
1. Introduction
The stable isotopes of precipitation are powerful tracers of the water cycle (Gat, 1996). The second-order isotopic 
parameter deuterium excess (d-excess), calculated as δ 2H–8 × δ 18O (δ-notation uses the unit ‰), was conceived 
to track kinetic fractionation and is highly sensitive to conditions during the evaporation of ocean surface water 
(Dansgaard, 1964). For a long time, the d-excess of precipitation has been viewed as a fingerprint of oceanic 
moisture source (OMS) conditions (Armengaud et al., 1998; Johnsen et al., 1989; Merlivat & Jouzel, 1979). The 
signals of d-excess preserved in ice cores or ancient groundwater were used as a proxy to reconstruct past OMS 
conditions (Jouzel et al., 1982; Rozanski, 1985; Vimeux et al., 1999). The excess abundance of  17O over  18O, now 
denoted as Δ′ 17O (Aron et al., 2021), is an isotopic parameter recently developed for the same purpose as d-excess 
(as another potential OMS tracer) and has been increasingly measured in precipitation or other natural waters as 
well as in polar ice cores (Bershaw et al., 2020; Landais et al., 2008; Li et al., 2015; Luz & Barkan, 2010). It is 
specifically calculated as follows:

Δ′17O (per meg) =
(

𝛿𝛿
′17O − 0.528 × 𝛿𝛿

′18O
)

× 1, 000 (Barkan&Luz, 2007) (1)

with
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𝛿𝛿
′(‰) = ln(𝛿𝛿∕1, 000 + 1) × 1, 000 (2)

Despite their high sensitivities to OMS conditions, precipitation d-excess and Δ′ 17O are also affected by other 
regional and local processes that may modify or overprint their OMS signals. For example, high precipitation 
d-excess values were found downwind of large lakes, forests, or irrigated farmlands, and indicate upwind mois-
ture recycling via evaporation (Gat et al., 1994; Gat & Matsui, 1991; Taupin et al., 2000), while low precipitation 
d-excess values were found in dry areas or periods and indicate that sub-cloud re-evaporation of falling raindrops 
has occurred (Pang et al., 2011; Putman et al., 2019). By definition, these kinetic fractionation-related processes 
similarly affect Δ′ 17O (Aron et al., 2021; Bershaw et al., 2020; Li et al., 2015). Disentangling the contributions 
of multiple fractionation processes to the variability of d-excess and Δ′ 17O in precipitation is essential for an 
unambiguous interpretation of isotopic tracers in both modern and paleo-environments (Risi et al., 2013; Xia 
et al., 2022).

Additionally, when Δ′ 17O was first introduced, isotope theory predicted that while d-excess is sensitive to both 
sea surface temperature (SST) and oceanic relative humidity (RH) at the OMS, Δ′ 17O is insensitive to SST and 
only sensitive to oceanic RH (Angert et al., 2004). This distinction implies that a combination of d-excess and 
Δ′ 17O data may provide complementary information about OMS conditions in ice-core paleoclimate records 
(Jouzel et al., 2013; Landais et al., 2008). However, direct observational evidence to validate this theory-based 
prediction or application is sparse (Landais et al., 2012; Uemura et al., 2010), in part due to non-OMS processes 
that compromise OMS signals in precipitation observations (Li et al., 2015; Schoenemann et al., 2014).

Here, I apply the recently released atmospheric moisture flow data set by Tuinenburg et al. (2020) to diagnose 
OMS regions and conditions across the globe. Thereby I investigate the specific contribution of OMS dynamics 
to the variability in precipitation d-excess in low- and mid-latitudes and demonstrate the theoretically contrasting 
sensitivity between d-excess and Δ′ 17O to OMS SST.

