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ABSTRACT: Knowledge about precipitation generation remains limited in the tropical Andes due to the lack of water
stable isotope (WSI) data. Therefore, we investigated the key factors controlling the isotopic composition of precipitation
in the Paramo highlands of southern Ecuador using event-based (high frequency) WSI data collected between November
2017 and October 2018. Our results show that air masses reach the study site preferentially from the eastern flank of the
Andes through the Amazon basin (73.2%), the Orinoco plains (11.2%), and the Mato Grosso Massif (2.7%), whereas only
a small proportion stems from the Pacific Ocean (12.9%). A combination of local and regional factors influences the §'0
isotopic composition of precipitation. Regional atmospheric features (Atlantic moisture, evapotranspiration over the
Amazon rainforest, continental rain-out, and altitudinal lapse rates) are what largely control the meteoric 830 composi-
tion. Local precipitation, temperature, and the fraction of precipitation corresponding to moderate to heavy rainfalls are
also key features influencing isotopic ratios, highlighting the importance of localized convective precipitation at the study
site. Contrary to 8'%0, d-excess values showed little temporal variation and could not be statistically linked to regional or
local hydrometeorological features. The latter reveals that large amounts of recycled moisture from the Amazon basin con-
tribute to local precipitation regardless of season and predominant trajectories from the east. Our findings will help to im-
prove isotope-based climatic models and enhance paleoclimate reconstructions in the southern Ecuador highlands.

KEYWORDS: Atmosphere; South America; Tropics; Convection; Precipitation; Rainfall; Isotopic analysis;
Regression analysis; Mountain meteorology; Regional effects

1. Introduction limited for the highlands of the tropical Andes, extending
from western Venezuela to northern Peru.

Analysis of the stable isotopic composition of hydrogen
and oxygen in precipitation—expressed as 8°H and 830,
respectively—has become one of the most powerful methodol-
ogies to underpin precipitation formation (Araguas-Araguas
et al. 2000; He et al. 2018; Kaseke et al. 2018). These tracers
provide information about the history of water forming local
precipitation. This is partially possible through the compari-
son of the global relation between 8°H and 6'%0 in precipita-
tion, known as the global meteoric water line (GMWL)
defined by the linear relationship: 8*H = 86'%0 + 109, and

Understanding precipitation formation and the key factors
influencing it in complex mountainous regions is important
because these regions supply the water needs of millions of
people, particularly in light of changes in climate (Ingraham
1998; Sloat et al. 2018; Thibeault et al. 2012; Sanchez-Murillo
et al. 2020). This knowledge is also of great need for improv-
ing and validating climate models, predicting precipitation at
local and regional scale, and assessing how future changes in
climate will affect the water balance of catchments. Obtaining
this information is important to help identify effective and
economic measures to counteract future changes in precipita-

tion patterns. In response to this, current hydrometeorological
research aims at identifying the origin and pathways of water
vapor masses and the factors influencing the formation of pre-
cipitation (Gimeno 2013). However, this knowledge remains
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the local meteoric water line (LMWL) derived from the re-
lation between both isotopes in precipitation collected at a
specific site (Craig 1961). Differences in slope and intercept
between the LMWL relative to the GMWL provides infor-
mation about the source of moisture, e.g., continental ver-
sus maritime, moisture recycling, regional re-evaporation
processes, and/or atmospheric conditions under which local
precipitation is formed (Kendall and McDonnell 1999;
Leibundgut et al. 2009). Additional information can be ob-
tained through the analysis of the temporal variability of
62H, 6180, and deuterium excess (hereafter referred to as
d-excess = 8*H — 86'%0) (Dansgaard 1964), and their rela-
tionship with in situ atmospheric conditions, e.g., relative
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humidity, air temperature, wind speed and direction, radia-
tion, precipitation type, and amount. Moreover, since re-
gional atmospheric features may also play an important
role in precipitation formation processes, water stable iso-
topes (WSIs) are often used in combination with comple-
mentary methods that provide information about regional
meteorological conditions affecting the trajectory of water
vapor masses.

A variety of air mass transport models are currently used to
determine the pathways of air masses from their origin to
where they condensate and precipitate. Among them are
the widely used Lagrangian transport models (e.g., Ciric et al.
2016; Heydarizad et al. 2019; Le Duy et al. 2018; Sanchez-
Murillo et al. 2017). In hydrometeorological and climatologi-
cal studies, these types of models helped to determine the
main sources of humidity contributing to local precipitation at
a given site, as well as their trajectory (Heydarizad et al.
2019). Lagrangian models also provide information about the
“regional” meteorological conditions air masses undergo
along their pathway and the factors that affect the formation
of local precipitation. Lagrangian transport models in combi-
nation with WSI data collected at different temporal resolu-
tions have been used in different tropical regions including
Central America and Southeast Asia (e.g., Le Duy et al. 2018;
Sanchez-Murillo et al. 2016, 2017). Although weekly or
monthly WSI data are helpful to provide insights into moisture
sources contributing to local precipitation, data collected at high
temporal frequency, e.g., subdaily or during rainstorm events,
during at least a complete hydrological year are needed to obtain
a thorough understanding of the local and/or regional factors
influencing the isotopic composition of precipitation. The latter
allows identifying how contributions from different vapor sources
influence the formation of precipitation.

To our knowledge, there are only two studies in the tropical
Andes that used the combined WSI-air mass transport model
approach. Windhorst et al. (2013) used isotopic data collected
at a high temporal frequency (rainstorm events) over a short
period (September-December 2010) to investigate how eleva-
tion and local climate variables influence the isotopic compo-
sition of precipitation at a tropical forest site situated between
1800 and 2800 m MSL. The short study period limited these
authors from providing a complete understanding of how
their findings were representative over a complete hydrologi-
cal year. Differently, Esquivel-Hernandez et al. (2019) used a
dataset collected in 17 months (January 2015-May 2016) at a
weekly time scale in the tropical alpine highlands (3900 m
MSL) of south Ecuador. Although this study preliminarily
identified the sources of moisture contributing to local precip-
itation, the coarse temporal resolution of the used data pre-
vented the study from distinguishing among individual storm
origins and trajectories (continental versus maritime and/or
Amazon rainforest versus Pacific Ocean) because water from
individual storms mixed in the bulk weekly samples. It is im-
portant to note that until now the potential effect of regional
climatic factors on the isotopic composition of precipitation in
the study region has not been assessed.
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Through the combined analysis of WSI data collected at
high temporal frequency (during rainstorm events) and the
use of Lagrangian transport models, this study aims to address
the following research questions:

1) What are the main pathways of air masses that form local
precipitation in the tropical alpine highlands of southern
Ecuador?

2) What are the main meteorological factors, in situ and/or
at the regional level, that influence the isotopic composi-
tion of precipitation at the study region?

