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Abstract Modeling work of the isotopic composition of tree ring cellulose (δ18Ocell) relies on the isotopic
equilibrium assumption between atmospheric water vapor and tree source water, frequently assimilated to
integrated precipitation. Here, we explore the veracity of this assumption based on observations collected
during a field campaign in Río Negro province (Argentina) in February–March 2017. We examine how the
observed isotopic composition of water vapor deviates from equilibrium with precipitation. This deviation,
named isotopic disequilibrium (Δ18Ovap_eq), is low (between −2.0‰ and 4.1‰) and a significant
relationship is observed between the isotopic composition of water vapor and its expected value at
equilibrium. Negative Δ18Ovap_eq can be explained by evaporation of small raindrops (from 1% to 5% of
initial droplet mass). Positive Δ18Ovap_eq can result from vegetation transpiration with transpired water
accounting for 14% to 29% to ambient water vapor. The low Δ18Ovap_eq at the study site may be due to the
high level of relative humidity (from 70% to 96%) favoring isotopic diffusive exchanges between the two
water phases and thus promoting the isotopic equilibrium. We examine the impact of the isotopic
equilibrium assumption on the calculation of δ18Ocell. A perfect agreement is shown between observed and
calculated δ18Ocell provided that the isotopic composition of source water is significantly higher than the
expected averaged isotopic composition of precipitation over the tree growing period.

1. Introduction

A number of studies have explored the potential of the width and density of annual tree rings in the Andean
mountains of Chile and Argentina to reconstruct past climate variability (e.g., Aravena et al., 2002;
Boninsegna et al., 2009; Lara et al., 2005; Mundo et al., 2012; Muñoz et al., 2013; Villalba et al., 1997).
Recent studies conducted in the Andean Cordillera between 36°S and 54°S have produced carbon and oxy-
gen series of isotopic composition of tree ring cellulose (δ13C and δ18O) of various species including
Nothofagus pumilio (Grießinger et al., 2018; Lavergne et al., 2016; Lavergne et al., 2017; Tognetti et al., 2014),
Austrocedrus chilensis (Roig et al., 2006), Fitzroya cupressoides (Lavergne et al., 2017; Lavergne et al., 2018;
Urrutia‐Jalabert et al., 2015), and Araucaria araucana (Arco Molina et al., 2019). They cover at most the last
200 years. All these studies have evidenced significant links between isotopic records and local climate (tem-
perature, precipitation) and/or patterns of climate variability such as the Southern Annular Mode and El
Niño–Southern Oscillation. These strong links indicate that δ18O and δ13C of tree ring cellulose represent
promising tools for reconstructing past climatic and environmental conditions as well as past atmospheric
dynamics in the Southern Hemisphere. Accordingly, additional paleoclimate studies based on the isotopic
composition of tree ring cellulose are ongoing in the Andes to reconstruct past climate variations (e.g., in
the framework of the THEMES project (The mystery of the expanding Tropics: From past to future).

In order to properly validate the use of the oxygen isotopic composition of tree ring cellulose (hereafter
δ18Ocell) as a paleoclimate and paleo‐environment proxy, the controls on oxygen isotopic fractionation
and mixing in the continuum from atmosphere to tree ring cellulose must be known. The δ18Ocell is influ-
enced by a complex mix of climatic and physiological drivers. The δ18O of atmospheric water vapor
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(δ18Ovap) during the growing season is one of them (Dongmann et al., 1974; Sternberg, 2009; Sternberg
et al., 1986; Yakir & DeNiro, 1990). However, prior to the advent of commercial deployable infrared
laser‐based spectroscopic instruments, measurements of δ18Ovap were difficult: Water vapor had to be
trapped cryogenically or with a molecular sieve (Han et al., 2006) and the resulting liquid water equilibrated
with CO2 for isotopic measurement by mass spectrometry. This labor‐intensive technique only allowed for
off‐line determination of δ18Ovap with a low temporal resolution. As a consequence, δ18Ovap data were rare
and vapor was considered in isotopic equilibrium with source water in studies devoted to the modeling of
oxygen isotopic composition in leaves and rings (Cernusak et al., 2016; Sternberg, 2009).

With deployable infrared laser‐based instruments, δ18Ovap can be directly measured at a high time resolu-
tion and the water vapor‐rain assumption can now be checked. In this paper, we examine, for the first time
in southern South America, the validity of the isotopic equilibrium between precipitation and water vapor.
For this purpose, a field campaign was organized in the western part of the Río Negro, Patagonian Andes,
Argentina, as part of the IVAPAPA project (Isotopes dans la Vapeur, les Pluies et les Arbres de Patagonie)
to provide isotopic observations in both water vapor and rain. These data will be exploited in particular in
the ongoing THEMES project mentioned above.

2. Data and Methods
2.1. Description of the Survey Site

The field campaign took place from 24 February to 26 March 2017 in the Andean Cordillera, at a site located
at about 20 km north of the city of El Bolson and 17 km east of the Chilean border, in the province of Río
Negro, Argentina (41°47.412′S, 71°34.355′W, 1,175 m) (Figures 1a–1c). The site is located on the eastern lee-
ward side of the Andes. Humid air masses from the Pacific generate precipitation through orographic uplift
when the dominant Westerly winds encounter the Andes mountain (Garreaud et al., 2013). The resulting
west‐to‐east humidity gradient is accentuated by downslope winds (Seluchi et al., 2003). At ~41°S, annual
precipitation reaches 2,050 mm/year on the west side of the Andes (at Calbuco, see Climate‐data.org),
whereas it is about half this amount 120 km to the East (1,036 mm/year at El Bolson). This decrease is
accompanied by a steep vegetation gradient from temperate rainforest on the Pacific side to mesic
Nothofagus forest in the rain shadow slopes.

The investigated site is at the Cerro Perito Moreno ski station. It is located ~80 km south from Lavergne
et al.'s (Lavergne et al., 2016; Lavergne et al., 2017; Lavergne et al., 2018) sampling sites. This site was
selected because (1) it is far from lakes and thus likely not affected by local moisture sources and (2) it is sur-
rounded by a forest of Nothofagus pumilio trees and located close to the tree line, presenting similar envir-
onmental conditions to those of the sites studied in the aforementioned Lavergne et al.'s studies. Practical
reasons were also decisive in choosing the site: The ski station is easily accessible by road and it provides
a shelter and reliable power supply, facilities not available on Lavergne et al.'s (Lavergne et al., 2016;
Lavergne et al., 2017; Lavergne et al., 2018) sites. In consequence, we were able to test the isotopic equili-
brium hypothesis in a similar environment with the same species as those investigated by
Lavergne et al. (2016; 2017; 2018).

