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A B S T R A C T   

The new excess term of the triple oxygen isotope composition in meteoric water, expressed as Δ′17O, is conceived 
to track the component of kinetic fractionation in the water cycle, much like the traditional deuterium excess (d- 
excess) based on dual hydrogen and oxygen isotope compositions. Here, we use theoretical models to investigate 
the common and distinct features of variations in these two parameters that result from isotopic fractionation in 
each step of the water cycle. The objective is to demonstrate their different responses and sensitivities to 
hydroclimate processes and to explore an interpretive framework based on paired precipitation d-excess and 
Δ′17O data. 

For oceanic evaporation as the first step of the water cycle, both models and observations suggest that the d- 
excess and Δ′17O of oceanic evaporation fluxes commonly respond to relative humidity as well as boundary-layer 
aerodynamics and isotopic gradients at the site of evaporation, reflecting similar moisture source information on 
short timescales. As the isotopic signal of oceanic vapor is transmitted to precipitation, d-excess and Δ′17O show 
distinct non-conservative behaviors in condensation and Rayleigh distillation, which result in decoupling be-
tween d-excess and Δ′17O in precipitation. This decoupling is particularly pronounced when the degree of 
distillation is small. Additionally, we develop a new model to show that the interaction between vapor mixing 
and distillation causes lower Δ′17O in precipitation than in the case of Rayleigh distillation without the presence 
of external vapor sources, whereas only minimal effects are observed in d-excess. Furthermore, we find that 
precipitation Δ′17O has a relatively higher sensitivity than d-excess to terrestrial evaporation-dominated mois-
ture recycling and re-evaporation of raindrops in light rains. Finally, we develop stochastic model simulations to 
show that the idealized Rayleigh distillation model modified to incorporate the raindrop re-evaporation/ 
equilibration and vapor mixing is sufficient to reproduce the observed patterns in the relationships among 
δ18O, d-excess, and Δ′17O in precipitation. 

This forward-looking review built on the analysis of theoretical models highlights new opportunities in 
leveraging the joint information from precipitation d-excess and Δ′17O data to fingerprint water cycle processes 
at a range of spatiotemporal scales. However, we also emphasize the challenges associated with these complex 
and opaque tracers, which aggregate multiple fractionation steps within the water cycle. We suggest that site- 
specific, multiple-year 12 monthly means of paired precipitation d-excess and Δ′17O data are most useful to 
disentangle their complex controls. This effort will provide a mechanistic basis for future applications of triple 
oxygen isotope techniques in geological records for paleo-reconstructions.  
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1. Introduction 

Stable isotopes of meteoric water are powerful tracers for the at-
mospheric water cycle (Dansgaard, 1964; Gat, 1996). Globally, the 
hydrogen and oxygen isotope compositions of precipitation, δ2H and 
δ18O,1 vary in a ratio of about 8:1, reflecting the dominance of mass- 
dependent equilibrium fractionation in the atmospheric water cycle 
wherein heavy isotope species are preferentially removed from water 
vapor by continuous cooling and distillation (Dansgaard, 1964). The 
second-order deuterium excess (d-excess) parameter, defined as δ2H – 8 
× δ18O, was developed to relate the small deviation from the linear 
δ2H–δ18O reference relationship to the component of kinetic fraction-
ation and has a global average value of 10‰ (Craig, 1961; Dansgaard, 
1964). Variations in precipitation d-excess may result from an array of 
hydroclimate processes including oceanic evaporation into the unsatu-
rated atmosphere at the moisture source (Merlivat and Jouzel, 1979), 
terrestrial moisture recycling in vapor transport (Gat and Matsui, 1991; 
Gat et al., 1994), and local raindrop re-evaporation within unsaturated 
air columns (Stewart, 1975) or snow formation in supersaturated envi-
ronments (Jouzel and Merlivat, 1984). Overall, precipitation d-excess 
data provide constraints to fingerprint the vapor source conditions and 
other regional or local modifications, and aid in a thorough under-
standing of water cycle dynamics with potential applications in a range 
of topics. However, until now, an accurate and quantitative interpreta-
tion of d-excess data has been challenging as there are multiple frac-
tionation steps in the water cycle (Xia et al., 2022). 

Recent advances in high-precision triple oxygen isotope measure-
ments allow for distinguishing the tiny mass-dependent partitioning 
between 17O and 18O (Barkan and Luz, 2005; Schauer et al., 2016). The 
excess term of 17O in meteoric water, namely Δ′17O as recommended by 
Aron et al. (2021), is defined as: δ′17O – 0.528 × δ′18O, with δ′ = ln(δ +
1), typically reported in per meg (Meijer and Li, 1998; Miller, 2002; 
Barkan and Luz, 2007). Here, 0.528 is the reference slope (λ) defined by 
average meteoric water in the δ′17O vs. δ′18O space (Luz and Barkan, 
2010), analogous to the slope of 8 in the definition of d-excess. Both 
theory and experiments indicate that δ′17O and δ′18O shift by a ratio of 
θeq = 0.529 in equilibrium fractionation of water phase change (Barkan 
and Luz, 2005) and a ratio of θdiff = 0.518 in kinetic fractionation of 
water vapor diffusion through the air2 (Barkan and Luz, 2007). These 
ratios that describe the power law of mass-dependent partitioning be-
tween 17O and 18O can be viewed as constants for the range of Earth’s 
surface temperature (Van Hook, 1968; Landais et al., 2012b; Hellmann 
and Harvey, 2020). From above, the Δ′17O represents the deviation from 
the linear δ′17O–δ′18O reference relationship primarily related to kinetic 
fractionation (i.e., θdiff = 0.518 relative to a reference slope of 0.528), 
analogous to d-excess (Angert et al., 2004; Barkan and Luz, 2007; Luz 
and Barkan, 2010). In addition to applications in ice core-based paleo-
climate reconstructions (Landais et al., 2008; Landais et al., 2018; Steig 
et al., 2021), the major interest in Δ′17O arises from the prospect that it 
can be measured in many oxygen-containing geological materials as a 
novel proxy to reconstruct the ancient water cycle under different tec-
tonic and climatic conditions (Passey et al., 2014; Chamberlain et al., 

2020; Sha et al., 2020; Kelson et al., 2022), whereas the d-excess can 
rarely be determined except in ice-core records, ancient groundwater, or 
structurally-bonded water. To this end, there is a need to establish the 
patterns and drivers of Δ′17O variations in modern meteoric water from 
the rapidly growing database of measurements (Aron et al., 2021; Surma 
et al., 2021; Aron et al., 2023). 

First assessments on the applicability of Δ′17O have pointed out that 
the Δ′17O of oceanic evaporation fluxes is only affected by relative hu-
midity (RH) above the ocean surface, and unlike d-excess, is minimally 
affected by sea surface temperature (SST), due to their different re-
sponses to temperature-dependent equilibrium fractionation (Angert 
et al., 2004; Landais et al., 2008). This distinction implies that these two 
parameters contain complementary information in tracking moisture 
source conditions and suggests that combined measurements of d-excess 
and Δ′17O in polar ice cores have the potential to provide independent 
records of oceanic temperature and humidity variations in the past 
(Angert et al., 2004; Landais et al., 2008; Uemura et al., 2010; Landais 
et al., 2012b). However, it has also been shown that polar precipitation 
Δ′17O is strongly affected by local supersaturation conditions at low 
temperatures during snow formation, and that Δ′17O data, when com-
bined with paired d-excess data, are more useful to constrain the elusive 
microphysics of mixed-phase and ice clouds (Angert et al., 2004; Win-
kler et al., 2012; Schoenemann et al., 2014). In non-polar regions, 
studies show continental-scale spatial variations in precipitation Δ′17O 
that are likely controlled by region-specific factors, with lower Δ′17O 
values linked to raindrop re-evaporation or mixing and higher Δ′17O 
values linked to terrestrial moisture recycling (Li et al., 2015; Tian et al., 
2019). Other studies have collected daily or monthly precipitation 
samples at individual sites to establish the seasonal patterns in precip-
itation Δ′17O and explore their drivers based on the simple correlation 
between Δ′17O and meteorological factors (e.g., Landais et al., 2010; 
Tian et al., 2018; Uechi and Uemura, 2019; Giménez et al., 2021; He 
et al., 2021). Recently, Aron et al. (2023) derived an extensive precip-
itation dataset in the conterminous US and showed a consistent pattern 
of higher Δ′17O in winter and lower Δ′17O in summer. 

Despite the progress to date, few studies explore in depth the 
connection between d-excess and Δ′17O in non-polar regions where their 
controls are complex (Landais et al., 2010; Xia, 2023; Aron et al., 2023). 
Previous studies have found that the positive correlation between paired 
precipitation d-excess and Δ′17O data appears to be very weak or non- 
existent (Li et al., 2015; Tian et al., 2018; Aron et al., 2021; He et al., 
2021). From a theoretical perspective, d-excess and Δ′17O are similar 
parameters, increasing or decreasing in tandem by kinetic fractionation, 
a fact that has been well described (Uemura et al., 2008; Landais et al., 
2010; Uemura et al., 2010; Li et al., 2015; Surma et al., 2018; Bershaw 
et al., 2020; Aron et al., 2021). However, much less attention has been 
placed on their different responses and sensitivities to a combination of 
equilibrium and kinetic fractionation in each step of the water cycle, 
which may give rise to distinct variations in precipitation d-excess and 
Δ′17O (Risi et al., 2013). Furthermore, both d-excess and Δ′17O have 
complex controls because their numerical values measured in precipi-
tation samples are composite signals aggregated by multiple fraction-
ation steps (Xia et al., 2022; Aron et al., 2023). 

In this contribution, we use theoretical models to decompose the 
common and distinct features of variations in d-excess and Δ′17O that 
occur in each step of the water cycle (Fig. 1a). Section 2 focuses on 
oceanic evaporation. Section 3 focuses on condensation (including snow 
formation), Rayleigh distillation, and vapor mixing. Section 4 focuses on 
terrestrial moisture recycling and raindrop re-evaporation. We charac-
terize the relationship between the shift in d-excess and the shift in 
Δ′17O induced by a particular process, which are denoted as Δ(d-excess) 
and Δ(Δ′17O), respectively, as illustrated in the conceptual diagram 
Fig. 1b. Kinetic fractionation in simple diffusional transport of water 
vapor is supposed to result in the ratio of the shift in Δ′17O to the shift in 
d-excess, Δ(Δ′17O)/Δ(d-excess), of about 1.4 per meg/‰ (Appendix A), 
based on the diffusivities of different isotope species (Merlivat, 1978; 

1 The δ notation is defined as δ = (Rs/Rstd – 1), typically reported in per mille, 
where Rs and Rstd are the molar ratio of 2H/1H, 17O/16O, or 18O/16O in the 
sample and Vienna Standard Mean Ocean Water (VSMOW) standard, respec-
tively. For inter-laboratory comparisons of triple oxygen isotope measurements 
and in order to account for instrument-specific scale compression effects, δ18O 
and δ17O data are normalized to both VSMOW and Standard Light Antarctic 
Precipitation (SLAP). Schoenemann et al. (2013) provided a widely accepted 
framework for data normalization.  

2 The θ notation describes the ratio of mass-dependent fractionation between 
17O/16O and 18O/16O as 17α = (18α)θ (Angert et al., 2003), where 17α and 18α are 
their fractionation factors, respectively, which can be either equilibrium or 
kinetic fractionation factor. 
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Barkan and Luz, 2007). In the atmospheric water cycle, kinetic frac-
tionation occurs in a more complex manner, often in company with 
equilibrium fractionation, and this ratio becomes variable. A higher 
ratio indicates a relatively larger magnitude of shift—or a more sensitive 
response—in Δ′17O than in d-excess, shown as Scenario 2 compared to 
Scenario 3 (Fig. 1b). In addition, a large shift in Δ′17O may occur with a 
negligible shift in d-excess and a negligible shift in Δ′17O may occur with 
a large shift in d-excess, as shown in Scenarios 1 and 4, respectively 
(Fig. 1b). These four scenarios are examples to illustrate the different 
responses and sensitivities of d-excess and Δ′17O that we aim to distin-
guish, in order to develop an interpretive framework for leveraging the 
joint information from d-excess and Δ′17O data in fingerprinting water 
cycle processes. In Section 5, we conduct a data-model comparison 
analysis to understand the skill of theoretical models in reproducing the 
observed patterns in precipitation d-excess and Δ′17O variations. 
Finally, in Section 6, we discuss the implications of these new analyses 
and offer several perspectives on d-excess and Δ′17O. 

2. Oceanic evaporation 

Surface evaporation from oceans is the ultimate origin of atmo-
spheric water vapor and responsible for the average d-excess value in 
global precipitation (Dansgaard, 1964; Merlivat and Jouzel, 1979). 
Changes in evaporation source conditions, including factors like SST, RH 
above the ocean surface, aerodynamic condition, and the isotopic 
composition of boundary layer vapor, affect the d-excess of oceanic 

evaporation fluxes that is transmitted to the free troposphere and then 
precipitation over continents through vapor transport and condensation 
(Merlivat and Jouzel, 1979; Johnsen et al., 1989; Pfahl and Sodemann, 
2014; Aemisegger and Sjolte, 2018). These controls have been well 
described by the oceanic evaporation model introduced by Craig and 
Gordon (1965). In this model, kinetic fractionation occurs in the diffu-
sional transport of water vapor across a laminar layer between the 
liquid-air interface below and the turbulent atmosphere above. The ki-
netic fractionation factor can be empirically represented by the ratio of 
diffusivity (Pfahl and Wernli, 2009). The isotopic composition of the 
oceanic evaporation flux (Xδoe) follows: 

Xδoe(‰)=

(
X D

′

X D

)m
[(

Xαl− v
eq

)− 1( Xδo+1000
)
−
( hs

100

)( Xδa+1000
)
]

1−
( hs

100

) − 1000, (1)  

where XD’/ XD is the ratio of diffusion coefficients of the heavy over the 
light isotope species, m is the aerodynamic exponent, Xαeq

l− v is the liquid- 
vapor equilibrium fractionation factor at SST (>1), Xδo and Xδa are the 
isotopic compositions of ocean water (assumed as 0‰, but available 
data from Luz and Barkan (2010) indicate slightly negative Δ′17O values 
in modern ocean water) and boundary layer vapor (in ‰), respectively, 
and hs is the oceanic RH (in %; “oceanic” stresses that RH is normalized 
to saturation vapor pressure at SST). In this paper, X denotes the indi-
vidual heavy isotope species (2 for 2H, 18 for 18O, 17 for 17O). 

For simplicity, the closure assumption is often applied to the model, 

Fig. 1. (a) The schematic of water cycle processes that are relevant for understanding d-excess and Δ′17O behavior. (b) The conceptual diagram on the relationship 
between the shifts in d-excess and Δ′17O (yellow dots are the isotopic compositions before and after the shifts). Four scenarios are considered: (1)—a large shift in 
Δ′17O with a negligible shift in d-excess; (2)—shifts in both Δ′17O and d-excess; (3)—shifts in both Δ′17O and d-excess but with a lower slope compared to (2); and 
(4)—a large shift in d-excess with a negligible shift in Δ′17O. These shifts are denoted as Δ(d-excess) and Δ(Δ′17O). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Z. Xia et al.                                                                                                                                                                                                                                      



Earth-Science Reviews 242 (2023) 104432

4

meaning that boundary layer vapor is only supplied by evaporation 
fluxes (Merlivat and Jouzel, 1979; Aemisegger and Sjolte, 2018), i.e., 
Xδoe =

Xδa. Then, the following expression is derived: 

Xδoe (‰) =

(
Xαl− v

eq

)− 1(X D
′

X D

)m( Xδo + 1000
)

1 −
( hs

100

) [
1 −

(
X D

′

X D

)m ] − 1000. (2) 

The values of Xαeq
l− v and XD’/ XD are provided in Appendices A and B. 