2. Materials and methods
a. Study site

The study site, the Zhurucay Ecohydrological Observatory
(ZEO, Fig. 1), is located in the Paramo ecosystem in southern
Ecuador between 3400 and 3900 m MSL (Mosquera et al.
2015). The climate of the study area is mainly influenced by
continental air masses originating from the Amazon basin on
the east; and to a lesser extent by water vapor from the Pacific
Ocean (Esquivel-Hernandez et al. 2019; Vuille et al. 2000).
Mean temperature and mean annual precipitation estimated
in the period 2011-14 are 6.0°C (Cérdova et al. 2015) and
1345 mm at 3780 m MSL (Padrén et al. 2015). Precipitation is
uniformly distributed throughout the year, presenting a less
wet period in August and September. Precipitation intensity
is low, rarely exceeding 5 mm h™' and falling primarily as
drizzle (Padrén et al. 2015). The mean duration of precipita-
tion events at the study site is 225 min (Orellana-Alvear et al.
2017). The isotopic composition of precipitation is variable
showing a seasonal pattern. Low/depleted values are observed
during the most humid periods (April-May) and high/enriched
values during the less wet months (August-September). The
linear regression (type II) between &°H and 6'%0 using
212 precipitation samples collected during the period
May 2011-May 2013 presents a slope of 8.37 * 0.04 and an
intercept of 18.04 = 0.399, (Mosquera et al. 2016a,b).

b. Meteorological data collection

An automatic weather station located at the upper part of
the ZEO (3°03’44.6”S, 79°14'05.8”W; 3780 m MSL), hereafter
referred to as the ZEO Super Site (Fig. 1), consisted of a
Campbell Scientific CS-215 probe for measuring temperature
and relative humidity, a Met-One 034B Windset anemometer,
an Apogee CS300 pyranometer, and a Texas TR-525M tipping-
bucket rain gauge with a resolution of 0.1 mm. These varia-
bles were recorded every 5 min during the study period, i.e.,
from 1 November 2017 to 31 October 2018. These data were
used as “in situ factors” that could influence the temporal var-
iability of the isotopic composition of precipitation.

The fractions of different types of rainfall in the study area
were determined with a disdrometer (Thies Clima 2007) lo-
cated at the Super Site (Fig. 1). This is a laser sensor that pro-
duces a horizontal light beam whose signal is attenuated by
precipitation particles. The diameter of the raindrops (D) is
estimated from the reduction in amplitude of the attenuated
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FI1G. 1. The Zhurucay Ecohydrological Observatory (ZEO) situated in southern Ecuador. The black triangle in the
map shows the location of the Super Site where the sequential sampler for collecting rainwater samples at high tempo-
ral frequency (3°03’44.6”S, 79°14'05.8”W; 3780 m MSL), the meteorological station, and the laser disdrometer were

installed.

signal. The disdrometer operates at a wavelength of 785 nm
and has a reference measurement area of 45.6 cm? and a reso-
lution of 0.005 mm h™'. Disdrometer data were also recorded
every 5 min. The methodology described by Orellana-Alvear
et al. (2017) was followed to classify the type of precipitation
and their fractions during different periods of interest. The
mean volume diameter (D,,) was used to characterize the
drop size distribution at each time step. In this way each rain-
fall observation was classified as light (0.1 mm < D,,, =< 0.5 mm),
moderate (0.5 mm < D, = 1.0 mm), heavy (1.0 mm < D,, =
2.0 mm), and very heavy (D,,, > 2 mm). Their respective con-
tributions (percentages) to each of the collected precipitation
samples for isotope analysis were estimated. The calculated
fractions of each rainfall type were also evaluated as potential
local factors influencing the stable isotopic composition of
precipitation.

¢. Isotopic data collection and laboratory analysis

Precipitation samples for stable isotopes analysis were col-
lected during rainfall events at the ZEO Super Site (Fig. 1) in
the period 1 November 2017-31 October 2018 (n = 295).
Sampling was carried out using a handmade sequential rain-
fall sampler. The principle of operation of the sequential rain-
fall sampler is pressure based, whereby precipitation water
fills a bottle until a certain pressure is reached (i.e., atmo-
spheric pressure). At this stage, water is diverted to another
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bottle and in this way, it is possible to obtain sequential sam-
ples of an entire precipitation event (McDonnell 1990). Each
bottle collects 160 mL of water, corresponding to a 2.08-mm
rainfall depth. Precipitation data from a rain gauge located
3 m from the sequential sampler were used to determine the
time at which each bottle was filled with water. Precipita-
tion was collected and stored in 2-mL amber glass vials.
The use of a thin layer of mineral oil in the rainfall collector
is recommended to avoid fractionation by evaporation
(Mook and Rozanski 2000). However, this was not applied
in this study because evaporation did not affect the water
samples, as verified during a test period of the sequential
sampler 3 months before the start of this study. All samples
collected during the test period were plotted in the
8’H-8'80 dual space and compared to the historical
LMWL (2011-18) of the study site, showing that evapora-
tion did not affect their isotopic composition. The collected
samples were covered with parafilm and shielded from the
sunlight to prevent fractionation by evaporation during
transport and storage until their analysis in the laboratory
(IAEA 2014; Mook and Rozanski 2000).

The isotopic composition of the precipitation samples was
measured at the Water Quality Laboratory of the Depart-
ment of Water Resources and Environmental Sciences of the
University of Cuenca using a cavity ring-down spectrometer
L1102-i Picarro (Picarro Inc., United States). The Picarro
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secondary reference standards were ZERO (8°H = 0.3 + 0.29%,,
580 = 1.8 = 0.9%,), MID (8°H = —20.6 + 02%,, §'°0 =
—159.0 + 1.3%,), and DEPL (8°H = —29.3 + 0.2 %, 80 =
—235.0 = 1.89%,). We applied six sample injections and dis-
carded the first three as recommended by the manufacturer to
minimize memory effects (Penna et al. 2012). For the last
three injections, we calculated the maximum 8'30 and 6°H
differences and compared them with the analytical precision
given by the manufacturer and the standard deviation of the
isotopic standards used for the analyses. Samples that
showed measurement differences larger than the latter were
reanalyzed. We used three standards every fifteen samples
for the analyses. ZERO and DEPL standards were used to nor-
malize the results to the VSMOW-SLAP (Vienna Standard
Mean Ocean Water—Standard Light Antarctic Precipitation)
scale, while MID was used as a quality control and drift
control standard. The '®0/'°0 and *H/'H ratios are
presented in delta notation & (%,, per mil), relative to the
VSMOW-SLAP scale. The long-term instrument precision is
0.5%, for hydrogen (86*°H) and 0.1%, for oxygen (6'®0). Or-
ganic contamination of the isotopic composition was verified
with the ChemCorrect 1.2.0 software (Picarro 2010), no sam-
ples were contaminated.

