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INTRODUCTION

The analysis of hydrogen (δD) and oxygen (δ18O) isotope ratios of H2O are widely used 
tools for studies of the hydrological cycle (Friedman 1953; Dansgaard 1954; Gonfiantini 
1986; Gat 1996; Araguás-Araguás et al. 2000; Gat et al. 2000) and climate reconstruction 
(Dansgaard 1964; Johnsen et al. 1989; Petit et al. 1999). Natural variations of δD and δ18O in 
precipitation are well correlated and fall on a common global trend, the Global Meteoric Water 
Line (GMWL, Craig 1961):

 D 8 O18  10‰ (1)

The slope (GMWL
2 ) of 8 in this equation is defined by mass-dependent equilibrium fractionation 

during condensation of atmospheric vapor (Dansgaard 1964; Horita and Wesolowski 1994). 
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The 10‰ positive offset in δD results from kinetic (diffusive) isotope fractionation during the 
initial formation of atmospheric vapor over the ocean which follows a slightly lower δD/δ18O 
slope than the GWML (Craig and Gordon 1965; Merlivat 1978). Typically, any evaporation 
process in the hydrologic cycle results in waters that deviate from the average global GMWL

2 . 
This deviation is expressed with the d-excess parameter (e.g., Gat 1996):

d-excess D O   8 18 (2)

The process of isotopic fractionation during vapor formation is explained by the evaporation 
model of Craig and Gordon (1965) (Fig. 1). The model describes the total isotopic fractionation 
(*aL–V–evap) resulting from evaporation from a water body (*RW), which is controlled by relative 
humidity (h), fractionation factors for equilibrium and diffusion, and the isotopic composition 
of free atmospheric vapor (*RA). At lower h, the vapor concentration gradient between the 
interface layer (vapor saturation) and the free atmosphere increases and amplifies diffusivity. 
Hence, the magnitude of d-excess is mostly controlled by relative humidity (h) and becomes 
larger when h decreases (Craig and Gordon 1965; Cappa et al. 2003; Steen-Larsen et al. 
2014). Therefore, d-excess is traditionally used to reconstruct evaporation conditions at vapor 
source regions and to quantify evaporation of continental water bodies (Gat and Bowser 1991; 
Gat 1996; Masson-Delmotte et al. 2005; Pfahl and Wernli 2008).

However, the d-excess parameter is not exclusively controlled by h but also by the different 
temperature sensitivity of equilibrium fractionation factors for D/H (2aL–V–eq) and 18O/16O 
(18aL–V–eq). This prevents a unique interpretation by introducing uncertainty to h estimates 
(Horita and Wesolowski 1994; Luz et al. 2009). Also, the diffusivity fractionation factors (2adiff 
and 18adiff, respectively) of both isotope systems underlie a temperature dependent relationship 
(Luz et al. 2009):

2 181 25 0 02 1 1 diff diff       . . T (3)

Due to the different temperature relationships of D/H and 18O/16O fractionation factors 
for liquid–vapor and solid–vapor equilibrium (2aS–V–eq and 18aS–V–eq, respectively), d-excess is 
additionally affected by precipitation temperature (Merlivat and Nief 1967; Majoube 1971; Ellehoj 
et al. 2013). The additional combined analysis of 17O/16O and 18O/16O of H2O was suggested to be 
a promising complement to reconstruct relative humidity at the vapor source (Angert et al. 2004).

Analysis

Due to methodical limitations and analytical uncertainties, the use of triple oxygen isotopes 
in hydrological applications was impractical in the past. However, the temperature dependency 

Figure 1. The Craig and Gordon Model for evaporation of surface water (modified from Gat 1996).
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of d-excess created the need for another second order parameter of water isotopologues. 
In parallel, methodical advances over the past two decades provided the necessary analytical 
resolution to identify mass-dependent anomalies in the 16O–17O–18O distribution in natural 
waters (Meijer and Li, 1998; Baker et al. 2002). The latter method was greatly advanced by 
Barkan and Luz (2005). An analytical uncertainty of ±0.005‰ for 17O-excess was achieved 
based on liberation of oxygen gas from H2O by means of fluorination with a CoF3 reagent, 
providing an adequate precision to resolve small variations in the hydrosphere and to 
determine H2

17O/H2
16O equilibrium and diffusivity fractionation factors (17aL–V–eq and 17adiff, 

respectively) with a sufficient accuracy (Barkan and Luz 2005, 2007). Over the past decade, 
laser absorption instruments have been developed and also proven to achieve sufficiently 
high precision to resolve 17O-excess variations in natural waters (Berman et al. 2013; 
Steig et al. 2014; Affolter et al. 2015; Schauer et al. 2016; Tian et al. 2016).

Analytical requirements: Two-point calibration. Reported d18O in natural waters so far 
ranges from −69.6‰ (East Antarctic snow) to 29.2‰ (Sistan Desert, Iran) and, thus, covers a total 
range of approximately 100‰ (Surma et al. 2015; Touzeau et al. 2016). In order to account for 
inter-laboratory scaling differences, a two-point calibration based on certified reference materials 
is essential (e.g., Kaiser 2008; Kusakabe and Matsuhisa 2008). A commonly used normalization 
in triple oxygen isotope studies is the one suggested by Schoenemann et al. (2013):

 



*
_

*
*

*
O O

O

O
smp_VSMOW

SLAP/VSMOW
nom

SLAP/VSM
smp VSMOW SLAP  

OOW
meas (4)

where d*Osmp_VSMOW 
is the measured value of a sample expressed against VSMOW, 

*
SLAP/VSMOW
nomO  is the assigned distance between SLAP−2 and VSMOW−2, and *

SLAP/VSMOW
measO  

is the difference between SLAP−2 and VSMOW−2 in the respective laboratory. Assigned 
values for SLAP−2 (vs. VSMOW−2) are 17 OSLAP/VSMOW

nom  = −29.6986‰ and
18 OSLAP/VSMOW

nom  = −55.5‰ (17O-excess = 0 per meg).

New data presented in this work

This review is supplemented with new samples and data from one case study in the high-
altitude environment of the Southern German Alps. Sampling was carried out at Mt. Zugspitze 
(2962 m above sea level, m a.s.l.), 10 km SW of Garmisch-Partenkirchen (720 m a.s.l.). 
The temperate regional climate is characterized by a mean annual temperature of −4.3 °C. 
Samples were collected from February to May 2016 in the local surrounding of Mt. Zugspitze—
at the Schneefernerhaus Research Station (UFS, 2,650 m a.s.l.) and the nearby Zugspitze plateau 
(Zugspitzplatt, N 10.99°, E 47.41°; ~2,450 m a.s.l.). The sample set comprises 25 atmospheric 
vapor samples (Table S1) that were collected in February and May 2016 by means of cryogenic 
extraction at UFS station in LN2 at low pressure in a modified version of a high efficiency trap 
(Brenninkmeijer and Röckmann 1996). We also obtained a total number of 25 precipitation/snow 
samples and a larger number of samples from the seasonal local snow cover (Tables S2 and S3).

Isotope analysis. All samples were analyzed for their triple oxygen isotope and hydrogen 
isotope composition at the Institute for Geology and Mineralogy, University of Cologne. 
17O/16O and 18O/16O analysis is performed with modified method based on Barkan and Luz 
(2005). Details on the analytical procedure are given in Surma et al. (2015, 2018). Long-term 
external reproducibility of standard waters and selected samples is approx. ±0.06‰ (δ17O), 
±0.1‰ (δ18O), and ±8 per meg (17O-excess). D/H ratios were determined by continuous flow 
analysis of H2 gas liberated by TC/EA carbon reduction of H2O at 1550 °C (also see Surma 
et al. 2018). The average long-term external reproducibility is approximately ±0.3‰ for δD 
and ± 2.1‰ for d-excess. Laboratory reference waters were analyzed between every 5 to 10 
samples. All isotope data were normalized to the SMOW-SLAP scale following the procedure 
suggested by Schoenemann et al. (2013) and standard-sample bracketing (Table S4).
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TRIPLE OXYGEN ISOTOPES IN WATER

Triple oxygen isotope fractionation

The triple oxygen isotope fractionation exponent for equilibrium liquid–vapor fractionation 
(qL–V–eq) was determined by Barkan and Luz (2005), giving a constant qL–V–eq of 0.529 for the 
entire experimental T range from 11.4 to 41.5 °C. Therefore, 17O-excess can be considered 
temperature-independent for equilibrium fractionation of evaporation from water surfaces and 
formation of rain. A difficulty arises from the fact that no experimental data are available for 
triple oxygen isotope fractionation at solid–vapor equilibrium of H2O. Theoretical predictions 
suggest qS–V–eq ≈ 0.528 (Van Hook 1968). Landais et al. (2012b) confirm this value with a set 
of vapor and snowfall samples from Greenland.

