM and ATL source

regions.

3.5. Fwvaluation of the moisture source attribution method

The method used to attribute moisture sources was examined in order to
evaluate its performance in the study area. As shown in Figure a period
of two days back in time was enough to identify at least half the moisture
present above the Vallcebre Research Catchments. The mean increase of the
known fraction was 23% per day during the first 72 h of backward simulation,
6%/day from 72 h to 168 h, and only 2%/day during the last 72 h. However,
identifying half the moisture present above the Vallcebre Research Catchments
was not equivalent to knowing 50% of the moisture sources, because the known
fraction includes the uptakes tagged as above (i.e. not taken from the source
region). Consequently, the known fraction has to be divided into two parts:
attributed and above. The 50% barrier of the attributed fraction was overtaken
at day 5, when the remaining unknown fraction had a value of 16%. This study
also showed that 10-day backward trajectories were not sufficient to acquire full
knowledge of the moisture origin above Vallcebre. Still, it was consistent with

mean water residence time in the atmosphere ~9 days.

3.6. Intra-event scale variations of characteristic events
Three characteristic events (with different isotopic trends) were analysed
more fully. These were selected beforehand because of the clarity of their 530

isotopic trend. This clarity would show their intra-event variability properly

(Figure [5)).

8.6.1. Constant trend: Event 2, 30th July 2011

A cold air intrusion, with temperatures between -15°C and -10°C at the 500
hPa level, characterized the last two days of July 2011. This relatively low tem-
perature at that height induced an unstable atmosphere favouring storms and

precipitation. The event started at 12.50 UTC and ended at 15.20 UTC, leaving

14
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35.8 mm of rainfall with a mean intensity of 14.7 mm/h. The event was classi-
fied as non-frontal convection. Despite small fluctuations, air temperature and
relative humidity presented a decreasing trend. Although three different peaks
were observed (Figure @1), the isotopic composition of precipitation was nearly
constant. The initial §'80 was -6.3%0 and experienced a slight enrichment to
-5.5%o0. As indicated before, this event had the minimum values for the stan-
dard deviation of §'®0 and 6D in accordance with the constant isotopic trend
identified. The d-excess increased from an initial value of 19.4%0 to 21.1%0 and
then decreased to a final value of 14.4%o. Two different instants of the event
were selected to calculate the backward trajectories and the moisture sources:
one at the beginning of the event and another at the end. For this event, 73%
of the moisture origin could be identified: 35% corresponded to the Western
Mediterranean area and 29% to the European region; the rest was attributed to
the Atlantic region (Table . The two selected instants had similar trajectory
paths, but their contribution differed. In the first one, the contribution from
the Western Mediterranean region was dominant, whereas in the second one the

European region was the main contributor (Figure [6k and [61).

3.6.2. L-shaped trend: Event 9, 19th January 2013

This event, lasting five days, from 18th to 21st January 2013, was due to
a cold front. An anomaly in the medium tropospheric level thermal field was
observed, with temperatures below -25°C at 500 hPa. At surface level, a deep
low-pressure system with an associated cold front went from west to east over
the Iberian Peninsula. The precipitation started on 19th January at 06.15 UTC
and lasted more than 15 hours until 21.50 UTC, giving 37.8 mm with a mean
intensity of 2.4 mm/h (Figure ma) Air temperature followed a steadily decreas-
ing trend from 5°C to 1°C, whereas relative humidity was mostly constant at
94% during the event, except at the start of it where it momentarily decreased
to 83%. A maximum 680 of -6.1%¢ was observed at the start of the rainfall
event. The precipitation’s heavy-isotope content fell steadily, reaching a 520 of

-12.9%0 at the end of the event (Figure [7b). The §'80 steady fall behaves sim-

15



405

410

415

420

425

430

ilarly as air temperature as will be discussed in Section During the rainfall
event, the passage of the cold front coincided with maximum rainfall intensity
and the highest depletion in heavy isotopes (Figure |7 and Eb) d-excess started
with a value of 10.7%q, then increased to 13.3%o. Later, a similar decrease for
0'80 led to a d-excess of 6.6%o at the end of the event. These d-excess changes
were identified and used as starting times for the backward trajectories’ cal-
culations (Figure Elb) Most of the trajectories, in the three different instants
considered, had the same trend, coming from the Atlantic area and crossing over
the Iberian Peninsula from SW to NE (Figures 7c, 7d and 7e). Moisture source
attribution results showed that 74% of the moisture could be associated with a
specific region. Most of the water vapour was attributed to the Atlantic area,
followed by the Western Mediterranean (Table 4). The three selected instants
showed clear dominance of the Atlantic region as a moisture source area. The
Western Mediterranean region showed a growing trend as the event developed,
whereas the Atlantic region showed a decreasing trend. Even so, the Atlantic

region maintained its dominance (Table [4)).