d. Origin and trajectories of water vapor masses

The origin and trajectory of water vapor masses were de-
termined through the generation of backward trajectories
based on the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Draxler and Hess 1998;
Stein et al. 2015). The HYSPLIT model determines the po-
sition of water vapor masses using a three-dimensional La-
grangian velocity algorithm of air masses (Stein et al. 2015).
The input data needed by the HYSPLIT model correspond
to the variables of pressure, temperature, wind speed, and
solar radiation obtained from the NOAA meteorological
database (GDAS, global data assimilation system: from
2006 to present; 0.5° resolution; Rolph et al. 2017; Su et al.
2015). For each collected precipitation sample (n = 295) a
backward trajectory was reconstructed for a period of 192 h
(8 days) with a 1-h interval. The calculation time was se-
lected according to the expected residence time of water in
the atmosphere, i.e., 4-10 days (Van Der Ent and Tuinenburg
2017). In addition, a height of 3800 m MSL (633 hPa) was
chosen for the start of the backward trajectory, because this
height most probably corresponds to the height of the
cloud base (Esquivel-Hernandez et al. 2019; Lawrence 2005).
The HYSPLIT model provides information about the varia-
bles that influence the determined air moisture trajectories.
These variables, which are considered potential “regional”
factors influencing the isotopic composition of precipitation,
include potential temperature, air temperature, precipitation
rate, relative humidity, solar radiation, pressure, mix depth
(the vertical distance between the ground surface and the
altitude at which chemical substances mix), and altitude of
the air parcel.

Trajectories of the air masses were analyzed based on the
regions considered as sources of atmospheric humidity
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FIG. 2. Regions considered as sources of moisture through which
the air masses travel before reaching the study area. The 17 regions
correspond to Central America (CAM), northern South America
(NOSA), Orinoco basin (ORIC), Guyanas (GUYN), Peru—Chile
(PECH), Northern Amazon (NAMZ), Southern Amazon (SAMZ),
subtropical Andes (ANDS), Tocantins basin (TOCA), La Plata
River basin (LPRB), Brazil’s Northeast (NORD), Africa (AFRC),
tropical North Pacific (TNP), tropical South Pacific (TSP),
Caribbean Sea (CABN), tropical North Atlantic (TNA), and
tropical South Atlantic (TSA). Figure adapted from Ruiz-
Viasquez et al. (2020).

through which they traveled before reaching the study area.
These regions were defined based on the study of Agudelo
et al. (2018). The sources of atmospheric humidity included
17 regions (as shown in Fig. 2): 5 oceanic and 12 continental
regions.

e. LMWL and d-excess analysis

This analysis was carried out by comparing the slopes and
intersections of the LMWL of the study site with the GMWL.
Comparison of both lines permits to identify if re-evaporation
processes affect local precipitation (Noone 2012; Putman et al.
2019). The construction of the LMWL was carried out
through linear regression of the isotopic composition of 8'%0
and 8”H from precipitation samples and their adjustment was
assessed using the coefficient of determination (R?). Also, an
analysis of d-excess was conducted to identify moisture recy-
cling processes caused by the transpiration of plants and the
evaporation of water from surfaces and water bodies. High
values of d-excess indicate that local precipitation was com-
posed of recycled moisture (Froehlich et al. 2008; Pang et al.
2011; Salati et al. 1979).

f- Analysis of factors controlling the isotopic composition
of precipitation

Given that the stable isotopic composition of precipitation
at a given site depends on the origin and transport of atmo-
spheric moisture, as well as in situ meteorological conditions,
the analysis was carried out using precipitation isotopic com-
position (6'%0, 6°H, and d-excess) and local and regional
meteorological variables. Local factors encompassed the me-
teorological variables measured at the ZEO Super Site
climate station (Fig. 1). These variables included accumulated
precipitation (Prec;), average temperature (Temp;), average
relative humidity (RH,), average wind speed (WS;), average
atmospheric pressure (Press;), and average solar radiation
(SR;) aggregated for the sampling period corresponding to
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each of the collected precipitation samples for isotope analy-
sis. The subscript “i” after each of the variables indicates they
were measured in situ. Also, the fractions of different rainfall
types based on the diameter of the raindrops occurring in the
study area were considered as possible controlling factors.
That is, light (L), moderate (M), heavy (H), and very heavy
(VH) rainfall, and several combinations among those frac-
tions:
L+MM+HH+VHL+M+H,andM +H + VH.

Regional factors included the meteorological conditions
along the trajectory of the water vapor masses generated
by the HYSPLIT model. The outputs from the model (i.e.,
trajectory-integrated meteorological fields, hereafter referred
to as “regional variables”) correspond to rainfall rate along
the trajectory (Prec,), trajectory altitude (Alt,), air tempera-
ture (Temp,), potential temperature (PT,), mix depth (MD,),
pressure (Press,), downward solar radiation flux (SR,), and
relative humidity (RH,). As the model produces hourly out-
puts along the determined air mass trajectories, daily averages
from 1-8 days backward (the subscript x after each of the re-
gional variables indicates the corresponding backward day)
were used to investigate the influence of these regional varia-
bles on the isotopic composition of local precipitation.

The analysis of the factors influencing the isotopic composi-
tion of precipitation comprised a series of steps. First, a multi-
collinearity analysis among the in situ and regional variables
was performed to remove redundant information that may af-
fect the statistical analyses. The criteria used for this purpose
was the variance factor index (VIF) (Lin et al. 2011) consider-
ing a threshold value of 3 (Hair et al. 2016). Subsequently,
Spearman’s correlation analysis was performed using the vari-
ables yielded from the VIF analysis and the values of the iso-
topic composition of precipitation. If high correlation values
were obtained (r = 0.7), simple linear regression (SLR) mod-
els were developed between these variables and the isotopic
composition of precipitation. Variables producing R* = 0.5
were considered as drivers of the isotopic composition of pre-
cipitation (Van Liew et al. 2003; Moriasi et al. 2007; Santhi
et al. 2001). If low correlation values (r < 0.7) were obtained,
the next step was to apply multiple linear regression models
(MLRs) between meteorological variables (local and re-
gional) and the isotopic composition of precipitation. The
MLRs were built using bidirectional stepwise criteria (Helsel
and Hirsch 2002; Wang et al. 2013) permitting the inclusion of
variables in the MLRs using the forward stepwise criteria and
discarded using the backward stepwise criteria. The MLRs
models were developed in the R software V4.0.2 using the
“caret” package models up to 5 variables were assessed
to avoid overfitting (Cohen and Jensen 1997; Heinze and
Dunkler 2017; Vittinghoff and McCulloch 2007). The evalua-
tion of these MLRs was carried out using the Ridj and RMSE
metrics. The variables producing models that comply with
having a value of Rgdj = (.5 (Van Liew et al. 2003; Moriasi
et al. 2007; Santhi et al. 2001) and an RMSE = 15% of the iso-
topic variability in the analyzed dataset (Moriasi et al. 2007;
Singh et al. 2005) were considered as drivers of the isotopic
composition of precipitation.
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The procedure was applied to the complete isotopic data-
set. In case no drivers of the isotopic composition of precipita-
tion could be identified, the dataset was divided into seasons,
i.e., DJF (December-February), MAM (March-May), JTA
(June-August), and SON (September-November); and by the
predominant air mass trajectories identified by the HYSPLIT
model (section 3b). Despite having analyzed the isotopic com-
position of oxygen (8'%0), hydrogen (6?°H), and d-excess, only
results for 8'%0 and d-excess are presented because the results
obtained with 6'0 and 6°H were similar.