The aerodynamic exponent can be expressed as m ≈ n × Θ, where n 
expresses the ratio of diffusional over turbulent transport in the laminar 
layer and Θ expresses the extra effect of turbulence in the turbulent 
atmosphere (Gat, 1996; Pfahl and Wernli, 2009). For open oceans, Θ =
0.5 and n = 0.5 are reasonable values (Gat, 1996), so that m = 0.25, but 
there is no consensus. Other studies have determined the empirical 
values of (XD’/ XD)m, referred to as the kinetic fractionation factor of 
evaporation, without explicitly calculating m values, although back- 

calculated m values are close to 0.25 (Merlivat and Jouzel, 1979; 
Pfahl and Wernli, 2009; Uemura et al., 2010). Qualitatively, a higher or 
lower m value can be thought of as a smoother (low wind speed) or 
rougher (high wind speed) surface regime above oceans, respectively 
(Merlivat and Jouzel, 1979; Benetti et al., 2014). 

Here, given a range of SST from 0 ◦C to 30 ◦C and oceanic RH from 
20% to 110%, Eq. (2) is used to calculate the d-excess for each combi-
nation of SST and oceanic RH, and then a multiple linear regression is 
derived as: d-excess (‰) = − 0.50 × hs + 0.35 × SST + 42. This 
formulation suggests that both SST and oceanic RH affect the d-excess of 
oceanic evaporation fluxes if other m values and the validity of the 
closure assumption are not considered. This is the basis for the use of d- 
excess as a proxy for moisture source regions and conditions on long 
timescales in ice core-based paleoclimate reconstructions, in which most 
studies interpret d-excess records as reflecting SST variations at the 
moisture source, considering that oceanic RH is found to vary little in 

Fig. 2. The effect of oceanic evaporation. (a) The scatter plot between oceanic vapor d-excess and oceanic RH based on data from three studies compiled by Pfahl and 
Sodemann (2014) with their ordinary least square regression (thick black line) line and 2σ prediction interval (thin black lines). These data are compared with model- 
based predictions, including the green bar that shows the range of variability when SST is between 0 ◦C and 30 ◦C, blue dashed lines when aerodynamic exponent m is 
0.15 or 0.35 (SST = 15 ◦C), and red dashed lines when the d-excess of the boundary layer vapor is assumed to be 10‰ higher or lower than that of the oceanic 
evaporation flux (SST = 15 ◦C). (b) The scatter plot between oceanic vapor Δ′17O and oceanic RH from data from Uemura et al. (2010) after rescaling according to Li 
et al. (2015). The gray lines show the 2σ prediction interval after the analytical error is discounted using inverse error propagation. Other information is the same as 
(a) except those red dashed lines, which result from assuming that the Δ′17O of the boundary layer vapor is 14 per meg high or lower than the oceanic evaporation 
flux. (c) The scatter plot between regression residuals of paired oceanic vapor Δ′17O and d-excess data from the Southern Ocean (Uemura et al., 2008; Uemura et al., 
2010). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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simulations of coupled general circulation models (GCMs) (Vimeux 
et al., 1999; Stenni et al., 2001; Markle et al., 2017). 

Recently, Pfahl and Sodemann (2014) used observational data to 
argue that oceanic RH is the main driver of oceanic vapor d-excess, at 
least on seasonal timescales with an empirical linear relationship as: d- 
excess = − 0.54 × hs + 48.2 (Fig. 2a). Their compiled data indicate that 
SST, which features smaller variability on synoptic and seasonal time-
scales compared to oceanic RH, does not affect the d-excess of oceanic 
evaporation fluxes as strongly as oceanic RH. We also find that including 
SST as an independent variable increases the coefficient of determina-
tion very little compared to using oceanic RH only (R2 from 0.80 to 
0.81). The linear regression between d-excess and oceanic RH from 
observations is in good agreement with the space of model predictions 
based on the closure assumption, although the scattering of data points 
(as indicated by the 2σ prediction interval of the regression line) is wider 
than the d-excess variability driven by the SST effect alone (Fig. 2a). The 
formulation of a simple linear relationship between d-excess and oceanic 
RH has been supported by other more extensive studies on stable iso-
topes of oceanic vapor with slight differences in regression coefficient 
(Benetti et al., 2014; Steen-Larsen et al., 2014). However, a more recent 
study that made use of a large observational dataset of water vapor over 
the Atlantic Ocean has derived a multiple linear regression for d-excess 
that includes both SST and oceanic RH as the independent variables 
(Bonne et al., 2019). A new analysis of global precipitation dataset also 
found that the diagnosed moisture source SST contributes to a fair 
portion of variability in precipitation d-excess (Xia, 2023). These 
together suggest that the role of SST cannot be ignored. 

For Δ′17O of oceanic evaporation fluxes, the same multiple linear 
regression is derived from Eq. (2) as: Δ′17O =− 0.72 ×hs +0.09 ×SST +60. 
The low regression coefficient for SST indicates a very weak sensitivity of 
Δ′17O to SST, with a difference of 30 ◦C in SST introducing only a < 3 per 
meg change in Δ′17O. Currently, measurements of oceanic vapor Δ′17O are 
sparse and only available in one study that still has covered a large lat-
itudinal gradient across the Southern Ocean and has paired d-excess data 
(Uemura et al., 2008; Uemura et al., 2010). Their results also suggest that an 
empirical linear relationship can be established between oceanic vapor 
Δ′17O and oceanic RH as: Δ′17O = − 0.74 × hs + 65.3 (Fig. 2b). Just like for 
d-excess, the linear regression between Δ′17O and oceanic RH in observa-
tions is in good agreement with the space of model predictions based on the 
closure assumption, i.e., Eq. (2). However, the regression has a wide 2σ 
prediction interval at about ± 15 per meg, or ± 12 per meg if the reported 
analytical error of 5 per meg (1σ) is discounted using inverse error propa-
gation (Fig. 2b), suggesting that a large proportion of Δ′17O variability is 
unexplained by oceanic RH and is unlikely driven by SST. 

From above, both models and observations at least strongly support 
that the d-excess and Δ′17O of oceanic evaporation fluxes have a com-
mon response to and are linearly correlated with oceanic RH at a scaling 
relationship of about 1.33 (0.74/0.54) per meg/‰. Still, there are other 
secondary mechanisms responsible for the variability in both d-excess 
and Δ′17O as reflected by the scattering of data points in the regression 
against oceanic RH. A further analysis reveals that regression residuals 
of d-excess and Δ′17O data from the paired isotopic measurements of 
oceanic vapor from the Southern Ocean exhibit a weak positive corre-
lation (R2 = 0.19, p = 10− 3; Fig. 2c), suggesting that there exist common 
drivers introducing additional shifts in Δ′17O and d-excess simulta-
neously that remains unexplained by oceanic RH alone. 

From a theoretical consideration, the isotopic composition of oceanic 
evaporation fluxes is additionally affected by the aerodynamic condition 
over oceans and the incorporation of water vapor from other sources 
into the boundary layer locally violating the closure assumption. To 
explore their individual effects on d-excess and Δ′17O of oceanic evap-
oration fluxes, we impose the value of aerodynamic exponent m to be 
0.15 or 0.35 to represent a relatively weaker or stronger molecular 
diffusion (Pfahl and Wernli, 2009), termed as the aerodynamic effect. 
We also extend the closure assumption by considering different isotopic 
compositions of boundary layer vapor that modulate isotopic gradients 

and thus diffusional transport of isotope species at the site of evapora-
tion (Aemisegger and Sjolte, 2018), termed as the gradient effect. This 
gradient effect is incorporated into Eq. (1) with Xδa =

Xδoe +
Xg and the 

following is derived: 

Xδoe (‰) =

(
Xαl− v

eq

)− 1(X D
′

X D

)m( Xδo + 1000
)
−
( hs

100

) (X D
′

X D

)m
Xg

1 −
( hs

100

) [
1 −

(
X D

′

X D

)m ] − 1000, (3)  

where Xg is the instantaneous isotopic offset between boundary layer 
vapor and oceanic evaporation fluxes for heavy isotope species X (in ‰). 
If Xg > 0‰, the boundary layer vapor has a relatively higher δ-value than 
the oceanic evaporation flux rather than being equal. This feedback 
results in a relatively lower δ-value of the oceanic evaporation flux 
compared to the case of the closure assumption. We apply Eq. (3) by 
setting 2g = 10‰ or − 10‰ and 17g = 0.014‰ or − 0.014‰, meaning 
that there is a positive or negative gradient of 10‰ for d-excess and 14 
per meg for Δ′17O when the evaporation flux diffuses upward into the 
free troposphere, while the closure assumption is maintained for δ18O. 
The violation of the closure assumption, in reality, is often related to 
phenomena such as subsidence or lateral advection of water vapor and 
affects δ18O as well (Jouzel and Koster, 1996; Kurita, 2013; Benetti et al., 
2015), but we note that our purpose is to explore the common driver 
responsible for both Δ′17O and d-excess variability that remains unex-
plained by the oceanic RH alone. 

The oceanic evaporation model is run with added aerodynamic and 
gradient effects for variable oceanic RH and at a constant SST at 15 ◦C. 
The results are plotted in Fig. 2a and b as dashed lines. Certainly, 
different values of aerodynamic exponent m (blue dashed lines) and 
isotopic gradient Xg (red dashed lines) shift d-excess and Δ′17O 
compared to the case of m = 0.25 and 2g = 17g = 0‰ (solid black lines). 
Notably, d-excess and Δ′17O have a higher sensitivity to the aero-
dynamic effect at lower oceanic RH and a higher sensitivity to the 
gradient effect at higher oceanic RH. These two effects together have 
largely encompassed the distribution of measured d-excess and Δ′17O 
data. Accordingly, if the scattering of data points is indeed the result of 
variability induced by aerodynamic and gradient effects, their actual 
magnitudes in natural observations are likely smaller than what we 
arbitrarily imposed in the model. 

With these simple tests of modified models, we demonstrate that 
both the aerodynamic conditions and isotopic gradients at the boundary 
layer are important drivers of coupled d-excess and Δ′17O variability in 
oceanic evaporation fluxes that cannot be explained by oceanic RH 
alone, at least on short timescales. In theory, these two mechanisms may 
explain the weak positive correlation between the regression residuals of 
d-excess and Δ′17O in observational data (Fig. 2c). Specifically, the 
relatively higher d-excess and Δ′17O of oceanic evaporation fluxes at the 
same oceanic RH may result from a stronger molecular diffusion regime 
(higher m values) or the case that d-excess and Δ′17O in the boundary 
layer vapor are both relatively lower. Identifying these additional 
mechanisms is relevant for understanding the complementary nature of 
these two parameters in reflecting moisture source conditions. While it 
is theoretically possible to distinguish the independent effect of SST and 
oceanic RH at the moisture source based on the contrasting sensitivity of 
d-excess and Δ′17O to temperature-dependent equilibrium fractionation 
(Angert et al., 2004; Xia, 2023), we suggest that it is necessary for such 
applications to evaluate whether the independent SST effect in an in-
dividual pair of d-excess and Δ′17O data has been overprinted by the 
aerodynamic and gradient effects that are highly variable in nature on 
short timescales (Aemisegger and Sjolte, 2018). Together, our analysis 
stresses that oceanic vapor d-excess and Δ′17O have multiple common 
drivers and reflect largely similar moisture source information, beyond 
their theoretically different responses to SST. 
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3. Condensation, Rayleigh distillation, and mixing 

The response of d-excess and Δ′17O to oceanic evaporation provides a 
mechanism to link their signals preserved in continental precipitation 
with oceanic moisture source regions and conditions. An assumption for 
this application is that isotopic fractionation during condensation and 
distillation of oceanic vapor across climate gradients affects the first- 
order δ-values in precipitation but does not strongly modify the sig-
nals of second-order d-excess and Δ′17O that have been initially set at the 
oceanic moisture source (Merlivat and Jouzel, 1979). In this section, we 
evaluate the validity and limitation of this assumption based on the 
Rayleigh distillation model with additional consideration of its inter-
action with vapor mixing. 

3.1. Condensation and Rayleigh distillation 

The Rayleigh distillation model describes the change in the isotopic 
composition of water vapor (Xδv) with condensate relatively enriched in 
heavy isotope species being continuously removed from the vapor phase 
as (Dansgaard, 1964): 

Xδv (‰) =
(

Xδv,0 + 1000
)

f
X αeff − 1 − 1000, (4)  

where Xδv,0 is the initial isotopic composition of water vapor (in ‰), f is 

the fraction of remaining vapor, and Xαeff is the effective fractionation 
factor between condensate and vapor (>1). The equations for deriving 
Xαeff are listed in Appendix B. Briefly, ice-vapor fractionation that con-
tains a kinetic effect due to supersaturation of water vapor over ice starts 
to replace liquid-vapor fractionation once the condensation temperature 
(Td) is lower than 0 ◦C in mixed-phase conditions until − 23 ◦C when the 
condensate is purely ice (Dütsch et al., 2017). This setup of fractionation 
factors is intended to simplify the complex precipitation formation 
mechanisms in the real world. For example, pure liquid-vapor frac-
tionation may further extend to temperatures <0 ◦C in which ice 
condensate is formed by direct freezing of supercooled liquid in strong 
updrafts (Lohmann et al., 2016; Graf et al., 2019; Surma et al., 2021). 

Rayleigh distillation is often required to follow a certain temperature 
gradient to allow continuous removal of condensate, meaning that f is 
controlled by Td. Their relationship can be approximated by the 
temperature-dependent saturation vapor pressure as (Bolton, 1980): 

f = exp
(

17.67Td

Td + 243.5
−

17.67Td,0

Td,0 + 243.5

)

, (5)  

where Td,0 is the initial Td (both in ◦C). Because both f and Xαeff vary with 
Td, Eq. (4) should be computed in discrete steps for a given temperature 
gradient, each step incorporating updated f and Xαeff values. The isotopic 
composition of precipitation (Xδp) at each step of Rayleigh distillation is 
calculated as: 

Fig. 3. Rayleigh distillation curves for d-excess (a, c) and Δ′17O (b, d) from three simulations of different initial conditions when condensate is liquid (a, b) and when 
condensate has ice (c, d). Solid lines denote precipitation and dashed lines denote water vapor. 
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Xδp (‰) =
( Xδv + 1000

)Xαeff − 1000. (6) 

Our previous study explored the d-excess variations in Rayleigh 
distillation and provided two caveats about d-excess that are still 
important in non-polar regions (Xia et al., 2022). First, precipitation, 
even in liquid phase in equilibrium with water vapor, may have a large 
shift in d-excess from the co-existing vapor phase due to the fraction-
ation during condensation. Second, the d-excess of water vapor is 
accordingly modified in response to the progressive removal of 
condensate, which in turn controls the d-excess of precipitation at later 
stages of Rayleigh distillation. That is, the d-excess is not conservative 
during condensation nor in Rayleigh distillation. The direction and 
magnitude of these shifts are controlled by the balance of two factors: Td 
and vapor δ18O (Dütsch et al., 2017). 