3.6.3. V-shaped trend: Fvent 15, 22nd July 2015

This event, lasting four days, from 19th to 23rd July 2015, was characterized
by afternoon convective showers. Our study focused on the afternoon of 22nd
of July from 17.05 UTC to 20.15 UTC when 54.6 mm of rainfall were recorded.
The mean intensity was 17.24 mm/h and the event was classified as non-frontal
convection. At surface level, the situation was dominated by the Azores high-
pressure system, but with the presence of a relative low between the SW of the
Balearic Islands and the Iberian Peninsula. The situation at 500 hPa level was
not particularly defined, but the temperature was around -10°C, which could
enhance the instability of the atmosphere. The bulk of the precipitation took
place between 17.45 UTC and 19.05 UTC, when maximum intensity reached
nearly 10 mm in 5 minutes (Figure ) Air temperature and relative humidity
values followed opposite trends. On one hand, the former experienced a sharp

decrease from 16.5°C to 11.5°C coinciding with the bulk of rainfall and kept
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relatively constant at the end of the event. On the other hand, relative humidity
experienced some fluctuations during the first part of the event with values
between 88% and 98%, but remained constant at 100% in the last part. This
event followed a V-shaped isotopic trend. 6'¥0 had an initial value of -7.8%o,
followed by a slight decrease to -10.5%0. Once the storm subsided, 6180 increased
to a value higher than the initial one (-7.2%0). d-excess decreased steadily from
16.6%0 to a final value of 2.6%o (Figure ) In this event, three significant
instants were chosen to follow the d-excess decreasing trend: one at the start of
the event, a second one around the middle of the event when an increase was
observed and a third and last one at the end of the event when d-excess reached
its minimum value. The resultant backward trajectories in these three instants
showed a dominance of the Mediterranean origin, combined with moisture from
the Atlantic region. There was a clear dominance of the north-west of the Iberian
Peninsula as a moisture source area (Figures , and ) However, the
quantitative attribution of moisture sources shows a dominance of the Western

Mediterranean area (Table [d).

4. Discussion

4.1. Stable Isotope composition and local meteorological variables

Weekly isotopic values of rainfall sampled in the Vallcebre Research Catch-
ments showed that the classification of precipitation as either enriched or de-
pleted was not straightforward. The Western Mediterranean region is under the
influence of the Mediterranean Sea and the Atlantic Ocean. The two sources
have different isotopic content, enriched values for the Mediterranean and de-
pleted for the Atlantic region (Celle-Jeanton et al., 2001). The mean value of
-7.2%0 for 6180 observed in Vallcebre was consistent with this mixed influence.
Celle-Jeanton et al.| (2001)) also obtained for Barcelona a mean §'20 value of -
5.5% for the period from 1985 to 1991. A possible explanation for the difference
between these two isotopic values is the influence of altitude effect (Dansgaard)

1964; [Kendall & McDonnell, [1998]). This factor, considering the altitude dif-
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ference between Barcelona and the Vallcebre Research Catchments, 0 m asl
and 1200 m asl, respectively, probably explains the lighter precipitation found
in the latter. In addition, comparing 6'80 values for Barcelona and Vallcebre
Research Catchments results in a §'%0 depletion of 0.2%0/100 m, which is con-
sistent with . Another factor of differentiation between Barcelona and
Vallcebre is temperature at the sampling site. Relationships between surface air
femperature at the sampling site and & 180 have been widely studied (e.g.
igaard, [1964; Araguds-Araguas & Diaz Teijeirol 2005; [Yu et all 2016). All these

studies showed an enrichment of heavy isotopes in precipitation as tempera-
ture increased. Temperature, therefore, also explains the more depleted values
observed in Vallcebre than at the Barcelona station, as mean annual tempera-
ture is much lower in Vallcebre. For Vallcebre, a weak-to-moderate correlation
with a R? of 0.44 between 680 and temperature was found. This relationship