2.2. Meteorological Data Used During the Field Campaign

In this study, we used different meteorological data sets. First, a data logger (HOBO® sensor from Onset
Computer Corp) was set up on site. It recorded temperature (Tair) and relative humidity (rh) from 24
February to 31 March 2017 at a few meters from the ground, with a 5‐min time resolution. Local precipita-
tion was collected by a classical rain gauge (cone‐shaped SPIEA model 1650‐02) located 10 m far from the
refuge (Figure 1c).

We also used meteorological data from three remote stations: Pampa Linda (41°13′50″S, 71°46′21″W, 65 km
north of the study site), La Balza (43°21′39″S, 72°3′56″W, 154 km south of the study site), and Trevelin (43°5′
33″S, 71°24′26″W, 146 km south of the study site) (Figure 1a). Hourly mean precipitation data are available
from 1 January to 30 April 2017 at La Balza and Trevelin and from 25November 2016 to 31 December 2017 at
Pampa Linda.
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2.3. Water Vapor Measurements

Water vapor mixing ratio (qvap) and the isotopic composition of the water vapor (δ18Ovap and δ2H vap) were
measured by a laser instrument (Picarro®, L2130‐i), based on the wavelength‐scanned cavity ring down spec-
troscopy and set up in an isolated room to reduce temperature fluctuations (Figure 1c). The instrument was
operational from 24 February at 17:07 UTC to 26 March 2017 at 11:57 UTC. Our experimental setup was
similar to the one described in Tremoy et al. (2011). In short, water vapor was captured at about 5 m high
through a heated intake of 10 m long and 3/8 inch diameter tubing (perfluoroalkoxy, PFA). The sample line
was pumped at ~0.6 L/min. As described in Tremoy et al. (2011), qvap was calibrated against a HOBO sensor

Figure 1. (a) Location of the survey site in Argentina (yellow box); (b) Zoom of the B box shown on Figure 1a showing the locations of river and spring samples
(Samples 5 to 10); (c) Zoom of the C box shown on Figure 1b showing the location of other river and spring samples (1 to 4), tree core samples (2′, 3′, 4′, 5′, and 8′),
leaf samples (1′, 3′, 4′, 6′, 7′, and 8′), the pluviometer and the refuge where the Picarro® instrument was installed. Google Earth (12 February 2019). Argentina.
41°47.412′S, 71°34.355′W, Eye alt 4,757 feet. SIO, NOAA, U.S. Navy, NGA, GEBCO. Images Landsat/Copernicus, DigitalGlobes 2019, CNES Airbus 2019, U.S.
Department of State Geographer (https://earth.google.com/web/) [February, 2019].
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(measuring temperature and relative humidity) on site from 24 February 17:05 UTC to 26 March 11:55 UTC.
Corrections were applied to account for the dependence on humidity of the isotopic composition and to
eliminate the isotopic instrumental drift, following the protocol described in Tremoy et al. (2011). Both cor-
rections were determined using the Standard Module Delivery (SDM) from Picarro Inc. The first correction
was assessed by injecting two water standards at different humidity levels from ~1,000 to ~18,500 ppm. The
isotopic calibration of the instrument was performed every 24 hr based on the injection of two standards at a
reference water vapor concentration of ~14,000 ppm. The short‐term precision of the instrument (±1σ) dur-
ing a 10‐min stable measurement of water standard was better than ±0.2‰ and ±0.7‰ for δ18Ovap and δ2H

vap, respectively, leading to a precision better than ±1.8‰ for deuterium excess (dvap = δ2Hvap −

8 × δ18Ovap, Dansgaard (1964)).

2.4. Precipitation Sampling and Measurements

During the field campaign, we collected 11 precipitation events (R1 to R11) between 27 February and 12
March 2017 (no rain occurred before and after these dates during the field campaign). The isotopic composi-
tion of precipitation (δ2Hprec and δ18Oprec) was analyzed using an infrared‐based laser instrument (Picarro®)
for δ2H and CO2‐H2O equilibration coupled to a mass spectrometer (Finnigan MAT 252) for δ18O. The
uncertainties were ±0.7‰ and ±0.05‰ for δ2H and δ18O, respectively, leading to an uncertainty of
±0.8‰ for deuterium excess.

Precipitation in the rain gauge was collected only when the observer was in the field. As a consequence, the
rain hours were not known precisely and each rain sample covered a different time period noted P (P1 to
P11). The duration of P periods was around 23 hr, except for two P periods due to field constraints: 1 hr
and 15 min for P8 and 45 hr for P5. It is worth noting that only P11 recorded a mixing between snow and
rain. Although we did not know the partition between the two water phases, surface temperature was always
higher than 5 °C, which was rather in favor of a larger proportion of rain relative to snow.

Within the P periods, the start and end times of each rain event had to be estimated. First, an abrupt rh
increase (>10%/hr, arbitrary fixed) up to saturation was considered as a marker of the beginning of the rain.
However, as rh displayed a diurnal cycle (Figure S1 in the supporting information) with a minimum
between 20:00 UTC and 23:00 UTC, an abrupt increase of rh during this time window may have been unde-
tected. In addition, during some P periods, rh did not exhibit any abrupt increase. Comparison of the preci-
pitation records at La Balza, Trevelin, and Pampa Linda revealed consistency in occurrence and time of rain
events in 86% of the cases from 25 February to 15 March 2017 (384 hr) (Figure S2). We took advantage of this
regional rain pattern to deduce the start and end time of rain events at our study site from those at Pampa
Linda (the closest station) when local rh could not be used. When Pampa Linda rain hours were used for
the determination of rain events at our site, we checked that rh on our site was high enough to be consistent
with a period of rain. The estimated rain periods after applying the aforementioned methodology were noted
R1 to R11 (see details in the supporting information in Figures S3–S13 and in Table S1).