To demonstrate the non-conservative nature of d-excess, we show 
three Rayleigh distillation simulations in which condensate is precipi-
tated as liquid only (Fig. 3a) and in which condensate is in partially or 
fully precipitated as ice (Fig. 3c). All Rayleigh distillation curves differ in 
their initial Td and vapor δ18O but have the same initial vapor d-excess of 
10‰. In the case where relatively low Td is combined with high vapor 
δ18O, precipitation d-excess is higher than vapor d-excess, and both 
decrease with progressive distillation (blue lines). An opposite pattern is 
observed when relatively high Td is combined with low vapor δ18O (red 
lines). These above two cases may characterize the initial conditions 
prevailing in cold and warm seasons, respectively (Xia et al., 2022). For 
the case where intermediate Td and vapor δ18O are combined, a near- 
conservative behavior in d-excess is shown (black lines). Another 
interesting feature is that regardless of the non-conservative behavior in 
d-excess under different initial conditions, three precipitation d-excess 
curves converge to the same value (9‰ when condensate is precipitated 
as liquid only and 5‰ when condensate is partially or fully precipitated 
as ice) as f decreases to about 0.35–0.4 (Fig. 3a and c). Qualitatively, this 
feature suggests that as condensate with higher or lower d-excess than 
vapor is continuously removed, the d-excess of remaining vapor will 
accordingly decrease or increase in pace until it reaches a composition 
that produces condensate with the d-excess value close to that in initial 
vapor (f = 1), always at the similar degree of distillation. Mathemati-
cally, the f value at which Rayleigh distillation curves converge (fc) can 
be derived by combining Eqs. (4) and (6) and assuming Xδp =

Xδv,0 as: 

fc =
( Xαeff

) 1
1− X αeff . (7) 

The value of fc is not sensitive to Xαeff. As an example, when Td = 20 
◦C, we have 2αeff = 1.0850 and 18αeff = 1.0098. These yield fc values of 
0.370 and 0.383, respectively. Since d-excess is a linear combination of 
δ2H and δ18O, these results explain our finding that precipitation ap-
proaches the d-excess value of initial vapor when f is about 0.35–0.4. 

For Δ′17O, under the same simulations of Rayleigh distillation 
starting with the initial vapor Δ′17O of 10 per meg, there are different 
non-conservative behaviors compared to d-excess. When condensate is 
precipitated as liquid only (Fig. 3b), precipitation Δ′17O is about 10 per 
meg higher than vapor Δ′17O, and both increase very slightly with 
progressive distillation by 5 per meg until Td decreases to 0 ◦C, with very 
little sensitivity to initial conditions. This 10 per meg shift between 
precipitation and vapor can be calculated from Eq. (A2) and is itself 
related to the definition of Δ′17O relative to a reference slope of 0.528, 
which is lower than the exponent of mass-dependent equilibrium frac-
tionation θeq = 0.529 (Angert et al., 2004; Barkan and Luz, 2005; Aron 
et al., 2021). The increase in vapor Δ′17O throughout Rayleigh distil-
lation may seem counter-intuitive as condensate with higher Δ′17O is 
continuously removed, but it is important to note that Δ′17O is defined 
based on the logarithmic (non-linear) δ′ notation. When condensate is 
partially or fully precipitated as ice (Fig. 3d), the shift between precip-
itation and vapor Δ′17O becomes much higher than 10 per meg, since 
supersaturation of water vapor over ice at low temperatures induces 
diffusional transport of water vapor that favors the partitioning of 

lighter 17O into condensate over 18O. As a result, precipitation Δ′17O 
shows an increasing trend at earlier stages of distillation and then 
transitions into a decreasing trend when distillation proceeds to later 
stages with lower f (Fig. 3d). This transition indicates the point at which 
the progressively decreased vapor Δ′17O eventually outpaces the higher 
condensate Δ′17O throughout Rayleigh distillation. Prior to this point 
(higher f), precipitation Δ′17O and δ18O have negative correlations as 
found in snow over Greenland and West Antarctica, whereas beyond this 
point (lower f), precipitation Δ′17O and δ18O shift to positive correla-
tions as found in snow over much colder East Antarctica (Landais et al., 
2012b; Schoenemann and Steig, 2016). This finding differs from the 
recent review by Aron et al. (2021) who simplistically described su-
persaturation as a process that leads to decreasing precipitation Δ′17O. 
Still, these precipitation Δ′17O curves converge to the same value when f 
is about 0.35–0.4, a similar feature as d-excess, but this value is about 40 
per meg higher than initial vapor Δ′17O (Fig. 3d). 

These Rayleigh distillation simulations are intended to serve as ex-
amples of the non-conservative behaviors in d-excess and Δ′17O. Spe-
cifically, we show the direction and magnitude of their instantaneous 
shifts during condensation from vapor to precipitation and their gradual 
shifts in precipitation throughout the progress of Rayleigh distillation, 
which hereafter are termed as the 1st and 2nd type of non-conservative 
behavior, respectively. 

To demonstrate the impact of non-conservative behaviors on the 
relationship between d-excess and Δ′17O in precipitation, we addition-
ally create more such Rayleigh distillation simulations using the com-
bination of a wide range of initial Td and vapor δ18O. Rather than 
showing Rayleigh distillation curves as above, we present the shifts of d- 
excess and Δ′17O in precipitation relative to initial vapor, namely the 
Δ(d-excess) and Δ(Δ′17O), under different initial Td and vapor δ18O in 
contour lines at different f values, separately for initial Td > 0 ◦C (Fig. 4a 
and b) and initial Td < 0 ◦C (Fig. 5a and b). The contour lines of Rayleigh 
f = 1 thus represent the 1st type of non-conservative behavior and other 
contour lines represent the 2nd type of non-conservative behavior. 
These plots reproduce the key features we have previously identified 
from selective Rayleigh distillation curves in Fig. 3 and provide a wider 
context regarding the effects of initial conditions and distillation stages 
on precipitation d-excess and Δ′17O. For example, the sloping contours 
in Figs. 4a and 5a indicate that precipitation d-excess is controlled by the 
balance between Td and vapor δ18O, while the vertical contours in 
Figs. 4b and 5b indicate that precipitation Δ′17O is not affected by vapor 
δ18O. We note that in plots of initial Td > 0 ◦C (Fig. 4a and b), when 
initial Td is too low, vapor requires being cooled to <0 ◦C in order to 
have a sufficient degree of distillation. These situations are not consid-
ered so that fractionation is exclusively between liquid and vapor. 

Next, we focus on the area plot between paired Δ(Δ′17O) and Δ(d- 
excess) to understand the different responses of precipitation d-excess 
and Δ′17O to condensation and Rayleigh distillation. When initial Td > 0 
◦C and condensate is liquid only (Fig. 4c), the area plot shows an elon-
gated shape for f = 1, covering a range of − 10‰ to >10‰ for Δ(d- 
excess) and 9 to 12 per meg for Δ(Δ′17O), but the shape becomes much 
narrower for Δ(d-excess) for f = 0.4. This area plot highlights that 
precipitation Δ′17O is insensitive to initial conditions and distillation 
stages, while precipitation d-excess is highly sensitive to initial condi-
tions when f is high. For the case of initial Td < 0 ◦C and condensate has 
ice (Fig. 5c), the area plot between Δ(Δ′17O) and Δ(d-excess) shows a 
somewhat quadrilateral shape for f = 1, covering a > 20‰ range for Δ(d- 
excess) and a > 40 per meg range for Δ(Δ′17O). This suggests that 
progressive distillation of water vapor with the same d-excess and Δ′17O 
values may result in a wide range of possible d-excess and Δ′17O com-
binations in precipitation, which is caused by different initial Td and 
vapor δ18O. This shuffling of both d-excess and Δ′17O through conden-
sation may lead to a pervasive and strong decoupling between d-excess 
and Δ′17O in precipitation. However, if water vapor has undergone a 
higher degree of distillation to about f = 0.4, this shuffling effect is 
reduced as shown by the much narrower area occupied in the plot. At 
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this stage of distillation, both the d-excess and Δ′17O of precipitation 
faithfully reflect the d-excess and Δ′17O of water vapor after adjusting 
the Δ(d-excess) and Δ(Δ′17O) values of around − 5‰ and 40 per meg. As 
distillation proceeds further to f = 0.2, their decoupling reappears. 

Finally, the Rayleigh distillation analysis that involves ice conden-
sation at low Td is based on a particular set of parameterizations for 
mixed-phase and ice cloud conditions (Appendix B), whereas there is no 
consensus about this parameterization with other different sets being 
used in different studies (Landais et al., 2008; Schoenemann et al., 2014; 
Schoenemann and Steig, 2016). To this end, we additionally test the 
effects of parameterization in ice-vapor fractionation by assigning the 
transition temperature between liquid and mixed-phase clouds and be-
tween mixed-phase and ice clouds a random value from − 10 ◦C to 0 ◦C 
and from − 40 ◦C to − 23 ◦C, respectively, and the supersaturation 
parameter λ a random value from 0.002 to 0.006 (see Appendix B). We 
find that our previous findings are robust over different parameteriza-
tions except for the fact that the exact value of precipitation Δ′17O is 
more sensitive to different parameterizations than precipitation d- 
excess. This is shown in Fig. S2 where we plot the standard deviation 
(1σ) of d-excess and Δ′17O in precipitation from 106 realizations of 
Monte Carlo random parametrizations. This finding is in line with pre-
vious studies suggesting that Δ′17O is highly sensitive to the occurrence 
of kinetic fractionation during ice formation under supersaturation 
conditions (Angert et al., 2004; Winkler et al., 2012; Schoenemann et al., 
2014). 

In this subsection, we have conducted a thorough investigation of 
variability in precipitation d-excess and Δ′17O by means of the classic 
Rayleigh distillation model. Although the same model has been widely 
utilized to reproduce the spatiotemporal variations of d-excess and, 
more recently, Δ′17O in polar snow after model tuning (Johnsen et al., 
1989; Petit et al., 1991; Landais et al., 2008; Landais et al., 2012a; 
Landais et al., 2012b; Winkler et al., 2012; Pang et al., 2015), our new 
analysis stresses the contrasting non-conservative behaviors of d-excess 
and Δ′17O that may overprint source vapor signals and shuffle their 
scaled relationship established in oceanic evaporation, in particular 
when the degree of distillation is small (with relatively high δ-values in 
precipitation). These non-conservative behaviors in nature reflect 
different responses to equilibrium fractionation. Even when condensa-
tion involves ice and the non-conservative behavior results from a 
combination of equilibrium and kinetic fractionation, it is still the 
different response to ice-vapor equilibrium fractionation that directly 
invokes contrasting non-conservative behaviors and the decoupling 
between d-excess and Δ′17O during condensation (as the kinetic effect 
due to supersaturation alone should affect d-excess and Δ′17O propor-
tionally, see Appendix A). 

3.2. Mixing 

A limitation of the Rayleigh distillation model in Section 3.1 is that it 
describes the isotopic evolution of water vapor from a single source, but 

Fig. 4. The effects of initial conditions 
and distillation stages in Rayleigh 
distillation for initial Td > 0 ◦C. (a) 
Shifts in precipitation d-excess from 
initial vapor d-excess (10‰), i.e., Δ(d- 
excess), under different initial Td and 
vapor δ18O are shown as contour lines 
at different f values. (b) Similar to (a) 
but for shifts in precipitation Δ′17O 
from initial vapor Δ′17O (10 per meg), 
i.e., Δ(Δ′17O). (c) The area between 
paired Δ(Δ′17O) and Δ(d-excess) at 
different f values given the range of 
initial conditions as in (a) and (b).   
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in reality, vapor mixing frequently occurs in company with vapor 
transport and distillation. It is known that vapor mixing affects Δ′17O 
differently from d-excess due to its definition on the logarithmic (non- 
linear) δ′ notation (Li et al., 2015; Aron et al., 2021; Leuenberger and 
Ranjan, 2021). When two water bodies are mixed, their mixture has a 
Δ′17O value lower than their mass-weighted arithmetic mean. If the 
difference in δ18O between two water bodies is larger, there is a larger 
deviation of mixture Δ′17O from their mass-weighted arithmetic mean 
Δ′17O. The largest deviation occurs when the mass ratio between two 
water bodies is close to 1:1 (Fig. S3). In terms of magnitude, when two 
water bodies with a difference of 10‰, 20‰, and 30‰ in δ18O are 
mixed, the largest deviation in Δ′17O at a mass ratio of 1:1 is about 3 per 
meg, 13 per meg, and 29 per meg, respectively. These magnitudes of 
deviation are comparable to that of Δ(Δ′17O) in our previous Rayleigh 
distillation analysis. Therefore, there is a need to incorporate mixing 
effects to investigate the control of precipitation Δ′17O variability. For 
example, Li et al. (2015) suggested that the lower precipitation Δ′17O in 
the central US is likely a result of vapor mixing among multiple moisture 
sources. 

Here we Introduce a new conceptual model (Fig. 6) that describes the 
repeated split, distillation, and mixing (RSDM) process of water vapor to 
understand the mixing effect on precipitation Δ′17O. Given a hypo-
thetical mass of water vapor, we first split it into two aliquots with one 
undergoing Rayleigh distillation. Next, the remaining vapor is mixed 

with the other undistilled aliquot. This vapor mixture then iterates 
through another batch of split, distillation, and mixing repeatedly. In 
this conceptual model, the key parameter controlling the isotopic evo-
lution of water vapor is the cooling step, i.e., the temperature gradient 
applied in each batch of Rayleigh distillation. If the temperature 
gradient is greater resulting in an increased depletion of δ18O in the 
remaining vapor, the mixing effect that decreases vapor Δ′17O is 
stronger in each batch as mixing occurs between two vapor bodies with a 
larger contrast in δ18O (despite mass ratio farther away from 1:1) and 
will be aggregated after running repeated batches. 

To demonstrate the model behavior, we create three RSDM model 
simulations with cooling steps of 2 ◦C, 6 ◦C, and 10 ◦C when Td decreases 
from 25 ◦C to 0 ◦C and from 0 ◦C to − 20 ◦C, again, in order to separate 
results considering different condensate phases. The d-excess and Δ′17O 
of precipitation in each batch of RSDM model simulations are plotted 
against δ18O as scatters and are compared to Rayleigh distillation curves 
in Fig. 7. When condensate is liquid and the largest cooling step of 10 ◦C 
is applied, precipitation Δ′17O has a decreasing trend with the depletion 
of δ18O. This is in contrast to pure Rayleigh distillation (no mixing) in 
which precipitation Δ′17O shows an increasing trend. Ultimately, pre-
cipitation Δ′17O is about 10 per meg lower than in the case of pure 
Rayleigh distillation (Fig. 7b). However, mixing has little impact on the 
d-excess between RSDM and Rayleigh model simulations and among 
different cooling steps (Figs. 7a). When condensate has ice, the mixing 

Fig. 5. Similar to Fig. 4 but for initial Td < 0 ◦C (kinetic effect due to supersaturation of water vapor over ice is incorporated).  
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effect is more conspicuous for Δ′17O; precipitation Δ′17O is stable at 
about 25 per meg with cooling steps of 10 ◦C, but it increases to >50 per 
meg in the case of pure Rayleigh distillation (Fig. 7d). For d-excess, 
although mixing does not directly introduce any non-linear behavior, it 
does flatten the d-excess variation compared to the case of pure Rayleigh 
distillation with a shift of at most 3‰ (Fig. 7c), a magnitude quite small 
compared to the strong mixing effect on Δ′17O. 

These RSDM model simulations indicate that the interaction between 
vapor mixing and Rayleigh distillation counteracts the increasing Δ′17O 
trend predicted by the Rayleigh distillation model alone but has a 
smaller effect on d-excess. Although mixing has been already invoked as 
a potential mechanism to explain the lower precipitation Δ′17O in ob-
servations (Li et al., 2015), the conceptual model developed here aims to 
show that the same mechanism also operates from the distillation of 
water vapor derived from a single moisture source and does not require 
any external source of vapor (to make mixing occur). This mechanism is 
strongest when i) ice condensation is involved at low Td, ii) mixing oc-
curs less frequently with larger cooling steps, and iii) there is a high 
degree of net distillation (low δ18O). It will, in turn, further affect the 
relationship between d-excess and Δ′17O in precipitation. However, we 
acknowledge that we are unable to evaluate how important or how good 
the RSDM model processes are to represent the reality and we are un-
aware of any similar models. We therefore caution that the RSDM model 
developed here is intended for theoretical exploration. 