showed a slope of 0.4%0/°C and an intercept of -10.8%o. It was nearly the same

relationship as the one obtained by |Araguds-Araguds & Diaz Teijeiro| (2005) for

the Madrid-Retiro station. However, in this latter study, the R? value was much

higher (0.9) because the relationship was drawn from monthly data instead of

weekly data. [Dansgaard| (1964)) pointed out that the variations experienced by

individual precipitation compositions are smoothed when average compositions
are compared over a sufficiently long period of time. The influence of rainfall
amount on the isotopic composition of precipitation was tested. However, no
correlation was found, suggesting that, at Vallcebre, temperature played a more
significant role than rainfall amount in the heavy isotope content of precipita-
tion. Weekly samples were also used to retrieve a LMWL. The one obtained

in this study Eq. corroborates the one calculated by (2000)) for the
Western Mediterranean (WMMWTL):

6D =8-6"0+13.7 (4)

d-excess values confirm the singularity of the Western Mediterranean region

(Celle-Jeanton et al.,2001)), compared to 22%o (Gat & Carmi,|1970) for the East-

ern Mediterranean and 10%o of the GMWL, characteristic of Atlantic sources.
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The difference in d-excess between Eq. and Eq. may be explained
by the Atlantic moisture sources affecting the Vallcebre Research Catchments

more. However, the d-excess value obtained in this study falls within the range

of d-excess values measured by Huyghe et al| (2018) for the southern Pyrenees
(7%0-14%0).

4.2. Selected rainfall events

Of the 15 rainfall events selected, 3 of them, representing the three main
types of intra-event isotopic trends, were analysed in depth in this study. Most
of the 15 events had a V-shaped isotopic trend (Table , although not all of
them had a totally clear trend. Some of the events had, first, a depletion in heavy
isotopes, then a constant trend until enrichment occurred. Figure [Bb shows a
clear example of a trend with final enrichment, in this case reaching a similar
value to the initial value. However, not all enrichments were so clear. Some

of them, indeed, showed much lower enrichment, but were still considered V-

shaped, as|Celle-Jeanton et al.| (2001) also found. Half of the events fell above the

LMWL (Figure|5)), which may be related to reduced subcloud evaporation effects

on heavy rainfall events and condensation occurring at a lower temperature,

resulting in higher d-excess values (Guan et al| 2013). The V-shaped trends

identified in this study were usually associated with convective or shower-type

precipitation, as in Celle-Jeanton et al.| (2004). The L-shaped isotopic trend,

which involves steady depletion of heavy isotopes, was usually associated with

the passage of a cold front (Gedzelman & Lawrence, 1990; (Celle-Jeanton et al.,
2004)), as found for the two events of that type observed in this study (Table.

Finally, the only event with a constant isotopic trend corresponded to convective

precipitation, as also observed by |Celle-Jeanton et al.| (2004).

4.3. Intra-event scale variations of three characteristic events
4.8.1. Event 2, constant trend

(1968) argued that the constant trend was caused by precipitation
forming at an unvarying height. This explanation may not fit with the type
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of precipitation found in this study for Event 2 (Figure @x), as this was con-
vective. In convective events, the height where precipitation forms may vary
much more than in stratiform precipitation events. |Celle-Jeanton et al.| (2004)),
however, suggested that the constant trend may be due to the steady state
condensation/rain-out process attained by convection. This explanation is more
consistent with the characteristics found for Event 2. Although rain rates in
this event were relatively high, the isotopic signature of precipitation was not
affected by the amount effect, since more depleted values would be expected.
In the present case, the enriched mean of -5.7%0 of §'30 may be explained by
the slope of 4.3 obtained from individual samples (Figure [5]), indicating evapo-
ration effects with kinetic fractionation (Dansgaard) 1964). In addition, relative
humidity values showed unsaturated air conditions. These effects tend to en-
rich precipitation in heavy isotopes. Regarding d-excess variability, although
there were changes in the moisture sources reflected by the increase of the Eu-
ropean source (Table 7 the small difference between the two selected instants
to calculate backward trajectories, suggests that d-excess trend was governed
mostly by sub-cloud processes. In this case, re-evaporation, yields a decrease of
d-excess (Julian et al., [1992; Risi et al., 2010) which would explain the d-excess
decreasing trend at the end of the event. From an event point of view, moisture
sources showing high influence of the Western Mediterranean and Europe areas

were in accordance with the high d-excess values found.