Molecular diffusion of water vapor in air is characterized by a somewhat lower qdiff 
of 0.5185 ± 0.0002 (Barkan and Luz 2007). However, the experiment has shown a small 
temperature dependence in the range from 0.5183 ± 0.0001 (25 °C) to 0.5187 ± 0.0001 (40 °C). 
It is unclear whether this qdiff/T trend is linear and whether a lower qdiff would apply for 
diffusive fractionation at low temperatures (e.g., 0.5172 at −50 °C if the trend is extrapolated 
linearly; Bao et al. 2016).
17O-excess during the formation of vapor

In the field of hydrology 17O-excess is the commonly used term to describe deviations 
of 17O/16O ratios from a reference slope with GMWL

17  = 0.528 and typically reported in per meg 
with respect to VSMOW (Meijer and Li, 1998; Luz and Barkan 2010):

17 17 18O-excess (per meg) ( O O      0 528 106. ) (5)

with δ′*O = ln(δ*O+1). GMWL
17  here is defined by the slope of average global precipitation—

represented by the Global Meteoric Water Line—in the δ′17O vs. δ′18O space. The GMWL 
itself shows a positive offset of ~33 per meg with respect to seawater (Luz and Barkan 2010).

The exact magnitude—or slope (Fig. 2)—of *aL–V–evap is determined by h, respective 
equilibrium and diffusion fractionation factors, and the isotopic composition of vapor in the 
free atmosphere (cf. Fig. 1; Craig and Gordon 1965; Ehhalt and Knott 1965; Criss 1999; 
Cappa et al. 2003):

*
* *

* * */


 


L-V_evap

diff L-V_eq

L-V A Weq


   

   
1

1

h

h R R
(6)

For a single moisture source (e.g., open ocean) and absence of vapor admixture, all 
atmospheric vapor is generated from the evaporating water itself and *RV =*RV (closure 
assumption). In that case Equation (6) reduces to:

* * *  L-V_evap L-V_eq diff      1 h h (7)

The temperature of ambient air may deviate from the temperature of the water surface 
in natural settings. Here, normalized humidity (hn) should be used in Equations (6) and (7) 
instead of h. hn is calculated by:

h h
q

q
n   sat_a

sat_s

(8)

where qsat_a is the vapor concentration in the free air and qsat_s  is the saturated vapor 
concentration at water temperature (Barkan and Luz 2007; Uemura et al. 2010).
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In addition, air turbulence—or wind—reduce the magnitude of diffusive isotope 
fractionation during the evaporation process. In the Craig and Gordon Model, this effect is 
described by the turbulently mixed sublayer, in which actual mixing of air with different 
vapor concentration balances the h gradient without molecular diffusion (Fig. 1). However, 
the derivation of a clear relationship between wind speed and lowering of molecular diffusion 
is complex (Merlivat and Jouzel 1979). A recent study demonstrates that, we cite: ‘for 
isotope water balance studies where winds are frequently above 2 m/s, the C–G model may 
be inadequate without appropriate corrections for spray vaporization, or the introduction 
of appropriate kinetic isotope fractionation factors’ (Gonfiantini et al. 2020). This would be 
strongest felt over water bodies deep enough to sustain breaking waves. In order to account for 
boundary layer turbulence, the effect is usually parametrized in the Craig and Gordon model 
by correcting *adiff with the exponent n:

* * diff corr diff    n (9)

n is determined empirically and ranges from 1 (pure molecular diffusion) to 0.5 (rough 
continental regime) (Dongmann et al. 1974; Mathieu and Bariac 1996; Haese et al. 2013). 
Reduction of diffusive fractionation with n < 0.5 is observed for wind tunnel experiments and 
evaporation above the ocean surface (Merlivat and Jouzel 1979; Uemura et al. 2010).

NATURAL VARIATIONS OF 17O-EXCESS IN WATER

Meaning and purpose of the Global Meteoric Water Line

δD and δ18O in meteoric waters around the world are tightly correlated and follow the 
δD/δ18O trend (l2) with a slope of 8 (Eqn. 1), i.e., the GMWL (Craig 1961; Dansgaard 1964). 
The +10‰ offset (d-excess) results from diffusive, non-equilibrium fractionation during 
formation of pristine vapor above the ocean (Eqn. 6), resulting in relative preferential 
enrichment of deuterium with respect to 18O in the vapor phase. Precipitation that forms from 
that vapor follows the GMWL towards more depleted values with increasing distance from the 
coast, higher latitude, and increasing altitude, whereby the underlying process is approximated 
by Rayleigh distillation (Dansgaard 1964; Horita et al. 2008). The GMWL concept provides an 
empirical reference frame for the field of stable isotope hydrology, but is in general agreement 
with Rayleigh fractionation (Dansgaard 1964; Criss 1999).

Figure 2. Fractionation of triple oxygen isotopes in the atmosphere (modified from Barkan and Luz 2007). 
Initial atmospheric vapor (white diamond) forms from sea water (black diamond) at non-equilibrium 
conditions. Evaporation results in positive lower δ′17O and δ′18O, and higher 17O-excess of vapor with 
respect to the reference slope (blue). Transport, cooling, and rainout leads to steady isotopic depletion of 
the residual vapor reservoir.
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Meijer and Li (1998) analyzed a set of natural waters yielding  GMWL
17  = 0.528, thus providing 

an analogous reference frame for 17O/16O and 18O/16O. Including standard measurements of 
GISP, SLAP, and Antarctic snow data (Barkan and Luz 2005; Landais et al. 2008) to their 
larger dataset of natural waters (n = 52), Luz and Barkan (2010) confirmed this slope for the 
GMWL with a positive offset of 0.033‰ with respect to VSMOW−2:

 ´ . ´ . ‰17 180 528 0 033O O   (10)

Similar to d-excess, the deviation from this line is reported as 17O-excess (cf. Eqn. 5). 
The value of GMWL

17  = 0.528 is close to θL–V_eq = 0.529, thus confirming Rayleigh equilibrium 
condensation as the controlling mechanism of precipitate formation (Passey and Levin 2021, 
this volume). Figure 3 shows a compilation of reported triple oxygen isotope data of global 
precipitation, surface water bodies, hydrothermal waters, and seawater, that cover a total range 
of ≈ 100‰ in δ18O. In the case of closure (* *R RV A0 0

 , cf. Eqn. 7), vapor isotopic composition 
(*RV0

) is calculated by (Craig and Gordon 1965):

* *

* * *
R R

h
V W0 0

1

1
 

       L-V_eq diff diff
(11)

where *RW0
 is the isotopic composition of ocean surface water. When the air parcel is advected 

and cooled after initial vapor formation, first condensate forms in equilibrium with *RV0
:

* * *R RP V0 0
  L-V_eq (12)

The residual fraction (fres) of initial oceanic vapor decreases with increasing distance from 
the source. The isotopic composition of residual vapor is calculated by the Rayleigh equation:

* *
*

R R fA   
V res0

L-V_eq 1 (13)

Precipitating water in equilibrium results in observed GMWL
2 = 8 and GMWL

17 = 0.528. For 
the triple oxygen isotope space this slope is valid for δ18O ranges between −40‰ and −5‰ 
(Fig. 3), thus providing a reasonable reference frame for global precipitation that is mostly 
provided by Rayleigh distillation of oceanic vapor (e.g., Trenberth et al. 2007). 

The bell-shaped distribution of 17O-excess vs. δ18O indicates that water samples found in 
the lower range of the δ18O scale (polar snow) as well as in highly enriched samples (surface 
waters from arid regions) are systematically lower in 17O-excess with respect to the GMWL 
(Fig. 3). We note that the apparent bell-shape to some degree may also result from a bias 
towards samples that are studied precisely because of their inherent kinetic fractionation 
effects found in polar and hyper-arid regions. The vast majority of continental waters not too 
far removed from the ocean source will likely fall in the δ18O range from −30‰ to −5‰. 

In the case of polar snow, the systematic deviation from the GMWL leads to pronounced 
Local Meteoric Water Lines (LMWL) >  0.528—i.e., showing positive correlation of 17O-excess 
and δ18O—that result from snow formation at vapor supersaturation, and thus kinetic 
fractionation, at temperatures below −20 °C (Landais et al. 2012a,b; Casado et al. 2016). 
Miller (2018) states that this pattern of snow with δ18O below −40‰ is also a result of 
‘diamond dust’ (open-sky precipitation) contribution to central Antarctic snow cover, which 
is characterized by a fractionation slope of l17 = 0.531 in this study. It is also suggested that 
the LMWL in remote polar regions may be additionally affected by incorporation of mass-
independently, fractionated, largely 17O-enriched stratospheric oxygen in precipitation (Winkler 
et al. 2013; Miller 2018). Evidence for stratospheric water intrusions is suggested by negative 
correlation of 17O-excess and δ18O found in the study which contradict the general synoptic 
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positive correlation in Antarctic precipitation. We note that such effects at mid-latitudes, which 
is the major focus of this review, are much less likely. First, stratospheric air is brought to the 
troposphere mostly by the polar vortex. The stratosphere-troposphere exchange fl ux at mid-
latitudes is very limited. Second, the troposphere in the mid-latitudes has a much higher water 
content than the polar troposphere, so the mass-balance may be too unfavorable to observe 
stratospheric downdraft. Third, 17O-excess found in snow at polar regions demonstrates only 
limited deviations, if any, from the range expected (Landais et al. 2012a; Touzeau et al. 2016).