2.5. River Water Samples

Seven local river and spring waters were also sampled in the area of the shelter (within 2 km) on 25 February
2017 (Figure 1c). Three additional samples were taken south of our site, along the Rio Azul, on 25 February
2017 (Sample 8, 18 km south) and 22 March 2017 (Samples 9 and 10, 5.5 km and 3 km south, respectively)
(Figure 1b). The isotopic composition (δ18O and δ2H) of those samples was analyzed with the same metho-
dology as for precipitation, leading to similar uncertainties (see section 2.4).

2.6. Leaf Water and Cellulose Samples

Because of logistic difficulties, we were not able to sample xylem water during the field campaign. However,
we sampled some Nothofagus leaves to measure the isotopic composition of their water. Leaves were
sampled on six hand‐reach trees on 25 March 2017 between 15:35 and 16:50 UTC (Figure 1c).

Leaf water was extracted with a vacuum distillation line (Alexandre et al., 2018). To measure the δ18O of leaf
water in the laboratory with a mass spectrometer (Finnigan MAT 252), we used the fluorination methodol-
ogy following Barkan and Luz (2005) to separate oxygen from hydrogen. It is worth noting that we extracted
the water from the whole leaves, without differentiating enriched water from the evaporation site from
depleted water from the veins. The uncertainty was ±0.05‰.
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The oxygen isotopic composition of the cellulose of the 2016–2017 ring from five Nothofagus trees
(δ18Ocell‐mes) growing in the Cerro Perito Moreno site was determined following the procedure described
in Lavergne et al. (2016) (Figure 1c). The wood samples were chipped and then grounded in a ball mill for
homogenization. Alpha‐cellulose was extracted from the wood following the SOXHLET chemical method
derived from Leavitt and Danzer (1993) and then homogenized ultrasonically with a sonotrode apparatus
and freeze‐dried. Cellulose samples of around 0.2 mg were loaded in silver foil capsules. The δ18Ocell was
obtained with a high temperature conversion elemental analyzers (TC‐EA, Thermo Scientific for oxygen)
coupled with a mass spectrometer (IRMS IsoPrime. The uncertainty was ±0.2‰).

2.7. Definition of the Isotopic Disequilibrium

In this paper, the isotopic disequilibrium is defined as the difference between the measured δ18Ovap (‰) and
the calculated isotopic composition of vapor at equilibrium with the rain (δ18Ovap_eq, ‰):

Δ18Ovap_eq ¼ δ18Ovap− δ18Ovap_eq (1)

where

δ18Ovap ¼
18O =16O
� �

vapor sample
18O =16O
� �

VSMOW

− 1; (2)

where VSMOW is the international standard (Standard Mean Ocean Water).

And δ18Ovap_eq is calculated according to

δ18Ovap_eq ¼ δ18Oprec þ 1
αeq

− 1; (3)

where αeq (>1) is the precipitation‐water vapor equilibrium fractionation coefficient for oxygen. It is calcu-
lated from the equation given in Majoube (1971) using the air surface temperature averaged over
precipitation events.

The disequilibrium can also be defined as the difference between the measured δ18Oprec and the isotopic
composition of precipitation in equilibrium with water vapor (δ18Oprec_eq):

Δ18Oprec_eq ¼ δ18Oprec− δ18Oprec_eq (4)

Using Δ18Ovap_eq or Δ
18Oprec_eq for investigating the isotopic equilibrium is of no consequence in our study.

Actually, our discussion will be based on the sign of Δ18Ovap_eq. In our observations, a positive Δ18Ovap_eq

implies a negative Δ18Oprec_eq and conversely (see section 3.2). So, the two approaches are symmetrical
and lead to the same conclusions. However, we will refer to Δ18Oprec_eq in addition to Δ18Ovap_eq to con-
strain further the influence of droplets evaporation on isotopic equilibrium (section 4.1.1.1). It is also worth
noting that the use of deuterium instead of oxygen 18 to quantify the isotopic disequilibrium leads to similar
results and conclusions.

A positive Δ18Ovap_eq (respectively negative Δ
18Oprec_eq) means that the isotopic composition of water vapor

is higher than (respectively that the isotopic composition of precipitation is lower than) what would be
expected at isotopic equilibrium.

3. Results
3.1. Observations

Raw observations are reported in Figure 2. The mean air temperature (Tair) over the data set was
11.4 ± 5.6 °C with a maximum of 28.5 °C and a minimum of 0.8 °C. The mean rh was 66 ± 16% with a max-
imum of 97% and a minimum of 22%. The mean, maximum, and minimummixing ratio qvap were 6.3 ± 1.7,
12.7, and 2.3 g/kg, respectively.
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Over the whole period, Tair, rh, and qvap exhibited a clear diurnal cycle with an amplitude of 10.5 °C (from
7.5 to 18.3 °C), 23% (from 51% to 74%), and 2.2 g/kg (from 5.5 to 7.7 g/kg), respectively. There was a period
with conditions close to saturation (rh varied from 82.4% to 97.6%) between 8 March at 18:00 UTC and 11
March at 14:45 UTC with an attenuated diurnal cycle. The air temperature, ranging from 0.9 to 11.5 °C,
was low during this period. This period was also rainy: Six rain events occurred representing 69.6 mm of
rainwater (i.e., 83% of the total rainwater collected during the field campaign).

δ18Ovap varied significantly with a maximum of −13.6‰ and a minimum of −26.5‰. The mean δ18Ovap

value was −17.8 ± 2.1‰. A clear diurnal cycle appeared (this is illustrated on Figure S1) with a mean ampli-
tude of 2.2‰ (from −18.8‰ to −16.6‰, subseasonal variations not removed). δ18Oprec was very different
from one rain event to another and ranged between −3.1‰ and −14.6‰ with an amount‐weighted average
of −9.7 ± 2.9‰.

3.2. Calculation of the Isotopic Disequilibriums

Isotopic disequilibrium was not calculated for rain events R2 and R8 because they occurred during the daily
isotopic calibration of the instrument (see section 2.3); therefore, water vapor data could not be collected. For

Figure 2. From top to bottom, temporal evolution of qvap (g/kg), δ
18Ovap (‰) (water vapor isotopic scale is on the left green axis), rh (%), temperature (°C), and

total amount of precipitation (mm) for each P periods from 24 February 2017 at 17:05 UTC to 26March 2017 at 12:00 UTC. The red dashes correspond to the isotopic
composition of the rain events (δ18Oprec, ‰, right red axis), and the green dashes correspond to the isotopic composition of water vapor at equilibrium with the
rainwater (δ18Ovap_eq, ‰, left green axis).
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the other nine R events, the calculation of Δ18Ovap_eq was performed
using δ18Ovap data averaged over the length of each rain event (Table 2).