2. Data and Methods
2.1. Precipitation Isotope Data Set

The amount-weighted 12 monthly mean d-excess values are calculated at 1.0° grids (if that grid contains ≥3 
individual monthly measurements) across 60°N–60°S using data from the Global Network of Isotopes in Precip-
itation (GNIP) program (IAEA/WMO, 2021). The amount-weighted annual mean d-excess values are calculated 
for grids that contain complete 12 monthly mean d-excess values.

At present, precipitation Δ′ 17O data are available in a few case studies of specific sites. There are 12 sites that 
have reported precipitation Δ′ 17O data for at least 2 yr, with eight sites in Switzerland (Affolter et al., 2015; 
Leuenberger & Ranjan, 2021) and others in Singapore (He et al., 2021), Okinawa Island (Uechi & Uemura, 2019), 
Indianapolis in the U.S. (Tian & Wang, 2019), and the Pyrenees in Spain (Giménez et al., 2021). All these sites 
contain paired d-excess data. Their amount-weighted 12 monthly and annual mean d-excess and Δ′ 17O values are 
either available or calculated here. Arithmetic mean values are used for seven Switzerland sites where precipita-
tion amount data are unavailable (Leuenberger & Ranjan, 2021).

Data screening procedures and uncertainty estimates are described in Text S1 in Supporting Information S1.

2.2. OMS Regions and Conditions

The recently available global atmospheric moisture flow data set of 1.0° spatial resolution generated from the 
Lagrangian atmospheric moisture tracking model UTrack (forced by ERA5 reanalysis) is used to diagnose OMS 
regions (Tuinenburg & Staal, 2020; Tuinenburg et al., 2020). This data set provides 12 monthly means of atmos-
pheric moisture flows between all pairs of grid cells globally during 2008–2017. For monthly precipitation at 
any grid cell of interest, the contribution of evaporation from each cell (either oceanic or terrestrial cell) to that 
precipitation cell in that month is:

��� =
�����
∑

�∈globe
����� (3)

 19448007, 2023, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101901 by T

est, W
iley O

nline L
ibrary on [01/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

XIA

10.1029/2022GL101901

3 of 11

where sij is the ratio of precipitation at cell j that sources from evaporation at cell i, Ei is the evaporation flux at 
cell i, mij is the fraction of evaporation at cell i that falls as precipitation at cell j (i.e., the atmospheric moisture 
flow), and Σ symbol denotes the summation of Eimij from all evaporation cells globally. The fraction of precip-
itation at cell j that sources from only ocean grid cells (including large lakes) is 𝐴𝐴

∑

𝑖𝑖∈ocean

𝑠𝑠𝑖𝑖𝑖𝑖 and is termed as OMS 

ratio here.

The 12 monthly means of gridded SST and oceanic RH (with respect to SST) at 1.0° spatial resolution during 
2008–2017 are derived from ERA5 reanalysis (Hersbach et al., 2020) and used to determine OMS conditions. 
For monthly precipitation at any grid cell of interest, its OMS condition is the SST and oceanic RH averaged 
over all ocean grid cells weighted by the contribution of evaporation to that precipitation cell in that month 
like:

𝑠𝑠SST𝑗𝑗 =

∑

𝑖𝑖∈ocean

𝑠𝑠𝑖𝑖𝑗𝑗SST𝑖𝑖

∑

𝑖𝑖∈ocean

𝑠𝑠𝑖𝑖𝑗𝑗
 (4)

where 𝐴𝐴 𝑠𝑠SST𝑗𝑗 denotes the flux-weighted mean SST at the OMS of precipitation cell j (i.e., OMS SST) and SSTi 
denotes the SST at evaporation cell i. The same can be written for the flux-weighted mean oceanic RH (i.e., OMS 
RH). These gridded products of 12 monthly means of OMS SST and RH can be used to calculate the annual 
means of OMS SST and RH after being weighted by ERA5 precipitation amount.

