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Abstract. Stable isotopes of oxygen (O) and hydrogen (H) in streams and precipitation are cardinal tools to assess water
sources, flow paths, and age. However, their spatial and temporal variability in the context of climate change remain largely
unknown — essentially due to the limited and often fragmented availability of precipitation O and H isotope records. To
overcome this limitation in hydro-ecological studies, we aim to assess the influence of synoptic atmospheric changes on
precipitation isotope signatures. In this study, we conjecture that contrasted moisture origins affect precipitation §'30 and d-
excess signals in precipitation, and precipitation 8'30 residuals after removing local meteorologic effects with a multiple linear
regression model. To test our hypothesis, we collected high-resolution (i.e., sub-daily) §'®0 and &’H data at Belvaux
(Luxembourg) from 2017 to 2022. We also used a pre-established Lagrangian model to visualise 120-hour air mass trajectories
and determine the moisture origins for 648 precipitation events. We then analysed how moisture origins affect precipitation
isotope signatures by mapping isotope signatures based on the moisture uptake locations we determined. Our results
demonstrated effects of moisture origins on precipitation isotope signals in Luxembourg (Western Europe). More specifically,
we found that remote (>1500 km) moisture sources over the Atlantic Ocean are major contributors to precipitation in autumn
and winter, while replaced by mid-range (< 1500 km) and local (< 500 km) moisture sources in spring and summer, with an
average '80 value of -8.1 %o and d-excess value of +10.8 %o. We also found that differences in isotope signals from contrasting
moisture origins are season-dependent, which we argue is linked to changes in the balance of transpiration and evaporation in
moisture stemming from land sources, or specific properties of the Western Mediterranean and the Bay of Biscay. Orographic
barriers, such as the Pyrenees, Alps, or Massif Central also had an influence precipitation isotope signatures. The §'30 residuals
from the multiple linear regression model, used to exclude the effect of local meteorologic effects, did not yield significant
differences in moisture origin-specific isotope signatures. This was probably due to local meteorological variables already
containing inherent information on remote conditions during moisture formation processes or unprecise or unrepresentative
boundaries for the classification of the moisture origins. Ultimately, with the maps of isotope signatures based on the moisture
origins, this study offers a nuanced insight into atmospheric moisture origins affecting precipitation and precipitation isotope
signals in Western Europe. This information improves the interpretation of precipitation isotope signals and could contribute

to assessing potential changes of the moisture origins of precipitation.
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1 Introduction

Owing to their nearly conservative chemical behaviour, the naturally occurring stable isotopes of oxygen (O) and hydrogen
(H) in water are powerful tools to investigate water sources, fluxes, and residence times in the hydrologic cycle (Craig, 1961;
Dansgaard, 1964; McGuire & McDonnell, 2007). Over the last two decades, 380 and 6*H values in precipitation and stream
water have been used in a variety of studies unveiling complex and sometimes unexpected streamflow contributions
(McDonnell, 1990; Kirchner, 2003). For example, one-third of the global river discharge has been found to consist of so-called
young water, i.e., precipitation water travelling to the stream in less than 2—3 months (Jasechko et al., 2016). Such insights are
crucial for predicting the effects of the intensification of the hydrologic cycle (Allen and Ingram, 2002; Bloschl et al., 2017,
Madakumbura et al., 2019) on the “changing pulse of rivers” (Slater and Wilby, 2017). Long 8'30 chronologies spanning over
multiple decades are particularly valuable to answer questions on flood and drought resilience under a changing climate e.g.,
to assess global change impacts on large river systems (Rank et al., 2018).

For large-scale and long-term studies, isotope signals in precipitation are typically retrieved from platforms such as the Global
Network of Isotopes in Precipitation (GNIP), the Online Isotopes in Precipitation Calculator (OIPC) (Bowen and Revenaugh,
2003; Bowen et al., 2005), or other isoscape models that describe the spatial distribution of isotope patterns (Terzer et al.,
2013; Allen et al., 2019). The GNIP network was established in 1960 and holds monthly §'%0 and §*H data to the present day,
yet complete records from the start of the monitoring initiative exist only for a few locations. While approaches based on these
datasets led to great advances in watershed hydrology (Klaus and McDonnell, 2013), recent progress in paleohydrology opened
new avenues to venture beyond short (in terms of climate change) historic observation intervals. To overcome the limitation
of rather short and truncated time-series, pre-instrumental '%0 data can be obtained from environmental archives, such as
sediments, ice-cores (Konecky et al., 2020), tree-rings (Alvarez et al., 2024; Rodriguez-Caton et al., 2024) or mollusc shells
(Fritz and Poplawski, 1974; Pfister et al., 2018; Schone et al., 2020). Thus, isotope-enabled global circulation models or, more
recently, AI models (Nelson et al., 2021; Erdélyi, 2023), are promising tools to complement proxy-based approaches (Sturm
et al., 2010). A direct comparison of open-access, ready-to-use §'%0 products from different modelling approaches is also
available in Nelson et al. (2021) - amongst which Piso.AI (Nelson et al., 2019), the sine wave fitting approach (Allen et al.,
2019), IsoGSM (Yoshimura et al., 2008), OPIC (Bowen and Revenaugh, 2003; Bowen et al., 2005), and the Regionalized
Cluster-based Water Isotope Prediction model (RCWIP) (Terzer et al., 2013). This product portfolio highlights the potential
of modern Al-enabled technologies, with an unprecedented 5'%0 root mean square error (RMSE) of solely 1.68 %o (Piso.Al),
and even 1.345 %o (RFsp, Erdélyi, 2023) for Europe, fitted and calibrated on GNIP data.