g. Validation of findings in a regional context

This aspect involved analysis of the isotopic composition of
precipitation (8'%0 and d-excess) at the study site and stations
from the Global Network of Isotopes in Precipitation (GNIP;
TAEA/WMO 2021). Stations situated along different water
vapor trajectories identified through the HYSPLIT model
analysis and possessing at least one year of monthly collected
isotopic data were used in the analysis. These included 10 sta-
tions located east (from the Brazilian coast) and 9 stations sit-
uated west (from the Galapagos Islands) of the Andean
mountain range. A summary of the stations’ metadata, geo-
graphical information, and isotopic data statistics as well as
their source is presented in Tables S1 and S2 in the online
supplemental material. The regional analysis consisted of de-
termining the continental and isotopic effects of both the east-
ern and western slopes of the mountain range. These effects
were assessed through linear regression between isotopic
compositions and the elevation of the stations.

3. Results
a. Description of meteorological conditions

The intensity of precipitation corresponding to each of
the samples collected for isotopic analysis rarely exceeded
10 mm day ! (Fig. 3a). The events with the highest intensi-
ties occurred mainly in the period January—April, while
events during the period July—October had the lowest in-
tensities. The precipitation type and fraction corresponding
to each of the collected rainfall samples showed that precip-
itation could usually be classified as light, followed by mod-
erate and heavy precipitation (Fig. 3b). On a few occasions
the presence of very heavy precipitation was observed. Aver-
age air temperature was lower during the less wet months
(August-October) in comparison to the rest of the study pe-
riod (Fig. 3c); average relative humidity was generally above
90% (Fig. 3d); average wind speed tended to be higher and
solar radiation lower during the less wet months in compari-
son to the more humid periods (Figs. 3e and 3f, respectively).
Table S3 in the supplemental material shows monthly values
of the meteorological data used in this study for reference.

b. Isotopic composition

The 6'"®0 composition in precipitation at the study site var-
ied between —2.49, and —25.0%, with an arithmetic mean of
—11.99%, and a rainfall volume-weighted mean of —10.5%,, the
8"H composition between 0.0%, and —185.0%, with an
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FIG. 3. Temporal variability of local (in situ) meteorological variables for each period a rainwater sample for isoto-
pic analysis was collected and precipitation isotopic composition during the period November 2017-October 2018 at
the Zhurucay Ecohydrological Observatory: (a) cumulative precipitation, (b) type and fraction of precipitation (from
light to very heavy), (c) air temperature, (d) relative humidity, (e) wind velocity, (f) solar radiation, (g) 6'%0, and
(h) d-excess. The values in (c)—(f) represent the average value of local (in situ) meteorological variables during the pe-
riod for which each water sample for isotope analysis was collected.

arithmetic mean of —80.49, and a rainfall volume-weighted
mean of —68.5%, and the d-excess between +8.0%, and
+21.4%, with a mean of +15.0%, (Figs. 3g.h). The §'%0 and
8?H compositions decreased from March to May and the low-
est values were observed in late May, while the highest isotope
values observed during the rest of the study period. No clear
seasonal variation was observed for d-excess. The slope of the
LMWL (8.15) was similar to the one of the GMWL (8; Fig. 4).
On the contrary, the intercept of the LMWL (+16.87%,) was
larger than that of the GMWL (+10%,). Monthly statistics of
the isotopic data used in this study are shown in the
supplemental material (Table S3) for reference.

c¢. Origin and trajectories of the vapor masses

The 295 air mass back trajectories linked to local precipita-
tion events are shown in Fig. 5. The transport of water vapor
masses followed four main trajectories before reaching the
study area. As revealed by the trajectory analysis, the
Amazon basin (73.2%) represents the prevailing moisture
source for the highlands in the southern region of Ecuador,
which in turn resulted in relatively high d-excess values
throughout the hydrological year. Other regions such as the
Pacific coast basin (12.9%), Orinoco plains (11.2%), and
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Mato Grosso Massif (2.7%) contributed less to the regional
moisture transport. Figure 5 also reveals that the air masses
reaching the study site traveled through the different oceanic
and continental regions considered as sources of atmospheric
humidity. The air masses arriving from the Orinoco plains
(Fig. 5a) originated in the tropical North Atlantic region
(TNA), crossed the Orinoco basin (ORIC), continued through
the northwestern part of the Northern Amazon region
(NAMZ) crossing the southern part of Colombia and the
northeastern region of Ecuador to reach the study area via
the Andes [northern part of the Peru—Chile region (PECH)].
The air masses coming from the Pacific coast traveled over
two main regions (Fig. 5b). The first group of air masses origi-
nated in the Caribbean Sea region (CABN), crossed the
southern part of the Central America region (CAM) toward
the Pacific Ocean, and then traveled through the western part
of the tropical North Pacific region (TNP) until reaching the
study area at the northern PECH region. The second group of
air masses originated near the Pacific coast of southern Peru
and reached the study area through the western part of the
tropical South Pacific region (TSP). Atmospheric moisture
arriving from the Mato Grosso Massif originated in two re-
gions: 1) La Plata River basin (LPRB) and 2) Brazil’s
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FIG. 4. 6°H-6"®0 diagram constructed with the precipitation
samples collected during the period November 2017-October 2018.
The black linear fit indicates the local meteoric water line
(LMWL) based on the samples presented in the study, and the red
linear fit indicates the global meteoric water line (GMWL;
Dansgaard 1964).

Northeast (NORD) regions (Fig. 5c). Independent from
their origin, the air masses reached the study site traveling
through the Tocantins basin (TOCA), Southern Amazon
(SAMZ), and NAMZ regions.