We defined the start and the end times of rain events as precisely as pos-
sible. As shown in Table 2, isotopic disequilibriums calculated over the
R events were not significantly different from those calculated over the
P periods. The differences in Δ18Ovap_eq between R events and P time per-
iods ranged from −0.5‰ to +0.7‰with a mean not significantly different
from zero (0.1 ± 0.4‰). In the following, we only discuss isotopic disequi-
libriums calculated over the R events.

It is worth mentioning that Δ18Ovap_eq are means over the R events.
However, we know that rain does not occur at a consistent rate during
any one event. So, ideally, the disequilibrium calculation would take this
into account. Practical limitations on the field regarding the rain sampling
prevent doing this in our study although the temporal resolution of
laser‐based measurements would allow it. In addition, in case local preci-
pitation rate evolution is known along the rain event, one should also con-
sider using a precipitation amount‐weighted average δ18Ovap over the rain
event. This temporal offset may explain some component of Δ18Ovap_eq.

Δ18Ovap_eq varied between −2.0 and 4.1‰ (Table 1; Figure 3). The highest Δ18Ovap_eq (4.1‰) occurred for
the R11 event, which corresponded to a mixing of rain and snow. From R1 to R5, Δ18Ovap_eq were negative
(processes caused a depletion of the vapor with respect to equilibrium), whereas they were positive from R6
to R11 (processes enriched the vapor with respect to equilibrium).

Interestingly, Δ18Ovap_eq were negatively correlated to δ18Oprec with r2 of 0.75 (n = 9) (Figure 4). As δ18Oprec

decreased, Δ18Ovap_eq increased and became positive. This means that processes responsible for the isotopic
disequilibrium could also control δ18Oprec (no specificity for R1 event can explain its deviation from the
linear regression).

We also noted that the covariation of δ18Ovap and δ18Ovap_eq was highly significant (r
2 = 0.78, n = 9).

4. Discussion
4.1. Processes Involved in the Isotopic Disequilibriums

In the following sections, we discuss the different processes that can induce a departure from the isotopic
equilibrium between water vapor and precipitation. We assume that water vapor and precipitation are initi-
ally at the isotopic equilibrium. We simplify the discussion by exploring processes moving the two water
phases away from equilibrium one by one (in real conditions, it is very likely that several processes occur
at the same time or sequentially).

Our discussion is organized in two sections. First, we discuss processes that could lead to Δ18Ovap_eq < 0 and
consistent with high δ18Oprec, namely, (i) the evaporation of raindrops during their fall and (ii) the evapora-
tion of soil water. Second, we discuss processes leading to Δ18Ovap_eq > 0 and consistent with low δ18Oprec,
namely, (i) the condensation of water vapor at very high altitude, (ii) the size of droplets, and (iii) the tran-
spiration from vegetation.
4.1.1. Case 1: Δ18Ovap_eq < 0 (and Δ18Oprec_eq > 0)
The processes discussed in this section tend to deplete water vapor and to enrich precipitation relative to the
isotopic equilibrium. They are involved in the R1 to R5 events.
4.1.1.1. Evaporation of Raindrops During Their Fall
When evaporation of droplets occur in unsaturated environment, the isotopic composition of both phases
evolves following the Stewart's theory (1975) (also described in Bony et al., 2008). This theory treats evapora-
tion and diffusive processes in a uniform manner and describes the evolution of δ18Oprec, δ

18Ovap, dvap, and
dprec during the evaporation as a function of the residual water fraction noted f (at f = 1 no evaporation
occurs and at f = 0 droplet is fully evaporated). In our study, we hypothesize that the initial state (f = 1) is
the isotopic equilibrium so that δ18Oprec (f = 1) = δ18Oprec_eq and δ18Ovap (f = 1) = δ18Ovap_eq.

Table 1
Δ18Ovap_eq and Δ18Oprec_eq (‰) Calculated for Each R and P Event and
Differences Between $hem

Δ18Ovap_eq (‰) Δ18Oprec_eq (‰)

N° P R P‐R P R P‐R

1 −1.0 −0.5 −0.5 1.0 0.5 0.5
2 −3.0 3.0
3 −1.3 −2.0 0.7 1.3 2.0 −0.7
4 −1.2 −1.0 −0.2 1.2 1.0 0.2
5 −2.2 −2.0 −0.3 2.2 2.0 0.3
6 2.1 1.8 0.3 −2.1 −1.8 −0.3
7 1.4 1.4 0.0 −1.4 −1.4 0.0
8
9 1.9 1.3 0.5 −2.0 −1.3 −0.5
10 1.9 2.3 −0.4 −2.7 −2.3 −0.4
11 4.4 4.1 0.3 −4.4 −4.2 −0.3

Mean (‰) 0.3 0.6 0.1 −0.4 −0.6 −0.1
σ (‰) 2.3 2.1 0.4 2.4 2.1 0.4
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Figure 5a (and Figure S14a) shows that the evaporation of droplets always induces an increase of δ18Oprec

and thus leads to a positive Δ18Oprec_eq. As evaporation proceeds, the surrounding water vapor gets enriched
(in the limit case where all the rain is evaporated, the vapor isotopic composition is the weighted mean
between the compositions of the original vapor and rain. This composition is richer than the original vapor
composition since the condensate is always richer than the vapor) and Δ18Ovap_eq turns to be positive as f
approaches to 0 (Figure 5a). However, for small evaporation fraction (f > 0.91 in Figure 5a), δ18Ovap slightly
decreases compared to the equilibrium value and Δ18Ovap_eq is negative (δ18Ovap_obs < δ18Ovap_eq).

Figure 3. Distribution of Δ18Ovap_eq (‰).

Figure 4. Δ18Ovap_eq (‰) as a function of δ18Oprec (‰) for each R event (except for R2 and R8 when δ18Ovap was not
recorded). The covariation coefficient is r2 = 0.75. Green (red) circles correspond to negative (positive) water vapor dise-
quilibriums. Observations corresponding to R3 and R5 are so close that they cannot be distinguished on this figure.
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Therefore, for R1 to R5, if droplet evaporation is the only process responsible for the isotopic disequilibrium
(which is discussed below), the Δ18Ovap_eq < 0 condition would indicate that the evaporated fraction is very
small (i.e., f close to 1). Figure 5a also shows the evolution of the deuterium excess in both phases. As eva-
poration proceeds, dprec decreases whereas dvap first increases and then decreases to attain a final value
(at f = 0) slightly higher than the initial value. As a consequence, evaporation processes cannot be involved
in R events exhibiting dprec > dprec_eq which is the case for R3 (dprec = 14.8‰ and dprec_eq = 12.9‰) and R5
(dprec = 11.5‰ and dprec_eq = 9.4‰).