However, the prediction accuracy of many of these models significantly decreases for earlier decades as meteorological data

become increasingly sparse and fragmented. Reanalysis datasets, such as ERAS5 serve for reconstructing precipitation §'%0
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chronologies with high accuracy over large geographical extents until the 1950s. For reconstructions prior to that date,
modelling tools with very limited data requirements are needed. The availability of systematic air temperature measurements
since the mid-19" century, allows the relation between 3'0 and surface temperature, known as the temperature effect
(Dansgaard, 1967), to be used as a robust analytical tool. Still, a simple empiric approach requires caution, as Sturm et al.
(2010) point out non-stationarities in the relation between §'30 and meteorologic variables, inherent to changing atmospheric
circulation patterns (Noone and Simmonds, 2002; Lee et al., 2008). The temporal 380 vs T gradient may have been
substantially lower for the Last Glacial Maximum — Pre-Industrial (LGM-PI) era than under the present climate for most mid
to high-latitude regions (Werner et al., 2016). In addition, §'%0 and temperature relations have varied across past climates
(Jouzel, 1999; Buizert et al., 2014). Colder climates (e.g., during the LGM) are typically associated with lower §'0 values in
precipitation (Lee et al., 2008; Risi et al., 2010; Werner et al., 2016). This raises the question of how well models can
reconstruct long 880 chronologies for data-poor periods not covered by dense reanalysis datasets. Isotope-enabled climate
models notably often fail in capturing long-term trends caused by changes in atmospheric circulation (Putman et al., 2021). In
the Hubbard brook catchment (New Hampshire, USA), a significant decrease in precipitation §'*0 and 6*H values observed
between 1968 and 2010 has been linked to changes in atmospheric circulation (Puntsag et al., 2016). Along similar lines,
Vystavna et al. (2020) related 60-year trends in 3'0 of global precipitation to large scale patterns. A process-based connection
between isotope signatures in precipitation and the frequency of strong large-scale ocean water evaporation events in the
subpolar North Atlantic was revealed by Aemisegger (2018). Such modifications in large-scale movements of air masses may
thus need to be incorporated in precipitation §'*0 model but eventually remain challenging to quantify in a generalised way.

In Western Europe, the isotope composition of local precipitation is primarily controlled by large-scale processes, i.e., moist
air masses coming primarily from the Atlantic Ocean with different rainout histories (Rozanski et al., 1982). As those air
masses travel over continents and orographic obstacles, condensation occurs with a selective transition to the liquid phase of
the heavy isotopes — following a Rayleigh distillation scheme. The gradual depletion of precipitation 80 and 2H, leading to
increasingly lower 8'80 and 8°H values is known as the continental effect (Dansgaard, 1964). The origin of the air moisture
also plays a key role in defining 5'%0 and &°H signals, with several studies documenting the unique isotope signature of the
Mediterranean Sea in contrast to other sources in Europe (Bonne et al., 2020; Casellas et al., 2019; Celle-Jeanton et al., 2001;
Krklec et al., 2018). Celle-Jeanton et al. (2001) reported precipitation from the Mediterranean area to be '*0-enriched with
higher 3'%0 (-5 %o) compared to Atlantic sources (-8 %o), and significantly higher d-excess values (22 %o against 10 %o), the
d-excess being defined as °H — 8 x §'%0. The d-excess value is a proxy for evaporation conditions at the moisture source
(Merlivat and Jouzel, 1979) and reportedly relates to remote over-sea relative humidity and sea surface temperature
(Aemisegger et al., 2014; Bonne et al., 2019; Pfahl and Sodemann, 2014). Backward air mass trajectory models, based on
Lagrangian techniques, are now implemented to visualise the pathways of incoming airmasses, going back several days before
the precipitation event, to describe the short-term influence of moisture origin on the isotope signature of precipitation

(Aemisegger et al., 2014; Juhlke et al., 2019; Krklec et al., 2018). Integrated vapor transport models complement the
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trajectories to identify air streams that carry most of the moisture (Conticello et al., 2020; Juhlke et al., 2019; Lavers & Villarini,
2013).

Note that other effects also need to be considered, including local processes during cloud formation in the boundary layer (such
as frontal and convective activity and the re-evaporation of rain drops) (Aemisegger et al., 2014; Coplen et al., 2015; Moore
et al., 2014), as well as continental moisture recycling (Insua-Costa et al., 2022; Krklec et al., 2018). Plant transpiration further
complicates the identification of continental inputs, making them harder to distinguish from oceanic sources, and altering the
apparent link between isotope signatures and local meteorological variables (Aemisegger et al., 2014, Krklec et al., 2018). A
decrease of secondary evaporation with higher convection strength can also mistakenly be interpretated as the amount effect
because of the apparent depletion (or lack of enrichment) of the isotope signal with higher precipitation amounts (Moore et al.,
2014).

In this study, we conjectured that contrasted moisture origins (e.g., over the Atlantic Ocean, Mediterranean Sea or continents)
affect sub-daily 5'%0 and d-excess signals in precipitation, and §'30 residuals after removing local meteorologic effects. To
test our hypothesis, we relied on six years of high-resolution (i.e., sub-daily) precipitation 3'%0 and 6°H data, and hourly
meteorological data recorded in Belvaux (Luxembourg). We used a pre-established Langrangian model to visualise 120-hour
air mass trajectories and determined the moisture origins for 648 precipitation events. We then analysed how moisture origins
affect precipitation isotope signatures by mapping isotope data based on the moisture uptake locations. Next, we employed a
simple modelling approach for §'%0 in precipitation based on multiple linear regressions using local meteorologic variables to
plot the residuals according to moisture source locations. Applying this method, we aimed to disentangle local effects (i.e.,
linked to meteorologic variables) from remote effects (i.e., linked to atmospheric circulation), and assessed potential

implications for reconstructions of long time-series of 5'0 in precipitation.

2 Data and methods
2.1 Sub-daily meteorologic and isotope measurements in precipitation

Sub-daily precipitation samples were obtained from a sampling system connected to a tipping-bucket rain gauge, located on
the rooftop of LIST’s (Luxembourg Institute of Science and Technology) premises in Belvaux (49°30.40'23.87" N,
5°56.63'38.08" E; WGS84; 305 m asl.). For the sample collection, a modified ISCO automatic liquid sampler with small inserts
at the opening of the bottles was used to limit the effects of in-bottle evaporation (Von Freyberg et al., 2020). The inserts,
consisting of the outer shell of water syringes, were filled first to reduce the evaporation through their smaller diameter for
small precipitation amounts. For larger precipitation amounts, the inserts can spill into the larger bottle, which will also undergo
less evaporation because the opening is clogged by the syringe. From December 2016 to March 2020, sampling time intervals
varied between 4 and 12 hours. Precipitation events could thus be split or aggregated during that time.