Water vapor arriving from the Amazon basin and ori-
ginated between latitudes 5°N-5°S crossed the equatorial At-
lantic Ocean in the middle part of the TNA and tropical
South Atlantic (TSA) regions (Fig. 5d). Once the air masses
reached the Brazilian coast, they traveled through the north-
ern part of the NORD and TOCA regions, the southern part
of the Guyana region (GUYN), and the NAMZ region before
reaching the study area.

The air masses coming from the Amazon basin and whose
origin started south of 5°S originated in the middle part of the
TSA region (Fig. 5e). After reaching the South American
coast they mainly crossed the NORD, TOCA, and SAMZ re-
gions until ascending to the study area through the southeast-
ern part of the NAMZ region. The air masses from the
Amazon basin at latitudes north of 5°N originated in the cen-
tral part of the TNA region (Fig. 5f). Once these air masses
reached the continent, they traveled through the GUYN and
northern part of the NAMZ regions before converging in the
study area.

d. Factors controlling the isotopic composition

Eighty predictive variables were obtained from the in situ
meteorological data (local variables) and the HYSPLIT anal-
ysis (regional variables). The multicollinearity analysis (VIF)
using a threshold value of 3 reduced the number of potential
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variables controlling the stable isotopic composition of precip-
itation for the complete study period, different seasons, and
different trajectories. The number of remaining variables was
36 for the complete period, 26 for the DJF season, 34 for the
MAM season, 23 for the JJA season, 21 for the SON season,
22 for the Orinoco plains, 20 for the Pacific Ocean, 11 for the
Mato Grosso Massif, 27 for the Amazon basin with origin be-
tween latitudes 5°N and 5°S, 25 for the Amazon basin with or-
igin at latitudes south of 5°S, and 27 for the Amazon basin
with origin at latitudes north of 5°N. Those variables were
used for the identification of the potential drivers of 60 and
d-excess isotopic composition through correlation and linear
regression analyses.

Results of the Spearman correlation analysis between 850
and d-excess and single local and regional meteorological
variables showed low correlation values, i.e., lower than the
r < 0.7 threshold. The explanation of the variance of those
models was lower than 50% for both §'%0 and d-excess. Be-
cause of this, MLRs models considering datasets correspond-
ing to the complete period, different seasons, and the main
trajectories identified using HYSPLIT were built and evalu-
ated. The results of the models that complied with the criteria
used to define the drivers of the stable isotopic composition of
precipitation, i.e., Rgdj = (.5 and RMSE = 15%, are depicted
in Table 1 and Fig. 6.

As shown in Table 1, it was possible to define key drivers of
the 6'®0 isotopic composition of precipitation using datasets
for the whole study period and corresponding to the following
trajectories: Orinoco plains, Pacific coast, and Mato Grosso
Massif (Fig. 6). For the Amazon basin trajectories, the dataset
was further split considering the origin of each trajectory since
no MLR explaining more than 50% of the dataset variance
was identified. Therefore, the Amazon basin dataset was di-
vided into three origins considering their position with re-
spect to the equator, namely, the trajectories with origin
north of latitude 5°N, between latitudes 5°N and 5°S, and
south of latitude 5°S. This spatial subclassification allowed
identifying main drivers of the §'0 isotopic composition of
precipitation for samples arriving between latitudes 5°N and
5°S and latitudes below 5°S (Fig. 6). However, for the air
masses arriving from the trajectories starting above latitude
5°N, no main drivers were identified using the complete pe-
riod dataset. For this reason, we further split the dataset
into seasons, and this permitted to identify governing fea-
tures of the 8'80 isotopic composition of precipitation for
the periods DJF, MAM, and SON (Table 1 and Fig. 6). We
could not conduct the MLR evaluation for the period JJA
due to the low number of observations to perform the analy-
sis (Harrell 2015; Heinze and Dunkler 2017; Vittinghoff and
McCulloch 2007).

Temp; and Precs explained 60.1% of the §'*0 composition
of precipitation of the air masses arriving from the Orinoco
Plains (Table 1). For the atmospheric moisture arriving from
the Pacific coast, four variables, M+H+VH, Prec;, RHg, and
RHg, explained 58.1% of the 5'80 dataset variance, while for
the Mato Grosso Massif air masses, RH;, Prec,, and SRad ex-
plained 93.8% of the §'%0 variance. Given the relatively low
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FIG. 5. Trajectories of the air masses reaching the study area during the period November 2017-October 2018 (rn = 295) originating from (a)
Orinoco plains, (b) Pacific coast, (c) Mato Grosso Massif, (d) Amazon basin with their origin between latitudes 5°N and 5°S, (¢) Amazon basin
with their origin below latitude 5°S, and (f) Amazon basin with their origin above latitude 5°N. The solid black line in the plots shows the 0° lati-
tude for reference. Note: n = number of samples for each of the trajectories. The colors of the trajectories represent different sampling collec-
tion seasons: season 1 = December—February, season 2 = March-May, season 3 = June—August, and season 4 = September—November.

number of observations (n = 8) in comparison to the varia-
bles included in the MLR model for the latter, results need to
be considered with care (Heinze and Dunkler 2017). Four
variables, MDy,, Prec;, Precg, and Precs, explained 56.2% of

the 680 composition variance for the Amazon air masses
originating between latitudes 5°N and 5°S. For the atmo-
spheric moisture traveling through the Amazon basin and
coming from latitudes south of 5°S four variables, Temp;,

TABLE 1. Summary statistics of the multiple linear regression models (MLRs) for 8'%0 complying with the criteria to define
controllers of the stable isotopic composition of precipitation using the stepwise criterion. An asterisk indicates that samples collected during
the complete study period were included in the MLRs. For the Amazon basin > 5°N trajectories, S1, S2, and S4 indicate the dataset was
further split into different seasons as follows: S1 = December-February, S2 = March-May, and S4 = September—November. In situ
variables: Temp; = in situ air temperature, Press; = in situ atmospheric pressure, HR; = in situ relative humidity, SRad = in situ solar
radiation, H + VH (accumulated fraction of heavy and very heavy precipitation), M + H + VH (accumulated fraction of moderate, heavy,
and very heavy precipitation). Regional variables: MD, = mix depth, SRad, = regional solar radiation, Prec, = regional precipitation),
RH, = regional relative humidity. The subscript numbers next to the regional variables indicate the number of days backward
according to the trajectories identified by the HYSPLIT model; # = number of samples used for the MLRs, m = number of
variables used to obtain the MLRs, R> = R squared, Rﬁdj = adjusted R squared, AIC = Akaike information criteria, and RMSE =

root-mean-square €rror.