In order to quantify the evaporated fractions corresponding to our observations, the isotopic composition for
R1 and R4 are plotted on Figures 5 and S14, respectively. In such diagrams, the evaporated fraction (1 − f) is
given by the intercept between observations and theoretical curves. For water vapor, the evolution of the iso-
topic composition as a function of f is nonmonotonic and two solutions can be found for both δ and d. The
one consistent with the precipitation curves (δ18O and d) has to be chosen.

The evaporation rates of droplets for the R1 and R4 events are between 1% and 5% (Figures 5b and S14b). The
obtained evaporation fractions for our observations are very low in comparison to evaporation rates close to

Figure 5. (a) Evolution of the isotopic composition of water vapor (dashed line) and precipitation (solid line) during ree-
vaporation of a droplet as a function of the residual droplet fraction f (f = 0, no more droplets; f = 1, no evaporation) for
δ18O (black curves) and for deuterium excess (red curves) during R1 event, following the theory of Stewart (1975) and
Bony et al. (2008). Purple circles are the isotopic composition of water vapor (δ18Ovap_eq and dvap_eq) and precipitation
(δ18Oprec_eq and dprec_eq) in equilibrium with observed precipitation and water vapor, respectively. Green circles are the
observed isotopic composition of water vapor (δ18Ovap_obs and dvap_obs) and precipitation (δ18Oprec_obs and dprec_obs);
(b) Zoom of panel (a) picture for f varying between 0.95 and 1. The black arrows indicate the fraction of evaporation
deduced from observations. It is here of 1% to 5%. See Figure S14 in the supporting information for R4 event.
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60%, which can be reached in some convective regions (Tremoy et al., 2014). They are nonetheless sufficient
to explain the small observed isotopic disequilibriums. It is worth noting that during the R1 and R4 events,
rh was of 70% and 73%, respectively, among the lowest rh values recorded during the campaign. The hypoth-
esis of droplets evaporation is consistent with the relatively high δ18Oprec values measured for R1 and R4
(Figure 4) as evaporation increases the isotopic composition of precipitation.

4.1.1.2. Evaporation of Soil Water
Evaporation of surface soil water, which may generate a very depleted flux toward the atmosphere, can
induce a depletion of the isotopic composition of water vapor relative to the isotopic equilibrium. To calcu-
late the isotopic composition of the evaporative flux from the soil, the simplified equation from Craig and
Gordon (1965) is used:

δev_flux ¼ δsoil− rh × δvap þ εv− l þ εdiff
1− rh

(5)

Where δsoil and δvap are the oxygen or deuterium isotopic compositions of soil water and water vapor, respec-
tively, rh is the relative humidity of the air, εv−1 is the equilibrium fractionation parameter defined as

εv− l ¼ 1
αeq

� �
− 1

� �
× 1000; (6)

and εdiff is the kinetic fractionation parameter defined as

εdiff ¼ 1− rhð Þ × 1−
D

D*

� �n� �
× 1000: (7)

Where D/D* is the ratio of molecular diffusivities in air of themost (H2
16O) and less (H2

18O or HD16O) abun-
dant isotopologues (1.0285 and 1.0251 for H2

18O and HD16O, respectively) (Merlivat, 1978), and n is a turbu-
lence parameter linked to the surface roughness. According to Brutsaert (1982), this exponent depends on
the air water content of the atmosphere and varies between 0.5 (turbulent flow), 2/3 (laminar flow), and 1
(molecular diffusion). In a number of studies (Barnes & Allison, 1983, 1984, 1988; Mathieu &
Bariac, 1996) the value n = 1 is used. However, as mentioned in both Braud et al. (Braud, Bariac et al., 2009;
Braud, Biron et al., 2009) and Rothfuss et al. (2015) studies, nwas observed to vary in time and between eva-
poration stages. As a consequence, we experiment here the three values of n in our calculations as already
done in Braud et al. (Braud, Biron et al., 2005; Braud, Bariac et al., 2005).

Then, we define what the contribution of evaporated soil water to the near‐surface water vapor should be to
explain the deviation of the observations from the equilibrium state. This contribution (x) is given by

δvap ¼ x × δev_flux þ 1− xð Þ × δvap_eq (8)

So that x is equal to:

x ¼ δvap− δvap_eq
δev_flux− δvap_eq

� �
(9)

The isotopic composition of soil water is usually affected by evaporation from the surface down to ~30 cm at
the most (evaporation front, see, e.g., Sprenger et al., 2016, for a recent review). Therefore, we considered
here that water below the evaporation front is isotopically close to that of rivers and springs (although rivers
and springs may derive partially from rain and snow infiltrated at higher elevation, see section 4.2) and
representative of long‐term rainfall, as it is frequently the case (Darling, 2004; Halder et al., 2015; Saylor
et al., 2009). The isotopic composition of the subsoil water, below the evaporation front, thus equals the
mean value of the isotopic composition of river and spring samples (δ18Oriver = −11.5 ± 0.5‰ and
δ2Hriver = −84.2 ± 4.9‰). The value of x is calculated assuming that the soil water (above the evaporation
front and thus enriched by evaporative processes compared to the subsoil water) has a δ18Osoil between
−11‰ and −3‰ (with a δ2Hsoil in a ratio of 5 to δ18Osoil according to Sprenger et al. (2016), that is,
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between −55‰ and −15‰) and using different values for n in equation 7.
Whatever the composition of the soil water considered, the calculated
contributions x for δ18O and δ2H are inconsistent with each other and
can be even negative or superior to 1 for the highest values of δ18Osoil.

As a conclusion, soil water evaporation cannot explain any of the
observed disequilibrium during our field campaign.

4.1.2. Case 2: Δ18Ovap_eq > 0 and Δ18Oprec_eq < 0
In this section, we discuss positive disequilibriums. The involved pro-
cesses enrich the vapor and deplete the precipitation relative to the isoto-
pic equilibrium. They are involved in the R6 to R11 events.