From April 2020 to the end of the sampling campaign in January 2023, a new sampling protocol was applied where event-

based precipitation samples were collected manually twice per day with a pluviometer installed approx. 200 m away from the
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original sampling site in Belvaux (49.508270° N, 5.940040° E). In addition, we used the tipping-bucket rain gauge on LIST’s
premises in Belvaux to obtain a fine-grained distribution of precipitation amounts [mm h-']. This allowed us to determine the
exact duration of the precipitation events for a subsequent extraction of event-specific meteorologic variable. In total, 1664
samples were collected (1586 liquid samples), amongst which 1177 events were selected by comparing the precipitation
amount measured with the two different devices (recording gauge and simple pluviometer, with a margin of 1.0 mm). We
retained precipitation samples larger than 1.0 mm (N = 648) for further analysis to focus on the bulk of precipitation and avoid
overrepresenting small events. Note that many of the discarded samples came from the first half of the sampling interval, when
the collection was automatized.

All water samples were analysed for 5'80 and 8°H values using a Los Gatos TIWA-45-EP off-axis integrated cavity output
spectroscopy laser spectrometer (OA-ICOS). Standards provided by the instrument manufacturer were used for the calibration,
as well as an internal standard (8°H: -52.6 %o, 8'%0: -8.1 %o) consisting of local tap water calibrated on IAEA standards. For
each sample, eight injections were made, discarding the first four to avoid memory effects. The standards were tested every
three samples to check for deviations and later correction. Values were reported in per mil relative to the Vienna Standard
Mean Ocean Water 2 standard (VSMOW2) (IAEA, 2017) with an accuracy of 0.2%o for 3'3%0 and 0.5%o for 3*H. The local
meteorological water line (LMWL) was also calculated and compared to the global meteorological water line (GMWL, Craig,
1961), by plotting dual isotope plots, where 5°H (y-axis) was plotted against §'0 (x-axis). We fitted the LMWL with a reduced
major axis regression (RMA) algorithm using the /model2 package in R (Legendre, 2024), based on the recommendations of
Crawford et al. (2014). Such plots are useful to identify isotope interferences, most notably re-evaporation (McGuire and
McDonnell, 2007).

We extracted hourly air temperature [°C] 2 m above ground level and relative humidity [%] from a nearby meteorological
station located in Schifflange (49.513710° N, 6.028375° E) and managed by LIST. Surface pressure [hPa] was obtained from
the Findel airport station (49.626100° N, 6.203470° E), a national reference for meteorological measurements operated by
MeteoLux. Since records ended in July 2022, data from a station operated by LIST located near Roodt (49.806087° N,
5.831247° E) were used to complement the missing surface pressure values. To compensate for a period with inconsistent
precipitation measurements (September to October 2022), data from another nearby rain gauge were used instead (station

Oberkorn, 49.512354° N, 5.900925° E).

2.2 Air mass trajectories and moisture origin attribution and classification

Incoming air mass trajectories for precipitation events at our sampling site in Luxembourg were calculated using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model in backward mode, developed by the National Oceanic
and Atmospheric Administration (NOAA) Air Resources Laboratory (Stein et al., 2015; Rolph et al., 2017). Input parameters
are the location (latitude and longitude given in WGS84, decimal), the date and time at the air mass arrival, and the elevation

above ground level (m above ground level, m agl), plus the duration of the simulation, or how far back in time the model
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should trace the incoming air masses. The methodology followed here relates to the methods and recommendations found in
Krklec et al. (2018), conducting a similar study in Slovenia. The elevation for the incoming air mass trajectories was set to
500, 1000, 1500 and 2000 m agl because most atmospheric moisture typically resides at these altitudes (Holton, 2004;
Trenberth et al., 2005; Wallace and Hobbs, 2006). For the simulations, 3-hour reanalysis meteorologic data from Global
Forecasting System (GFS) grids with 1°x1° resolution from the National Oceanic and Atmospheric Administration and
National Centers for Environmental Prediction (NOAA/NCEP) (https://www.ready.noaa.gov/READYmetdata.php) were
used. We further used the /model? package in R (Ianonne, 2024) to automatize parameter inputs for the simulations and run
the HYSPLIT model. The output of these simulations consisted in hourly point-locations of the most likely trajectory of the
incoming air masses at four different altitudes for the location and time given by the user. Later processing would reveal which
of the four trajectories carried more moisture to the sampling location, then retained as the main trajectory for further analysis.
We opted for a simulation duration of 120 hours, similar to previous studies (e.g., Aemisegger et al., 2014; Juhlke et al., 2019;
Krklec et al., 2018) relating to the long residence time of atmospheric moisture, even though moisture uptake in Slovenia was
mostly found to occur overland or in proximity to the coastal regions only 36 hours prior to the start of the precipitation event
(Krklec et al., 2018). We plotted the trajectories on a map of Europe (25°N — 75°N, 45°W — 45°E) using the sf package in R
(Pebesma, 2018; Pebesma and Bivand, 2023) and assigned categories based on the origin of the incoming atmospheric
moisture.

Moisture uptake locations were determined by tracking variations of the specific humidity along the trajectories. Atmospheric
variables, e.g., pressure, temperature, or specific humidity along the hourly point-locations are part of the HYSPLIT outputs.
To attribute moisture uptake areas, we calculated 6-hour running means of the specific humidity along the trajectories, and
defined areas with increases of the specific humidity of more than 0.5 g kg™ in 6 hours along the trajectory as significant
moisture locations. To categorize them, the centre of gravity (i.e., mean longitude and latitude of all moisture uptake locations)
for each trajectory was assigned to a specific contributing area. These contributing areas have been designated as delimitated
by radial lines departing from the sampling site to indicate the tendential direction of incoming air moisture, and three
perimeters (500 km, 1500 km, and beyond, dashed lines) have additionally been defined to distinguish local, mid-range, and
moisture sources. This classification accounts for the fact that continents, oceans, and confined Seas are reported to carry
different isotope signatures. The Atlantic Ocean in the Northern Hemisphere was further subdivided into various contributing
areas by latitude and remoteness of the moisture sources, as these regions carry different isotope signatures (e.g., Bonne et al.,

2019; Pfahl and Sodemann, 2014).