Trajectories Variables n m R? Rgdj AIC RMSE p value
Orinoco plains* Temp;, Precs 33 2 0.60 0.57 161.06 2.46 1.05 x 107°
Pacific coast* M + H + VH, Prec;, RHg, RHg 38 4 0.58 0.53 191.51 2.57 6.27 X 1076
Mato Grosso Massif* RH,, Precy, SRad; 8 3 0.94 0.89 32.54 0.99 7.08 X 1073
Amazon basin (5°N-5°S)* MD,, Precy, Precg, Precs 80 4 0.56 0.53 425.57 3.21 8.09 X 10713
Amazon basin < 5°S* Temp;, Press;, RHg, H + VH 60 4 0.53 0.50 327.39 2.72 215 x 1078
Amazon basin > 5°N—S1 SRad;, Temp;, SRad, 26 3 0.58 0.53 123.07 2.13 1.97 X 10™*
Amazon basin > 5°N—S2 Press;, RH3, 39 2 0.54 0.52 229.81 3.28 453 x 1074
Amazon basin > 5°N—S4 RH, 9 1 0.67 0.62 36.22 1.29 729 X 1073
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Press;, RHg, and H+VH, explained 53.4% of the variance of
the 6'%0 composition of precipitation.

Regarding the Amazon air masses originating at latitudes
above 5°N, three variables, SRad;, Temp;, and SRad,, ex-
plained 58.4% of the 6'%0 isotopic signal variance during the
period DJF. Press; and RH; explained more than half of the
variance (54.4%) of the §'0 isotopic signal of precipitation
during the period MAM. For the period SON, a single vari-
able (RH,) explained more than half of the §'%0 isotopic sig-
nal variance (66.6%). For d-excess, we did not find MLRs
explaining at least 50% of the variance either by splitting the
complete dataset of the isotopic signal by season or by cons-
idering the trajectories of the air masses forming local
precipitation.

4. Discussion
a. Isotopic composition

The isotopic composition of precipitation showed lower %0
and 6°H values during the wettest periods (Apri-May) and
higher values during the less wet ones (August-September)
(Fig. 3). Similar findings were reported by Esquivel-Hernandez
et al. (2019) and Mosquera et al. (2016a) for the Andean
Paramo of southern Ecuador. Depleted values are likely re-
lated to the passage of the ITCZ over the Ecuadorian Andes
and the Amazon basin and are associated with the convective
activity of the region (Gastmans et al. 2017; Rozanski and
Araguas 1995). Enriched values are likely the result from the
recycling of moisture stemming from the Ecuadorian Ama-
zon. This moisture is not influenced by local re-evaporation of
the subcloud due to the short distance between the base of
the cloud and the Andes and by the low moisture saturation
deficit (Mufioz et al. 2016).

The similarity between the slopes of the LMWL and
GMWL (Fig. 4) indicates that fractionation by evaporation of
raindrops does not occur locally, i.e., at the study area (e.g., in
the subcloud), as has been observed in other regions (Dinger
and Payne 1971). Since most ~87% of the total vapor masses
arrive from the east side of the Andean cordillera regardless
of their trajectory (Fig. 5), the higher intercept of the LMWL
compared to the GMWL mainly relates to the passage of the
air masses through the Ecuadorian Amazon, with a large con-
tinental effect (i.e., at regional scale). That is, water vapor
high in d-excess, which has undergone isotopic fractionation
under nonequilibrium conditions due to evaporation and
transpiration as it passes across the Amazon rain forest, accu-
mulates, and subsequently rises by orographic effects to the
study site. Gastmans et al. (2017) also reported larger inter-
cept values of the LMWL, between +129,, and 139, at sta-
tions located along the Amazon rain forest. They attributed
those observations to water vapor recirculation. To a lesser
extent, this effect could also be the result of the transport of
moisture from the west undergoing isotopic fractionation un-
der nonequilibrium conditions as it travels from the coast to
the colder Andes as previously suggested by Mosquera et al.
(2016a).
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b. Origin and trajectories of vapor masses

The dominance of air masses arriving from the eastern side
of the Andes (87.1%; Fig. 5) agrees with other studies report-
ing that moisture from the Atlantic Ocean traveling through
the Amazon rainforest is the main source of humidity to the
region (Arias et al. 2015; Espinoza et al. 2020). The lower con-
tribution from the Pacific Ocean to local precipitation
(12.9%) is in line with prior findings of Esquivel-Hernandez
et al. (2019). The trajectories of water vapor masses identified
in our study coincide with those reported in previous studies
in the Ecuadorian Andes (Esquivel-Hernandez et al. 2019;
Windhorst et al. 2013). This fact provides confidence that the
Lagrangian models are adequate to track humidity pathways
across the Andean region.

Regardless of their origin and atmospheric pathways, air
masses forming local precipitation are affected by different
low-level jets, which transport large amounts of moisture in
South America. Among these, the Orinoco low-level jet
(OLLJ; Jiménez-Sanchez et al. 2020) influences the air masses
crossing the Orinoco plains. Air masses stemming from the
Pacific coast are influenced by the Chocd low-level jet
(Choc6-LLJ) (Arias et al. 2015; Sakamoto 2011) being the
product of atmosphere—ocean—land interactions, which rises
by orographic effect from the tropical Andes to interact with
the warmer trade winds from the east of the mountain range.
Air masses coming from both the Guiana Massif and the Am-
azon rainforest are affected by the South American low-level
jet (SALLJ) in which water vapor entering the Amazon River
basin mixes with recycled moisture. This effect, in turn,
increases the moisture for precipitation at nearby regions
(Montini et al. 2019; Poveda et al. 2014).

c¢. Factors controlling the isotopic composition of
precipitation

The geographical context of the Andes has important
implications in local and regional meteorology across South
America. Accordingly, a combination of local and regional
meteorological variables generally explained the temporal
variability of the stable isotopic composition in the highlands
of southern Ecuador regardless of the trajectory of atmo-
spheric moisture forming local rainfall (Table 1). It is worth
noting that although multicollinearity and correlation analy-
ses precluded the inclusion of redundant information in the
MLRs, they also restrict the possibility of directly comparing
explanatory variables among the models identified for each of
the trajectories. Nevertheless, these variables allow obtaining
improved understanding of rainfall formation processes as
described below.

Because of its influence on isotopic fractionation, local
temperature is a factor often found to influence precipita-
tion’s isotopic composition in tropical and nontropical lati-
tudes (e.g., Dansgaard 1964; Kattan 2019; Le Duy et al.
2018). Accordingly, Temp; influences the 680 isotopic
composition of precipitations arriving from the Orinoco
plains. The HYSPLIT analysis revealed that it takes about
5 days for the air masses transported via OLLJ to reach the
study site, justifying the presence of the regional variable
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Precs as an important predictor of the 68O composition.
Both variables revealed the prevalence of a strong rain-out
process over this basin before reaching the Ecuadorian
highlands. The activity of the OLLJ is higher during the
DJF season (Jiménez-Sanchez et al. 2020), explaining why
the majority of precipitation samples from the Orinoco
plains were collected during this season (Fig. 6).