Isotopically enriched samples from arid regions do not refl ect fractionation effects during 
precipitate formation but a systematic decrease of 17O-excess during intensive evaporation of 
continental waters (Surma et al. 2015, 2018; Voigt et al. 2020). Here the negative correlation 
of 17O-excess and δ18O in those waters is the result of excessive evaporation, where total 
fractionation integrated over the course of a day is controlled by relative humidity, evaporation 
degree, and evaporative loss with respect to recharge. Resulting trajectories in the δ′17O vs. 
δ′18O space are fl atter than GMWL

17  and analog to local evaporation lines (LEL) known in the 
traditional δD vs. δ18O system (Fontes and Gonfi antini 1967; Gat 1984; Gat and Bowser 1991). 
However, it should be noted that triple oxygen isotopes in natural evaporative systems do not 
depict straight lines but typically form curved trajectories.

Figure 3. Compilation of 17O-excess vs. δ18O in global waters. The gray horizontal line depicts the GMWL 
as reported by Luz and Barkan (2010). Precipitation in polar regions (diamonds) show values below −24‰ 
in δ18O. 17O-excess ranges from 30 to 70 per meg in snow from Greenland and Alert, Canada, and shows 
correlation with decreasing δ18O (below −40‰) for Antarctic precipitation (Landais et al. 2008, 2012a,b; 
Lin et al. 2013a; Winkler et al. 2013; Pang et al. 2015, 2019; Touzeau et al. 2016). Fresh waters (gray 
circles) comprise snowfall, rain, cave drip water, tap water, lakes, springs, and rivers (Landais et al. 2010; 
Luz and Barkan 2010; Lin et al. 2013a; Affolter et al. 2015; Li et al. 2015, 2017; Gázquez et al. 2018; Tian 
et al. 2018; Alexandre et al. 2019; Passey and Ji, 2019; Tian et al. 2019; Uechi and Uemura 2019; Bergel 
et al. 2020; Bershaw et al. 2020; Sha et al. 2020; Voigt et al. 2020; this study). In general, those waters 
range from −22‰ to ~0‰ in δ18O and show a large variability in 17O-excess, ranging from −40 to 120 
per meg. Water bodies from arid, evaporative environments (yellow crosses) generally show δ18O values 
higher than −8‰ and progressively lower 17O-excess with increasing δ18O. Lowest 17O-excess values are 
found in highly evaporated water bodies from the Sistan Desert, Iran, the Atacama Desert, Chile, and Lake 
Chichancanab, Mexico (Surma et al. 2015, 2018; Evans et al. 2018; Voigt et al. 2020). Hydrothermal waters 
(blue triangles) are in good agreement with freshwaters and show a narrow range in δ18O from −12‰ to 
−6‰ and from −20 to 45 per meg in 17O-excess (Sharp et al. 2016; Wostbrock et al. 2018; Zakharov et al. 
2019b). Seawater measurements are indicated with asterisks (Luz awnd Barkan 2010).
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17O-excess in polar snow precipitation. Ice cores from Greenland and Antarctica are 
important records of past climate over glacial-interglacial cycles (e.g., Petit et al. 1999; 
NorthGRIP members 2004). The d-excess parameter is widely used to reconstruct variations 
in temperature and relative humidity at oceanic moisture sources (e.g., Vimeux et al. 1999; 
Steen-Larsen et al. 2011). However, the use of 17O-excess shows promise as a novel and 
more robust temperature independent tracer that provides additional constraints on source 
region humidity (Uemura et al. 2010).

Landais et al. (2012b) investigated seasonal triple oxygen isotope variations in surface 
snow at the NEEM drilling site, Greenland, where a slight anticorrelation of δ18O and 
17O-excess in snow is found. Maximum 17O-excess is present in samples with lowest δ18O 
values. Measurements of 17O-excess and δ18O in atmospheric vapor and concomitant snow 
at NEEM site show similar values in both phases that were also found to be in equilibrium 
based on previous δ18O and δD measurements (Steen-Larsen et al. 2011; Landais et al. 2012b). 
Modeling of air temperature and relative humidity in moisture source regions also reveals that 
17O-excess reflects h conditions at the vapor source. Triple oxygen isotope studies on Greenland 
ice cores further provide valuable information on the coupling between high-latitude and low- 
to mid-latitude climate variations in the northern hemisphere during abrupt climatic changes 
over the course of the last glaciation (Guillevic et al. 2014; Landais et al. 2018).

For the case of Antarctica, Winkler et al. (2012) demonstrate that moisture source 
humidity can be reliably reconstructed from coastal ice core records, whereas the isotopic 
composition of snow in continental areas is dominated by local temperature effects. This is 
also confirmed by a spatial gradient which is observed for 17O-excess in precipitation across 
Antarctica (Fig. 3), showing elevated values in coastal areas that are dominated by marine 
conditions and low 17O-excess in the Antarctic interior (Landais et al. 2012a; Schoenemann 
et al. 2014; Touzeau et al. 2016). Low 17O-excess in continental Antarctic precipitation is 
attributed to seasonal variations, variability in sea ice extent, and supersaturation of vapor over 
ice at low temperatures (Risi et al. 2013; Schoenemann et al. 2014). 

Supersaturation of vapor over ice. In order to interpret polar precipitation records, one needs 
to account for the supersaturation effect at cloud temperatures < −20 °C (Jouzel and Merlivat 1984; 
Angert et al. 2004). The effect considers diffusive fractionation that occurs due to supersaturation 
of vapor over ice during precipitate formation which reduces the effective fractionation:

* * *  eff S-V_eq kin  (14)

where * akin is the kinetic fractionation factor for vapor supersaturation over ice and given by 
(Jouzel and Merlivat 1984; Angert et al. 2004):

*
* *


 kin

S-V_eq diff


    

S

S 1 1
(15)

The supersaturation coefficient (S) determines the relative contribution of diffusive and 
equilibrium fractionation during ice formation from vapor. S is dimensionless and a linear function 
of temperature, T (in °C), and the site-specifically adjusted factor m (Jouzel and Merlivat 1984):

S = 1 − m∙T (16)

Typical values for m in polar regions range from 0.001 to 0.008 (e.g., Masson-Delmotte 
et al. 2005; Steen-Larsen et al. 2011; Landais et al. 2012a, b). Higher m values (and thus 
higher S) increase the diffusive contribution, resulting in a steeper GMWL

17  as it is observed 
in low δ18O snow (Fig. 3). m = 0 (or S = 1) will accordingly result in pure equilibrium 
fractionation. Even though Arctic precipitation shows positive 17O-excess with respect to 
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continental Antarctic precipitation, supersaturation of vapor over ice is also identified as a 
driving mechanism for 17O-excess at the NEEM drilling site, Greenland (Landais et al. 
2012b). On the other hand, elevated supersaturation leads to lower GMWL

2  (d-excess) in polar 
precipitation. This is explained by a much lower δD-δ18O slope of solid–vapor fractionation 
at low temperatures compared to the average equilibrium value of ≈ 8 (Landais et al. 2012a).

17O-excess during strong evaporation in arid environments. Since evaporation results 
in a positive 17O-excess in the vapor phase, residual water that experiences evaporation is left 
with a negative 17O-excess with respect to the initial water (Fig. 4). Based on the Craig and 
Gordon Model and Equation (6), the isotopic evolution of an evaporating water body can be 
predicted as a function of h and * RA. Two general pathways of evaporating water bodies can be 
distinguished (Fig. 5), based on their hydrological setting that either excludes (Eqns. 17 to 19) 
or includes (Eqns. 20 and 21) groundwater recharge.

Figure 4. Fractionation of triple oxygen isotopes in an evaporating water body. The initial water body 
(black diamond) evolves along the red trend after experiencing evaporation. The resulting trajectory is 
flatter than the reference slope (blue), causing a negative 17O-excess in the residual water (red diamonds) 
with respect to the initial water. Secondary vapor (white diamonds) which is formed by continental evapo-
ration has a positive 17O-excess with respect to the liquid phase.

Figure 5. Schematics of oxygen isotope distribution during evaporation of a continental water body in dif-
ferent hydrological settings (modified from Surma et al. 2018). Simple (pan) evaporation (solid black line) 
follows a distinct evaporation trajectory towards the isotopic end-point (* RSS, diamond).* RSS is balanced 
by the evaporative isotope flux and equilibrium exchange (Criss 1999). The value of * RSS is determined by 
* RA and h (see Eqn. 18). If the water body is additionally balanced by groundwater recharge, its isotopic 
composition will assume a steady state that falls below the pan evaporation trend (solid blue circles), 
depending on the E/I value. Increasing E/I leads to higher δ18O and lower 17O-excess—up to E/I = 1 (i.e. a 
stable terminal lake; open blue circle). Non-steady state admixture of initial water results in mixing lines 
(dotted green line) below evaporation trends, see also Voigt et al. (2020).
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If the boundary parameters (* RA, wind turbulence, isotopic composition of initial water) 
are well constrained, the isotopic compositions of water bodies in a non-recharged lake 
system (* RW) provide information on average annual h of an arid region (Surma et al. 2015). 
The isotopic composition of a non-recharged water body (* RW) is calculated by (Criss 1999):

* * * *R f R R RW
u    res WI SS SS

(17)

where * RWL is the isotopic composition of the initial water and * RSS is the isotopic stationary 
state (end-point) which is dictated by * RA and h:
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The exponent u describes the liquid–vapor fractionation factor as a function of h:
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(19)

where *L-V_evap
0 is the total fractionation factor at a hypothetical relative humidity of h = 0. 