2.3 Mapping moisture origin influence on precipitation isotope signatures

To test our hypothesis that distinct moisture origins of air masses reaching Western Europe influence sub-daily §'%0 and d-
excess signals in precipitation, we relied on isotope maps in addition to the classification of contributing areas. The maps were

generated by calculating precipitation amount weighted means of precipitation $'%0 and d-excess for all trajectories traversing
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1° by 1° grid cells. This way we analysed atmospheric circulation effects by mapping which precipitation isotope signals at
the study site originated from which moisture uptake locations. To avoid biases from seasonal variations in precipitation
isotopes and the uneven annual distribution of atmospheric circulation types, we normalised 3'®0 and d-excess by calculating
deviations from30-day running means. Note that the produced maps are not isoscapes (e.g., as in Allen et al., 2019) or maps
showing the isotope signature at the moisture origin but merely maps showing the relation between the isotope composition at

the destination and the location of the moisture origins.

2.4 Multiple linear regression models

Next, we modelled 3'%0 in precipitation based on multiple linear regressions using local meteorologic variables to obtain the
residuals. The underlying idea was that these precipitation 3'%0 residuals are linked to remote atmospheric variations after
local effects have been removed. To obtain precipitation 8'%0 residuals, we took 5-hour running means of the meteorologic
variables at the mid-duration of the precipitation events, or sampling intervals, to compute §'%0 fits. Only samples larger than
1.0 mm and a complete set of meteorologic variables (precipitation amount, air temperature, surface pressure, and relative
humidity) were retained for the multiple linear regressions model (N = 638). Ten samples were left out because surface pressure
values were missing from 07/09/2022 t011/09/2022 and 01/11/2022 to 03/11/2022. We plotted the 3'%0 residuals separately
based on the moisture origins that we categorized previously to assess the implications of atmospheric circulation variability

for reconstructions of §'30 chronologies.

3 Results

3.1 Isotope and meteorological variability at the study site
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Figure 1: Time-series of (a) precipitation 3'%0 and (b) d-excess, (¢) air temperature (black) and precipitation amounts (light blue),
and (d) relative humidity (dark blue) and surface pressure (grey) in Belvaux (L). Sampling frequency in (a) and (b) is sub-daily
representing individual precipitation events or intervals of the automatic sampler. The red lines represent precipitation amount-
weighted 30-day running means of the 880 and d-excess. Hourly frequency time-series are displayed for the meteorological
variables, except for the precipitation in (c), which matches the sampling frequency in (a) and (b).

Considering all the measurements over the sampling interval (N = 1586), the mean weighted precipitation §'30 was -8.1 %o
with an interquartile range (IQR) of 5.0 %o, and d-excess 10.8 %o with an IQR of 7.0 %o. For samples larger than 1.0 mm of
precipitation (N = 648), these values changed slightly, with a mean weighted precipitation 5'%0 of -7.9 %o and an IQR of 5.3
%o for 8'*0, and 10.6 %o and an IQR of 6.2 %o for the d-excess. The isotope values of precipitation exhibited a distinct
seasonality, with inverse patterns for '30 and the d-excess (Figs. 1a and 1b). The mean weighted summer high for precipitation
380 was -5.6 %o with an IQR of 3.6 %o and the mean weighted winter low for 3'80 was -8.9 %o with an IQR of 5.4 %o (N =
648). For the d-excess, the mean weighted summer low was 7.2 %o with an IQR of 5.2 %o, and the mean weighted winter high
was 11.8 %o with an IQR of 5.9 %o, and even higher values in autumn (weighted mean 12.2 %o, IQR 5.1 %o). Intramonthly
variability was high, with an average standard deviation of 2.9 %o for '%0 and 4.1 %o for d-excess values (N = 648), slightly
below the IQR of the isotope signals. The LMWL was flatter than the GMWL with a slope of 7.46 (versus 8.00, GMWL) and
an intercept of 5.99 %o (versus 10.0 %o, GMWL) (Fig. Ala in Appendix). The LMWLs also showed seasonal differences, with
slopes ranging from 7.14 (JJA) to 7.84 (DJF), and intercepts ranging from 5.19 %0 (MAM) to 10.51 %o (DJF) (Fig. Alb in
Appendix).

The mean annual air temperature during the sampling intervals was 10.4 °C — slightly higher than the climatic normal (1991-
2020) of 9.9 °C in Luxembourg (MeteoLux,https://www.meteolux.lu/fr/climat/normales-et-extremes/, accessed on
14/10/2024). Note that the year 2021 was colder, with a mean annual air temperature of 9.5 °C. Compared to the 2017-2022
mean annual precipitation of 876 mm, rainfall totals were rather high in 2021 (1026 mm) — mostly due to a very wet summer
(JJA, 324mm) that eventually led to disastrous flood events in Germany, Belgium and Luxembourg (Fig. 1¢). Winter and
spring of 2017 were rather dry, with seasonal totals of 72 mm and 78 mm, respectively. The winter of 2019/2020 was rather
wet with 420 mm of precipitation. Mean annual precipitation was 876 mm, with seasonal fluctuations comprised between 167

mm (MAM/JJA) and 310 mm (DJF), and 230 mm in autumn (SON).

3.2 Air mass trajectory simulations and moisture origins
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Figure 2: HYSPLIT trajectories of incoming air masses for events above 1.0 mm (N = 847) between December 2016 and January
2023 regrouped after the month of the year. The location of the isotope sampling site in Luxembourg is indicated with a red rectangle.

Most simulated trajectories were in DJF (N =306) and SON (N = 225), with fewer trajectories in JJA (N = 135) and MAM (N
=178). They predominantly came from the West, travelling over the North Atlantic Ocean (Fig. 2). Almost all simulated point-
locations were westward of the study site, with 80.5 % in JJA, and up to 96.5 % in DJF. Still, some trajectories came from the
East travelling over the Eurasian continent or the Baltic Sea in spring and early summer. Few travelled over the Mediterranean
or the Balkans in late autumn. Moisture uptake locations were predominantly situated within a 1500 km radius of the study
site and over the North Atlantic Ocean, west of the Bay of Biscay (Fig. 3). Most moisture uptake locations lay within a triangle
drawn between the study site, the eastern-most point of North America and the Canary Islands.