4. Terrestrial moisture recycling and raindrop re-evaporation 

In the previous section, we have shown that shifts in precipitation d- 
excess and Δ′17O may occur even if the condensation is controlled by 
liquid-vapor equilibrium fractionation only. In these environments, 

where the temperature is above the freezing point, however, two addi-
tional processes—one remote and one local (Fig. 1a), both comprising a 
kinetic fractionation component—are known to affect the d-excess and 
Δ′17O signals in precipitation (Aron et al., 2021). First, terrestrial 
evapotranspiration that is ubiquitous over continents recycles precipi-
tated moisture back to the atmosphere and propagates to affect the 
isotopic composition in downwind water vapor and precipitation (Gat 
and Matsui, 1991; Gat et al., 1994; Kong et al., 2013; Ampuero et al., 
2020). A similar recycling process may also occur when the temperature 
is below the freezing point by snow sublimation (Fig. 1a) (Kopec et al., 
2019; Pang et al., 2019). Second, raindrops are subject to post- 
condensation evaporation while falling through an unsaturated atmo-
sphere, before local precipitation samples are collected (Stewart, 1975; 
Liebminger et al., 2006; Wang et al., 2016b; Graf et al., 2019). In this 
section, we investigate the different sensitivities of d-excess and Δ′17O in 
response to these two processes in terms of the magnitude of changes 
predicted by theoretical models. 

4.1. Terrestrial moisture recycling 

Terrestrial moisture recycling has been conceptualized as a remote 
mechanism for increasing d-excess in precipitation. Surface water 
evaporation from reservoirs such as lakes, soils, and forest canopies, is 
more complex than evaporation from oceans, but the first-order physics 
can still be described by the same model by Craig and Gordon (1965), 
with evaporation fluxes characterized by higher d-excess than surface 
water supplied to the atmosphere and remaining reservoir conversely 
left with lower d-excess (Barnes and Allison, 1983; Gat and Matsui, 
1991; Gat et al., 1994). The same mechanism also applies to Δ′17O (Li 
et al., 2015; Surma et al., 2018; Aron et al., 2021), but there is a lack of 
knowledge about the different sensitivities between d-excess and Δ′17O 
in response to moisture recycling. Recent studies have primarily focused 
on the characteristics of Δ′17O in lake water for water balance applica-
tions (Surma et al., 2015; Surma et al., 2018; Voigt et al., 2021). For 
example, Voigt et al. (2021) found that Δ′17O is more sensitive than d- 
excess to distinguish the groundwater recharge at steady state and the 
input of transient runoff. Li et al. (2015) tested two sets of evaporation 
models and suggested that Δ′17O and d-excess should vary by 0.7–2 per 
meg/‰ during progressive evaporation of lake bodies (and similarly in 
evaporation fluxes). However, open-water evaporation is just one of 
many evaporation pathways and represents a small fraction of total 
recycled moisture (Martens et al., 2017). In addition, plant transpiration 
strongly contributes to moisture recycling; transpiration fluxes on long 
timescales are seen to retain the same isotopic composition as their 
source water (Gat and Matsui, 1991; Good et al., 2015; Wang et al., 
2016a). Correctly representing the isotopic composition of the total 
evapotranspiration flux (XδET) on different timescales is a major chal-
lenge in isotope hydrology as it is controlled by many factors relevant to 
climate and land surface ecohydrology (Gat and Airey, 2006; Wei and 
Lee, 2019). 

Here we use the same formulation for parameterizing XδET as pre-
sented by Xia and Winnick (2021), which enables interactions between 
evaporation and transpiration fluxes through the closure assumption 
(Aemisegger et al., 2014), but it is further modified by incorporating 
simple runoff and water storage terms. This modification is imple-
mented considering that the source water for supplying evapotranspi-
ration fluxes is not only provided by precipitation but also includes 
surface or subsurface water storage. The new model is intended to 
represent the mean XδET on seasonal timescales for given particular 
conditions of water balance, water storage size, and evapotranspiration 
partitioning. The details are given in Appendix C. In short, we define the 
amounts of precipitation influx, evapotranspiration outflux, water 
storage, and runoff outflux as P, ET, S, and R, respectively. In the model 
design, precipitation influx first infiltrates down and is mixed with water 
storage. Next, a part of this mixture is removed by runoff outflux, which 
has the same isotopic composition as the mixture. Then, a part of this 

Fig. 6. Schematic of Repeated Split, Distillation, and Mixing (RSDM) model of 
water vapor. 
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mixture is further removed by evapotranspiration outflux and is the 
source water to determine XδET. At a hydrological steady state, the re-
sidual water storage should have the same size as the initial water 
storage, i.e., S + P – R – ET = S, so that P – R = ET. At an isotopic steady 
state, the residual water storage should have the same isotopic compo-
sition as the initial water storage, a constraint required to solve XδET. Our 
previous work applies a similar water storage framework to derive XδET 
for a pair of wet (P > ET) and dry (P < ET) seasons (Xia et al., 2022), 
while we focus on the condition of P > ET at steady state in this study. 

We use a simple test of this new model for XδET to understand how 
δ18O, d-excess, and Δ′17O of evapotranspiration fluxes respond to vari-
ations of surface water balances (ET/P), relative sizes of water storage 
(S/P), transpiration fractions (T/ET), and aerodynamic exponents (m), 
with surface temperature, surface RH, and Xδp kept constant 
(Figs. 8a–8c). The results indicate that all these factors significantly 
affect the isotopic composition of evapotranspiration fluxes. Lower ET/ 
P, higher S/P, lower T/ET, and higher m values result in lower δ18O, 
higher d-excess, and higher Δ′17O of evapotranspiration fluxes. 
Regarding the relative magnitude of shifts, Δ′17O is more sensitive than 
d-excess under higher ET/P, lower S/P, lower T/ET, and higher m con-
ditions, as reflected by the higher ratio of their shifts between evapo-
transpiration and precipitation, i.e., Δ(Δ′17O)/Δ(d-excess) (Fig. 8d). For 

example, with ET/P = 0.6, S/P = 0.2, and m = 0.75, this ratio is about 
2.1 per meg/‰, 1.4 per meg/‰, and 0.5 per meg/‰ when T/ET = 0.2, 
0.5, and 0.8, respectively, suggesting a different sensitivity by a factor of 
four (2.1/0.5) to transpiration fractions. When T/ET or ET/P approaches 
1, the d-excess and Δ′17O of evapotranspiration fluxes approach pre-
cipitation values (10‰ and 20 per meg) (Fig. 8b and c). We note that the 
finding of this variable sensitivity seems unique to our particular model 
for XδET. The same analysis of XδET in three sub-models presented by Gat 
and Matsui (1991), which have different parameterizations from ours 
(no closure assumption is the major distinction), shows that the 
Δ(Δ′17O)/Δ(d-excess) is between 2 and 2.5, regardless the values of 
different parameters (Fig. S4). 

Next, we test whether the different sensitivities of d-excess and Δ′17O 
of evapotranspiration fluxes are fully propagated through moisture 
recycling to affect downwind water vapor and precipitation. A compli-
cation here is that moisture recycling essentially is a mixing process for 
which it is known that non-linearity will be introduced for Δ′17O (Sec-
tion 3.2). For this purpose, the Rayleigh distillation model is coupled 
with moisture recycling and becomes a reactive transport model in 
which atmospheric water vapor is transported through advection and 
exchanges with the land surface through precipitation and evapotrans-
piration fluxes (Winnick et al., 2014). The details are given in Appendix 

Fig. 7. RSDM model simulations at three different cooling step sizes. Precipitation d-excess (a, c) and Δ′17O (b, d) versus δ18O in each iteration are shown as scatters 
when condensate is liquid (a, b) and when condensate has ice (c, d). Solid black lines are Rayleigh distillation curves (no mixing effect) for comparison. The initial 
vapor d-excess and Δ′17O are 10‰ and 10 per meg, respectively. Note that the x-axis for δ18O is inverted. 
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D. Fig. 9 shows that the different sensitives of d-excess and Δ′17O of 
evapotranspiration fluxes are indeed propagated downwind and mainly 
controlled by transpiration fractions and, to a lesser extent, other factors 
(Fig. 9). For example, when T/ET = 20%, precipitation d-excess and 
Δ′17O at the end of profiles are not only both increased in a larger degree 
relative to the case of Rayleigh distillation but also are characterized by 
a higher ratio of shifts, Δ(Δ′17O)/Δ(d-excess), up to about 3 per meg/‰ 
(Fig. 9c and d). When T/ET = 80%, precipitation d-excess and Δ′17O at 
the end of profiles change very little with low Δ(Δ′17O)/Δ(d-excess) at 
about 1 per meg/‰. 

Overall, we use these theoretical approximations to demonstrate that 
the d-excess and Δ′17O of precipitation have a common response to 
upwind moisture recycling with a different sensitivity. This suggests the 
potential use of paired precipitation d-excess and Δ′17O data to constrain 
the recycling mechanism such as the partitioning of evapotranspiration 
fluxes. However, this idea is based on the analysis carried out with our 
particular XδET model and under the assumption P > ET. The broad 
applicability of paired measurements in environments that fall outside 
these constraints requires further evaluation. Our previous work high-
lights that the P < ET condition (like large lake basins) is widespread 
seasonally on continents, which become a net moisture source rather 

than sink (Xia et al., 2022), while we lack a simple parameterization for 
XδET under this condition. Therefore, there might be a more complex 
relationship between d-excess and Δ′17O induced by terrestrial moisture 
recycling not reflected in our analysis. 

4.2. Raindrop re-evaporation 

Raindrop re-evaporation has been frequently invoked to explain the 
low d-excess in local precipitation observed in arid regions or during dry 
periods (Gat, 1996; Liebminger et al., 2006; Pang et al., 2011; Putman 
et al., 2019), and again, should similarly affect Δ′17O (Aron et al., 2021). 
In terms of the isotopic fractionation mechanism, evaporation from 
raindrops is analogous to evaporation from oceans and lakes; kinetic 
fractionation occurs in the diffusional transport of water vapor from the 
raindrop-air interface to the ambient atmosphere, despite the fact that 
evaporation rates are roughly an order of magnitude higher for rain-
drops (Stewart, 1975). The isotopic evolution of falling raindrops is also 
affected by the isotopic composition of sub-cloud water vapor which is 
highly variable within and among precipitation events (Bony et al., 
2008; Risi et al., 2008; Kurita, 2013; Graf et al., 2019). If the sub-cloud 
atmosphere is saturated, raindrops gradually evolve to attain the 

Fig. 8. The new model for the isotopic composition of evapotranspiration fluxes (δET). The δ18O (a), d-excess (b), and Δ′17O (c), as well as the Δ(Δ′17O)/Δ(d-excess) 
(d) of evapotranspiration fluxes relative to precipitation inputs. Each parameter is calculated for three water balance ratios (ET/P, indicated by color), two water 
storage ratios (S/P, indicated by either open or closed symbol), three transpiration fractions (T/ET, horizontally separated in three fields), and three aerodynamic 
exponents (m, indicated by symbol shape), under the following model inputs: surface temperature = 22 ◦C, surface RH = 70%, precipitation δ18O = − 5‰, d-excess =
10‰, and Δ′17O = 20 per meg. 
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isotopic equilibrium with ambient water vapor without re-evaporation, 
a process referred to as equilibration (Stewart, 1975; Lee and Fung, 
2008). If the sub-cloud atmosphere is unsaturated, re-evaporation fluxes 
of raindrops dominate and compete against their tendency towards 
equilibration. Since the raindrop-vapor interaction and related isotopic 
exchange are complex, simple idealized models are useful to charac-
terize the response and sensitivity of d-excess and Δ′17O to raindrop re- 
evaporation. 

Stewart (1975) investigated the isotopic fractionation in raindrop re- 
evaporation with laboratory experiments and presented an isotopic 
model that has been widely adopted (Appendix E). However, the 
formulation of that model is for simulating the isotopic composition of a 
raindrop at a constant ambient condition and a prescribed amount of 
evaporation (Fig. S5), and thus does not necessarily represent dynamic 
processes when raindrops are falling through the air with changing 
ambient conditions with height. 

Instead, we focus on the dynamic raindrop re-evaporation model that 
uses heat and mass transfer equations to simulate changes in tempera-
ture, mass, and isotopic ratio of the raindrop falling through an unsat-
urated air column numerically until it hits the ground (Graf et al., 2019). 
The model codes are available in Xia and Winnick (2021). The model 
inputs are surface temperature and surface RH, which determine the 
lifting condensation level (LCL) and vertical profiles of temperature and 
RH, along with raindrop diameter. Two important assumptions are 
made. First, the raindrop is formed and released to fall at the height of 
LCL, and second, the initial raindrop is in isotopic equilibrium with the 

homogeneous sub-cloud water vapor (Xia and Winnick, 2021). To test 
the model behavior, this dynamic model is run over a range of surface 
temperature and surface RH for three initial raindrop diameters of 0.8 
mm, 1.6 mm, and 2.4 mm that correspond to light, intermediate, and 
heavy rainfall events, respectively. The results shown in Fig. 10 suggest 
that a lower surface RH (by increasing the height of LCL) or a smaller 
raindrop size (by decreasing the falling velocity of the raindrop) results 
in a larger decrease of d-excess and Δ′17O as well as a higher Δ(Δ′17O)/ 
Δ(d-excess) in raindrops. The smaller raindrop size seems more critical 
than the lower surface RH in producing the higher Δ(Δ′17O)/Δ(d- 
excess). For example, at the surface temperature of 20 ◦C, the following 
two conditions of surface RH and raindrop diameter have the same 10‰ 
d-excess decrease: i) 71% and 0.8 mm; ii) 47% and 2.4 mm (Fig. 10b). 
However, these two conditions have a ratio of 1.71 per meg/‰ and 0.94 
per meg/‰ for Δ(Δ′17O)/Δ(d-excess), respectively (Fig. 10d). Addi-
tionally, in our model output, the Δ(Δ′17O)/Δ(d-excess) varies from 
<0.7 per meg/‰ to >2.5 per meg/‰ (Fig. 10d). By contrast, Landais 
et al. (2010) tested the other parameterization of raindrop re- 
evaporation employed in an isotope-enabled GCM and suggested that 
precipitation Δ′17O and d-excess should vary by 1.6–2 per meg/‰. 
Therefore, our model output indicates a possibly wider range of 
Δ(Δ′17O)/Δ(d-excess) in response to the raindrop re-evaporation effect. 

Our simple model analysis indicates that the d-excess and Δ′17O of 
precipitation also have a common response but with a different sensi-
tivity to local raindrop re-evaporation. Theoretically, this Δ(Δ′17O)/ 
Δ(d-excess) may distinguish the controls of surface climate conditions 

Fig. 9. The effect of terrestrial moisture 
recycling in the reactive transport 
model of water vapor. The isotopic 
compositions of precipitation at the end 
of profiles are shown as scatters be-
tween (a) d-excess and δ18O, (b) Δ′17O 
and δ18O, and (c) Δ′17O and d-excess, 
when models are run at three water 
balance ratios (ET/P, indicated by 
color) three transpiration fractions (T/ 
ET, horizontally separated in three 
fields), and three aerodynamic expo-
nents (m, indicated by symbol shape). 
The results from the Rayleigh distilla-
tion model that has no moisture recy-
cling component is shown for 
comparison (asterisks). In (a) and (b), 
note that the x-axis for δ18O is inverted. 
In (c), different slopes between Δ′17O 
and d-excess shifts relative to the case 
of Rayleigh distillation are plotted as 
black dashed lines for reference. The 
ratios of shifts in Δ′17O and d-excess in 
reactive transport models relative to the 
case of Rayleigh distillation, Δ(Δ′17O)/ 
Δ(d-excess), are plotted in (d). The 
initial isotopic composition of water 
vapor is: δ18O = − 11‰, d-excess =
10‰, and Δ′17O = 10 per meg. The 
initial Td is 22 ◦C and final Td is 10 ◦C. 
The surface RH is constant at 70% 
across the profile. The surface temper-
ature across the profile is calculated 
from the Clausius–Clapeyron relation 
(Bolton, 1980). The water storage size 
S/P is 0.2 across the profile.   
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(surface RH) and rainfall rate (distribution of raindrop sizes) on the re- 
evaporation effect. However, this idea is based on the results of a highly 
idealized scenario of raindrop re-evaporation that does not fully account 
for the complex reality encountered in rainfall events. For example, 
raindrops may be formed at a higher, freezing level above the LCL and 
the isotopic composition of sub-cloud water vapor might not be in 
equilibrium with the initial raindrop, leading to additional isotopic ex-
change associated with the tendency towards equilibration (Graf et al., 
2019). Therefore, the relationship between d-excess and Δ′17O in sub- 
cloud processes is also likely much more complex than what we have 
shown. It demands coupled isotopic measurements of water vapor and 
precipitation for disentangling these complex mechanisms in the future 
(Surma et al., 2021). 