4.1.2.1. Formation of Raindrops at Very High Altitude
The isotopic composition of water vapor decreases with altitude

(Dansgaard, 1964). Thus, raindrops formed at high elevation exhibit isotopic compositions lower than the
value corresponding to the isotopic equilibrium with surface water vapor. If exchanges between droplets
and water vapor are reduced during rainfall, for example, during strong storms, the higher the altitude of
condensation, the larger the distance to isotopic equilibrium. When such disequilibrium occurs, δ18Oprec

is lower than δ18Oprec_eq inducing a positive Δ
18Ovap_eq.

If this process is at play, Δ18Ovap_eq is all the higher as the rain is formed at high altitude and therefore as
δ18Oprec is depleted, consistent with the correlation exhibited in Figure 4. However, as we do not have infor-
mation on condensation elevation, we cannot quantify the impact of this process in our study.

4.1.2.2. Formation of Large Drops of Water
A raindrop falls through an environment more and more enriched relative to the vapor it was formed
from. Therefore, the exposure of the drop to its environment has to be taken into account. We speculate
that small and slow raindrops come to a more complete isotopic equilibrium with surrounding water
vapor than large and fast falling raindrops produced by convective events. In our observations, the lar-
gest positive disequilibriums occur with highly depleted precipitation (Figure 4). This could reflect the
presence of big storms producing large and relatively depleted drops and preventing rain and water
vapor to equilibrate during drop fall. In that case, δ18Oprec would be more negative than δ18Oprec_eq

leading to a positive Δ18Ovap_eq. As in the previous case, we cannot quantify the impact of this process
in our study.

4.1.2.3. Transpiration of Trees
The transpiration of leaves produces additional moisture in the atmosphere that can also deviate the isotopic
composition of water vapor from the isotopic equilibrium with rain. Trees take up soil water by their roots
without isotopic fractionation (Bariac et al., 1990; Dawson & Ehleringer, 1993; Rothfuss & Javaux, 2017)
although there is growing evidence that root water uptake fractionates water for deuterium (see, e.g., the
recent study done by Barbeta et al., 2019, and references herein). The water ascends into the trunk in the
xylemnetworkwithout isotopic fractionation (Förstel &Hützen, 1983; Gessler et al., 2014;White et al., 1985).
It then reaches the leaves where transpiration takes place. This evaporative process induces an isotopic
enrichment of leaf water (Gonfiantini et al., 1965). It is often assumed that the δ18O of transpired water vapor
is equal to that of plant source water. This assumption about transpiration, occurring at isotopic steady state,
is valid at daily or longer time scales (Cuntz et al., 2007). The isotopic composition of leaf water and water
flux has a diurnal cycle controlled by rh (Cernusak et al., 2016). The daily enrichment maximum is reached
at the beginning of afternoon when rh is the lowest. Then, the enrichment decreases gradually throughout
the afternoon and night until reaching a minimum at the beginning of the morning. Since tree source water
may be enriched compared to precipitation, transpiration of plants may lead to an enrichment of the vapor
that could induce a positive Δ18Ovap_eq.

As for soil evaporation, it is possible to quantify the contribution (x) of tree transpiration to the isotopic com-
position of near‐surface water vapor by

δvap ¼ x × δtranspiration þ 1− xð Þ × δvap_eq (10)

So that x is equal to

Table 2
Contribution of the Tree Transpiration (%) Calculated for δ18O and δ2H
Disequilibriums for R6 to R11 (Except R8). δ18Osoil and δ 2Hsoil Used in
the Calculation Are the Mean Isotopic Compositions of River Samples

Contribution (%)

Events δ18O δ2H

R6 19 24
R7 16 14
R9 13 15
R10 25 26
R11 29 28
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x ¼ δvap− δvap_eq
δtranspiration− δvap_eq

� �
; (11)

where δtranspiration is equal to δsoil that we take equal to the mean isotopic composition of the river samples
(see section 4.1.1.2).

The values of x calculated with δ18O and δ2H are mutually consistent. The tree transpiration can explain the
observed isotopic disequilibriums with a contribution of transpired vapor to atmospheric water vapor
between 14% and 29% (Table 2 and Figure 6). However, if transpiration is responsible for liquid‐vapor isoto-
pic disequilibriums for R6 to R11 events, this process hardly accounts for the negative relationship between
Δ18Ovap_eq and δ18Oprec.
4.1.3. Consequences for the Equilibrium Hypothesis Between Rain and Water Vapor Along the
Growing Season
Between 27 February and 12 March 2017, the isotopic disequilibriums between precipitation and water
vapor at the study site are small (Δ18Ovap_eq vary from −2.0‰ to 4.1‰, section 3). This may arise from high
relative humidity at the site during the field campaign (between 70% and 96%) favoring isotopic exchanges
between the water phases toward isotopic equilibrium. The observed Δ18Ovap_eq can be explained by several
processes like tree transpiration or, for some cases, like droplets evaporation.

Each individual rain deviates from the isotopic equilibrium state with water vapor. However, the very signif-
icant relationship between the isotopic observations in water vapor and their expected values at equilibrium
(r2 = 0.78, p < 0.01) indicates that equilibrium prevails when considering a longer time scale (here 2 weeks).
This suggests that the isotopic equilibrium is a more robust assumption at the subseasonal scale than for
individual rain events, as already pointed out in previous studies (Deshpande et al., 2010; Lekshmy
et al., 2018) and that the simplifying hypothesis of the isotopic equilibrium between water vapor and tree
source water, which is often made in tree ring studies, can be well founded.

4.2. Consequences of the Isotopic Equilibrium Hypothesis on δ18Ocell Calculation

At our site, the isotopic equilibrium between precipitation and water vapor appeared to be reached over a
long period of time (2 weeks). Therefore, equilibrium can also be assumed to be achieved at the scale of
the growing season and the mean value of δ18Ovap measured during the monitoring period to be close to
the mean value of δ18Ovap over the whole growing season. Under these assumptions, we calculated the

Figure 6. Diagram representing how transpiration from trees produces a departure from the isotopic equilibrium between
precipitation and water vapor. This figure corresponds to the R6 event and δ18Osoil is the mean isotopic composition of the
river samples.
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isotopic composition of water at the evaporative sites in the leaves and in the current tree ring cellulose
(δ18Osite and δ18Ocell, respectively) assuming that source water is at the isotopic equilibrium with the
mean isotopic composition of water vapor over the whole considered time period. We then compared
whether the calculated δ18Osite and δ18Ocell are consistent with the measured isotopic values of the leaf
water and of the cellulose synthetized by Nothofagus during the 2016–2017 growing season.