Moisture origins varied seasonally, with the bulk of moisture coming from remote locations (> 1500 km) over the North
Atlantic Ocean from November to March, to be gradually replaced by nearer moisture sources in spring and summer, with up
to 50 % of moisture with local origin (< 500 km) in July (Fig.4a). Mid-range (> 500 km; < 1500 km) Western moisture
contributions were large from April to August, with notable peaks in May (35.6 %) and August (53.2 %). Mid-range

10
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Southwestern moisture contributions peaked in June (23.0 %) and September (15.3 %), while Southeastern contributions did
in April (22.8 %) and October (14.4 %). Mid-range Eastern moisture contributions peaked in May only (10.2 %) and Northern
contributions from July to September (10.8- 17.2 %).

The seasonality also affected the height of the trajectories carrying the bulk of atmospheric moisture, with about half of the
moisture originated at low altitudes (500 m agl) in spring and summer (Fig. 4b). In autumn and in winter, high altitude (up to

2000 m agl) and low altitude trajectories carrying atmospheric moisture were more evenly distributed.
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Figure 3: Moisture uptake locations for events above the 1.0 mm (N = 847) between December 2016 and January 2023 for each
season. Only moisture uptake locations contributing to more than 0.1 percent of the total seasonal uptake are shown. The colour
grading represents the proportional contribution of 1° by 1° cells to the total seasonal uptake. Contributing areas (black lines) have
also been designated as areas delimitated by radial lines departing from the sampling site to indicate the direction of incoming air
moisture. Three perimeters (500 km, 1500 km, and beyond, dashed lines) have additionally been defined to distinguish local from
distant moisture sources. The location of the sampling site is indicated with a red rectangle.
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3.3 Moisture origin influence on precipitation isotope signatures
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295  Table 1: Seasonal means (precipitation amount weighted) of normalised (using 30-day running mean windows) precipitation 580
and d-excess values (N = 847). Standard deviations and total precipitation amounts are also given.

Standard Standard
Season Moisture origin 680 [%o] deviation [Y0]  d-excess [%o] deviation [J0o] P [mm]

Atlantic (> 1500 km) 0.2 0.1 1373

Other (> 1500 km) 0.0 -0.3 179

West -1.2 -0.4 101

Winter Southwest -33 36 -2.9 45 65
North -0.5 0.9 15

Southeast -5.0 -0.9 7

East -4.4 -4.2 3

Local (<500 km) 1.4 3.1 1

Atlantic (> 1500 km) 0.2 0.7 381

West -0.3 -1.3 205

Local (<= 500 km) -0.4 -1.6 96

Southeast 0.4 23 74

P uthwest 0.3 >3 -1.7 2 43
East -0.7 1.5 40

North -1.4 0.1 23

Other (> 1500 km) -2.3 -0.9 16

Local (<500 km) 0.2 -0.3 230

West -0.4 -0.7 229

Atlantic (> 1500 km) 0.5 -0.5 108

Summer  North -1.2 24 32 3.9 81
Southwest 0.2 1.2 75

Southeast 1.0 -1.2 33

East 0.5 2.9 21

Atlantic (> 1500 km) 0.3 -0.2 650

West 1.6 0.5 108

Southeast -0.4 -0.1 96

o Southwest -1.2 33 -0.6 5o 76
North -2.0 0.8 68

Other (> 1500 km) 0.7 1.1 63

Local (<500 km) -1.1 0.8 25

East -0.3 -1.0 5
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Moisture origin-specific contributions to precipitation had contrasting seasonal isotope signals, which were reflected in
precipitation weighted means of normalised 8'30 (Fig. 5a), d-excess values (Fig. 5b) and varying ranges of seasonal values for
each moisture origin type. Note that as large moisture contributors leading to rainfalls at the study site, remote (> 1500 km)
and local (< 500 km) moisture origins had normalised §'30 and d-excess values near zero in most seasons (Fig. 5). Stronger
isotope differences could be observed for mid-range moisture origins (Table 1). Comparing the moisture origin-specific isotope
differences with the overall variability of seasonal isotope signals, distinct origin-specific isotope signals were uncertain, as
differences sometimes fell within the range of sub-daily isotope variability (Table 1). For example, the precipitation weighted
means of normalised §'%0 and d-excess values of the main moisture origin groups contributing to rainfalls in winter (i.e.,
remote and mid-range Western sources) had ranges well under the standard deviation of normalised 5'0 and d-excess values
in winter (range of 1.4 %o against 3.6 %o for 5'80; range of 0.5 %o against variability of 4.5 %o for d-excess values). The only
isotope signals differing significantly (i.e., difference close or higher to standard deviation) from that main contribution cluster
in winter were mid-range moisture origins form the Southwest, Southeast and East for 580 (values spanning from -5.0 %o to
-3.3 %0). However, some of these groups (Southeast and East) had marginal precipitation contributions, raising questions about
the robustness of this result. For normalised d-excess values, no significant difference of moisture origin-specific isotope
signals larger than the standard deviation could be found, except for isotope signals from local contributions (3.1 %o), again
with marginal precipitation contributions that contrasted with mid-range Eastern (-4.2 %o) or Southwestern (-2.9 %o) isotope
contributions.

In spring, moisture origin-specific isotope differences were small compared to the standard deviation of the seasonal isotope
signals, with the only notable differences being normalised d-excess signatures coming from mid-range Southeastern origins
(2.3 %o), contrasting with local and mid-range Western and Southwestern moisture origins (values spanning from -1.7 %o to -
1.3 %o). In summer, one could stress normalised 3'30 differences between mid-range Northern (-1.2 %o) and Southeastern
contributions (1.0 %o, against a standard deviation of 2.4 %o) or, to a lesser extent local or remote Atlantic contributions (0.5
%o). Mid-range Northern contributions in summer also had a significantly higher normalised d-excess values (3.2 %o) than
other dominant precipitation contributing moisture origins, i.e., local, remote Atlantic and mid-range Western contributions
(normalised d-excess values spanning from -0.7 %o to -0.3 %o). Lastly in autumn, normalised §'80 form mid-range Western
moisture origins (1.6 %o) contrasted with mid-range Southwestern (-1.2 %o) and Northern (-2.0 %o) moisture origins. For d-

excess values, the differences were small.
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Figure 6: Maps of normalised precipitation 3'3%0 values at the study site (N = 847) based on the air moisture contributing areas (Fig.
3). Only moisture uptake locations contributing to more than 0.1 percent of the total seasonal uptake are shown. The colour of the
points represents the mean (precipitation amount weighted) normalised precipitation §'0 (using 30-day running mean windows)
of all trajectories carrying moisture from that specific location (i.e., cell of 1° by 1° raster). It is important to note that these are
precipitation 3'3%0 from the sampling site marked by a red square, not the 3'80 at the moisture origin. Moisture uptake locations
with normalised precipitation §'%0 between -0.5 %o and 0.5 %o are not shown, while moisture uptake locations with normalised