For h = 0 Equation (7) reduces to: * * *  L-V_evap L-V_eq diff
0   . The isotopic composition of a 

water body in steady state (* RWS) is calculated as a function of evaporation over inflow (E/I) 
by (Criss 1999):
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(20)

In the case of a terminal lake setting (E/I = 1), Equation (20) reduces to:

* * * * *R h R h E
I RWS L-V_evap

0
WI L-V_eq A        1 (21)

A case study on saline ponds in the hyper-arid Atacama Desert demonstrates that isotopic 
compositions of recharged water bodies (* RWS) can be accurately modeled for given boundary 
conditions. If h and * RA are monitored independently, 17O-excess—in combination with 
d-excess—is a useful tracer for the assessment of lake balances and h and parametrization 
of wind effects (Surma et al. 2018). A recent study shows, that unlike in classic δD and δ18O 
isotope hydrology, δ17O allows for the separation of mixing and evaporation (Voigt et al. 2020).

Triple oxygen isotopes in rainfall and mid-latitude snow. Li et al. (2015) show a strong 
latitude effect in 17O-excess in tap waters across the US. The samples reflect the integrated average 
isotopic composition of regional precipitation. Lowest 17O-excess values were found around the 
Gulf of Mexico (–6 to 12 per meg), whereas highest values were found in Northwestern U.S. 
(31 to 43 per meg). In general, these variations are mainly a product of rain amount effects, re-
evaporation of meteoric water, and mixing with groundwater. Humidity conditions at precipitation 
moisture sources do not explain the observed variability, therefore the authors stress that local, 
continental moisture recycling may indeed be responsible for elevated 17O-excess in precipitation, 
as discussed by other authors (Landais et al. 2010; Li et al. 2015; Tian et al. 2019). Bershaw et 
al. (2020) also observe slightly elevated 17O-excess in surface waters from Northwestern U.S. 
and suggest an effect of analytical uncertainty and/or the admixture of stratospheric vapor as 
a potential mechanism (the role of stratospheric intrusions in mid-latitudes is discussed in the 
following section). Tap waters in the Central U.S. deviate from the latitudinal gradient and show 
anomalously low values which are linked to different moisture sources. This is also confirmed 
by higher resolution precipitation records for the region, even though subcloud re-evaporation 
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of rainfall in spring and summer is also identified as a seasonal controlling mechanism for 
17O-excess (Tian et al. 2018). This is shown by a large range of 17O-excess (–17 to 64 per meg) 
and a flatter slope of the local meteoric water line (LMWL

17 ) compared to GMWL
17 . Landais et al. 

(2010) show that subcloud re-evaporation of rainfall during African monsoon in tropical Niger 
may alter 17O-excess in precipitation by ~40 per meg over the course of a single rain event. 
Highest values are found in samples that precipitated at the beginning of the event, whereas 
precipitate that was formed at the end shows a more negative 17O-excess. This shift is linked to 
the decrease in relative humidity over the course of the rain event.

A two-year precipitation record on the maritime island of Okinawa, Japan, reveals 
that 17O-excess of local rainfall varies with seasonal change of air mass trajectories. Thus, 
17O-excess in coastal regions is largely controlled by variable humidity conditions at different 
source regions (Uechi and Uemura 2019). The authors also discuss that careful selection of a 
representative reference line (e.g., λ17 =  0.527 instead of 0.528) may avoid artificially inflated 
17O-excess values which is also subject of discussion for the trend observed at Alert, Canada 
(Lin et al. 2013a,b; Miller 2013). 

Precipitation data from Indiana, U.S., show that local precipitation is in general agreement 
with GMWL

17  (Tian et al. 2018). However, the authors observe notably lower LMWL
17  =   0.5258 for 

precipitation sampled in summer which hat lower average 17O-excess compared to winter 
precipitation and is associated with re-evaporation. The corresponding δD vs. δ18O slopes (LMWL

2 ) 
are slightly lower than GMWL

2 . A comparable LMWL
17  (=  0.5264) was found in summer precipitation 

samples from NW China. Since these samples were associated with relatively high 17O-excess, the 
authors suggest a contribution from re-evaporated earlier rainfall events (Tian et al. 2019).

Isotope values of snow from Mt. Zugspitze (this work) range from −21.7 to −8.3‰ in 
δ18OP, from 17 to 62 per meg in 17O-excessP, and from 4 to 16‰ in d-excessP (Figs. 3 and 6). A 
slightly negative correlation of 17O-excessP with δ18OP of LMWL

17 = 0.5272 ± 0.0006 is observed 
indicating a somewhat steeper 17O-excess-δ18O relation than the GMWL (Fig. 6). The local 
LMWL

2 of 8.1 ± 0.3 is in good agreement with global average and also with local precipitation 
records reported for the Zugspitze plateau (LMWL

2 = 7.95; Hürkamp et al. (2019)) and for 
Garmisch-Partenkirchen (LMWL

2 = 8.12; Stumpp et al. (2014)). The range of isotope distribution 
in snow cover of the Zugspitze plateau is also consistent with the isotope distribution in collected 
snowfall (cf. Tables S3 and S7). Affolter et al. (2015) report comparable LMWL

17 = 0.527 and 
LMWL

2  = 7.92 for precipitation collected across Switzerland.

Figure 6. Isotope data of vapor from February (open circles) and May (open diamonds), and freshly pre-
cipitated snow (solid squares) from Mt. Zugspitze. Gray lines represent the GMWL, dashed, red, and solid 
black lines represent l17 and

 
l2 of vapor in February and May and in total precipitation, respectively. A

17  
and A

2  of vapor data are generally flatter than the GMWL, resulting in a decrease of 17O-excessA) and 
d-excessA (A_Feb

2 7 3 0 4 . . , A_May
2 7 5 0 2 . . ) with increasing δ18OA (also see Table S5). This lower slope 

is also visible in 17O-excessP of precipitation (P
17 0 5272 0 0006 . . , P

17 0 5272 0 0006 . . ) but not in re-
spective d-excessP (P

2 8 1 0 3 . . ). See Tables S6 and S7 for data.
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17O-EXCESS DISTRIBUTION IN ATMOSPHERIC VAPOR

Only a few studies investigated the triple oxygen isotope composition of atmospheric 
vapor so far. Figure 7 shows a compilation of isotope data from samples collected above the 
Pacific Ocean, the NEEM drilling site, Greenland, in Alert, Canada, and at Mt. Zugspitze, 
Germany (Uemura et al. 2010; Landais et al. 2012b; Lin et al. 2013; this study).

Lowest 17O-excess values (−6 to 46 per meg) are associated with most positive δ18O 
values in the range of −23 to −11‰ in primary atmospheric vapor above the Pacific Ocean’s 
surface (Uemura et al. 2010). A negative correlation of 17O-excess with relative humidity 
was identified (−0.64 per meg/%). Assuming closure for vapor above the open ocean, the 
authors built on the Craig and Gordon Model and the relationship of 17O-excess vs. relative 
humidity (h) as described by (Barkan and Luz 2007):

17 17 17 1O-excess L-V_eq diff       ln (  h h

       0 528 118 18. ln ( L-V diffeq
h h

(22)

In order to fit the output of Equation (22) to actual measurement data, Uemura et al. 
(2010) found the correction exponent for boundary layer turbulence (Eqn. 9) to be n = 0.29 
(18 adiff(corr) = 1.008) above the open sea which is somewhat higher than a previously reported 
correction by Merlivat and Jouzel (1979) that was based on wind tunnel experiments (n = 0.18, 
18 adiff(corr) = 1.005). Luz and Barkan (2010) recalculated the correction by Uemura et al. (2010) 
for a seawater value with 17O-excess of −5 per meg, yielding n = 0.33 (18 adiff(corr) = 1.0092). 
This relation provides a basis to quantify h based on 17O-excess variations in remote vapor and 
precipitation. Landais et al. (2012b) show that 17O-excess in vapor (15 to 48 per meg) at the 
NEEM drilling site in Greenland varies in the same range as 17O-excess in contemporaneous 
precipitation (23 to 43 per meg). This observation confirms that triple oxygen isotopes in polar 
snow reflect the composition of atmospheric vapor when qS–V_eq = 0.528 is applied.

The highest values and largest variations of 17O-excess (23 to 190 per meg) in a single 
study were reported for vapor samples from Alert, in arctic Canada (Lin et al. 2013a). 
The positive anomalies were explained with stratospheric intrusions that contain mass-
independent oxygen isotope signatures, but this interpretation was not independently verified.