Importantly, the OMS here only refers to the direct supply of oceanic moisture to the precipitation cell. It does 
not include the indirect, cascading supply of oceanic moisture, which is described and discussed in Text S2 in 
Supporting Information S1. To avoid confusion, it should be redundantly termed as direct OMS when necessary, 
to be distinguished from cascading OMS (Figure S1 in Supporting Information S1).

2.3. Modeling OMS Vapor d-excess and Δ′ 17O

The OMS SST and RH are converted to OMS vapor d-excess and Δ′ 17O using two models. The simple linear 
regression (SLR) model is based on the empirical relationship between oceanic vapor d-excess/Δ′ 17O and oceanic 
RH (hs, in %) in observations as follows:

d-excess (‰) = –0.54 × ℎ𝑠𝑠 + 48.2 (Pfahl&Sodemann, 2014) (5)

and

Δ′17O (per meg) = –0.74 × ℎ𝑠𝑠 + 65.3 (Uemura et al., 2010) (6)

The SLR model for d-excess has excluded the SST as an independent driver, as argued by Pfahl and 
Sodemann (2014).

The “closure assumption” (CA) model assumes that oceanic boundary layer moisture is only supplied by oceanic 
evaporative fluxes (Craig & Gordon, 1965; Merlivat & Jouzel, 1979). It explicitly simulates the isotopic compo-
sition of oceanic vapor (δov) from Fick's law as follows:

𝛿𝛿𝑜𝑜𝑜𝑜 (‰) =

(𝛼𝛼𝑒𝑒𝑒𝑒)
−1
(

𝐷𝐷′

𝐷𝐷

)𝑚𝑚

(𝛿𝛿𝑜𝑜 + 1, 000)

1 −
(

ℎ𝑠𝑠

100

)[

1 −
(

𝐷𝐷′

𝐷𝐷

)𝑚𝑚]
− 1, 000 (7)

where αeq is the liquid-vapor equilibrium fractionation factor at SST (>1), D'/D is the diffusivity ratio of 
water vapor isotopologues, m is the aerodynamic exponent, and δo is the isotopic composition of ocean water 
(assumed as 0‰). The equations of αeq for  2H/ 1H and  18O/ 16O can be found in Majoube  (1971). The D'/D 
is 0.9757 for  2H/ 1H and 0.9727 for  18O/ 16O from Merlivat  (1978). For  17O/ 16O, the values of αeq and D'/D 
for  18O/ 16O are replaced by (αeq) 0.529 and (D'/D) 0.518 based on the recently determined triple oxygen isotope 
fractionation exponents (Barkan & Luz, 2005, 2007). The aerodynamic exponent m is ∼0.25 for open oceans 
(Gat, 1996; Pfahl & Wernli, 2009). Equation 7 thus predicts OMS vapor d-excess and Δ′ 17O from both SST 
and oceanic RH drivers.
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2.4. Model and Data Analyses

The relationships between modeled OMS vapor d-excess and observed GNIP precipitation d-excess are exam-
ined using the correlation coefficient (Pearson's R) and root-mean-square residual (RMSR). The R 2 measures the 
proportion of variability in precipitation d-excess explained by OMS dynamics and reflects the strength of OMS 
fingerprint. The RMSR measures how accurate the modeled OMS vapor d-excess is in representing the absolute 
values of precipitation d-excess and may reflect the model bias or modification of OMS signals in vapor by 
subsequent non-OMS processes. I also filter the monthly mean d-excess data set by sample size (the number of 
data for calculating the monthly mean value), OMS ratio, latitude, and local RH (from ERA5 reanalysis), repeat 
the above analysis, and investigate how these factors affect the results. For the compiled Δ′ 17O data set limited to 
a few sites, I explore whether precipitation Δ′ 17O and d-excess as a pair show a common response to OMS RH 
but a contrasting sensitivity to OMS SST. By conducting these analyses, I have assumed that multiyear monthly 
means of isotopic values calculated from models and observations are climatological means and comparable 
despite spanning over different periods.