δ18Osource was derived from δ18Ovap following equation 2. δ18Osite was calculated from the isotopic enrich-
ment at the evaporative sites (e.g., Cernusak et al., 2016; details in Text S1) as follows:

δ18Osite ¼ Δsite þ δ18Osource × Δsite

1000

� �
þ δ18Osource (12)

With Δsite, the isotopic enrichment of water at evaporative site compared to source water, given by
(Farquhar et al., 2007):

Δsite ¼ 1þ ε*
� �

× 1þ εkð Þ × 1−
wa

wi

� �
þ wa

wi
1þ Δvap
� �� �

− 1; (13)

where ε* is defined as

ε* ¼ αeq− 1
� �

(14)

The εk is the kinetic fractionation for combined diffusion through the stomata and the boundary layer, wa is
the water vapor mole fraction in the atmosphere, wi is the water vapor mole fraction in the intercellular air
spaces inside leaves, and Δvap is the isotopic enrichment of atmospheric water vapor compared to
source water.

δ18Ocell was estimated using the model proposed by Sternberg et al. (1986), Yakir and DeNiro (1990), and
Luo and Sternberg (1992), which takes into account additional oxygen exchange between sugars and xylem
water during cellulose biosynthesis (see also Text S1):

δ18Ocell ¼ pex × δ18Osource þ εbio
� �þ 1− pexð Þ × δ18Osite þ εbio

� �
(15)

Where pex is the fraction of oxygen from sugars that undergoes exchange with xylem water, and εbio is the
mean isotopic biochemical fractionation factor.

Table 3
Variables Used in Section 4.2 and Comparison Between Observed and Calculated Isotopic Composition for theWater Source,
Leaf Water, and Cellulose

Variable Value Origin

Tair 12.1 °C Mean diurnal values over the monitoring period
rh 67% Mean diurnal values over the monitoring period
δ18Ovap −17.9‰ Mean diurnal values over the monitoring period
Tleaf 15.3 ± 0.8 °C Calculated from Tair (equation 13)
εk 27.8 ± 0.1‰ Mean value in Nothofagus, calculated from data in Cernusak et al. (2016) (unpublished

data from M. Barbour)
ε* 10.1 ± 0.1‰ Calculated from Tleaf (equations (S11) and (S4) of Text S1)
wa/wi 0.5 Calculated with Buck's (1981) equation (equation (S7) of Text S1)
εbio 27.3 ± 0.2‰ Calculated from Tleaf (equation (S9) of Text S1)
pex 0.40 ± 0.02 Mean value (Sternberg & Ellsworth, 2011)

Result Measured parameters

δ18Osource −7.9 ± 0.1‰ δ18Oriver = −11.5 ± 0.5‰ (n = 10); δ18Oweighted precipitation = −9.7 ± 3.7‰ (n = 11)
δ18Osite 9.4 ± 1.0‰ δ18Oleaf = 5.9 ± 0.4‰ (n = 6)
δ18Ocell 29.8 ± 0.7‰ δ18Ocell‐mes = 30.4 ± 0.6‰ (n = 5)

Note. Diurnal stands for the 8 a.m. to 8 p.m. time period.
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The values of the various variables used in the calculations are reported in Table 3. Air temperature, relative
humidity, and the isotopic composition of water vapor were averaged over the daytime (8 a.m. to 8 p.m.) of
the monitoring period when cellulose is expected to be formed. The leaf temperature (Tleaf) was estimated
from regression analysis of measured Tleaf versus measured Tair using a Tleaf − Tair database acquired for
Nothofagus leaves (Cernusak et al., 2016):

T leaf ¼ 1:08±0:05 × Tair þ 2:26±1:20 with r2 ¼ 0:95 n ¼ 24ð Þ (16)

The proportion of oxygen atoms exchanging with medium water during cellulose biosynthesis was consid-
ered to be pex = 0.40 ± 0.02. Although, this variable can vary in a wide range, from 0.29 and 0.77
(Cheesman & Cernusak, 2016; Luo & Sternberg, 1992; Sternberg et al., 2006), the majority of pex estimations
is close to 40% (Gessler et al., 2014).

The values calculated for δ18Osource, δ
18Osite, and δ18Ocell are −7.9 ± 0.1‰, 9.4 ± 1‰, and 29.8 ± 0.7‰,

respectively. They are reported in Table 3, along with the mean value of the observed isotopic composition
of rivers and springs, the mean amount‐weighted δ18Oprec, and the mean value of δ18OCell of the ring formed
during the 2016–2017 growing season.

The source water for the tree is the xylemwater, which is similar to the soil water, which in turn derives from
precipitation. Here, the isotopic composition values for the rivers (measured δ18Oriver) are lower than the
one of the xylem water (calculated δ18Osource). This result is not surprising as precipitation from higher ele-
vation and possibly melt water from snowpack at the top of the Perito Moreno range may contribute to the
river water while the xylemwater derives from the local precipitation. The isotopic difference between xylem
and precipitation (measured δ18Oprec) may result from mixing and evaporation, taking place in the soil,
which can lead to an isotopic enrichment of the water soil at the depth tapped by trees. By assuming that
seasonal δ18Oprec cycle follows the seasonal temperature cycle (as observed in the closest Chilean
International Atomic Energy Agency station, Coyhaique, 45°35′S; 75°07′W), an artificial δ18Oprec seasonal
cycle based on Pampa Linda temperature in 2017, a March 2017 δ18Oprec value of −9.7‰ (mean δ18Oprec

over our rain events) and an isotopic gradient of 0.5‰/°C can be estimated. The amount‐weighted average
δ18Oprec, inferred from the artificial isotopic seasonal cycle and Pampa Linda precipitation amount, is
−8.9 ± 1.1‰ fromNovember to April. The calculated δ18Osource of−7.9‰ is thus consistent with an evapora-
tion of the averaged rain over the growing period of the trees. Let us note that this calculation is based on the
hypothesis that seasonal δ18Oprec is fully controlled by temperature which may be oversimplified.