Air masses originating from the Pacific coast are affected
by the Choc6 LLJ and produce very intense rain showers in
the study area (Poveda et al. 2014). This effect explains the
presence of precipitation occurring nearby (Prec;) and the
most intense fraction of local precipitation (M + H + VH) in
the MLR of this trajectory (Table 1). These findings are in
line with the study of Hagemans et al. (2021), who reported
that for a study site near the ZEO in the period 2013-17, the
most intense rainfall events arrived from the west flank of the
Andean Cordillera. Convective activity at our study site is
favored by a higher thermal breeze and moist air advection
(Orellana-Alvear et al. 2017), leading to lower isotopic values
(Hu et al. 2018; Kurita 2013) and reaffirming the presence of
these variables in the MLR model. Moisture transport by the
Choc6-LLJ can be traced as far as 30°S, down to the coast of
Chile (Poveda et al. 2014; Sakamoto 2011). Humidity carried
by those air masses likely influences precipitation formation
at the study site, as indicated by the regional variables (RHg
and RHp) included in the model. The Chocé-LLJ is weaker in
DJF when it preferentially moves to regions near the equator
(Poveda et al. 2014), bringing in this period higher amounts of
rainfall to Ecuador (Poveda et al. 2014), and explaining that
most samples of the Pacific trajectory were collected during
this season (Fig. 6).

As a result of their influence on isotopic fractionation pro-
cesses, local environmental variables have been reported to
influence the isotopic composition of precipitation (Kattan
2019; Le Duy et al. 2018). At our study area, isotopic fraction-
ation of air masses arriving from the Mato Grosso Massif is
locally controlled by air humidity (RH;) and the amount of in-
coming solar energy (SRad;). Since the area where the air
masses following this trajectory (travel time 4 days) coincides
with the SAMZ region, the variable Prec, highlights the influ-
ence of the south Amazon rain forest in the precipitation for-
mation at the south Ecuadorian highlands, particularly during
the wettest MAM season (Fig. 6). Concomitant with the evo-
lution of the Amazonian mesoscale convective systems to a
dominant monsoon flux (Aceituno 1988; Arvor et al. 2014;
Zhou and Lau 1998), the samples corresponding to this trajec-
tory were collected during the MAM season, which likely ex-
plains their isotopically depleted values.

Air masses arriving from the Amazon basin, between
latitudes 5°N-5°S, were the only ones whose isotopic composi-
tion was solely controlled by regional climatological variables
(Table 1). This finding suggests that humidity originated from
the Atlantic Ocean (Precs and Prec;) is transported to the
continent by trade winds. It subsequently crosses the Amazon
rain forest where turbulent convection favors the mixture of
the air masses (MD,) with local humidity generated by the
transpiration activity of the Amazon rain forest (Precs),
reaching its peaks in the period May-November (Doughty
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and Goulden 2008). Foregoing explains why most of the pre-
cipitation samples stemming from this trajectory were
collected during this period (Fig. 6). It also explains the im-
portance of moisture transport from the tropical Atlantic
region through the Amazon basin in rainfall formation pro-
cesses in the Ecuadorian Andes.

Changes in atmospheric pressure (Press;) are likely to pro-
duce an adiabatic lapse rate (Ingraham. 1998; Rindsberger
et al. 1983). Such changes in turn exert direct control over
temperature (Temp;) and indirectly over the isotopic compo-
sition of precipitation (Kattan 2019; Le Duy et al. 2018). This
process in addition to convective activity occurring at the
study site (H + VH) (Orellana-Alvear et al. 2017) locally in-
fluence the isotopic composition of air masses arriving from
the Amazon basin south of the 5°S latitude. These findings
further support previous studies reporting that convective
processes can control the isotopic composition of precipita-
tion at tropical latitudes (Kurita 2013; Nlend et al. 2020;
Sanchez-Murillo et al. 2016). Regionally, the SALLJ—
responsible for bringing humidity to several regions across
South America (Angelis and Salio 2006)—plays an important
role in convective systems (Wang and Paegle 1996) and trans-
ports moisture to the Andes (Jones 2019). This effect explains
the presence of the RHg variable in the MLR model of this
trajectory, suggesting that the eastern coastline of South
Anmerica is the region via which atmospheric humidity enters
the continent. Moreover, strong winds across the southern
part of the Amazon Forest transport large amounts of mois-
ture to the Andean highlands during the JJA season (Montini
et al. 2019), explaining why most of the samples correspond-
ing to this air mass trajectory were collected during this period
(Fig. 6).

The 80 composition of precipitation from the Amazon
basin originating above the 5°N latitude is influenced by sev-
eral factors depending on the season. Nevertheless, these fac-
tors correspond to in situ or nearby regional atmospheric
conditions occurring up to 3 days before local precipitation is
triggered regardless of the period of analysis (Table 1). In
general, atmospheric humidity from the Atlantic Ocean is car-
ried to the continent by trade winds (Fig. 5f). Passing the Am-
azon, these air masses gain large amounts of moisture due to
transpiration of the rain forest as indicated by the presence of
the variables RH3, RH,, Srad;, and Srad, in the MLR models
(Angelis and Salio 2006; Vera and Douglas 2006). Consider-
ing the depleted isotopic values along this trajectory, these
findings further emphasize the influence of convective pro-
cesses on precipitation formation and are a sign of mesoscale
convective systems generated over the rain forest a few days
before atmospheric moisture reaches the study area. After
that, the air masses continue along the eastern edge of the
Andes and reach the study site where in situ meteorological
conditions (Press; and Temp;) influence the 5180 isotopic
composition of local precipitation (Kattan 2019; Le Duy et al.
2018).

While our MLRs analysis was able to explain between 53 %
and 94% of the 6'%0 dataset variance (Table 1), we recognize
that discrepancies between observed and modeled values re-
main (Fig. 6). Based on the air mass trajectories identified in
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FIG. 7. 6'80 and d-excess continental effect (CE) and altitudinal lapse rate (LR) from different moisture sources for both the (a),(b)
western and (c),(d) eastern slopes of the Andean mountain range. The §'0 and d-excess error bars represent +1¢. Note the break of the
x axis in the subplots. Data outside the study area were retrieved from the Global Network of Isotopes in Precipitation (GNIP) database
(IAEA/WMO 2021). Metadata, geographical information, isotopic data statistics, and source of the GNIP stations used in this analysis are

presented in Tables S1 and S2 in the supplemental material.

our study, these discrepancies likely result from the interac-
tion of continental versus maritime effects influencing precipi-
tation formation processes in the tropical Andes (Vuille et al.
2000). This finding suggests the need for 1) longer isotope
time series, 2) high-frequency sampling across Pacific and
Atlantic altitudinal transects, 3) water vapor sampling, and/or
4) other types of atmospheric information (e.g., radar and/or
vertical water column characteristics or sounding profiles) to
further improve process-based understanding of rainfall for-
mation in the region.