4.3.2. Event 9, L-shaped trend

In the L-shaped isotopic trend of Event 9, §'30 decreased steadily from a
temporal point of view (Figure [th) and following the LMWL in the §'80 vs
0D plane (Figure [5)). The latter suggests that isotopic variations may mostly
be associated to equilibrium fractionation alone rather than kinetic fraction-
ation. In this case an assumption of vapor/liquid equilibrium during rainout
occurring at progressively lower temperatures (Gat, 1996) fits with the 530
evolution and air temperature decrease (Figures Eh and ) In addition, the

evolution of an isotopic trend can be related, among others, to rainfall intensity,
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conditions below the cloud or the weather system (Risi et al., [2010; |Aemisegger|

let al., 2015 [Muller et all [2015). In the present case, the decreasing trend of

080 could be explained by the associated passage of a cold front. As the cold
front approaches the sampling site, the local height where the precipitation is

formed tends to increase, resulting in the precipitation containing fewer heavy

isotopes, as discussed by |Gedzelman & Lawrence| (1990). During Event 9, the

peak of precipitation and its most depleted value were consistent with the pas-
sage of the cold front (Figures Eh and Iﬂb) The initial enriched values of §'%0

may be due to evaporative effects that occurred when the sub-cloud layer was

not saturated (Ehhalt et al., [1963)) as indicated by the relative humidity values

(Figure ) At the end of the event, a constant trend was reached, which is

usual after a decreasing trend of heavy isotopes (Muller et all [2015)). In this

case, the character of the precipitation at the last stages of the event (Figure
Ea) was consistent with the suggestion made by . The d-excess
followed a trend similar to §'%0. However, the first and the middle part of the
event followed a nearly constant trend in agreement with the aforementioned
rainout conditions [1996). In this period of the event, d-excess fluctuated
from 11.0%o to 12.8%o, which could be attributed, at some extent, to the in-
creasing influence of the Western Mediterranean moisture source in the middle
of the event yielding a higher d-excess, in comparison to the start of it when
the Western Mediterranean contribution was barely residual in front of Atlantic
source. In the last part of the event, however, the d-excess decrease could be
explained due to a sub-cloud process. Evaporation is unlikely due to high rela-

tive humidity values (Figure[7h). Then, moisture exchange in residual rainwater

(Guan et al., 2013)), which is in accordance with the precipitation type found in

the last stages of the event, offers a possible explanation for the d-excess final
trend. Overall, if the event is taken as a whole regarding moisture sources, the
mean d-excess value of 11.0%c is in agreement with the Atlantic predominant

moisture source with some Western Mediterranean influence.
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4.3.3. Bvent 15, V-shaped trend

V-shaped isotopic trends usually appear in convective events (Muller et al.|
[2015} [Risi et all [2010), which was the case of Event 15. The initial enriched

values of 680 may result from the raindrops production in low-altitude clouds

affected by evaporation during their path to the surface (Muller et al., [2015) and

by the weak character of precipitation which made raindrops more susceptible

to evaporation (Risi et al) [2010). In the present case, both explanations fit

with the unsaturated air at the surface and the low rain rates during the initial
stages of the event (Figure ) However, when the bulk of the precipitation
happened, an abrupt depletion in heavy isotopes occurred (Figures [8h and )
This corresponded with the increased height of rain formation: a similar process
as for Event 9. However, in this case convection was responsible for increasing

the altitude of rain formation. Indeed, when convection cells reach their top

height, more depleted values of §'80 are expected (Muller et al.,[2015). In Event

15, the minimum §'80 value coincided with the maximum rainfall intensity,

which is consistent with [Muller et al.| (2015)). In addition, although without air

saturated conditions (Figure ), evaporative effects were neglected by the rain
intensity diminishing the interaction with ambient air . Therefore,
an amount effect was apparent, with more depleted values as rainfall intensity
increased. Furthermore, a sharp decrease of air temperature also coincides with
the 680 depletion (Figures [gh and[8p). The end of the event was characterized
by an enrichment in heavy isotopes, which is usually related to evaporative
conditions. However, relative humidity values showed saturated air conditions,

which would limit evaporation. In this case, the final increasing trend could be

related to residual precipitation formed at lower elevation (Celle-Jeanton et al.,

2004)) or diffusive exchange between falling drops and water vapour near the
ground (Risi et al. [2010)). Regarding d-excess evolution, it followed a steadily

decrease trend. Moisture sources were similar for the different selected starting
points because of their small time separation. Thus, d-excess changes were

mainly governed by sub-cloud processes. However, moisture sources for the
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whole event were in agreement with the mean d-excess value of 12.0%q, resulting
from a combination of Western Mediterranean and Atlantic sources (Figures ,
, and Tables (3| and . Overall, final low d-excess values may be due to
diffusive exchange between raindrops and the surrounding vapor
2010)), which is very efficient at high relative humidity.