3. Results and Discussion
3.1. Global OMS Patterns and Implications for Isotope-Based OMS Tracers

The gridded OMS products are plotted in Figure 1 as seasonal means to show their spatiotemporal patterns. 
The OMS ratio is low in the interior or downwind areas on continents and has a strong seasonality in the North-
ern Hemisphere (NH) with very low values (<20%) in spring and summer (Figure 1a). There is a “hysteresis” 
pattern—∼20% higher OMS ratio in autumn than spring in the NH mid-latitudes (Figure S2 in Supporting Infor-
mation S1)—resulting from the increased importance of terrestrial moisture sources (TMS) in spring related 

Figure 1. The maps show the (a) oceanic moisture source (OMS) ratio, (b) OMS SST, and (c) OMS RH in different seasons: December–February, March–May, June–
August, and September–November. Hatched areas in (b and c) indicate where the OMS ratio is <40% as a reference.
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to continental water storage availability (Humphrey et al., 2016). The OMS SST follows a latitudinal gradient 
(Figure 1b). The OMS RH is lower in winter and higher in summer and this seasonality is stronger as latitude 
increases (Figure 1c). There is also a “hysteresis” pattern in OMS SST and RH—the higher OMS SST and lower 
OMS RH in autumn than spring—because of ocean thermal inertia (Delmotte et al., 2000; Froehlich et al., 2002), 
except for the OMS RH around the Arctic (Figure S2 in Supporting Information S1). These products quantify the 
fingerprint of OMS conditions for each land grid cell on monthly timescales based on moisture source diagnos-
tics, representing a major progress from previous studies that did not identify the exact OMS regions (Landais 
et al., 2012; Leuenberger & Ranjan, 2021; Pfahl & Sodemann, 2014).

However, the OMS conditions here only characterize the fraction of precipitation that directly sources from 
oceans. The OMS ratio maps show a fundamental and spatiotemporally variable role of TMS (Figure 1a). There-
fore, defining isotope-based OMS tracers should be appraised critically and seems at odds with the fact that conti-
nents become the major direct moisture sources for precipitation when and where moisture recycling is enhanced. 
This view has been suggested much earlier, for example, by Armengaud et al. (1998) who found that ∼30% of 
precipitation over the Greenland ice-sheet originates from NH continents and cautioned that it may complicate 
the interpretation of d-excess as an OMS tracer.

Recently, Zemp et al. (2014) introduced a conceptual framework wherein moisture recycling is suggested to func-
tion as a network to distribute oceanic moisture over continents. This framework has implications for understand-
ing the applicability of isotope-based OMS tracers. Even if much precipitation is directly supplied from TMS for 
a place where and when the OMS ratio is low, the direct TMS still in part originates from oceans and therefore 
has its own OMS and TMS. These indirect moisture sources are termed as the first cascading OMS and TMS, and 
so forth (Figure S1 in Supporting Information S1). I show in Figures S3 and S4 in Supporting Information S1 that 
the first cascading OMS, that is, the oceanic moisture that has undergone one re-evaporative cycle on continents, 
accounts for up to >30% of precipitation in some areas, and incorporating this part of cascading oceanic moisture 
only shifts the OMS SST and RH by <2°C and <2%, respectively, in most areas. This at least means that the direct 
and first cascading OMS are characterized by similar OMS conditions and implies that the low OMS ratio does 
not invalidate the applicability of isotope-based OMS tracers if the indirect, cascading supply of oceanic moisture 
propagates similar OMS signals. Still, in some areas such as Eurasian interiors, the direct and first cascading 
OMS combined only account for a little fraction of precipitation (Figure S3 in Supporting Information  S1), 
meaning that oceanic moisture has to run through multiple re-evaporation cycles to reach inland. There, the water 
cycle acts like a closed system mostly disconnected from oceans, and consequently, the link between the isotopic 
composition of local precipitation and OMS conditions is no longer physically meaningful (Wang et al., 2017).