Atmospheric vapor samples from Mt. Zugspitze (Figs. 6 and 7) show elevated 17O-excess 
between 30 and 82 per meg with decreasing δ18O (–34.4 to –20.4‰) and a δ′17O–δ′18O trend 
of A

17 = 0.5265 ± 0.0006. A difference is observed between vapor that was sampled in February 
( A

17= 0.5270 ± 0.0007) and vapor that was sampled in May (A
17 of 0.5245 ± 0.0005), the latter 

showing a clearer correlation of 17O-excess with δ18O (Fig. 6 a). Corresponding δDA vs. δ18OA 
(A

2 ) for February and May are nearly identical within error (Fig. 6 b). In general, all slopes 
are somewhat flatter than the GMWL (GMWL

17 = 0.528, GMWL
2

 = 8; Dansgaard 1964; Luz and 
Barkan 2010). The average isotopic composition of vapor is shifted by Δδ18OA–P = −12.9‰, 
Δ17O-excessA-P = 10 per meg, and Δd-excessA-P = 18‰ with respect to the average isotopic 
composition of local precipitation (Figs. 6 and 8). Regression analysis demonstrates, that local 
variations in * RA (and also * RP) are largely unrelated to meteorological conditions (Ta, h), 
except for δ18OA, which is positively correlated with Ta (Table 1).

Even though the regular occurrence of deep stratospheric intrusions is also evident at Mt. 
Zugspitze (Trickl et al. 2010), we may probably exclude a mass-independent signal in 17O-excess 
of ambient vapor, since vapor concentrations in stratospheric air are extremely low. High positive 
17O anomalies (1000 to 1800 per meg) were observed in the in the southern high-latitude 
stratosphere at vapor concentrations below 10 ppm and more than 1 km above the tropopause 
(Franz and Röckmann 2005). Therefore, exceptionally dry air in the lower troposphere would be 
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Figure 7. Compilation of 17O-excess vs. δ18O in atmospheric vapor samples and seawater (asterisks). At-
mospheric vapor that was sampled above the Pacifi c Ocean (crosses) shows most positive δ18O values and 
covers the lower range in 17O-excess from −6 to 46 per meg (Uemura et al. 2010). Variations are attributed 
to variable h above the evaporating sea surface. Vapor samples from Alert, Canada (open circles) show the 
largest range and highest absolute values in 17O-excess (Lin et al. 2013a). However, data consistency of 
that study has been questioned (Lin et al. 2013b; Miller 2013). Atmospheric vapor that was samples at the 
NEEM drilling site, Greenland (diamonds), range from −45 to −38‰ in δ18O and from 20 to 50 per meg in 
17O-excess (Landais et al. 2012b). Samples were found to be in equilibrium with local precipitation and in 
good agreement with a Rayleigh condensation model, also refl ecting moisture source conditions. Ambient 
vapor samples from Mt. Zugspitze, Germany (triangles), range from −34 to −20‰ in δ18O and from 30 to 
80 per meg in 17O-excess, indicating a negative correlation of 17O-excess with δ18O (this study).

Figure 8. Record of Schneefernerhaus Research Station meteorological data: 2 m air temperature (Ta), 
relative humidity (h), and dew point temperature (Td) from 2016−02−16 to 2016−05−27. Isotope data 
(δ18O, 17O-excess, and d-excess) are shown for atmospheric vapor (open symbols, dashed lines) and pre-
cipitation (solid symbols and lines). Gray sequences indicate warmer periods. Note the scale contraction 
for the period between 2016−02−28 and 2016−05−19. Error bars are ±1σ SE for 17O-excess and d-excess, 
and smaller than symbol size for δ18O. Meteorological data for time of sample collection is provided in 
Tables S1 and S2 in the Supporting Information.
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necessary in order to achieve low mixing ratios of tropospheric vapor and, thus, a conservation 
of the stratospheric signal in the mass balance: i) vapor concentrations at Mt. Zugspitze did 
not fall below 2000 ppmv during vapor extractions, so that photochemically induced anomalies 
are unlikely to be evident in our samples (Hausmann et al. 2017). A mass-balance calculation 
with local vapor (δ18O = –22.8‰, 17O-excess = 40 per meg 2000 ppmv vapor concentration) 
and hypothetical stratospheric vapor (δ18O = –64.1‰, 17O-excess = 1300 per meg, 7.3 ppmv 
concentration; average values obtained from high 17O-excess samples reported by Franz and 
Röckmann 2005) would yield a mix with δ18O = –23.2 and 17O-excess = 43 per meg. ii) The 
mid-latitude tropopause is considerably higher (7–10 km) compared to polar regions (~6 km), 
limiting the contribution of stratospheric downdrafts to the lower troposphere. Nevertheless, 
more data of ambient vapor and would hold the potential to prove the effect of stratospheric deep 
intrusions on the oxygen isotope balance. The event of highest ozone of 101.9 ppbv registered at 
Zugspitze (Hausmann et al. 2017) is 50 ppbv in excess above the tropospheric ozone background 
of ~50 ppbv. In comparison, old stratospheric air in polar vortex contains at ~3 to 4 ppmv ozone 
(e.g., El Amraoui et al. 2018) which is > 3000 ppbv above tropospheric ozone background. 
Therefore, the isotopic balance of atmospheric vapor at mid-latitudes is likely dominated by 
synoptic processes (i.e., Rayleigh distillation and potential continental recycling).

Rayleigh distillation. Several studies have demonstrated that 17O-excess in vapor and 
precipitation reflects evaporation conditions at the initial moisture source (Uemura et al. 
2010; Landais et al. 2012b; Uechi and Uemura 2019). However, as summarized above in the 
discussion of mid-latitude rainfall data, there is some indication of subsequent modification 
by evaporative recycling of continental moisture. With the Mt. Zugspitze data at hand, 
we may test the respective primary and subsequent controls of water vapor isotopic composition. 
* RA in the troposphere at high altitude and—by inference—the continental interior. Rozanski 
et al. (1982) have demonstrated that formation of condensate from vapor in westerly air 
masses may be well approximated by a Rayleigh approach. δDA and d-excessA analyses by 
Dütsch et al. (2018) demonstrate that the occurrence of mixed phase clouds is negligible for 
westerly moisture pathways, thus, excluding complexity of vapor, water, and ice coexistence 
during cloud formation (Ciais and Jouzel 1994). This is also supported by the liquid–vapor 
precipitate formation in rapidly advected air masses at Mt. Zugspitze. Based on the analysis of 
11 snow and vapor samples that were collected simultaneously (Table S2, Roman numerals), 
we determined to overlying fractionation process for snow formation at Mt. Zugspitze. 
Observed deviation of actual samples (18eA–P_meas from predicted fractionation (18eA–P_cal) is 
calculated by Δ18εA–P (18eA–P_meas −18eA–P_cal), with 18eA–P_meas ≈ 

18Op − 
18OA and:

18 18 1 1000 A-P_cal S-V_eq  ( ) (23)

where 18 aS–V_eq is the solid–vapor equilibrium fractionation factor (Majoube 1971). Δ18εA–P 
based on this calculation averages −4.4 ± 2.0‰ (Fig. 9). Replacing 18 aS–V_eq in Equation (23) 
with 18 aL–V_eq to account for the occurrence of supercooled water droplets provides a better 
approximation for 18eA–P_meas (Δ18εA–P = 1.9 ± 0.9‰) (Ciais and Jouzel 1994; Bolot et al. 2013), 
thus confirming that liquid orographic clouds are the prevalent cloud species in strong updraft 
regimes at temperatures between 0 and −15 °C, such as Mt. Zugspitze (Kneifel et al. 2014; 
Lohmann et al. 2016; Lowenthal et al. 2016). Respective 17O-excessP_cal and d-excessP_cal 
deviate by 19 ± 19 per meg and 11.1 ± 4.3‰. Due to their large scatter, these values are also 
reasonably well reproduced at given uncertainty, even though d-excessP is systematically 
lower, presumably due to the different T dependencies of 2 aL–V_eq and 18 aL–V_eq. Typically, the 
orographic cloud basis is located either below or at the altitude of Mt. Zugspitze, hence we 
assume that pairs of vapor–precipitation samples are closely related. However, vapor samples 
may potentially not represent free atmospheric vapor but a mixture of atmospheric and snow 
surface vapor. We also note that the determination of *αL–V_eq does not cover T  below 0 °C and is 
therefore extrapolated for ambient conditions at Mt. Zugspitze (Horita and Wesolowski 1994).
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The evolution of * RA (Fig. 10) is based on Monte Carlo simulations (n = 500) for 
Equations (11) and (13), using a * RW0

 of ocean surface with dDW0 
= 0‰, d17OW

0
= –0.005‰, 

and d18OW0 
= 0‰. Modeling parameters (source h, Ta, * adiff,  

*αL–V_eq) were approximated from 
HYSPLIT air trajectory reanalysis (see Table S8 for details). * adiff is corrected for air turbulence 
by Equation (9) with an average n = 0.26 (Merlivat and Jouzel 1979; Luz and Barkan 2010). 
The range of observed δ18OA is well reproduced for fres between 0.5 (days of relatively warm 
Ta) and 0.15 (days of lower Ta). Higher δ18OA is found in vapor from warmer air masses and 
lower δ18OA in vapor provided by cold air (Fig. 8), indicating a distillation effect that is also in 
agreement with the HYSPLIT output for specific humidity. This observation is also confirmed 
by regression analysis of δ18OA vs. Ta (Table 1). A change from a warmer (25 °C) to a cooler 
(10 °C) vapor source would shift δ18OA according to the change in equilibrium fractionation 
during vapor formation (Fig. 10, blue arrows), which is only a minor effect compared to that 
of relative condensation loss from the air parcel. The variability in 17O-excessA is controlled 
by ambient h and wind turbulence (n) at the moisture source (e.g., Uemura et al. (2010); Uechi 
and Uemura (2019)). The magnitude of initial d-excessA is, in contrast, additionally controlled 
by surface temperature at the source, resulting from the different T dependency of 2αL–V_eq 

Figure 9. Difference between measurement data of precipitation samples and predicted isotopic composi-
tion of precipitation (Δ18εA–P). Values are calculated with 18αL–V_eq (solid black squares and line, Horita 
and Wesolowski 1994) and 18αS–V_eq (solid red squares and line, Majoube 1971).