5. Data-model comparison 

The above sections have interrogated the major hydroclimate pro-
cesses that affect d-excess and Δ′17O in precipitation based on theoret-
ical models, with an emphasis on their common and distinct features. In 
this section, we examine the overall pattern in precipitation δ18O, d- 

excess, and Δ′17O variations that have emerged from observational data 
and develop a stochastic simulation approach to understand whether 
and how theoretical models correctly reproduce the observed patterns. 

5.1. Isotope data 

We have compiled all triple oxygen isotope data from measurements 
of precipitation including polar snow currently available in the litera-
ture (Tables S1 and S2). These data are measured from samples with 
temporal resolutions from event to monthly-integrated precipitation or 
even longer for polar snow (that may represent multiple years of accu-
mulation). This database also contains paired d-excess data that are 
reported in original studies. To assist in our analysis, the Global Network 
of Isotopes in Precipitation (GNIP) database that contains a large 
amount of monthly d-excess measurements is also examined (IAEA/ 
WMO, 2022). Individual data that meet the following criteria are 
included: − 25‰ < δ18O < 5‰, − 20‰ < d-excess <40‰, and − 40 per 
meg < Δ′17O < 80 per meg. We exclude those data with extremely low 
δ18O values (< − 25‰) commonly found over ice sheets, since in these 
very cold regions, precipitation d-excess and Δ′17O become highly 

Fig. 10. The effect of raindrop re-evaporation. Shifts in isotopic compositions of raindrops relative to initial values under different surface temperature and surface 
RH are shown as contour lines at three initial raindrop diameters (Dm, indicated by color) for (a) Δ(δ18O); (b) Δ(d-excess); (c) Δ(Δ′17O); and (d) Δ(Δ′17O)/Δ(d- 
excess). The initial isotopic composition of the raindrop is: δ18O = − 8‰, d-excess = 10‰, Δ′17O = 20 per meg. Two scatter points indicate two conditions that 
produce the same Δ(d-excess) but with a very different Δ(Δ′17O)/Δ(d-excess) (see main text). Note that when the initial raindrop diameter is 0.8 mm, the raindrop 
will be completely evaporated at high surface temperature and low surface RH conditions (indicated by dashed lines). 
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sensitive to the elusive cloud microphysics, snow formation mechanism, 
and snow sublimation cycle (Miller, 2018; Dütsch et al., 2019; Pang 
et al., 2019). We intentionally narrow the scope of our analysis to the d- 
excess and Δ′17O variability that characterizes low- and mid-latitude 
regions. We also speculate that those uncommon data with very low 
or high d-excess and Δ′17O have a greater likelihood to be measurement 
errors (Xia et al., 2022). While studies that reported triple oxygen 
isotope data have provided their own analyses and interpretations, we 
here focus on two key patterns of these data as a whole. First, we 
investigate the trends of d-excess and Δ′17O versus δ18O to understand 
how these two parameters vary in response to large-scale distillation 
gradients encapsulated in precipitation δ18O. Second, we evaluate the 
overall relationship between available paired d-excess and Δ′17O data to 
understand the commonality and distinction between these two 
parameters. 

The GNIP-based d-excess data are shown in Fig. 11a as the mean and 
2σ standard deviation at each 1‰ bin of δ18O. Precipitation d-excess is 
stable at 10‰ for δ18O < 0‰ and becomes lower as δ18O increases above 
0‰. The 2σ standard deviation of d-excess is about ±12‰ for δ18O <
0‰ and is as high as ±18‰ for δ18O > 0‰. The compiled literature- 
based Δ′17O and d-excess data are plotted in Fig. 11b and c along with 

the mean and 2σ standard deviation at each 5‰ bin of δ18O. For Δ′17O, 
the binned mean value increases steadily from 20 per meg to 35 per meg 
as δ18O decreases from 0‰ to − 25‰ and is very low at about − 5 per 
meg when δ18O exceeds >0‰. The 2σ standard deviation is roughly 
about ±30 per meg. The d-excess data from the compiled Δ′17O data-
base follow a similar trend to GNIP-based d-excess data, except that the 
2σ standard deviation of d-excess from the compiled literature database 
is smaller for δ18O < − 20‰. This comparison of d-excess data between 
the GNIP database and our compiled literature database provides a 
validation that the currently available Δ′17O data are sufficiently 
representative for the analysis of their overall pattern. However, we 
speculate that precipitation Δ′17O data with δ18O ranging from − 25‰ to 
− 20‰ are currently underrepresented in the literature, and thus, we 
may also have underestimated the degree of variability in Δ′17O at low 
δ18O. Finally, the scatter plot between Δ′17O and d-excess is shown in 
Fig. 11d. These data appear to have a very weak but statistically sig-
nificant positive correlation (R2 = 0.07, p = 10− 16, n = 1427), and the 
orthogonal distance regression line has the equation: Δ′17O (per meg) =
8.3(±0.6) × d-excess (‰) – 52.6(±5.8). 

In summary, two key patterns emerge from observational data. First, 
despite the large variability, the mean precipitation d-excess does not 

Fig. 11. The pattern of precipitation d-excess and Δ′17O data in observations. (a) The mean and 2σ standard deviation of d-excess at each 1‰ bin of δ18O from GNIP 
database. (b) The scatter between Δ′17O and δ18O data in compiled triple oxygen isotope database for precipitation. Large dots and error bars are the mean and 2σ 
standard deviation of Δ′17O at each 5‰ bin of δ18O. (c) Similar to (b), but for d-excess and δ18O data in compiled triple oxygen isotope database if paired d-excess 
data are available. (d) The scatter between paired Δ′17O and d-excess data. The solid line is the orthogonal distance regression line. 

Z. Xia et al.                                                                                                                                                                                                                                      



Earth-Science Reviews 242 (2023) 104432

16

vary with δ18O, and the mean precipitation Δ′17O increases by 15 per 
meg following the distillation gradient of decreasing δ18O. Additionally, 
both precipitation d-excess and Δ′17O become much lower in the range 
of positive δ18O values. Second, for paired precipitation d-excess and 
Δ′17O data, their correlation is very weak and their regression coeffi-
cient implies that Δ′17O is much more variable than d-excess by a factor 
of >8 (per meg/‰). 

5.2. Model simulations 

In this subsection, we investigate whether and how current theo-
retical models of isotopic fractionation are capable to capture the above 
two key patterns in the overall relationship among δ18O, d-excess, and 
Δ′17O in precipitation. The aim is to use this simple data-model com-
parison to evaluate and understand the capabilities and limitations of 
isotopic models we have examined in previous sections. 

To this aim, we develop a stochastic simulation framework to create 
a model-based dataset of pseudo-precipitation δ18O, d-excess, and 
Δ′17O. The model inputs and sampling procedures are described in detail 
in Appendix F. In brief, we run numerous (n = 106) simulations of the 
Rayleigh distillation-based forward model, which can be made more 
complex by incorporating additional processes. In each simulation, the 
initial and final conditions that control the simulation are sampled from 
the probability distribution of parameters represented in reanalysis 
products and GCM outputs, and the simulated isotopic composition of 
pseudo-precipitation at the end of the distillation profile is collected. 
The isotopic patterns that emerge from this synthetic dataset are 
analyzed in comparison with observational data. This approach differs 
from previous polar snow-based studies that rely on tuning model pa-
rameters to proper values in order to fit the general trends of d-excess 
and Δ′17O versus δ18O in observations (Landais et al., 2008; Winkler 
et al., 2012; Pang et al., 2015). In our approach, the data-model com-
parison is treated as a statistical problem and used to identify model 
deficiencies rather than to tune model parameters. We assume that any 
evaporation flux over oceans is likely the moisture source for any pre-
cipitation flux over continents if there is a thermodynamic gradient of 
decreasing Td established from source to sink regardless of whether it is 
dynamically possible. For example, if the moisture source is sampled 
from the warm tropical ocean with Td of 25 ◦C and the moisture sink is 
sampled from the high-latitude inland area with Td of − 5 ◦C, a Rayleigh 
distillation simulation is established across the Td gradient to derive the 
isotopic composition of pseudo-precipitation at the end of the distilla-
tion profile without considering the dynamics of atmospheric 
circulation. 

We use a series of such simulations stepwise to interrogate the 
hydroclimate processes that are necessary to achieve the data-model fit. 
These simulations are introduced briefly here for an overview. In sto-
chastic simulation #1, the simulation is based on the Rayleigh distilla-
tion model only. In stochastic simulation #2, the simple raindrop re- 
evaporation effect is incorporated into simulation #1. In stochastic 
simulation #3, the vapor mixing effect is incorporated into simulation 
#2. In stochastic simulation #4, an equilibration component is applied 
to the raindrop re-evaporation model built upon simulation #3. In sto-
chastic simulation #5, a larger perturbation of Δ′17O due to the 
analytical error is added into simulation #4. In stochastic simulation #6, 
a delayed transition into ice-vapor fractionation is added into simulation 
#1. 

The results of stochastic simulation #1, which again is based on the 
Rayleigh distillation model only, are shown in Fig. 12a as the mean and 
2σ standard deviation of d-excess and Δ′17O at each 1‰ bin of δ18O, as 
well as in a frequency plot with the orthogonal distance regression line 
between Δ′17O and d-excess. In this synthetic dataset, there are no data 
with δ18O > 0‰ because the raindrop re-evaporation effect is not 
incorporated and the highest possible oceanic vapor δ18O is − 10‰ in the 
sampled GCM (Appendix F). The simulation results reproduce the trends 
of d-excess and Δ′17O versus δ18O reasonably well for δ18O > − 20‰, but 

d-excess and Δ′17O values become relatively lower and higher, respec-
tively, compared to observational data for δ18O < − 20‰. The Δ′17O and 
d-excess are clearly decoupled and their regression line is almost vertical 
due to the incorrectly simulated low d-excess and high Δ′17O values at 
low δ18O (Fig. 12a). The ability of Rayleigh distillation model to 
reproduce the increasing trend of Δ′17O versus decreasing δ18O is an 
interesting finding that differs from the view that Δ′17O should be 
conserved (Aron et al., 2021; Aron et al., 2023); this relates to our 
treatment that requires decreasing Td to force the distillation and that 
supersaturation is involved once Td < 0 ◦C. 

In stochastic simulation #2, the simple raindrop re-evaporation ef-
fect is incorporated (Appendix F). With this modification, the low d- 
excess and Δ′17O values for δ18O > 0‰ are reproduced, but the model 
output values are too low compared to observational data. In addition, 
compared to stochastic simulation #1, the raindrop re-evaporation ef-
fect not only decreases d-excess and Δ′17O at high δ18O but also further 
increases them at low δ18O (Fig. 12b). These relative increases of d- 
excess and Δ′17O at low δ18O reflect the downwind impacts of raindrop 
re-evaporation through recycling (Li and Garzione, 2017; Xia and 
Winnick, 2021)—the re-evaporation flux that locally lowers the d-excess 
and Δ′17O in precipitation in turn progressively increases them in 
downwind water vapor and precipitation (see Fig. 1). The overall misfit 
between data and stochastic simulation #2, in particular, the simulated 
higher precipitation Δ′17O values up to 60 per meg at low δ18O 
(Fig. 12b), suggests that other processes need to be incorporated for a 
data-model fit. 

In stochastic simulation #3, the vapor mixing effect based on the 
RSDM model is incorporated. After several trials, we find that mixing by 
a cooling step of 6 ◦C, when coupled to each distillation profile, effec-
tively prevents the sharp increase of Δ′17O for δ18O < − 20‰ and results 
in a better data-model fit (Fig. 12c). 

Still, an additional mechanism is required to counteract the raindrop 
re-evaporation effect that simulates the lower d-excess and Δ′17O for 
δ18O > 0‰ compared to observational data (Fig. 12c). As discussed in 
Section 4.1, terrestrial moisture recycling may strongly impact precipi-
tation d-excess and Δ′17O. However, it is challenging to incorporate this 
effect into the simulation as there are multiple model parameters 
involved and their probability distributions and inter-relationships are 
not well characterized. For example, ET/P, T/ET, and S/P are not in-
dependent parameters and each may vary with others, but few studies 
have explicitly characterized these ecohydrological interactions 
(Maxwell and Condon, 2016; Xia et al., 2022). Also, as discussed later in 
Section 5.3, there is a major limitation in our δET model that is developed 
only for P > ET conditions. These together lead us to consider other 
possible solutions. In stochastic simulation #4, we test adding an 
equilibration component to the raindrop re-evaporation model for 
reducing the magnitude of decrease in precipitation d-excess and Δ′17O 
at high δ18O. This is accomplished by setting the sub-cloud water vapor 
in the model to slightly higher d-excess and Δ′17O values than that in 
equilibrium with the initial raindrop (see Xia and Winnick, 2021). After 
several trials, we find that simulation results after setting the sub-cloud 
water vapor d-excess 3‰ higher and Δ′17O 4 per meg higher best 
reproduce the overall trends for both d-excess and Δ′17O in the full range 
of δ18O from − 25‰ to 5‰ (Fig. 13a). This modification, although 
arbitrary, can be thought of to represent the realistic feedback that 
continuous re-evaporation fluxes of raindrops are likely to increase the 
d-excess and Δ′17O of sub-cloud water vapor gradually as rainfall events 
proceed, bringing in equilibration behavior. This data-model fit suggests 
that raindrop re-evaporation does not decrease precipitation d-excess 
and Δ′17O as strongly as predicted by stochastic simulation #2 in which 
the initial raindrop is set to be in equilibrium with the sub-cloud water 
vapor (Liebminger et al., 2006; Froehlich et al., 2008; Xia and Winnick, 
2021). Rather, the results indicate that the tendency towards equili-
bration with sub-cloud water vapor is likely universal and acts to reduce 
the magnitude of these decreases. 

Notably, in stochastic simulation #4, there are still two features not 
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correctly represented: the 2σ standard deviation of Δ′17O in simulations 
is smaller than in observations, and therefore the regression coefficient 
between Δ′17O and d-excess is lower (less steep) than 8 (Fig. 13a). What 
could be the cause for the wide range of variability in precipitation 
Δ′17O in observations? The fact that previous simulations have correctly 
represented the range of variability in d-excess leads us to hypothesize 
that numerical values of Δ′17O data currently available in the literature 
might contain large analytical errors. As described in Appendix F, in our 
simulations we have added a small perturbation of ±5 per meg (1σ) for 
each pseudo-precipitation Δ′17O to stand for the least level of analytical 
error (Luz and Barkan, 2010). However, the recent comprehensive 

review by Aron et al. (2021) gives an estimate of the current analytical 
error for Δ′17O at about ±10 per meg. Another inter-laboratory perfor-
mance study suggests that Δ′17O data measured from laser spectrometry 
often overstate the achieved level of precision due to inappropriate 
methodological protocols (Wassenaar et al., 2021). Enlightened by these 
findings, in stochastic simulation #5, we test an increased level of Δ′17O 
perturbation at ±10 per meg. New simulation results reproduce the 
relationship between Δ′17O and d-excess more closely with a higher 
regression coefficient at about 7.3 ± 0.1 (Fig. 13b), suggesting that the 
large analytical error in Δ′17O might be the cause for the steep regression 
line in observations. 