4.4. Moisture source attribution for the selected events

In addition to Events 2, 9 and 15, the moisture sources were calculated for

the rest of the selected events (Table [2). As|Celle-Jeanton et al. (2001) pointed

out, d-excess values of 14%o are characteristic of the Western Mediterranean
area, which ranges from 10%o (Atlantic) to 22%0 (Eastern Mediterranean). Ta-
ble [8l summarizes the contribution of different moisture sources and shows that
most of the d-excess values of the events with predominance of WM contribu-
tions range from 14%yq to 22%o, which may demonstrate the influence of moisture
sources on d-excess values. However, when analysing these results, it is impor-

tant to take into account the limitations of the attribution methodology used in

this study, as specified by [Sodemann et al.| (2008)), in particular the omission of

the effects of convection, turbulence, rainwater evaporation or evaporation oc-
curring over land. In addition, sub-cloud processes may play an important role
in d-excess variability, as well as moisture source changes. The total attributed
moisture fraction, 56%, was lower than those reported in other studies such as

66% for Greenland (Sodemann et all, [2008), 68% for Israel (Pfahl & Wernli
2008) and 85-91% for the NW Mediterranean region (Winschall et al., 2014).

The lower values found in this study may be due to the differences or simplifica-

tions applied in the moisture attribution method proposed by [Sodemann et al.|

(2008)). The main differences were the following: first, the way the atmosphere

was vertically differentiated in this study was less precise because height levels

were used rather than pressure levels; second, noise areas (with moisture uptakes

1

below a small threshold) were those with uptakes lower than 0.1 g-kg™!, whereas

1

in the other studies uptakes lower than 0.2 g-kg™" were considered as noise. This

latter simplification may explain the difference between the unknown moisture
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fraction (3.7% in this study) and the 14% obtained by [Sodemann et al.| (2008]).
Of the 56% of the moisture fraction that could be attributed, nearly 58% of
it corresponded to a Western Mediterranean source, followed by the Atlantic
Ocean with ~25%. These percentages were consistent with the mean isotopic
values in Table [1} confirming the influence of both sources to give 530 a mean
value of -7.2%o. In addition, the d-excess value of 13.2%o confirmed the higher
influence of the Western Mediterranean sources, at least for the 15 events anal-
ysed. In Figure the overall results from the backward trajectory calculations
and moisture attributions showed that, in only two days, the unknown fraction
of the moisture present above Vallcebre was reduced by half. However, to over-
come 50% of the attributed fraction, five days back in time were needed. In
the HYSPLIT interface used, it was not possible to stop a backward trajectory

I was reached or at a value that we consid-

when a specific humidity of 0 g-kg™
ered dry enough. For this reason, a fixed 10-day backward time was employed,
similar to [Pfahl & Wernli| (2008)) and [Winschall et al| (2014). |[Pfahl & Wernli
(2008) related d-excess to the mean moisture source 2-meter relative humidity
(RH2m), obtaining close correlation. The correlation was tested with a differ-
ent number of trajectories, depending on their attributed fraction percentage
(>60%, >40% and >20%); all of them showed nearly the same correlation. This
result may be useful in selecting the backward time considered for trajectory
calculations, in order to get a first approach and to test whether a correlation
between RH2m and d-excess exists. This means that, taking into account the
results observed in Figure between two and three days back in time would
be enough to establish or test a correlation between moisture source mean rela-
tive humidity and d-excess. Figure [L0|shows that a 10-day backward trajectory
lasted long enough to know practically the entire origin of the moisture (above
Vallcebre), which is the sum of the moisture contributions tagged above and
attributed. The slope for the last hours of the backward trajectory calculations
and its steady decrease over time suggested that at least two more days back in

time would be needed to reduce the unknown fraction to zero.
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5. Conclusions