Parameter δ18O 17O-excess d-excess

  slope SE R2 slope SE R2 slope SE R2

Vapor (total)

Ta 0.52 0.11 0.47 −0.81 0.48 0.11 −0.01 0.20 0.00

h −1.46 4.36 0.00 14.53 13.79 0.05 −12.14 4.82 0.22

Vapor (February)

Ta 0.70 0.18 0.51 −1.50 0.70 0.25 0.05 0.40 0.00

h 5.27 5.31 0.07 2.66 5.31 0.00 −20.80 6.17 0.45

Vapor (May)

Ta 0.51 0.24 0.40 −1.78 0.98 0.32 −0.04 0.19 0.01

h −12.49 5.90 0.39 44.65 24.06 0.33 4.36 4.33 0.13

Precipitation (total)

Ta 0.21 0.17 0.06 0.03 0.50 0.00 −0.51 0.31 0.18

h 4.70 5.69 0.03 −27.08 15.23 0.12 −12.26 11.02 0.09

Table 1. Regression analysis (slope, standard error (SE), and coefficient of determination (R2) of 
δ18O, 17O-excess, and d-excess in vapor and precipitation samples vs. meteorological parameters (left 

column): Air temperature (Ta) and relative humidity (h).
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and 18αL–V_eq, and 
2

18




diff

diff
(Horita and Wesolowski 1994; Luz et al. 2009). Although the range 

of δ18OA may be successfully modeled by continuous vapor distillation to a reasonable degree, 
high 17O-excessA and d-excessA values are not reproduced. Variation of from n = 0.26 to 
n = 0.33 do not sufficiently increase 17O-excessA and d-excessA values (Fig. 10, red arrows). 
Lower h over the ocean might also elevate initial 17O-excessA and d-excessA, but h < 0.6 
is unlikely for given oceanic moisture sources (Pfahl and Sodemann 2014). Consequently, 
Rayleigh distillation alone may not explain the observation.

Moisture pathways and air trajectory modeling. Reanalysis of air trajectories provides 
important information on atmospheric pathways and potential moisture sources (Pfahl and 
Wernli 2008; Vogelmann et al. 2015; Yu et al. 2015; Uechi and Uemura 2019). Atmospheric 
transport to Mt. Zugspitze is determined by three patterns: (i) Long-range transport from 
North America, (ii) long-range transport from Northern Africa, and (iii) stratospheric deep 
intrusions (Hausmann et al. 2017). We modeled 240 h back-trajectories (including Ta and 
specific humidity) using the NOAA HYSPLIT software package and GDAS reanalysis data 
sets (available at ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1) (Stein et al. 2015). Since the 
higher resolution record (0.5° grid) is incomplete, we use datasets of 1.0° spatial resolution for 
modeling. According to previous studies we use altitudes of 1,900 to 2,200 m above ground 
level (m a.g.l.) to approximate the low-level troposphere (3,000 m a.s.l.) at Mt. Zugspitze 
(Trickl et al. 2010; Vogelmann et al. 2015) and identify two source patterns: The Central 
Atlantic, between N 30° and N 50° for warmer air, and the Nordic Sea providing cold air 
(Fig. 11). These patterns are also in agreement with general moisture pathways that were 
determined for the Northern Alps by Sodemann and Zubler (2010). Analysis of specific 
humidity indicates low continental evaporation rates in winter with the Central Atlantic being 
identified as the predominant moisture source in February, whereas moisture uptake above 
Western and Central Europe contributes to the moisture balance in late spring.

Continental moisture recycling. Triple oxygen isotope studies of mid-latitude waters 
suggest that continental recycling may be an important local effect (Li et al. 2015; Tian et al. 
2018; Tian et al. 2019) but a rigorous demonstration has not been provided yet. It is also known 
from δD and δ18O analyses that moisture recycling plays an important role in the continental 
moisture balance (Bastrikov et al. 2014; Wei and Lee 2019). The continental vapor budget (* RA) 
is therefore balanced by the isotopic composition of initial vapor (* RA0

) and the surface vapor flux 
(* RV) with qR being the relative quantity of local, recycled moisture (Aemisegger et al. 2014):

Figure 10. Rayleigh fractionation model for initial atmospheric vapor at given source condition for 17O-
excessA vs. δ18OA (a), and for d-excessA vs. δ18OA (b). Simple Rayleigh distillation of initial oceanic vapor 
(solid frame, fres = 1) at hs = 0.8 (white) and at hs = 0.6 (gray) results in steady isotopic depletion of * RA. 
Numbers represent respective fres. Blue arrows indicate a change in Ts from 25 to 10 °C, red arrows the 
change if a wind correction exponent of n = 0.29 instead of n = 0.23 is used. Ellipsoids represent probability 
density functions for a 0.95 quantile of the Monte Carlo simulation. Black and red open symbols repre-
sent atmospheric vapor sampled in February and May at Mt. Zugspitze, respectively.
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* * *R q R q RA R A R V0
     1 (24)

The surface vapor fl ux is defi ned as:

* * *R q R q RV T V T V
T E

     1 (25)

where qR is the relative quantity of recycled vapor being contributed by plant transpiration and 
* RVT

 the corresponding isotopic ratio which is approximated by quantitative, non-fractionating 
transfer from surface water (* RW) to vapor, so that * RVT 

= * RW (Wang and Yakir 2000; Peng et 
al. 2005). It has been shown that moisture of the continental boundary layer is signifi cantly 
balanced by recycling of surface water (He and Smith 1999; Welp et al. 2012; Jasechko et al. 
2013). * RVE

is the isotopic ratio of the evaporative fl ux from surface waters and saturated soil 
(* RWi

). Figure 12 outlines the process of initial vapor formation and continental recycling.

Figure 11. HYSPLIT 240 h back trajectories (modelled for 2,200 m a.g.l. and 3 h resolution) of air masses 
arriving at Mt. Zugspitze (asterisk). Modeling is performed for both fi eld campaigns in February (a) 
and May (b). Trajectories of warmer air masses (red) suggest moisture uptake above the Central Atlantic 
Ocean, colder air masses (black) cross the Northern Atlantic and the Nordic Sea.

Figure 12. Schematic representation showing isotopic fl uxes during Rayleigh distillation with continental 
recycling: I. Initial vapor forms above the ocean surface. II. First condensate formation and precipitation. 
III (a and b). Evaporation of continental surface water, admixture of vapor, and subsequent precipitation.
Solid, black arrows indicate H2O fl uxes, gray arrows indicate mixing of residual vapor with secondary vapor.
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The results from HYSPLIT air trajectory reanalysis (see above) and previous studies 
suggest that moisture recycling above Western and Central Europe affects the balance of *RA0

 
(van der Ent et al. 2010; Sodemann and Zubler 2010). Based on the 1D-model (Fig. 12), we 
here use Equations (11), (13), (24), and (25) to calculate the evolution of atmospheric vapor,  
*

*R
Ai

(Fig. 13 a and b). Average qT = 0.7 is suggested by different previous studies for Central 
Europe (Lawrence et al. 2007; Aemisegger et al. 2014; Christner et al. 2017). Wind-induced 
turbulence (Eqn. 9) for continental evaporation is parametrized with  n = 0.5 (Dongmann et al. 
1974; Gat 1996; Haese et al. 2013). * RWi

is approximated with mean regional * Rp (February: 
δ17O ≈ –5.525‰, δ18O ≈ –10.5‰, δD ≈ –74.0‰; May: δ17O ≈ –4.199‰, δ18O ≈ –8.0‰, 
δD ≈ –54.0‰), using average precipitation over Western to Central Europe from the Online 
Isotopes in Precipitation Calculator (OIPC) (Bowen and Revenaugh 2003; Bowen 2018) with 
17O-excess being expected to be close to the average GMWL value (≈ 33 per meg).

Continental recycling shows a small increase of 17O-excessA for higher qR (Fig. 13 a), 
whereas no significant effect is visible for d-excessA (Fig. 13 b). Changing * RW of surface 
water to lower values (February) results in an according shift in δ18OA which is visibly larger 
for qR = 0.5 but does not affect both excess parameters. This may be explained by the fact 
that average surface water’s d-excessW ≈ 10‰ and, thus, lower than d-excessA of arriving 
moisture (≈ 10‰). Evaporation from surface water will elevate d-excessV in the local vapor 
flux to a degree which is not significantly different from arriving d-excessA. 17O-excessW in 
surface water, on the other hand, is already comparably high to 17O-excessA in the arriving air 
parcel. Re-evaporation elevates 17O-excessV in the vapor flux and induces a positive shift in the 
resulting mixed vapor. Since typical qR is below 0.2 during winter and spring in Western and 
Central Europe, the uncertainty in * RW may be neglected here (Trenberth 1999; van der Ent et 
al. 2010). However, an accurate estimate will be more critical when recycling is balanced for 
summer months and intensive evaporation elevates qR and significantly alters * RW.