precipitation 8'%0 below -3.0 %o are marked with black diamonds and above 3.0 %o with red diamonds.
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Figure 7: Maps of normalised precipitation d-excess values at the study site (N = 847) based on the air moisture contributing areas
(Fig. 3). Only moisture uptake locations contributing to more than 0.1 percent of the total seasonal uptake are shown. The colour of
the points represents the mean (precipitation amount weighted) normalised precipitation d-excess (using 30-day running mean
windows) of all trajectories carrying moisture from that specific location (i.e., cell of 1° by 1° raster). It is important to note that
these are precipitation d-excess values from the sampling site marked by a red square, not the d-excess at the moisture origin.
Moisture uptake locations with normalised precipitation d-excess between -1.0 %o and 1.0 %o are not shown, while moisture uptake
locations with normalised precipitation d-excess below -5.0 %o are marked with black diamonds and above 5.0 %o with red diamonds.

The location of the sampling site is indicated with a red rectangle.
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Maps of normalised precipitation 5'80 (Fig. 6) and d-excess values (Fig. 7) at the study site were analysed next, with moisture
origins classified according to the contributing areas shown in Figure 3. It is important to note that these maps represent isotope
signatures in precipitation measured at the study site, not the vapor isotope signature at the moisture origin. In winter, a cluster
of highly positive 5'%0 could be seen in the areas between and around the Azores and the Canary Islands (Fig. 6). More positive
380 were also found in the northern part and Atlantic coast of France, northern coast of Spain and in some parts of the Atlantic
southwest of Ireland. The Iberian Peninsula had highly negative 3'%0 values, while more negative §'*0 values could also be
found in the Pyrenees, over the Massif Central in France and in the Gulf of Biscay. In spring, highly positive §'*0 values were
found south of the study site all the way to the Mediterranean and north of the Iberian Peninsula. Isolated points of more
negative 8'%0 values were over the Alps and the Pyrenees, Corsica and the Balearic Islands. More positive §'30 values also
came West of the study site over France and the British Channel, the Bay of Biscay, and over the Atlantic south of Ireland.
Remote sources over the Atlantic were tendentially more positive in §'0 in spring. In summer, more positive §'%0 values
came from the western part of the Mediterranean, the north of Italy, vast parts of France and the Bay of Biscay. Few locations
with lower 8'%0 values in summer were over Germany and the south of France and north of the Balearic Islands. In autumn,
highly positive '%0 came from the Bay of Biscay, the western part of France and northern parts of the Iberian Peninsula. Some
locations with more positive §'3%0 were found in the southern parts of the British Isles and surrounding waters all the way to
the Bay of Biscay. Remote sources over the Atlantic were tendentially more positive in §'0, also near the Canary Islands and
over Marocco. Highly negative 5'%0 values came from the area the Gibraltar Peninsula, and lower §'%0 values were found in
surrounding parts of the Mediterranean and the Balearic Islands.

For the d-excess in winter, highly negative values were found again over the Iberian Peninsula (Fig. 7). This time, more
negative d-excess values were localized around the Azores, the Western edge of the Pyrenees and the Bay of Biscay. Clear
clusters of more positive values were difficult to identify, but more positive d-excess values could be found North of France,
in the British Channel, South of the British Isles, and remote Atlantic locations. In spring, more negative d-excess values were
over the Pyrenees, in the Mediterranean east of the Spanish coast, Central France and near the study site. Remote more negative
and more positive d-excess locations were scattered interchangeably the Atlantic Ocean between the latitudes 40°N and 50°N.
More positive d-excess values in spring were found around the Alps and in the Mediterranean South of France. Locations to
the southeast of the study side also had more positive d-excess values. In summer, a cluster of highly negative d-excess values
extended from the Mediterranean East off the Spanish coast all the way to Corsica. More negative d-excess values were also
found on the northwestern tip of the Iberian Peninsula, in the Bay of Biscay, and west of the southern tip of Ireland. Highly
positive d-excess values were over Corsica and around the Polish-German border. Other areas with more positive d-excess
values were in the south of France and west of the Bay of Biscay. In autumn, clear clusters of negative and highly negative d-
excess values were over Central and Southern France, the Pyrenees, the Bay of Biscay, and the Western Mediterranean around
the coasts of Spain and France. Another cluster was located in the Atlantic Ocean northwest of the Azores. More positive d-
excess values were found on the other hand in Northern France, and south of the British Isles. Additional more positive d-

excess values were found in the Atlantic Ocean, north and northwest of the Azores.
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In brief, the Iberian Peninsula, the Western Mediterranean around the coasts of Spain and France, the Bay of Biscay, the British
Channel, the Atlantic around the coast of the southern tip of Ireland, and the Azores were identified as areas of distinct isotope
signals reaching the study site in Luxembourg. Orographic obstacles (i.e., mountain chains such as the Pyrenees, Alps or

Massif Central) appeared to influence isotope signals of precipitation as well.

385 3.4 Multiple linear regression models for precipitation 6'30 based on local meteorologic variables
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Figure 8: (a) Observation (grey) and predicted (red) precipitation 380 for events above the 1.0 mm (N = 837) based on multiple
linear regression model using local meteorologic variables. (b) Observed 330 plotted against fitted 580 with goodness-of-fit metric
390 (R? and the root mean square error (RMSE). The dashed line represents the 1:1 line.

Table 2: Summary of the coefficients of the multiple linear regression model for precipitation 6'80 using local meteorological
variables (N = 837).