The following conclusions emerge from the results obtained in this study.

e The isotopic signatures of meteoric waters in Vallcebre are influenced by
the Western Mediterranean and Atlantic Ocean. This results in 6'80 and
0D mean values that are neither systematically enriched nor depleted. For
the events selected, the Western Mediterranean is the major contributor
to the moisture above Vallcebre (58%), followed by the Atlantic Ocean
(25%) and the African region (14%).

e A moderate, but significant, correlation suggests that temperature does
have an effect on the isotopic signature, whereas no correlation was found

for the amount effect.

e Most of the events selected had a V-shaped isotopic trend, followed by
those with L-shaped and constant trends, respectively. The latter could
be found in some events, in the middle part of the V-shaped trend or

during the final stages of an L-shaped isotopic trend.

e Isotopic variability at intra-event time scale was mostly governed by sub-
cloud processes, air temperature and relative humidity near the ground
and the type of weather system. Moisture sources and their changes,
however, were not sufficient to explain completely intra-event variabilities,

but were generally in accordance with event mean d-excess values.

e The 10-day limit for the backward trajectory calculations is enough to clas-
sify nearly 96% of the moisture present above Vallcebre Research Catch-

ments.

Despite the relatively small number of events selected and the simplifica-
tions used in the source region attribution method, moisture origin attribution
achieved 56%. Further studies using this methodology with a larger number
of events could provide a more comprehensive analysis of isotopic variability

in precipitation at the event scale. In addition, intra-event scale analysis of
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weather events in NE Spain could be done by using limited-area isotope model

simulations.
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Table 1: Summary statistics of §D and 6180 and d-excess of weekly rainfall sampled in the

Vallcebre catchments during the period 2011-2013 and 2015-2016 (n=125).
Variable 8D (%o) 60 (%o) d-excess (%o)

Minimum -152.2 -19.1 -4.0
Maximum 4.4 -0.8 294
Mean -44.1 -7.2 13.2
St. dev. 25.7 3.2 5.8
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Table 2: Rainfall and isotopic characteristics from the 15 events selected. t = duration (hours),

R = rainfall depth (mm), TP = type of precipitation (S: stratiform non-frontal convection,

CF: caused by a cold front, WF: caused by a warm front, L: caused by a low), C = continuity

of precipitation along the event, n = number of samples for the isotopic data, T = mean value,

sd = standard deviation and IT = observed isotopic trend (V-shaped, Constant, L-shaped).

Rainfall characteristics

Isotopic characteristics

5180 (%) 6D (%o)  d-excess (%o)
Event Start date (UTC) t (h) R (mm) TP C n T+ sd T+ sd T + sd IT
1 26/07/11 1700 5.9 36.2 S Yes 8 -8.1£2.4  -52.4£19.8 11.1+0.9 A%
2 30/07/11 1250 2.5 35.8 S No 5 -5.7£0.5 -27.2+2.8 18.7£2.5 ct
3 14/11/11 1940 304 294 CF/WF No 7 -7.6£3.8 -38.8£33.9 22.3+6.9 A%
4 20/03/12 2325 42.0 72.8 WF No 11 -7.6£1.9 -40.9+£15.0 20.2£1.3 \%
) 28/04/12 0240 22.0 34.6 CF No 7 -3.6£2.9  -17.84£27.5 10.6+4.9 L
6 30/04/12 0240 9.8 28.6 L Yes 7 -10.8£1.4 -71.4£9.9 15.1+6.1 \%
7 28/05/12 1130 6.3 16.4 No 5 -3.8+£2.8 -19.6+16.4 10.6£6.8 \%
8 29/05/12 1130 8.8 29.8 S Yes 6 -6.3£2.2  -38.4+11.5 12.0£7.8 A%
9 19/01/13 0715 15.6 37.8 CF Yes 8 -9.3+£2.0 -62.94+17.5 11.0+£2.2 L
10 04/03/13 2020 11.8 99.8 WF No 13 -8.8+£3.1 -58.7£23.0 11.9£4.2 \%
11 25/04/13 0230 148.2 964 CF/WF No 22 -7.4+44.0 -40.4+35.9 18.8+5.3 A%
12 20/07/13 1630 2.6 24.8 S Yes 6 -4.0£1.9  -12.9£12.3 18.9+3.2 \%
13 23/07/13 1605 3.3 75.8 S Yes 13 -5.3+2.3 -22.4+16.0 20.2+4.3 \%
14 20/07/15 1240 5.3 19.8 S Yes 4 -3.0+£0.8  -13.1£2.93 10.5+4.3 \%
15 22/07/15 1705 3.2 54.6 S Yes 9 -9.1£1.4  -61.0£11.0 12.1£3.9 \Y