Fig. 12. Results of stochastic simulations #1, #2, #3, shown as the mean and 2σ standard deviation of d-excess and Δ′17O at each 1‰ bin of δ18O, as well as the 
frequency plot with orthogonal distance regression line between Δ′17O and d-excess. The blue lines indicate the general trends of d-excess (the light blue area denotes 
the range of 2σ standard deviation) and Δ′17O versus δ18O from observational data for comparison (see Fig. 11). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Finally, we emphasize that the above efforts to reach a data-model fit 
have not yet considered the accuracy in the parameterization of ice- 
vapor fractionation, which may affect simulation results at low δ18O 
(Fig. S2). As an example, in stochastic simulation #6, we assign the 
transition temperature between liquid and mixed-phase clouds and be-
tween mixed-phase and ice clouds at − 10 ◦C and − 40 ◦C, respectively 
(Schoenemann and Steig, 2016), to extend the liquid-vapor fraction-
ation to lower temperatures and delay the predominance of ice-vapor 
fractionation (Fig. S1), while all other conditions are kept the same as 
in the simplest stochastic simulation #1. The results indicate that the 
sharp increase of precipitation Δ′17O for δ18O < − 20‰ due to the onset 
of supersaturation-induced kinetic effects shown in stochastic simula-
tion #1 is no longer present, and there is a closer data-model fit for d- 
excess as well compared to stochastic simulation #1 (Fig. 13c). 

However, regardless of the parameterization of ice-vapor fractionation, 
we find that raindrop re-evaporation/equilibration and vapor mixing 
are always required in order to achieve a data-model fit in the full range 
of δ18O. 

5.3. Implications of data-model comparison 

We conduct a series of stochastic simulations to demonstrate that the 
two key patterns of precipitation δ18O, d-excess, and Δ′17O variations in 
observations can be reasonably captured by the Rayleigh distillation 
model if raindrop re-evaporation/equilibration and vapor mixing effects 
are incorporated and a large analytical error for Δ′17O is assumed. This 
parsimonious solution implies that other processes affecting d-excess 
and Δ′17O are not needed to capture the full range of variability, 

Fig. 13. Same as Fig. 12 but for stochastic simulations #4, #5 and #6.  
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although it does not mean that they are not locally or regionally 
important. This insight is potentially useful for understanding the large- 
scale fundamental controls of the isotopic variations in global precipi-
tation (Hendricks et al., 2000; Bailey et al., 2018; Putman et al., 2019), 
uniquely from a constraint of second-order isotopic parameters. 

Notably, terrestrial moisture recycling is one of those excluded 
processes, despite being an important part of the water cycle. Our pre-
vious study on d-excess has argued that terrestrial moisture recycling 
likely possesses a very complex isotopic fingerprint; it is often strongest 
in the warm and dry season when plant activity and water storage 
depletion are enhanced, resulting in higher T/ET and, in particular, P <
ET conditions (Xia et al., 2022). Under these conditions, evapotranspi-
ration outfluxes may have lower d-excess and Δ′17O than precipitation 
influxes and act to decrease the d-excess and Δ′17O of downwind water 
vapor and precipitation, as opposed to our limited analysis of δET model 
in Section 4.1 that has only considered P > ET conditions. The fact that 
terrestrial moisture recycling is not required to capture the overall re-
lationships among δ18O, d-excess, and Δ′17O implies that its isotopic 
effect, if any, only has limited spatial and temporal extents, or has 
limited magnitudes of signals, or is muted by large-scale competing 
controls of continental water balance between P > ET and P < ET con-
ditions. This idea is consistent with those GCM-based studies, which 
demonstrate that precipitation d-excess can be reasonably simulated 
even when evapotranspiration fluxes are set to not fractionate (Risi 
et al., 2010a; Werner et al., 2011). 

6. Discussion and perspectives 

6.1. On the commonality and distinction between d-excess and Δ′17O 

Although d-excess and Δ′17O are defined under different mathe-
matical forms (linear δ notation vs. non-linear δ′ notation) and their 
respective amplitudes are identified on different scales (‰ vs. per meg), 
both in fact simply quantify the deviation relative to the reference 
relationship of the isotopic composition in average meteoric water as a 
measure of the scale of diffusion-induced kinetic fractionation. For this, 
we stress that d-excess and Δ′17O should first of all be viewed as similar 
parameters for their common responses in terms of the direction of 
change to hydroclimate processes that involve kinetic fractionation, 
such as oceanic evaporation, terrestrial moisture recycling, and raindrop 
re-evaporation, in which diffusional transports of water vapor across 
humidity gradients occur. It is feasible to invoke a similar framework for 
qualitative interpretations of high and low values in these two second- 
order isotopic parameters (Aron et al., 2021). 

In this review, we also show that the sensitivities of d-excess and 
Δ′17O to terrestrial moisture recycling and raindrop re-evaporation vary 
under different conditions. Generally, when kinetic fractionation is 
stronger and results in larger shifts in both d-excess and Δ′17O, such as in 
the cases of evaporation-dominated terrestrial moisture recycling or re- 
evaporation of raindrops in light rains, the magnitude of shifts is rela-
tively larger for Δ′17O than for d-excess, resulting in a higher Δ(Δ′17O)/ 
Δ(d-excess). 

Secondly, d-excess and Δ′17O have different responses to 
temperature-dependent equilibrium fractionation. This distinction is 
well known and often discussed in terms of temperature sensitivity 
during oceanic evaporation; the d-excess of oceanic evaporation fluxes is 
sensitive to SST but Δ′17O is not. Thus, combining these two comple-
mentary tracers in polar ice-core studies has the potential to deduce 
independent records of long-term SST and oceanic RH (Angert et al., 
2004; Landais et al., 2008; Landais et al., 2012b; Xia, 2023). However, in 
this review, we stress that the different responses of d-excess and Δ′17O 
to equilibrium fractionation are strongly and pervasively expressed in 
their distinct non-conservative behaviors during condensation and 
Rayleigh distillation. The 1st type of non-conservative behavior—the 
shifts of d-excess and Δ′17O from water vapor to precipitation—act as a 
source of noise that overprints their signals in water vapor and is partly 

responsible for the very weak correlation between d-excess and Δ′17O in 
precipitation observations. The 2nd type of non-conservative behav-
ior—the shifts of d-excess and Δ′17O in precipitation throughout Ray-
leigh distillation—act to dampen the 1st type of non-conservative 
behavior. 

There are also other definitions of these second-order isotopic pa-
rameters such as the logarithmic deuterium excess (Uemura et al., 2012; 
Dütsch et al., 2017) and the excess of 17O relative to a different reference 
slope (Uechi and Uemura, 2019; Aron et al., 2021). Our data compila-
tion shown in Fig. 11 supports a recently emerging view: because mean 
precipitation Δ′17O increases steadily with decreasing precipitation 
δ18O among these observational data, the excess term of 17O is more 
suitable to be defined on a lower reference slope (λ) (Miller, 2018; Aron 
et al., 2023). Based on our compiled Δ′17O database, we here use the 
linear regression to derive a new triple oxygen isotope meteoric water 
line for the range of δ18O from − 25‰ to − 2‰ as: 

δ
′17O (‰) = 0.5272× δ

′18O+ 0.020. (8) 

Eq. (8) means that λ = 0.5272 should be seriously considered for the 
possible new definition of Δ′17O for hydrological studies in the future. 
This value is higher than those proposed previously by others 
(0.5264–0.5268) (Sharp et al., 2018; Aron et al., 2021; Aron et al., 
2023). In addition to that this database has included to our knowledge 
the complete published datasets to date, our λ value is uniquely free 
from biases of both polar precipitation data (with very low δ18O) 
and—more importantly—other data strongly affected by raindrop re- 
evaporation based on the emerging pattern of d-excess (that do 
diverge from the mean value of 10‰ for δ18O > − 2‰). Regardless, we 
stress that these alternative definitions for d-excess and Δ′17O do not 
change their purposes for measuring isotopic deviations relative to a 
given reference. They also do not impact our understanding of the 
commonality and distinction between these two parameters. 

6.2. Opportunities, challenges, and directions 

By interrogating the similarities and differences between d-excess 
and Δ′17O dynamics, we suggest several future opportunities to leverage 
the joint information from precipitation d-excess and Δ′17O data to 
fingerprint water cycle processes. 

First, combining d-excess and Δ′17O data has the potential to 
inversely estimate the independent signals of SST and oceanic RH pre-
vailing at the oceanic moisture source. It is the most well-known 
application in ice-core records, with increased availability of new 
Δ′17O data to complement traditional d-excess records (Angert et al., 
2004; Landais et al., 2008; Landais et al., 2012b; Landais et al., 2018; 
Steig et al., 2021). However, we note the complication that the inde-
pendent SST signal might be overprinted by the short-term variability in 
other factors at the boundary layer that also affect the d-excess and 
Δ′17O of oceanic vapor, not to mention processes during vapor transport 
and condensation (Schoenemann et al., 2014; Li et al., 2015). Therefore, 
the application must consider on what timescale the independent SST 
effect can be distinguished from noisy isotope data (Xia, 2023). 

Second, Δ′17O is a more sensitive tracer than d-excess for finger-
printing terrestrial hydroclimate processes that involve strong kinetic 
fractionation such as tracking the surface evaporation flux in moisture 
recycling or detecting the re-evaporation of light rains. In addition, 
Δ′17O is insensitive to temperature-dependent equilibrium fractionation 
as reflected by the stable non-conservative behavior during liquid 
condensation (always shift by about 10 per meg) and Rayleigh distilla-
tion (varies very little across distillation profiles), as opposed to d- 
excess. This further makes Δ′17O a tracer uniquely diagnostic of kinetic 
fractionation in terrestrial hydroclimate processes when the tempera-
ture is above the freezing point. To this end, combining paired d-excess 
and Δ′17O data may provide an important avenue to disentangle the 
isotopic fingerprint of oceanic and terrestrial processes (Xia et al., 2022; 

Z. Xia et al.                                                                                                                                                                                                                                      



Earth-Science Reviews 242 (2023) 104432

20

Xia, 2023). 
Third, when the temperature is below the freezing point, precipita-

tion Δ′17O is highly sensitive to the balance between kinetic fraction-
ation in ice condensation that increases Δ′17O and vapor mixing that 
decreases Δ′17O, while precipitation d-excess responds slightly to both 
effects. This makes combining snow d-excess and Δ′17O data not only 
useful to constrain the degree of supersaturation of water vapor over ice 
in cold clouds (Risi et al., 2013; Schoenemann et al., 2014; Schoene-
mann and Steig, 2016), but also to characterize atmospheric mixing. 

Despite these emerging opportunities, the present challenge is that 
both d-excess and Δ′17O are complex and opaque tracers. Their values 
measured in a precipitation sample represent the aggregation of multi-
ple fractionation processes at the moisture source (oceanic evaporation), 
en route (Rayleigh distillation, vapor mixing, and terrestrial moisture 
recycling), and at the moisture sink (raindrop re-evaporation/ 
equilibration and ice condensation in supersaturation conditions) (Risi 
et al., 2013; Xia et al., 2022; Aron et al., 2023). Quantifying and un-
derstanding the role of each fractionation process that is likely spatially- 
and timescale-dependent is essential for an accurate interpretation of 
these tracers, in particular for Δ′17O that can be measured in various 
geological materials in the future. Recent work has made progress to-
wards this goal, for example, by using moisture tracking models to 
quantify the d-excess and Δ′17O of oceanic source vapor (Xia et al., 2022; 
Xia, 2023). Specifically, it is demonstrated that oceanic moisture source 
conditions are not the dominant control of seasonal changes in precip-
itation d-excess in low-latitudes and are locally overprinted by local 
raindrop re-evaporation/equilibration (Xia et al., 2022). 

Over longer timescales, d-excess and Δ′17O data from paleoclimate 
archives are sparse and almost exclusively provided by ice cores. In-
terpretations of their temporal variations preserved in these archives 
often invoke one specific process or mechanism without considering the 
complexity of aggregating multiple processes or mechanisms. For 
example, the d-excess and Δ′17O variations in ice cores are often 
attributed to changes in oceanic evaporation conditions (Vimeux et al., 
1999; Landais et al., 2008; Risi et al., 2010b; Winkler et al., 2012; Shao 
et al., 2021), whereas some studies recognize the important role of local 
supersaturation-induced kinetic effects in snow formation (Winkler 
et al., 2012; Schoenemann et al., 2014; Pang et al., 2015). For other 
archives, a study on speleothem paleo-fluid inclusions in the western 
Amazon rainforest has documented precipitation d-excess variations of 
7‰ during the Holocene, which coincide with changes in tree pollen 
abundance and likely reflect the strength of terrestrial moisture recy-
cling in response to past hydroclimate and vegetation changes (van 
Breukelen et al., 2008; Ampuero et al., 2020). More recently, Sha et al. 
(2020) have developed an approach for measuring speleothem carbon-
ate Δ′17O to reconstruct paleo-precipitation Δ′17O and tentatively 
interpreted their records during the late Quaternary, including from a 
site in the western Amazon rainforest, as reflecting oceanic evaporation 
conditions. 

To bridge the current knowledge gap about the multiple, compound 
controls of precipitation d-excess and Δ′17O, we suggest that site- 
specific, multiple-year 12 monthly means of paired precipitation d- 
excess and Δ′17O data are most useful to understand the common and 
distinct isotopic patterns in these two parameters, to disentangle the 
contribution of each fractionation process, and to develop an interpre-
tive framework for their variations preserved in geological records 

(Aron et al., 2023). These intermediate-timescale precipitation isotope 
data average out the short-term isotopic variability in precipitation 
related to synoptic and mesoscale conditions, are long enough to 
“measure” the isotopic characteristics of precipitation produced at a 
range of climate conditions in different seasons, and are practical to 
collect within a few years’ efforts for building a benchmark. Our pre-
vious work has examined the 12 monthly means of precipitation d- 
excess data from GNIP stations worldwide and provided a synopsis of 
their controlling factors in different regions (Xia et al., 2022). The same 
analysis can be extended to Δ′17O when data become available. 
Recently, Aron et al. (2023) showed a consistent pattern that precipi-
tation Δ′17O is higher in winter and lower in summer across the 
conterminous US but not so in d-excess data. From the insights gained 
from the analysis of theoretical models, we suggest that the more sen-
sitive response of Δ′17O to terrestrial hydroclimate processes, the larger 
increase of Δ′17O in ice condensation (strongly increased winter pre-
cipitation Δ′17O), and the complication of equilibrium fractionation for 
d-excess in condensation and Rayleigh distillation, are three potential 
reasons for that finding. 