Vapor contribution from a local evaporation. Considering the above findings, recycling 
over continental Europe may probably explain some increase in 17O-excessA and should be 
accounted for in the total balance but is not sufficient to explain high 17O-excessA and d-excessA 
found in atmospheric vapor at Mt. Zugspitze. Even at low continental h = 0.6 and qR = 0.5—as 
used in this model—only a minor increase in 17O-excessA would result from this process. 
The effect on d-excessA is even smaller. This is mainly due to the fact that transpiration by 
vegetation (qT = 0.7) effectively diminishes fractionation of surface water during continental 
vapor formation. Much larger effects may be expected when vapor is formed from open water 
surfaces or saturated soil. However, the range of 17O-excessA modeled with low qR is in good 
agreement with 17O-excess ranging from 14 to 27 per meg in natural water data reported 
for low altitudes in Western and Central Europe (Luz and Barkan 2010; Affolter et al. 2015; 
Alexandre et al. 2019). Our results also show that modeling with qR = 0.5 provides sufficiently 
high 17O-excess (~40 per meg) to explain elevated values in precipitation as reported for 
Northwestern U.S. (Li et al. 2015) or inland China (Tian et al. 2019).

Even though the recycling ratio (qR) is relatively small for Western and Central Europe at 
lower altitudes, evaporative loss from local snow cover provides significant vapor quantities 
in Alpine hydrological balances (Froehlich et al. 2008; van der Ent et al. 2010; Schlaepfer et 
al. 2014). Evaporation may account for up to 90% of total mass loss from snow cover and is 
especially high when turbulent transport of snow is effective, i.e., at wind-exposed locations and 
high-altitude mountain ridges (Strasser et al. 2008). Ambient conditions at Mt. Zugspitze are 
characterized by high snow accumulation and wind-induced re-deposition, providing a constant 
source of fresh snow surfaces, that i) lower a potential fractionation limitation by self-diffusion 
in stagnant snow cover (Friedman et al. 1991; Schlaepfer et al. 2014), and ii) can supply a 
significant quantity of moisture from local snow cover (Kaiser et al. 2002; Froehlich et al. 2008).
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Local * RW input values for calculating the isotopic composition of the vapor fl ux are obtained 
from the average composition of the local snow cover (δ17O = –8.729‰, δ18O = –16.555‰, 
δD = –122.3‰). Both * RW calculated for February and May are identical within analytical 
uncertainty. Turbulence in the diffusive boundary layer is parametrized with n = 0.5. A slightly 
higher value of n = 0.58 is suggested for water droplets and snow particles suspended in air 
(Stewart 1975; Froehlich et al. 2008). However, it is more likely that prevailing winds induce 
steady turnover of surface snow but do not necessarily keep it in suspension. 

Isotopic fl uxes that were calculated for snow evaporation (* RV_Feb and * RV_May) only 
show a small difference (Fig. 13 c and d) that can be attributed to the different average h 
and Ta used in the calculation (February: h = 0.73 ± 0.05, Ta = −5.9 ± 3 °C; May: h = 0.67 ± 0.05, 
Ta = 1.0 ± 3 °C). The isotopic composition of local evaporation, * RV, represents the isotopic 
end-member in the local atmospheric vapor balance. Actual * RA

 of the free atmosphere results 
from mixing of * RV and the isotopic composition of vapor in the arriving air mass (Fig. 13 
c and d, gray ellipsoids). A higher recycling ratio will shift * RA towards the composition of 
* RV, whereas low qR will not change the isotopic composition of arriving vapor signifi cantly. 
This explains why peak values of 17O-excessA and d-excessA coincide with low Ta and δ18OA, 
while minimum 17O-excessA and d-excessA are associated with higher Ta and δ18OA (Fig. 8).

Figure 13. Distillation model as shown in Figure 10 but accounting for moisture recycling over Central 
Europe for 17O-excessA vs. δ18OA (a), and for d-excessA vs. δ18OA (b). Bold ellipsoids were modeled with 
average surface * RW for May. Atmospheric vapor evolves along a Rayleigh condensation path (cf. Fig. 10) 
and mixes with hypothetical quantities of qR = 0.1 (green) and qR = 0.5 (yellow) of recycled moisture that 
evaporates from surface water (* RW). Light ellipsoids indicate same vapor trends but with average * RW  for 
February. Rayleigh fractionation model for atmospheric vapor including continental moisture recycling 
with qR = 0.2 at given fres (gray ellipsoids, numbers) for for 17O-excessA vs. δ18OA (c) and d-excessA vs. 
δ18OA (d). Solid black circles represent the average isotopic composition of local snow cover. The isotopic 
compositions of local vapor fl uxes at Mt. Zugspitze (* RV) for February (blue) and May (red) vary with 
changes in h and Ta. Gray ellipsoids and open symbols represent the same Monte Carlo simulation and 
data as described in Figure 10, respectively.
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Cold air generally holds lower H2O concentrations which would, in turn, decrease the 
contribution of arriving vapor in the local vapor balance, elevating local qR and, thus, the 
imprint of the local vapor flux. Some uncertainty may arise from the fact that vapor samples 
were extracted at ~2.5 m above ground and may—due to insufficient mixing of the diffusive 
boundary layer—reflect the isotopic composition of the evaporative flux rather than free 
atmospheric vapor.

FUTURE WORK AND CONCLUSION

Future work

Analytical challenges. It was demonstrated that fluorination of H2O using a CoF3 reagent 
combined with dual-inlet mass spectrometry provides a reasonably good reproducibility 
(±5 per meg) in 17O-excess to identify small natural variations (Barkan and Luz 2005). 
Analytical errors (seen as data scatter) in δ17O and δ18O are well correlated, thus not affecting 
the precision for 17O-excess (Landais et al. 2006). A sample memory effect occurring in CoF3 
lines is evident but well corrigible (i.e., by four blind injections between samples with a 55‰ 
difference in δ18O (Barkan and Luz 2005)). Mass spectrometric analysis may be affected by 
unrecognized blanks, leaks, and scale compression. So far, two-point data normalization using 
VSMOW-2 and SLAP-2 provides an adequate correction (Schoenemann et al. 2013). Still, 
this normalization has to be extrapolated for samples exceeding δ18O = 0‰ (e.g., waters from 
arid regions), hence an isotopically enriched standard with a commonly accepted triple oxygen 
isotope composition would improve inter-laboratory comparison.

In the past years, it has been shown that cavity ring-down spectroscopy provides 
sufficiently low uncertainty for measuring natural variations in 17O-excess (Berman et al. 2013; 
Schoenemann et al. 2014; Affolter et al. 2015; Tian et al. 2018). However, water mixing by the 
autosampler syringe and water adhesion to internal surfaces of the instrument were identified 
as causes for considerably high memory effects (Berman et al. 2013 and references therein). 
Three approaches are suggested to minimize these effects: i) preconditioning with blind 
injections, ii) a mathematical memory correction, and iii) avoiding large differences in isotopic 
composition of adjacent samples (Schauer et al. 2016). In contrast to mass spectrometric analysis, 
data scatter in δ17O and δ18O is not correlated, thus increasing the uncertainty for 17O-excess 
(Berman et al. 2013). Still, the improvement of analytical protocols has demonstrated that 
optical isotope analysis may reach ± 10 per meg uncertainty providing a sample throughput 
comparable to that of isotope laboratories using the fluorination method (Schauer et al. 2016). 
In the future, these developments will be crucial for the expansion of spatial coverage and 
automated long-term observations that will be needed for a global monitoring network of triple 
oxygen isotopes in precipitation and vapor. Precise knowledge of 17O-excess in atmospheric 
vapor would e.g., be essential to constrain the evaporative fractionation in lake balance models 
(Gázquez et al. 2018; Surma et al. 2018; Voigt et al. 2020) and to improve the performance of 
general circulation models (Steen-Larsen et al. 2016).

Modeling of cloud processes and global transport. In order to improve the understanding 
of 17O-excess distribution in precipitation and vapor across the globe, adequate prediction using 
isotope-enabled general circulation models (GCM) is inevitable. The fractionation of water 
isotopologues (including H2

17O) was implemented into the LMDZ GCM and extensively tested 
for variations along latitudinal gradients and seasonal variations (Risi et al. 2013). Accounting 
for evaporative conditions, Rayleigh distillation, tropospheric vapor mixing, and rain re-
evaporation the authors have shown that the sensitivity of 17O-excess to evaporative conditions 
is apparently underestimated by the model. Schoenemann and Steig (2016) also demonstrated 
that intermediate complexity modeling (ICM) which accounts for seasonal climatological cycles 
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(i.e., relative humidity, sea surface temperature, sea ice extent, evaporation, precipitation rate) 
and diffusivity during low temperature precipitation, captures 17O-excess variations observed in 
Antarctic precipitation. The authors show that variable moisture source conditions alone cannot 
explain large seasonal at Vostok/East Antarctica, stressing the importance of local temperature 
effects on snow formation. It is suggested to apply additional corrections for snow sublimation 
and ‘diamond dust’ (clear-sky precipitation) input in interior Antarctica (Casado et al. 2018; 
Miller 2018; Pang et al. 2019). Improving these parametrizations and the understanding of 
advection processes during poleward transport of moisture will be critical for triple oxygen 
isotope based GCM simulations of past climate (e.g., Cauquoin et al. 2019a,b).