Table 3: Weighted contribution of each region to the final moisture above Vallcebre with valid
backward trajectories and d-excess mean value for the 15 events selected. WM=Western
Mediterranean, ATL=Atlantic, POL=Polar, EUR=Continental Europe and AFR=Africa. 0

indicates a contribution between 0% and 0.5% and - a null contribution.

Origin (%)

Event d-excess (%o)
WM ATL POL EUR AFR
1 38 29 2 - - 11.1
2 36 9 - 29 - 18.7
3 61 0 0 0 - 22.3
4 23 2 - 0 16 20.2
6 30 39 - - - 15.1
7 56 5 - - - 10.6
9 15 59 - 0 - 11.0
10 22 13 - 1 6 11.9
11 30 3 - 1 15 18.8
15 55 29 - - - 12.1
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Table 4: Contributions to the moisture present above Vallcebre for the different instants
considered for the three Events selected (2, 9 and 15) (Figure [6p, and [8p) and Event 1
commented in Section [3.4] Hour is the instant chosen to evaluate d-excess changes. The
origin is expressed as percentage contribution of each region. WM=Western Mediterranean,
ATL=Atlantic, POL=Polar, EUR=Continental Europe and AFR=Africa. The row tagged as
Total indicates the weighted contribution of each region to the final moisture above Vallcebre.

- indicates_a null contribution.

Moisture Source Region (%)

Event Hour (UTC) WM ATL POL EUR AFR

18 30 29 - - -

1 20 35 31 4 - -
22 48 26 2 - -

Total 38 29 2 - -
13 37 8 - 24 -

’ 15 33 10 - 46 -
Total 35 9 - 29 -
09 7 69 - - -

9 16 14 57 - - -
21 30 51 - - -

Total 15 59 - - -
17 57 30 - - -

15 18 42 35 - - -
20 65 21 - - -

Total 55 29 - - -
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Figure 1: Diagram representing three of the most common isotopic (§) trends along time:

L-shape (a), constant (b) and V-shape (c) [based on Muller et al.| (2015))].
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POL

Figure 2: Map of the regions defined to locate the moisture attributions that corresponded
to an uptake below the boundary layer. POL for Polar region, ATL for Atlantic, EUR for
Continental Europe, WM for Western Mediterranean, EM for Eastern Mediterranean and

AFR for Africa. The red dot indicates the Vallcebre Research Catchment area of study.
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Figure 3: §D versus 6180 plot of weekly rainfall samples (n=125) collected at the Vallcebre
catchments. Lines correspond to the Global Meteoric Water Line (GMWL) (blue) and Local
Meteoric Water Line (LMWL) (red).
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Figure 4: a) Intra-annual variability of §'80 precipitation signature (weekly samples) along
with monthly mean, minimum and maximum air temperature and c) weekly rainfall amount.
b) scatterplot between 5180 precipitation signature (weekly samples) and mean weekly air
temperature (y=0.37x-10.79, R2=0.44, n=125). d) scatterplot between §'80 signature in
rainfall (weekly samples) and weekly rainfall amount (no significant relationship observed).

DOY=Day of year.
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Figure 5: 8D versus 680 at the intra-event scale for three events with different isotopic
trends and its correspondent precipitation accumulation. The blue line corresponds to the
Local Meteoric Water Line (LMWL). In red, the L-shaped trend (Event 9); in green, the
V-shaped (Event 15); and in purple, the constant trend (Event 2).

first sample of the event. The embedded plot shows mean §D versus §'80 for the 15 events

selected.
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Figure 6: Rainfall amount, air temperature and relative humidity (a), 680 (black line) and d-
excess (dashed blue line) (b) temporal evolution (in UTC time) for Event 2 (Constant trend).
Backward trajectories calculated with the HYSPLIT model and, in blue, moisture cells that

contribute to the final humidity above Vallcebre for each instant selected of Event 2 (c, d).
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Figure 7: Rainfall amount, air temperature and relative humidity (a), 680 (black line) and
d-excess (dashed blue line) (b) temporal evolution (in UTC time) for Event 9 (L-shape trend).
Backward trajectories calculated with the HYSPLIT model and, in blue, moisture cells that

contribute to the final humidity above Vallcebre for each instant selected of Event 9 (c, d, e).