Finally, with regard to geological applications of triple oxygen 
isotope techniques, many paleo-archives are formed with surface water 
in an evaporative environment (e.g., lakes, soils) and are prone to 
evaporative enrichment of heavy isotope species in surface water (Evans 
et al., 2018; Gázquez et al., 2018; Beverly et al., 2021; Passey and Levin, 
2021). These processes are frequently imprinted in geological records 
but are not considered in this review that is aimed to understand the 
hydroclimate processes and mechanisms responsible for isotopic varia-
tions in precipitation. Additionally, the d-excess and Δ′17O of ocean 
water also vary in the past, the fact that need to be considered in a 
quantitative analysis of paleo-isotope data (Stenni et al., 2001; Kelson 
et al., 2022). 
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Appendix A. Theoretical relationship between Δ(d-excess) and Δ(Δ′17O) in kinetic fractionation 

For a simple isotopic fractionation in which substance B is derived from substance A, its isotopic composition (XδB) follows: 
XδB (‰) =

( XδA + 1000
)Xα − 1000, (A1)  

where XδA is the isotopic composition of substance A (in ‰) and Xα denotes the fractionation factor. For water isotopologues, X denotes the individual 
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heavy isotope species (2 for 2H, 18 for 18O, 17 for 17O). Eq. (A1) may represent the equilibrium fractionation in water phase change (chemical re-
action) or the kinetic fractionation in water vapor diffusion (physical transport). In the latter case, vapor B is directly derived by diffusional transport 
from vapor A across a humidity gradient of 100%. The Δ(d-excess) and Δ(Δ′17O) between B and A (Δ > 0 means a higher value in B than A) are: 

Δ(d − excess) (‰) =
( 2δA + 1000

)( 2α − 1
)
− 8×

( 18δA + 1000
)( 18α − 1

)
(A2)  

and 

Δ
(
Δ’17O

)
(per meg) =

[
ln
( 17α

)
− 0.528× ln

( 18α
) ]

× 106, (A3)  

respectively. For kinetic fractionation, Xα is empirically expressed as (XD′/XD)m where XD′/XD is the ratio of diffusion coefficients of the heavy over the 
light isotope species, which is 0.9757 for 2H/1H, 0.9727 for 18O/16O, and (0.9727)0.518 = 0.9858 for 17O/16O (Merlivat, 1978; Barkan and Luz, 2007), 
and m is the aerodynamic exponent that in theory ranges from 0 for pure turbulence (no kinetic fractionation involved) to 1 for pure molecular 
diffusion. These XD′/XD values have been confirmed by recent advanced kinetic theory calculations with very weak temperature sensitivity as well as 
by laboratory experiments, although the value for 18O/16O may have an unknown offset of 0.02 (Hellmann and Harvey, 2020; Pierchala et al., 2022). 
By further assuming that 18δA ranges from − 30‰ to 0‰ and 2δA – 8× 18δA ranges from − 20‰ to 40‰, which are reasonable values in modern meteoric 
water, Δ(Δ′17O)/Δ(d-excess) is calculated to be between 1.40 and 1.44. 

Appendix B. Effective fractionation factor in condensation 

The effective fractionation factor (Xαeff) during condensation is represented by liquid-vapor equilibrium fractionation factor (Xαeq
l− v) for Td ≥ 0 ◦C, a 

combination of ice-vapor equilibrium fractionation factor (Xαeq
i− v) and kinetic fractionation factor due to supersaturation of water vapor over ice (Xαk

i− v) 
for Td ≤ − 23 ◦C (Jouzel and Merlivat, 1984), and is interpolated cubically between Td = − 23 ◦C and 0 ◦C when − 23 ◦C < Td < 0 ◦C to approximate 
mixed-phase conditions (Dütsch et al., 2017). The equations to derive Xαeff are: 

Xαeff =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Xαl− v
eq , Td ≥ 0◦C

b1(Td + 273.15)3
+ b2(Td + 273.15)2

+ b3(Td + 273.15) + b4,

Xαi− v
eq × Xαi− v

k ,Td ≤ − 23◦C

− 23◦C < Td < 0◦C, (B1)  

where 

Xαl− v
eq = exp

[
a1

(Td + 273.15)2 +
a2

Td + 273.15
+ a3

]

, (B2)  

Xαi− v
eq = exp

[
c1

Td + 273.15
+ c2

]

, (B3)  

and 

Xαi− v
k =

Si

Xαi− v
eq

(
X D

′

X D

)− 1
(Si − 1) + 1

. (B4) 

The Si expresses the supersaturation of water vapor over ice as: 

Si = 1 − λTd, (B5)  

where we assume λ = 0.004 (Risi et al., 2013). The coefficients in Eqs. (B1)–(B3) for deriving 2αeff and 18αeff are (Merlivat and Nief, 1967; Majoube, 
1971b; Majoube, 1971a): 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 = 24844
a2 = − 76.248
a3 = 0.05261

b1 = 2.252148 × 10− 6

b2 = − 0.001771881
b3 = 0.4623108
b4 = − 38.86489

c1 = 16289
c2 = − 0.0945

(B6) 
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and 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 = 1137
a2 = − 0.4156
a3 = − 0.00207

b1 = 3.409942 × 10− 7

b2 = − 2.697236 × 10− 4

b3 = 0.07091766
b4 = − 5.184572

c1 = 11.839
c2 = − 0.028224

, (B7)  

respectively. These equations for Xαeq
l− v and Xαeq

i− v determined decades ago are still in use for their accuracy, but there exists a very different equation for 
2αeq

i− v (Ellehoj et al., 2013), which is however disputed (Lamb et al., 2017). To derive 17αeff from Eqs. (B1)–(B3), the 18αeq
l− v, 18αeq

i− v, 18D′/18D values are 
replaced by (18αeq

l− v)0.529, (18αeq
i− v)0.529, and (18D′/18D)0.518 based on the power law relationship in mass-dependent equilibrium and kinetic fraction-

ation (Barkan and Luz, 2005; Barkan and Luz, 2007). The coefficients for interpolated mixed-phase conditions are: 
⎧
⎪⎪⎨

⎪⎪⎩

b1 = 1.833597 × 10− 7

b2 = − 1.44968 × 10− 4

b3 = 0.03809801
b4 = − 2.320959

. (B8) 

The values for XD′/XD are provided in Appendix A. The plots for the relationship between Xαeff and Td are shown in Fig. S1. 

Appendix C. The new model for δET with water storage and runoff terms 

The model for the isotopic composition of evapotranspiration fluxes (XδET) is developed following two assumptions: (1) a closure assumption is 
applied to model isotopic fluxes from terrestrial evaporation analogous to Eq. (2) but the isotopic composition of the boundary layer vapor is also filled 
partially by the concurrent transpiration flux depending on transpiration fraction T/ET (Aemisegger et al., 2014); and (2) the removal of liquid source 
water by the evapotranspiration outflux follows a Rayleigh-type process (Caves et al., 2015). The following is derived (Xia and Winnick, 2021): 

XδET (‰) =

(

1 −
T

ET

)∫ F
1

[
XαET

( Xδs + 1000
)
FX αET − 1 − 1000

]
dF

F − 1
+

(
T

ET

)
Xδs, (C1)  

where XαET is the apparent fractionation factor of evaporation affected by transpiration, F is the remaining fraction of source water after the 
evapotranspiration outflux, and Xδs is the isotopic composition of source water (in ‰). The XαET is calculated as (Xia and Winnick, 2021): 

XαET =

(

1 −
T

ET

)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(
X D

′

X D

)m
Xαl− v

eq
− 1

(
1 − h

100

)[
1 +

(
X D

′

X D

)m(
1 − T

ET

) (
h

100− h

) ]

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

+

(
T

ET

)

⎡

⎢
⎢
⎢
⎣

1

1 +
(

X D
′

X D

)m(
1 − T

ET

) (
h

100− h

)

⎤

⎥
⎥
⎥
⎦
, (C2)  

where h is the surface RH (in %) and Xαeq
l− v is the liquid-vapor equilibrium fractionation factor at surface temperature. The aerodynamic exponent m 

ranges between 0.5 and 1 after assuming Θ = 1 (see Section 2) adapted for terrestrial environments (Gat, 1996). In our previous work (Xia and 
Winnick, 2021), precipitation is the only source water for evapotranspiration and F = (P – ET)/P. In this study, simple runoff and water storage terms 
are incorporated. Then, Xδs is the mass-weighted mean of the isotopic compositions of water storage (Xδws) and precipitation (Xδp) as: 

Xδs (‰) =
S • Xδws + P • Xδp

S + P
=

Xδws

1 +
(

S
P

)− 1 +

Xδp

1 + S
P
, (C3)  

where S/P represents the size of water storage available for mixing and evapotranspiration relative to the precipitation influx. This ratio is complex in 
nature and related to a range of geological, climatic, and ecological factors (Xia et al., 2022). Globally, this ratio is estimated to be about 0.2 (Güntner 
et al., 2007), but it could be much higher in groundwater-dependent ecosystems. The F is modified as: 

F =
S

S + ET
=

1
1 + ET

P

(
S
P

)− 1, (C4)  

where ET/P represents the water balance. To compute XδET from Eqs. (C1)–(C4), only Xδws remains unknown. At isotopic steady state, Xδws equals the 
isotopic composition of residual water storage after the source water is removed by the evapotranspiration outflux. A simple isotopic mass balance 
yields: 

Xδws (‰) =
(ET + S) • Xδs − ET • XδET

S
=

[

1+
ET
P

(
S
P

)− 1
]

Xδs −

[
ET
P

(
S
P

)− 1
]

XδET . (C5) 

By combining Eqs. (C1), (C3), and (C5), both Xδws and Xδs can be eliminated to derive an analytical expression for XδET that only requires Xδp as an 
isotopic input term. Alternatively, XδET can be obtained numerically by approximating the unique Xδws value that satisfies Eqs. (C1), (C3), and (C5) at 
once. 
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Appendix D. The reactive transport model for δv with moisture recycling 

Hendricks et al. (2000) developed an isotope-enabled reactive transport model for water vapor that allows for moisture cycling. The model can be 
simplified with respect to dimensionless distance and the analytical solution for advective transport has a similar formulation to the Rayleigh 
distillation equation as (Winnick et al., 2014): 

Xδv (‰) =
(

Xδv,0 −
Xδ∞

v

)
f

X αeff +
X αeff •Nd − 1 + δ∞

v , (D1)  

where 

δ∞
v (‰) =

Nd •
XδET − (1 + Nd)

(
Xαeff − 1

)
1000

Xαeff +
Xαeff • Nd − 1

(D2)  

and 

Nd (Damköhler number) =
ET

P − ET
=

1
(

ET
P

)− 1
− 1

. (D3) 

This model incorporates the feedback of moisture recycling through the term XδET to modulate the isotopic evolution of water vapor. The isotopic 
composition of precipitation, Xδp, is obtained by Eq. (6). Note that f here is interpreted as the net degree of distillation. When Nd = 0 (no moisture 
recycling), Eq. (D1) reduces to the Rayleigh distillation equation, i.e., Eq. (4). 

Appendix E. The Stewart model 

The static raindrop re-evaporation model of Stewart (1975) is developed from Fick’s law that underpins the Craig and Gordon (1965) model, with 
the difference that the Stewart (1975) model represents raindrop re-evaporation as a Rayleigh-type progressive removal of liquid and includes 
evaporation amount as a model input (Gonfiantini et al., 2018). By assuming that the ambient water vapor is in isotopic equilibrium with the initial 
raindrop, the Stewart (1975) model is expressed as follows in order to obtain the isotopic composition of the final, evaporated raindrop (Liebminger 
et al., 2006): 

Xδd (‰) = Xδd,0 +
[
(1 − E)

X β
− 1

](
Xδd,0 + 1000

)
(

1 −
Xγ

Xαl− v
eq

)

, (E1)  
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eq

(
X D

′
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100

)
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and 
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( hd
100

)
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′

X D
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100

), (E3)  

where Xδd and Xδd,0 are the isotopic compositions of the final and initial raindrop (in ‰), respectively, E is the fraction of evaporative loss, Xαeq
l− v is the 

liquid-vapor equilibrium fractionation factor at raindrop temperature, and hd is the RH of ambient atmosphere with respect to saturation vapor 
pressure at raindrop temperature (in %). The aerodynamic exponent m for raindrops was determined as 0.58 in laboratory experiments (Stewart, 
1975). This model has been applied in a number of studies to quantify the effect of raindrop re-evaporation on the isotopic composition of precip-
itation after assuming or estimating the raindrop temperature, raindrop RH, and evaporation amount (Liebminger et al., 2006; Froehlich et al., 2008; 
Kong et al., 2013; Wang et al., 2016b). To demonstrate the model behavior, we run this static model for a hypothetical raindrop over a range of 
raindrop temperatures and raindrop RH at three evaporation fraction values at 0.05, 0.2, and 0.35. The results are shown in Fig. S5. 

Appendix F. Model inputs and sampling procedures for stochastic simulations of pseudo-precipitation 

We download ERA5 single-level reanalysis monthly fields of 0.25◦ × 0.25◦ resolution and extract 12 monthly means of relevant parameters from 
1981 to 2010 (Hersbach et al., 2020). For ocean grids (sea ice excluded), we derive the joint probability distribution of oceanic RH and Td (i.e., the dew 
temperature field) weighted by latent heat flux and grid area separately for 12 months and two hemispheres. For land grids, we similarly derive the 
probability distribution of Td weighted by precipitation flux and grid area. We also download the output of the isotope-enabled GCM LMDZ4 
simulation from 1994 to 2010 (monthly product) and derive the probability distribution of lowest-level vapor δ18O for each Td over ocean grids 
(without distinguishing the month and hemisphere due to coarse grid resolution). This GCM is the only one archived in the Stable Water Isotope 
Intercomparison Group Phase 2 (SWING2) project that has the accessible output of model parameters required to derive the probabilistic relationship 
between oceanic vapor δ18O and Td (Risi et al., 2012). 

To simulate the isotopic composition of each pseudo-precipitation, first, a pair of oceanic RH and Td is randomly sampled from their summed (over 

Z. Xia et al.                                                                                                                                                                                                                                      



Earth-Science Reviews 242 (2023) 104432

24

12 months and two hemispheres) joint probability distribution (Figs. S6a–c). At the same time, we tag the month and hemisphere from which that 
sample is actually taken. Next, the oceanic vapor d-excess and Δ′17O are randomly sampled independently based on the oceanic RH using their 
empirical linear relationships and prediction intervals (i.e., Fig. 2a and b; note that we use the prediction interval of Δ′17O after discounting the 
analytical error). Then, the oceanic vapor δ18O is randomly sampled according to its LMDZ4-based probability distribution at the oceanic Td (Fig. S6d). 
This procedure is aimed to find a reasonable oceanic vapor δ18O value given a particular Td, as recommended by Jouzel and Koster (1996). These are 
the initial condition inputs needed for the simulation. After that, the continental Td, the only final condition input needed for the simulation, is 
randomly sampled from its probability distribution in the same month and hemisphere as the sample of the initial condition (Fig. S6e). The reason for 
sampling the initial and final conditions in the same month and hemisphere is to ensure that the simulation is at least realistic in climatology (e.g., 
oceanic evaporation in winter conditions is unlikely the moisture source for summer precipitation). Finally, the Rayleigh distillation profile is 
established starting from the initial condition at the oceanic moisture source to the final condition at the continental moisture sink if there is a gradient 
of decreasing Td (otherwise that simulation is skipped). The isotopic composition of pseudo-precipitation at the end of the distillation profile is the 
output of the simulation. Note that for each simulation, the precipitation Δ′17O value is resampled with a normally distributed perturbation of ±5 per 
meg (1σ) to represent the least analytical error in triple oxygen isotope measurements (Luz and Barkan, 2010). This stochastic simulation procedure is 
repeated 106 times to derive a synthetic dataset of the isotopic composition of precipitation. We note that as the probability distributions of initial and 
final conditions are flux-weighted, moisture sources with high evaporation fluxes such as subtropical oceans and moisture sinks with high precipi-
tation fluxes such as tropical rainforests will be overrepresented in the synthetic dataset. 