In order to improve GCM estimates on spatio-temporal 17O-excess distribution in vapor 
and precipitation, the coverage of measurements should be drastically improved to provide a 
profound basis for GCM vs. observation evaluations (Risi et al. 2013; Steen-Larsen et al. 2016). 
Better knowledge of equilibrium and diffusive solid–vapor fractionation at low temperatures 
will be necessary to improve GCM capabilities in polar regions. Adequate integration of 
evaporation from soils and plants will be essential to provide robust estimates on continental 
moisture recycling (Gat and Matsui 1991; Aemisegger et al. 2014).

Mineral–water systems. 17O-excess studies of ice core records have shown that 17O-excess 
is a valuable tracer for paleoclimate reconstruction (Guillevic et al. 2014; Landais et al. 2018). 
However, ice records are mostly restricted to polar areas, emphasizing the need of other triple 
oxygen isotope records in low- and mid-latitude regions. Recent publications demonstrate 
a several mineral–water systems that show the capability to capture triple oxygen isotope 
compositions of ambient water by direct equilibration with mineral-bound oxygen or in 
hydration water and fluid inclusions.

Speleothems provide a unique climate archive with high temporal resolution for low- and 
mid-latitudes since they are known to reflect the isotopic composition of regional precipitation 
(e.g., Bar-Matthews et al. 1996). 17O-excess in meteoric water that was reconstructed from 
speleothem carbonates is in good agreement with actual precipitation measurements and 
show significant regional differences between sampling sites (South American and Asian 
monsoon regions, eastern Mediterranean, China, and Central Asia). The authors explain 
these variations to different moisture source conditions of regional precipitation (Sha et al. 
2020). However, reconstructed moisture source humidity remains mostly constant in those 
records during glacial-interglacial transitions. Affolter et al. (2015) also present a method for 
direct 17O-excess measurements on fluid inclusions in speleothem samples, providing a more 
direct estimate of paleo precipitation without requiring accurate constraints on the isotopic 
fractionation between water and calcite (Bergel et al. 2020; Fosu et al. 2020; Voarintsoa et al. 
2020). However, this approach requires larger sample amounts (0.5–1.5 g of carbonate).

Authigenic lake minerals that form in equilibrium with ambient waters provide another 
valuable tracer for 17O-excess reconstruction. It was shown shown that isotopic compositions 
of parent water bodies (i.e., lakes and ponds) can be precisely reconstructed by liberation and 
analysis of gypsum hydration water, and accurate knowledge of triple oxygen fractionation 
between the structurally bonded and the ambient water (Gázquez et al. 2015, 2017; Herwartz et 
al. 2017). Quantitative estimates on local relative humidity changes were made by combining 
this approach with d-excess measurements to natural samples from lakes in arid regions 
(Evans et al. 2018; Gázquez et al. 2018). Recent studies also reveal that 17O-excess in lake 
carbonates reflects the isotopic composition of parent water bodies and primary catchment 
precipitation (Passey et al. 2014; Passey and Ji 2019; Passey and Levin 2021, this volume). 
It is also suggested that additional analysis of ‘clumped isotopes’ (Δ47) is valuable to improve 
back-projection modeling of parent waters by adding constraints on the carbonate formation 
temperature (Ghosh et al. 2006; Passey and Ji 2019).
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Analysis of triple oxygen isotopes in fine-grained and clay-rich sediments by Bindeman et 
al. (2019) has also shown that integrated isotope signals of regional precipitation are captured 
in weathering products of bedrock. Using appropriate fractionation factors for water–clay 
equilibrium (Bindeman et al. (2019) and references therein) and a model for back-projection 
of water, mean annual temperatures can be reconstructed. Another application of this approach 
is the reconstruction of a paleo-GMWL based on the analysis of shales and clay minerals 
(Bindeman 2021, this volume).

Landais et al. (2006) have demonstrated that δ17O–δ18O variations in plant leaf water 
follow a transpiration fractionation trend (λtransp) which is distinctively lower than equilibrium 
fractionation of water and that λtransp is controlled by ambient relative humidity. Recent studies 
have shown that phytoliths (amorphous silica microstructures in plants) reflect the triple oxygen 
isotope composition of leaf water (Alexandre et al. 2018; Alexandre et al. 2019).Assuming 
constant triple oxygen isotope fractionation between silica and leaf water (θPhyto–LW = 0.521), 
this approach may provide a unique tracer for paleo-humidity. However, it has yet to be proven 
that θPhyto–LW is climate independent and can thus be applied for reconstructing paleo-leaf 
water. If so, reconstructed leaf water could provide e.g., insights into humidity conditions and 
the triple oxygen isotopic composition of plant CO2 (Alexandre et al. 2019).

Water–rock interaction and bedrock re-equilibration also provide valuable hydrological 
information for geological periods (i.e., the Precambrian) where other records are rare 
(Herwartz 2021, this volume). Zakharov et al. (2019b) show that regional meteoric water can 
be reconstructed from triple oxygen isotope mixing patterns found in Icelandic metamorphic 
rocks. In studies this approach was used to reconstruct the average δ18O continental ice during 
Paleoproterozoic global glaciations (Herwartz et al. 2015; Zakharov et al. 2019a). Modeling 
the isotopic balance for water–rock interaction of Precambrian cherts provides key information 
on the isotopic composition of the ancient ocean (Sengupta and Pack 2018; Liljestrand et al. 
2020; Zakharov et al. 2021, this volume).

Conclusion

Significant improvement of analytical techniques during the last two decades has triggered the 
use of triple oxygen isotopes in the hydrological cycle, the investigation of underlying fractionation 
mechanisms, triple-O-based climate reconstructions, and the comprehension of hydrological 
processes. A major achievement is understanding the global distribution of triple oxygen isotopes 
which is described by δ′17O = 0.528 ⋅ δ′18O + 0.033‰ and referred to as the GMWL.

Essential isotope fractionation processes operating on the global scale include equilibrium 
evaporation, diffusion of water vapor, and vapor condensation. Though, diffusion and the 
Craig and Gordon model are well established for δD and δ18O, the accurate determination of 
triple oxygen isotope fractionation factors describing the 17O/16O and 18O/16O distribution for 
dominating processes marks a major breakthrough. Processes that involve diffusive fractionation, 
such as evaporation or snow formation at low temperatures produce trends that deviate from this 
relationship and which are found in extreme environments like remote polar regions (low δ18O) 
or hyper-arid deserts (high δ18O). However, also waters that fall in the range of intermediate δ18O 
values (e.g., mid-latitude precipitation) form local δ′17O–δ′18O trends that deviate from overall 
GMWL

17 = 0.528 and reflect re-evaporation of rain droplets or continental moisture recycling. 

The temperature independent 17O-excess parameter is a useful, complementary tool in 
addition to traditional d-excess for the stable isotope-based assessment of hydrological processes, 
paleoclimatology and paleohydrology. Its sensitivity to diffusive fractionation makes it a valuable 
tracer for (paleo-)humidity conditions and locations of moisture source regions. However, it has 
been demonstrated that second order effects such as distillation at low temperatures and re-
evaporation of rain droplets may systematically lower the 17O-excess in the final precipitate.
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Similar to the use of d-excess in arid regions, 17O-excess is used for hydrological balancing 
of evaporative water bodies. Combining both parameters results in a better understanding and 
parametrization of environmental conditions. The use of lake balance models and adequate 
constraints of boundary conditions (isotopic composition of inflowing water and atmospheric 
vapor, wind regime) provides valuable estimates on humidity conditions in arid regions. 
Analysis of authigenic minerals from lake bodies also demonstrates the potential of 17O-excess 
for paleoclimate applications.

Studies of precipitation in mid-latitudes suggest that elevated 17O-excess in continental 
interior cannot be explained by the above-mentioned effects and result from moisture recycling 
along air trajectories. In this work we demonstrate that 17O-excess of atmospheric vapor provides 
valuable information on continental moisture recycling. However, no data on triple oxygen 
isotopes in continental vapor from mid-latitudes were available so far to obtain systematic 
constraints on this effect.

The investigation of moisture recycling would be greatly improved with larger datasets on both, 
precipitation records and atmospheric vapor. Measurements of 17O-excess in atmospheric vapor in 
a high temporal resolution will be necessary to improve the understanding of local meteorological 
effects on local evaporative fluxes and, thus, the isotopic balance of H2O in the atmosphere. 
Triple oxygen isotope analysis holds large potential to constrain isotopic estimates for land-locked 
water reservoirs that are balanced by local evaporation and sublimation to a large extent.
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