17.05 18:05 19:05 20:05

a)
0 o | ! ! I
—17 100
2 4 F16 ¥
— O Lo
£ i L5 [ 2
E 4 @ 2
s wa 25
= ]
c 6 - @ —92%
ks -13 £ =
= S 90T
= 3]
° ] M e
10 J L1 Les
I I I I I I I
b) 5 - ST
"""" ! - 16
-7 - . -4
9 Lo &
— (9]
O -9 - - 10 &
; 2
o - 8 o
-1 o . L s ©
1
\ - 4
L
-13 - o2

Contribution [%]

44
Figure 8: Rainfall amount, air temperature and relative humidity (a), 680 (black line) and
d-excess (dashed blue line) (b) temporal evolution (in UTC time) for Event 15 (V-shape
trend). Backward trajectories calculated with HYSPLIT model and, in blue, moisture cells
that contribute to the final humidity above Vallcebre for each instant selected of Event 15 (c,
d, e).
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Figure 9: Frequency plot of the ten-day backward trajectories (n=113) ending at Vallcebre
Research Catchments obtained with the HYSPLIT model for the 15 events selected (a). Con-
tribution of each cell (0.5°x 0.5°) of the defined grid to the final moisture present above the
Vallcebre Research Catchments for the 113 ten-day backward trajectories considered. The
colour legend is not uniform in order to highlight the differences between the 0% and 0.2%

contributions from the cells defined (b).
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Figure 10: Mean evolution of the known (solid black line), unknown (solid blue line), at-
tributed (dashed black line) and above (dashed red line) tagged moisture for the 113 backward
trajectories considered. The backward hours represent the simulation hours of the HYSPLIT

model calculations.
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Appendix A. Sensitivity analysis of Agq(t)

A sensitivity analysis has been carried out in order to evaluate the changes
experienced by the moisture sources with different threshold values. As in|Wang

et al. (2017) a specific humidity range from 0.1 g-kg=! to 0.4 gkg™*

using
a 0.1 g-kg™! step was considered. The results obtained show a reduction of
moisture sources identification as the threshold increased (Table 7 which is
in accordance with [Sodemann et al. (2008)). In addition, Table includes
the percentages of moisture that could be identified for the most important
moisture source regions (Figure . It shows a progressive increase of moisture
contribution for the Western Mediterranean area, a decrease for the Atlantic
Basin and a fluctuation for the African source region. Total moisture attribution

I are below 8%,

differences due to considering 0.1 g-kg~! instead of 0.2 g-kg™
which is negligible for the purpose of this study.

Furthermore, as uptakes in [Sodemann et al.| (2008) were at 6 hours time
resolution and in this study they were reduced to 1 hour, HYSPLIT’s output
specific humidity value changes (Agq(t)) dependence on time resolution was also
analysed. The goal of this analysis was to determine the occurrence and subse-
quent contribution of 0.1 g-kg=! Aq(t) values at both indicated time resolutions
compared to all possible moisture uptakes. From all the trajectories calculated,
either considered valid or not (Section[2.5)), all potential uptakes (positive Ag(T)
values) were analysed. The results obtained show that for 1 hour time resolu-

—1 represented 49% of the potential uptakes,

tion uptake occurrences of 0.1 g-kg
whereas in case of 6 hours this percentage was reduced to 17%. In terms of to-
tal potential moisture uptakes 1 hour resolution Ag(t) of 0.1 g-kg~! represented
19% and it only represented 2% for 6 hours time resolution. For all the above

1

reasons, a Aq(t) value of 0.1 g-kg™! was considered suitable.
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Table A.1: Results of moisture sources identification considering different Ag(¢) uptake values.
Attributed column accounts for the percentage of the total moisture sources identified. The
last three columns represent the attributed value itemized for three of the defined regions:

Western Mediterranean (WM), Atlantic Basin (ATL) and Africa (AFR).

Agq(t) threshold (g'kg™') Attributed (%) WM (%) ATL (%) AFR (%)

0.1 56 58 25 14
0.2 49 62 21 14
0.3 40 67 15 11
0.4 28 (0] 7 15
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