The procedure described above is for the simplest scenario, i.e., the stochastic simulation #1 in Section 5.2. This Rayleigh distillation-based 
forward model and its sampling procedure can be made more complex by incorporating other processes such as terrestrial moisture recycling, 
raindrop re-evaporation/equilibration, and vapor mixing. As for incorporating the raindrop re-evaporation effect presented in Section 5.2, ERA5- 
based surface temperatures at oceanic moisture sources and continental moisture sinks are additionally sampled from their probability distribu-
tions versus Td (e.g., Fig. S6f). The surface RH gradient across the distillation profile is calculated from surface temperature and Td gradients (Bolton, 
1980). Raindrop diameter is sampled between 0.4 mm and 2.6 mm. Then, surface temperature, surface RH, and raindrop diameter together determine 
the fractionation factor (XαRR) associated with raindrop re-evaporation, which is incorporated into the Rayleigh distillation-based forward model by 
replacing Xαeff with Xαeff ⋅ XαRR (Xia and Winnick, 2021). If the raindrop has been completely evaporated due to the small diameter and low surface RH 
before reaching the end of the profile, that simulation is skipped. 

Appendix G. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.earscirev.2023.104432. 

References 

Aemisegger, F., Pfahl, S., Sodemann, H., Lehner, I., Seneviratne, S.I., Wernli, H., 2014. 
Deuterium excess as a proxy for continental moisture recycling and plant 
transpiration. Atmos. Chem. Phys. 14, 4029–4054. https://doi.org/10.5194/acp-14- 
4029-2014. 

Aemisegger, F., Sjolte, J., 2018. A climatology of strong large-scale ocean evaporation 
events. Part II: Relevance for the deuterium excess signature of the evaporation flux. 
J. Clim. 31, 7313–7336. https://doi.org/10.1175/JCLI-D-17-0592.1. 
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19, 122–127. https://doi.org/10.1111/j.2153-3490.1967.tb01465.x. 

Merlivat, L., 1978. Molecular diffusivities of H2
16O, HD16O, and H2

18O in gases. J. Chem. 
Phys. 69, 2864–2871. https://doi.org/10.1063/1.436884. 

Merlivat, L., Jouzel, J., 1979. Global climatic interpretation of the deuterium-oxygen 18 
relationship for precipitation. J. Geophys. Res. 84, 5029–5033. https://doi.org/ 
10.1029/JC084iC08p05029. 

Miller, M.F., 2002. Isotopic fractionation and the quantification of 17O anomalies in the 
oxygen three-isotope system: an appraisal and geochemical significance. Geochim. 
Cosmochim. Acta 66, 1881–1889. https://doi.org/10.1016/S0016-7037(02)00832- 
3. 

Miller, M.F., 2018. Precipitation regime influence on oxygen triple-isotope distributions 
in Antarctic precipitation and ice cores. Earth Planet. Sci. Lett. 481, 316–327. 
https://doi.org/10.1016/j.epsl.2017.10.035. 

Pang, H., Hou, S., Landais, A., Masson-Delmotte, V., Prie, F., Steen-Larsen, H.C., Risi, C., 
Li, Y., Jouzel, J., Wang, Y., He, J., Minster, B., Falourd, S., 2015. Spatial distribution 
of 17O-excess in surface snow along a traverse from Zhongshan station to Dome A, 
East Antarctica. Earth Planet. Sci. Lett. 414, 126–133. https://doi.org/10.1016/j. 
epsl.2015.01.014. 

Z. Xia et al.                                                                                                                                                                                                                                      

https://doi.org/10.1002/rcm.6668
https://doi.org/10.1126/science.aas9871
https://doi.org/10.1080/10256010801887208
https://doi.org/10.1029/91JD00054
https://doi.org/10.1029/91JD00054
https://doi.org/10.1029/94GL00069
https://doi.org/10.1146/annurev.earth.24.1.225
https://doi.org/10.1146/annurev.earth.24.1.225
https://doi.org/10.1016/j.gloplacha.2005.12.004
https://doi.org/10.1016/j.gloplacha.2005.12.004
https://doi.org/10.1016/j.epsl.2017.10.020
https://doi.org/10.1016/j.epsl.2017.10.020
https://doi.org/10.3389/feart.2021.633698
https://doi.org/10.3389/feart.2021.633698
https://doi.org/10.1016/j.gca.2018.05.020
https://doi.org/10.1126/science.aaa5931
https://doi.org/10.1126/science.aaa5931
https://doi.org/10.5194/acp-19-747-2019
https://doi.org/10.1029/2006WR005247
https://doi.org/10.1029/2020JD033418
https://doi.org/10.1029/2020JD033418
https://doi.org/10.1029/2020GL089999
https://doi.org/10.1029/2020GL089999
https://doi.org/10.1029/1999GB001198
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://www.iaea.org/services/networks/gnip
https://www.iaea.org/services/networks/gnip
https://doi.org/10.3402/tellusb.v41i4.15100
https://doi.org/10.3402/tellusb.v41i4.15100
https://doi.org/10.1029/JD089iD07p11749
https://doi.org/10.1029/JD089iD07p11749
https://doi.org/10.1029/96JD02362
https://doi.org/10.1029/96JD02362
https://doi.org/10.1130/G49634.1
https://doi.org/10.3402/tellusb.v65i0.19251
https://doi.org/10.3402/tellusb.v65i0.19251
https://doi.org/10.1029/2018JD028750
https://doi.org/10.1029/2018JD028750
https://doi.org/10.1002/jgrd.50754
https://doi.org/10.1002/jgrd.50754
https://doi.org/10.1073/pnas.1618374114
https://doi.org/10.1029/2007GL032096
https://doi.org/10.1029/2007GL032096
https://doi.org/10.1016/j.epsl.2010.07.033
https://doi.org/10.3189/2012JoG11J237
https://doi.org/10.1016/j.gca.2011.11.022
https://doi.org/10.1016/j.gca.2011.11.022
https://doi.org/10.5194/cp-14-1405-2018
https://doi.org/10.1002/hyp.6637
https://doi.org/10.1002/hyp.6637
https://doi.org/10.3389/feart.2021.598061
https://doi.org/10.3389/feart.2021.598061
https://doi.org/10.1016/j.epsl.2016.11.046
https://doi.org/10.1016/j.epsl.2016.11.046
https://doi.org/10.1016/j.gca.2015.04.047
https://doi.org/10.1029/2005JD006258
https://doi.org/10.1002/2016GL071036
https://doi.org/10.1016/j.gca.2010.08.016
https://doi.org/10.1016/j.gca.2010.08.016
http://refhub.elsevier.com/S0012-8252(23)00121-6/rf202304210358326388
http://refhub.elsevier.com/S0012-8252(23)00121-6/rf202304210358326388
http://refhub.elsevier.com/S0012-8252(23)00121-6/rf202304210358351099
http://refhub.elsevier.com/S0012-8252(23)00121-6/rf202304210358351099
https://doi.org/10.1038/ngeo2848
https://doi.org/10.1038/ngeo2848
https://doi.org/10.5194/gmd-10-1903-2017
https://doi.org/10.1126/science.aaf7891
https://doi.org/10.1126/science.aaf7891
https://doi.org/10.1080/10256019808234072
https://doi.org/10.1080/10256019808234072
https://doi.org/10.1111/j.2153-3490.1967.tb01465.x
https://doi.org/10.1063/1.436884
https://doi.org/10.1029/JC084iC08p05029
https://doi.org/10.1029/JC084iC08p05029
https://doi.org/10.1016/S0016-7037(02)00832-3
https://doi.org/10.1016/S0016-7037(02)00832-3
https://doi.org/10.1016/j.epsl.2017.10.035
https://doi.org/10.1016/j.epsl.2015.01.014
https://doi.org/10.1016/j.epsl.2015.01.014


Earth-Science Reviews 242 (2023) 104432

26

Pang, H., Hou, S., Landais, A., Masson-Delmotte, V., Jouzel, J., Steen-Larsen, H.C., 
Risi, C., Zhang, W., Wu, S., Li, Y., An, C., Wang, Y., Prie, F., Minster, B., Falourd, S., 
Stenni, B., Scarchilli, C., Fujita, K., Grigioni, P., 2019. Influence of summer 
sublimation on δD, δ18O, and δ17O in precipitation, East Antarctica, and implications 
for climate reconstruction from ice cores. J. Geophys. Res. Atmos. 124, 7339–7358. 
https://doi.org/10.1029/2018JD030218. 

Pang, Z., Kong, Y., Froehlich, K., Huang, T., Yuan, L., Li, Z., Wang, F., 2011. Processes 
affecting isotopes in precipitation of an arid region. Tellus B 63, 352–359. https:// 
doi.org/10.1111/j.1600-0889.2011.00532.x. 

Passey, B.H., Hu, H., Ji, H., Montanari, S., Li, S., Henkes, G.A., Levin, N.E., 2014. Triple 
oxygen isotopes in biogenic and sedimentary carbonates. Geochim. Cosmochim. 
Acta 141, 1–25. https://doi.org/10.1016/j.gca.2014.06.006. 

Passey, B.H., Levin, N.E., 2021. Triple oxygen isotopes in meteoric waters, carbonates, 
and biological apatites: Implications for continental paleoclimate reconstruction. 
Rev. Mineral. Geochem. 86, 429–462. https://doi.org/10.2138/rmg.2021.86.13. 

Petit, J.R., White, J.W.C., Young, N.W., Jouzel, J., Korotkevich, Y.S., 1991. Deuterium 
excess in recent Antarctic snow. J. Geophys. Res. 96, 5113–5122. https://doi.org/ 
10.1029/90JD02232. 

Pfahl, S., Wernli, H., 2009. Lagrangian simulations of stable isotopes in water vapor: an 
evaluation of nonequilibrium fractionation in the Craig-Gordon model. J. Geophys. 
Res. 114, D20108. https://doi.org/10.1029/2009JD012054. 

Pfahl, S., Sodemann, H., 2014. What controls deuterium excess in global precipitation? 
Clim.Past. 10, 771–781. https://doi.org/10.5194/cp-10-771-2014. 

Pierchala, A., Rozanski, K., Dulinski, M., Gorczyca, Z., 2022. Quantification the diffusion- 
induced fractionation of 1H2

17O isotopologue in air accompanying the process of 
water evaporation. Geochim. Cosmochim. Acta 322, 244–259. https://doi.org/ 
10.1016/j.gca.2022.01.020. 

Putman, A.L., Fiorella, R.P., Bowen, G.J., Cai, Z., 2019. A global perspective on local 
meteoric water lines: meta-analytic insight into fundamental controls and practical 
constraints. Water Resour. Res. 55, 6896–6910. https://doi.org/10.1029/ 
2019WR025181. 

Risi, C., Bony, S., Vimeux, F., 2008. Influence of convective processes on the isotopic 
composition (δ18O and δD) of precipitation and water vapor in the tropics: 2. 
Physical interpretation of the amount effect. J. Geophys. Res. Atmos. 113, D19306 
https://doi.org/10.1029/2008JD009943. 

Risi, C., Bony, S., Vimeux, F., Jouzel, J., 2010a. Water-stable isotopes in the LMDZ4 
general circulation model: model evaluation for present-day and past climates and 
applications to climatic interpretations of tropical isotopic records. J. Geophys. Res. 
115, D12118. https://doi.org/10.1029/2009JD013255. 

Risi, C., Landais, A., Bony, S., Jouzel, J., Masson-Delmotte, V., Vimeux, F., 2010b. 
Understanding the 17O excess glacial-interglacial variations in Vostok precipitation. 
J. Geophys. Res. 115, D10112. https://doi.org/10.1029/2008JD011535. 

Risi, C., Noone, D., Worden, J., Frankenberg, C., Stiller, G., Kiefer, M., Funke, B., 
Walker, K., Bernath, P., Schneider, M., Wunch, D., Sherlock, V., Deutscher, N., 
Griffith, D., Wennberg, P.O., Strong, K., Smale, D., Mahieu, E., Barthlott, S., Hase, F., 
García, O., Notholt, J., Warneke, T., Toon, G., Sayres, D., Bony, S., Lee, J., Brown, D., 
Uemura, R., Sturm, C., 2012. Process-evaluation of tropospheric humidity simulated 
by general circulation models using water vapor isotopologues: 1. Comparison 
between models and observations. J. Geophys. Res. 117, D05303 https://doi.org/ 
10.1029/2011JD016621. 

Risi, C., Landais, A., Winkler, R., Vimeux, F., 2013. Can we determine what controls the 
spatio-temporal distribution of d-excess and 17O-excess in precipitation using the 
LMDZ general circulation model? Clim.Past. 9, 2173–2193. https://doi.org/ 
10.5194/cp-9-2173-2013. 

Schauer, A.J., Schoenemann, S.W., Steig, E.J., 2016. Routine high-precision analysis of 
triple water-isotope ratios using cavity ring-down spectroscopy. Rapid Commun. 
Mass Spectrom. 30, 2059–2069. https://doi.org/10.1002/rcm.7682. 

Schoenemann, S.W., Schauer, A.J., Steig, E.J., 2013. Measurement of SLAP2 and GISP 
δ17O and proposed VSMOW-SLAP normalization for δ17O and 17Oexcess. Rapid 
Commun. Mass Spectrom. 27, 582–590. https://doi.org/10.1002/rcm.6486. 

Schoenemann, S.W., Steig, E.J., Ding, Q., Markle, B.R., Schauer, A.J., 2014. Triple water- 
isotopologue record from WAIS divide, Antarctica: controls on glacial-interglacial 
changes in 17Oexcess of precipitation. J. Geophys. Res. Atmos. 119, 8741–8763. 
https://doi.org/10.1002/2014JD021770. 

Schoenemann, S.W., Steig, E.J., 2016. Seasonal and spatial variations of 17Oexcess and 
dexcess in Antarctic precipitation: insights from an intermediate complexity isotope 
model. J. Geophys. Res. Atmos. 121, 11215–11247. https://doi.org/10.1002/ 
2016JD025117. 

Sha, L., Mahata, S., Duan, P., Luz, B., Zhang, P., Baker, J., Zong, B., Ning, Y., Brahim, Y. 
A., Zhang, H., Edwards, R.L., Cheng, H., 2020. A novel application of triple oxygen 
isotope ratios of speleothems. Geochim. Cosmochim. Acta 270, 360–378. https:// 
doi.org/10.1016/j.gca.2019.12.003. 

Shao, L., Tian, L., Cai, Z., Wang, C., Li, Y., 2021. Large-scale atmospheric circulation 
influences the ice core d-excess record from the central Tibetan Plateau. Clim. Dyn. 
57, 1805–1816. https://doi.org/10.1007/s00382-021-05779-9. 

Sharp, Z.D., Wostbrock, J.A.G., Pack, A., 2018. Mass-dependent triple oxygen isotope 
variations in terrestrial materials. Geochem. Perspect. Lett. 7, 27–31. https://doi. 
org/10.7185/geochemlet.1815. 

Steen-Larsen, H.C., Sveinbjörnsdottir, A.E., Peters, A.J., Masson-Delmotte, V., 
Guishard, M.P., Hsiao, G., Jouzel, J., Noone, D., Warren, J.K., White, J.W.C., 2014. 
Climatic controls on water vapor deuterium excess in the marine boundary layer of 
the North Atlantic based on 500 days of in situ, continuous measurements. Atmos. 
Chem. Phys. 14, 7741–7756. https://doi.org/10.5194/acp-14-7741-2014. 

Steig, E.J., Jones, T.R., Schauer, A.J., Kahle, E.C., Morris, V.A., Vaughn, B.H., 
Davidge, L., White, J.W.C., 2021. Continuous-flow analysis of δ17O, δ18O, and δD of 

H2O on an ice core from the South Pole. Front. Earth Sci. 9 https://doi.org/10.3389/ 
feart.2021.640292. 

Stenni, B., Masson-Delmotte, V., Johnsen, S., Jouzel, J., Longinelli, A., Monnin, E., 
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