Key drivers for d-excess in precipitation could not be identified.
This is likely because most of the air masses stemming from the
east side of the Andean cordillera crossed the Ecuadorian Ama-
zon (NAMZ and SAMZ regions; Fig. 5), where water vapor high
in d-excess—as a result of forest re-evaporation and transpira-
tion processes—accumulates and is lifted by orography to the
Andean highlands. This process likely explains the low tem-
poral variability of d-excess at the study site which precludes
finding factors influencing d-excess in local precipitation.

d. Validation of findings in a regional context

The 6'"®0 composition of precipitation decreases as a result
of strong continental (CE) and altitudinal or lapse rate
(LR) effects on the east side of the Andean mountain range
(Fig. 7a). The CE is observed from the Atlantic coast of
Brazil (Ceara Mirin with a value of —1.53%, at 8 m MSL) to
almost the middle part of the Amazon basin (Porto Velho
with a value of —5.03%, at 105 m MSL). A clear §'0 isoto-
pic LR of —2.1%, km ™! was observed from the Ecuadorian
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Amazon (Mendez with a value of —5.56%, at 665 m MSL)
to the study area (Zhurucay with a value of —11.85%, at
3800 m MSL), which agrees with tropical and subtropical
lapse rates (Sanchez-Murillo et al. 2020). The identified LR
reaffirms the drivers of the §'80 isotopic composition ob-
tained for the trajectories coming from the Amazon
basin, which are strongly influenced by the transport of air
masses from the Atlantic Ocean across the entire Amazon
basin via the SLLJ before ascending the Andes toward the
study site.

Regarding the spatial variation of d-excess east of the An-
des (Fig. 7b), the composition remains very uniform from the
coast of Brazil (Ceara Mirim with +9.77%, at 8 m MSL) to
Porto Velho (+10.03%, at 105 m MSL). In contrast, d-excess
values increased significantly from Mendez (+10.68%, at
665 m MSL, at the lowland of the Ecuadorian Amazon)
to Amaluza (+15.209%, at 1720 m MSL, near the Andes—
Amazon transition in south Ecuador), with an overall LR of
+4.3%, km™’. This rate is much higher than the +1%, km™!
pantropical LR of d-excess reported by Sanchez-Murillo et al.
(2020) and is close to the upper limit of the range of d-excess
LR values previously reported for high-elevation regions world-
wide, which vary between +1.3%, and +4.0%, km™! (Bershaw
et al. 2012; Esquivel-Hernandez et al. 2019; Gonfiantini
et al. 2001). Further on, from Amaluza to the study area
(+15.329%, at 3800 m MSL), d-excess remained almost cons-
tant (+0.04%, km™"), indicating that the isotopic composi-
tion of water vapor arriving from the east to the study site was
unaffected by fractionation processes as it orographically
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ascended the Andean hillslopes toward Zhurucay. The latter
supports the inference that large amounts of recycled mois-
ture from the transpiration activity of the Amazon Forest
(Doughty and Goulden 2008) contribute to precipitation for-
mation at the south Ecuadorian highlands for almost all tra-
jectories arriving east of the Andes, regardless of their
specific origin as evidenced by the very small variation of
d-excess in local precipitation.

West of the Andes, a strong 8'%0 isotopic LR is observed
(Fig. 7c). From the maritime domain of Galapagos (—1.319%,
at 2 m MSL) to the Pacific slope of Ecuador at Alluriquin
(—4.6%, at 850 m MSL), an LR of —3.9%, km™! was identi-
fied. At higher elevations, from Cuenca (—8.93%, at 2510 m
MSL) to the study site (—11.85%, at 3800 m MSL) a 8'30
isotopic LR of —2.2%, km ™! was found, which is within the
range of values identified across the tropics (from —1.59%,
to —2.7%, km™!; Sanchez-Murillo et al. 2020). This LR is
slightly higher than the one reported by Gébelin et al.
(2021) in the west-facing slopes of the Western Cordillera in
south Ecuador based on the 6'30 isotopic composition of stream
waters (—1.5%, km™"). Overall, the LR analysis within the Pa-
cific slope supports well both the in situ (M + H + VH, Prec,)
and regional variables (HRg, and HR) influencing the 6'0O
composition of precipitation, as the Choc6-LLJ transport mecha-
nism is associated with mesoscale convective systems resulting
in heavy rains (Poveda et al. 2014), explaining the identified
depleted isotopic values.

For d-excess in the western slope (Fig. 7d), the maritime
domain from Galapagos (+8.83%, at 2 m MSL) to the Pacific
slope at Alluriquin (+10.72%, at 850 m MSL), there is a rela-
tively small isotopic variation (+2.2%, km™!). This may be re-
lated to large humidity contributions from the Pacific Ocean.
Above 2500 m MSL, d-excess values increase at a higher rate
(+3.2%, km ™) from Cuenca (+9.82%, at 2510 m MSL) to the
study site (+13.91%, at 3800 m MSL). This may be because in
the colder regions of the Ecuadorian Andes air masses un-
dergo fractionation under nonequilibrium conditions due to
complex orographic effects, (Esquivel-Hernandez et al. 2019).

5. Conclusions

The study reports the isotopic composition of precipitation
during rainstorm events in a tropical alpine Paramo area (3800 m
MSL) in southern Ecuador, and the trajectories followed by the
air masses that transport water vapor to the experimental site
during the period November 2017-October 2018. Four predomi-
nant moisture sources were identified, namely, the Amazon basin
(73.2%), the Pacific Ocean (12.9%), the Orinoco plains (11.2%),
and the Mato Grosso Massif (2.7%). For the different trajectories,
a combination of local and regional factors was identified to drive
the 8'®0 isotopic composition of precipitation. These factors in-
cluded temperature, pressure, relative humidity, and a fraction of
different precipitation types, particularly related to heavy rainfall,
indicating that convective processes influence the stable isotopic
composition of precipitation. On the contrary, the low temporal
variability of d-excess did not permit to explain the variance of the
available dataset, and thus no drivers of this isotopic parameter
could be identified. Nonetheless, the identified high d-excess
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values during the study period highlight the important contribution
of moisture recycled from the Amazon Forest. Our study offers a
most needed baseline to underpin key drivers controlling precipi-
tation formation across the Andean highlands with strong im-
plications for isotope-based paleoclimate reconstructions
and testing and validation of climate models in the region.
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