Term Estimate Unit [-] Standard error [-] t-value [-] p-value [-]
-]

Intercept [-] -130.340 - 12.285 -10.6 <0.001

Temperature [°C] 0.366 %0/°C 0.020 18.4 <0.001

Surface pressure [hPa] 0.119 %o/hPa 0.012 9.7 <0.001

Precipitation [mm] -0.104 %o/mm 0.021 -5.0 <0.001

395
The multiple linear regression model for sub-daily precipitation 8'80 based on precipitation amount, air temperature, and

surface pressure fairly represented seasonal §'0 (Fig. 8a) and modelled '30 was significantly correlated with observed §'%0
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(R?=0.39, p<0.001). The RMSE of 3.0 %o was largely below the IQR of sub-daily '%0 (5.0 %o). Systematic overestimations
towards the lower end of values occurred, which typically correspond to the winter season, and underestimations in summer
400 towards the higher end of the 3'%0 spectrum (Fig. 8a). This led the linear regression line of modelled versus observed values

to deviate from the 1:1 line (Fig. 8b). The relative humidity was left out of the model because adding it did not change the

model performance (R? = 0.39, p < 0.001; RMSE = 3.0 %o).
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405 Figure 9: Observed 8'%0 plotted against fitted '®0 (N = 837) regrouped according to the moisture origin group. The red diamond
represents the point with the median observed 8'®0 and median fitted 5'%0 as coordinates — the offset refers to the distance of that
point from the 1:1 line (dashed line). The area between the red lines corresponds the root mean square error (RMSE).
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Lastly, we plotted predicted 5'%0 against observed §'0 in moisture origin-specific plots (Fig. 9) to compare the residuals after
attempting to remove local effects linked to meteorological variables. RMSE of !0 of the moisture origin groups was similar,
with values spanning from 2.5 %o (remote uptake locations) to 3.7 %o (mid-range Southeast uptake locations). RMSE values
were slightly higher in mid-range and local uptake locations (above 3.1 %o, except for mid-range Eastern uptake locations with
2.8 %o) than in remote and mid-range Western uptake locations (below 3.0 %o). The median 3'%0 offset, defined as the distance
between the median fitted and observed 580 from the 1:1 line (Fig. 9), was smaller than half the RMSE in all groups. No

significant differences of moisture origin-specific §'*0 residuals could be established based on these plots.

4 Discussion

While the mean §'%0 range of 4.8 %o for Luxembourg is consistent with seasonal ranges reported in global isoscapes for the
same region (Allen et al., 2019), the average weighted §'%0 value (-8.1 %o) was lower than the long-term mean of 1978 to 2009
at the GNIP station (-7.4 %o) in Trier, Germany (Stumpp et al., 2014). Given the proximity of the stations (~55 km) and the
small elevation difference (273 m), this likely does not reflect an altitude or latitude effect. However, the Mosel River valley
is known for its mild microclimate, favouring viticulture in the region (Urhausen et al., 2011), which could affect the isotope
signatures in precipitation sampled in Trier. The isotope signal at both locations showed signs of re-evaporation, i.e., sub-cloud
evaporation of newly formed raindrops (Moore et al., 2014), with LMWLs less steep than the GMWL (McGuire and
McDonnell, 2007). This observation is particularly interesting because the sampling protocol with the sampling bottle insert
theoretically excludes in-bottle re-evaporation. The LMWL slope of 7.46 for Belvaux (Luxembourg) ranks amongst the flattest
reported for Germany — solely exceeding northern stations (Stumpp et al., 2014). The LMWL for Belvaux was found to vary
significantly between dry and wet years, and with changes of the summer temperature (Vodila et al., 2011). We also found
seasonal differences in LMWL slopes (from 7.14 in summer to 7.84 in winter). These findings may eventually relate to the
unprecedented high temperatures recorded during the sampling period, and subsequent changes of the convection strength and
re-evaporation intensity in the boundary layer. Higher rainfall intensity and frequency tend to lead to lower 5'%0 values in
summer (Aemisegger et al., 2015; Moore et al., 2014). Despite the flatter LMWL slope in Luxembourg, the weighted d-excess
values (10.8 %o) at our study site was still higher than at Trier (6.3 %o). It is possible that there is a stronger recycling of air
moisture in the Mosel River valley, causing lower d-excess values.

The d-excess values close to the global mean of 10.0 %o following the GMWL suggests vapour formed over the Atlantic Ocean
as a major source of moisture (Celle-Jeanton et al., 2001). Analysing the actual moisture origins using Lagrangian-based
trajectories only partially supports the previous statement and indicates that precipitation from remote (> 1500 km) Atlantic
moisture sources in autumn and winter is gradually replaced by precipitation from mid-range (< 1500 km) and local (< 500
km) sources. For example, we found that 50 % of precipitation in July had local moisture origins. A recent study further shows
that continental landmasses can be large contributors of recycled moisture in Europe (Insua-Costa et al., 2022). Our study

offers a more nuanced view than the common perception that §'*0 and §°H variations in precipitation in Western Europe are
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primarily controlled by large-scale rainout processes within landfalling humid air masses deriving from the Atlantic Ocean
(Rozanski et al., 1982). Another study in the Northern Alps reached similar conclusions to ours, describing a strong seasonal
variability of moisture origins, with oceanic sources dominating in winter and gradually being replaced by continental sources
in summer (Sodemann and Zubler, 2010).

High d-excess values can be caused by continental inputs (Krklec et al., 2018), but results show that this relation is ambiguous
at our study site (Fig. 7). Some continental locations south and east of our study site had higher d-excess inputs in spring and
summer, but more negative d-excess values also came from the continent, especially in autumn and in winter (Fig. 7). Mountain
chains (e.g., the Pyrenees, Alps, or Massif Central) appeared to influence the relation between continental moisture sources
and d-excess values. A distinct d-excess signal of local (< 500 km) moisture sources was not observed (Fig. 5b, Table 1). Air
masses from the Mediterranean Sea, reported to carry highly positive d-excess values (Araguas-Araguas et al., 2000; Celle-
Jeanton et al., 2001), could be detected in Luxembourg in some cases in spring and summer only (Fig. 7). It should be noted,
however, that d-excess values at our study site were far from the 22 %o reported for moisture from the Mediterranean Sea
(Celle-Jeanton et al., 2001), even for rain event when moisture origins were from around the Mediterranean Sea (Figs. 1b &
7). Overall, precipitation with Mediterranean moisture origins were rare, except for western parts of the Mediterranean Sea
near the Spanish shores (Fig. 3). Interestingly, this region also yielded highly negative d-excess values in summer (Fig. 7). We
argue this could be linked to seasonal changes of the components of evapotranspiration contributing to air moisture. The
isotope signature of land evapotranspiration is difficult to seize because transpiration from vegetation leads to less negative
8'80 values, closer to or invariant from oceanic input (Krklec et al., 2018).