The isotopic composition at the evaporative site (calculated δ18Osite) is 4.5‰ higher than the measured
leaves water (measured δ18Oleaf of 5.9‰). Bulk leaf water is a mixing between unfractionated source water
and enriched water at the evaporative sites (Cernusak et al., 2016; Holloway‐Phillips et al., 2016, and refer-
ences herein). Therefore, its oxygen isotopic composition is expected to be lower than δ18Osite. The portion
that represents the unfractionated pool is often calculated to be 20% to 30% of the total water volume of a leaf
(Flanagan et al., 1991). Here, according to a simple mass balance calculation, the unfractionated water is 20%
of the total water volume of the leaf. Our results are thus consistent with previous estimations.

The calculated δ18Ocell matches the one measured for the 2016–2017 ring. This result supports the hypoth-
esis of water vapor and source water at the isotopic equilibrium over the growing tree period. However, it is
worth noting that important hypotheses and simplification are done in our calculation, which encourages
cautions regarding the interpretation of the results:

• Our leaf sampling being restricted to six leaves, collected at the same time (between 15:30 and 16:30) on
the same day (25 March), the measured δ18Oleaf may not be representative of the leaves water isotopic
composition at the site‐scale over the whole growing season.

• The values of δ18Osite and δ18Ocell being very sensitive to Tleaf, and even more to the difference between
Tair and Tleaf (which affects wi/wa), an inaccurate appraisal of Tleaf may lead to significant errors on the
final estimations. Direct measurements of Tleaf would strengthen the demonstration by removing some
uncertainties.

• The monitoring period being restricted to a month at the end of the growing season, the environmental
parameters we have measured may not be fully representative of the whole growing season, while the
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cellulose of the ring 2016–2017 integrates the entire period. In our calculations, we considered the mean
temperature between 8 a.m. and 8 p.m. over the monitoring period. To test if this period was representa-
tive of the growing period, we also calculated the mean temperature in Pampa Linda between 8 a.m. and
8 p.m. over the entire growing season (November to April). At Pampa Linda, the growing season tempera-
ture is 1 °C higher than the one corresponding to the monitoring period. Assuming that the difference of
temperature between growing andmonitoring periods is the same at our study site, we calculate δ18Ocell if
the temperature was 1 °C higher (Tair + 1 = 13.1 °C) and obtain a value of 29.5‰, that is a difference of
−0.3‰ with the δ18Ocell calculated with the temperature of the monitoring period. This difference is neg-
ligible for our discussion.

• Finally, the model used for δ18Osite and δ18Ocell calculation is a simple version which does not include
nonsteady state and Péclet effects (as in Cuntz et al., 2007 and Ogée et al., 2009, for instance). Let us note,
however, that the oxygen isotope composition of tree ring cellulose is not sensitive to the value of the
Péclet effective length and that a simple two‐pool model (enriched pool at the evaporative sites and xylem)
can be adequate (Ogée et al., 2009).

Due to these uncertainties and estimates, the concordance between measured and calculated δ18Ocell under
the hypothesis of the isotopic equilibrium between source water and water vapor may be somewhat fortui-
tous. Indeed, there is little reasonwhy the isotopic equilibrium betweenwater vapor and soil water should be
achieved except if the soil water is the unmodified accumulation of precipitation. The composition of soil
water maybe a several‐month integrator of weighted mean rainfall input modified, to some extent, by selec-
tive recharge, mixing and fractionation processes. It may be very different from the accumulated unfractio-
nated meteoric water during the growing season. Actually, this hypothesis is based on the isotopic
equilibrium between two isotopic variables that have different time variabilities (δ18Ovap varies at subhourly
scale, as shown by our measurements, whereas δ18Osource has a longer period of variability which depends
on the residence time of the water in the soil). In addition, as shown in this paper, the rainfall and the water
vapor may not even be in equilibrium, at the event scale at least. So, even if the results of our calculation
under the hypothesis of the vapor‐source equilibrium are in perfect agreement with the measured values,
due to the uncertainties mentioned above, we strongly encourage new experiments, including Tair, rh,
δ18Ovap monitoring, soil and/or xylem water measurements, and leaf temperature measurements all along
the growing tree season in order to clarify the vapor‐source water equilibrium issue and strengthen the
conceptual approach.

5. Conclusion

This paper deals with the isotopic disequilibrium between precipitation and water vapor in Patagonia,
Argentina. Based on rain and water vapor isotopic observations, from 24 February to 26 March 2017, it
explores how isotopic disequilibrium affects the estimations of the isotopic composition in tree ring cellu-
lose, which assumes the isotopic equilibrium state between the two water phases.

Following 11 rain events, precipitation and water vapor are found close to the isotopic equilibrium (disequi-
libriums vary from −2.0‰ to 4.1‰). Several processes such as evaporation of droplets, water vapor conden-
sation at high elevation, droplets size, and vegetation transpiration can be invoked to explain the deviation
from the isotopic equilibrium. It is worth noting that we explore each process separately whereas they can
act together.

The generally accepted assumption that precipitation and water vapor are in isotopic equilibrium is not
fully reached in our site at the individual rain event scale between 24 February and 26 March 2017.
However, on average, the isotopic equilibrium between water vapor and precipitation can be considered
as a valid approximation since the covariation between the isotopic composition of water vapor and the
one in equilibrium with precipitation is highly significant (r2 = 0.78). It would be necessary to check
whether the isotopic equilibrium assumption is valid or not over the whole period during which the
source water used by trees is formed. Indeed, vegetation studies aiming at calculating δ18Ocell assume
that the isotopic composition of water vapor is in equilibrium with the source water. First, we show
in our study that δ18Ovap varies at daily and intraseasonal time scales whereas δ18Osource varies very
likely on longer time scale. As a consequence, we claim that the use of the isotopic equilibrium between
water vapor and source is wrong if the source is supposed to be an integrated precipitation. In addition,
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we show that we are able to calculate a correct δ18Ocell provided that the δ18Osource has a value higher
than that of the precipitation over the growing season, that is to say imprinted by evaporation. At this
point, it is difficult to propose a mechanism explaining a continuous equilibrium between water vapor
and source.

At last, our study deals with only a few samples of soil water and leaf water and does not include mea-
surements of xylem water samples. This leads to a rough comparison between the modeled isotopic
composition of cellulose and the measured one since the composition of the source water is not pre-
cisely known. Our results encourage additional comprehensive studies including a large panel of
necessary samples.
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