In response to our research question on moisture origin influences on precipitation isotope signatures, we found contrasting
moisture origin-specific normalised precipitation 5'®0 contributions (Fig. 5a) (and, to a lesser degree, normalised d-excess
values, Fig. 5b), also reflected in varying ranges of seasonal values. The strongest isotope differences could be observed for
mid-range moisture origins (Fig.5, Table 1). Notably the Iberian Peninsula, the Western Mediterranean around the coasts of
Spain and France, the Bay of Biscay, the British Channel, the Atlantic around the coast of the southern tip of Ireland, and the
Azores were identified as areas leading to distinct isotope signals reaching Luxembourg (Figs. 6 & 7). Their influence as areas
with higher or lower isotope signals depended on season, which we argue is linked to changes in the components of
evapotranspiration and possibly the thermal inertia of water around the shores of Western Europe, e.g., the Western
Mediterranean and the Bay of Biscay. Orographic obstacles (i.e., mountain chains such as the Pyrenees, Alps or Massif Central)
also had an influence on precipitation isotope signals. These contrasting 5'%0 and d-excess contributions depending on the
moisture origins confirm previous reports on changes of atmospheric circulation influencing precipitation §'30 (Aemisegger,
2018; Puntsag et al., 2016; Sturm et al., 2010), showcasing their influence in Western Europe. The latter was not evident,
considering the dominance of the Atlantic Ocean on precipitation isotope signals (Rozanski et al., 1982; Sodemann and Zubler,
2010).

However, moisture origin-specific isotope differences were comparable with the overall variability of sub-daily isotope signals,

masking the distinction between moisture origin-specific isotope signals. For example, the precipitation weighted means of
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normalised 3'%0 and d-excess values of the main moisture origin groups contributing to rainfalls in winter (i.e., remote and
mid-range Western sources) had ranges well under the standard deviation of normalised §'80 and d-excess values in winter
(range of 1.4 %o against 3.6 %o for 5'80; range of 0.5 %o against variability of 4.5 %o for d-excess values). Moreover, the 580
residuals, obtained from the multiple linear regression model with the aim to exclude the effect of local meteorological
variables, did not yield significant differences either (Fig. 9). This could be due by to the unprecise or unrepresentative
boundaries defined for the classification of the moisture origins (Figs. 6 & 7). Yet, finding a classification that would fit the
complex patterns in Figures 6 and 7 may prove challenging. The similarity of §'®0 residuals in the moisture origin groups (Fig.
9) might indicate that local meteorological variables contain more information on remote conditions during moisture formation
processes than initially conceived in this study. Hence, we argue that while atmospheric inferences with precipitation isotope
signatures were observed, including atmospheric variability (e.g., moisture origins or trajectories) for 8'%0 predictions may
not provide a decisive advantage due to input variable redundancy. A challenge was also the uneven seasonal distribution of
the moisture origins contributing to precipitation (Fig. 4a). This could also have led to the systematic over- and
underestimations towards the lower and higher end of precipitation 3'30 values in the multiple linear regression model. With
the complexity of processes during precipitation formation (Aemisegger et al., 2015; Moore et al., 2014), we stress the
importance of long sub-daily precipitation §'*0 observation intervals covering all types of trajectories at different times of the
year. We also propose the inclusion of other complex processes during precipitation formation such as the convection strength

(e.g., as in Piso.Al; Nelson et al., 2021) as direct improvements for follow-up studies.

5 Conclusions

By using a rare set of sub-daily precipitation 830 values covering nearly six years, this study demonstrated that moisture
origins affect precipitation isotope signals in Luxembourg (Western Europe). A pre-established Lagrangian model was used
to visualise 120-hour air mass trajectories and determine the moisture origins for 648 precipitation events. We built a 580
multiple linear regression model based on meteorological variables to assess differences in precipitation 8'*0 residuals
according to moisture origin groups after attempting to remove local effects. Specifically, we found:

(1) Signs of in-cloud re-evaporation of newly formed raindrops. This was indicated by the shallow slope (7.46) of
the local meteorologic water line (LMWL), which is amongst the lowest in Europe.

(i1) Remote (>1500 km) moisture origins over the Atlantic Ocean are major precipitation contributors and influencers
of precipitation isotope signals in Luxembourg, illustrated by an average §'0 value of -8.1 %o and d-excess value
0f 10.8 %o. In spring and in summer, they are replaced by mid-range (< 1500 km) and local (< 500 km) moisture
sources, latter ones representing up to 50 % in July.

(iii) Differences in §'80 and d-excess signatures stemming from moisture origins across and near the shores of
Western Europe, as well as from remote Atlantic sources. Their seasonal influence on isotope signals is likely

linked to changes in the proportion of transpiration and evaporation, or to specific properties of the Western
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Mediterranean and the Bay of Biscay. Orographic barriers, such as the Pyrenees, Alps or Massif Central, also
affect precipitation isotope signals.

(iv) Moisture origin-specific isotope differences were comparable to the overall variability of sub-daily isotope
signals, masking distinctions among moisture origin-specific signals. The reason may lie in unprecise or
unrepresentative boundaries defined for the classification of the moisture origins.

) The 3'80 residuals from the multiple linear regression model, used to exclude local meteorologic effects, did not
yield significant differences in moisture origin-specific isotope signatures. This was probably due to local
meteorological variables already containing inherent information on remote conditions during moisture
formation processes.

Ultimately, with the maps of isotope signatures based on the moisture origins, this study offers a nuanced insight into
atmospheric moisture origins affecting precipitation and precipitation isotope signals in Western Europe. This information
improves the interpretation of precipitation isotope signals and could contribute to assessing potential changes of the moisture

origins of precipitation.
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Figure Al: Dual isotope plots showing (a) the precipitation samples in Belvaux (N = 1147), and (b) seasonal subsets of the same

700
values. The grey crosses represent the sub-daily samples below 1.0 mm (N = 529) and the black crosses the retained samples (N =
648), while the lines represent the Global Meteorologic Water Line (GMWL, solid) and the Local Meteorologic Water Lines (LMWL,
dashed). The LMWL were calculated using a reduced major axis regression (RMA) algorithm. The regression equations and the R?
are also given — all results were significant (p < 0.001).
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