As a reminder, there is a limitation in the applicability of isotope-based OMS tracers due to the role of TMS. 
The gridded products of OMS conditions derived here inherit this limitation for not accurately characterizing the 
fraction of precipitation that directly sources from continents and are more robust in places with high OMS ratios.

3.2. The OMS Fingerprint in Precipitation d-excess

Applying the derived OMS products to the globe, monthly mean precipitation d-excess from the GNIP data set 
is found to correlate with OMS vapor d-excess calculated from SLR and CA models with an R 2 of 0.18 and 0.24 
and an RMSR of 3.8‰ and 5.1‰, respectively (Figure 2a). Filtering the data set impacts the results, briefly as 
follows (Figure 2b): (a) R 2 value increases to 0.27 and 0.41, respectively, when only using those monthly means 
with a larger sample size to ≥15 (Figure 2a); (b) R 2 is slightly higher when filtered for a higher OMS ratio to 
≥80%; (c) R 2 is higher in mid-latitudes but much lower in low-latitudes; (d) R 2 decreases when filtered for a 
higher local RH to ≥80%; and (e) RMSR decreases to 3.0‰ and 4.6‰, respectively, when filtered for a larger 
sample size, but in other cases, it varies within a narrow range, between 3.5‰ and 3.9‰ for the SLR model and 
between 5.0‰ and 5.4‰ for the CA model.

These statistics provide insights into the fingerprint of OMS conditions in precipitation d-excess. The higher 
R 2 values from the CA model are strong, independent evidence that both SST and oceanic RH contribute to 
the spatiotemporal variability in precipitation d-excess on monthly timescales, and the same is true for annual 
mean d-excess (Figure S5 in Supporting Information S1). This important finding differs from the previous study 
by Pfahl and Sodemann (2014) who stressed oceanic RH as the single driver of the seasonality in precipitation 
d-excess. The higher RMSR values from the CA model, due to simulating biased high vapor d-excess values 
(Figure 2a), may result from inaccuracies in mechanistic model parameters (aerodynamic exponent, diffusivity 
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ratio, and ocean water d-excess), and do not contradict the higher R 2 the CA model has achieved. For example, 
weakening the kinetic effect at the ocean-atmosphere interface by setting m = 0.2 would decrease RMSR to 3.6‰ 
(Figure 2b).

Additionally, the analysis of filtered data sets reveals how data set quality, model limitation, and non-OMS 
processes affect the strength of OMS fingerprint. The stronger OMS fingerprint with a larger sample size indicates 
that monthly mean d-excess data based on more individual observations and spanning longer periods have higher 
signal-to-noise ratios as OMS tracers. The stronger OMS fingerprint with a higher OMS ratio is an expected 
result—again, modeled OMS conditions are more (less) robust for a place with a larger fraction of precipita-
tion directly sourced from oceans (continents). This result also confirms that the cascading supply of oceanic 
moisture through moisture recycling indeed tends to weaken OMS signals (Xia et al., 2022). The weaker OMS 
fingerprint in low-latitudes has been previously suggested qualitatively (Xia et al., 2022), and likely results from 
invariable OMS conditions there (Figures 1b and 1c) and/or the increased importance of non-OMS processes 
that have modified OMS signals, such as raindrop-vapor interactions in convective systems (Bony et al., 2008; 
Kurita, 2013). The weaker OMS fingerprint with a higher local RH, however, contradicts the expectation that 
the local modification of precipitation d-excess by sub-cloud raindrop re-evaporation should have been reduced 
(Stewart, 1975; Xia et al., 2022), and again likely indicates the increased importance of non-OMS processes. For 
example, the high local RH often occurs in wet tropics where convection is dominant and affects the isotopic 
equilibration of raindrops (Bony et al., 2008), or during mid-latitude winter when fractionation related to snow 
formation in a supersaturated environment affects precipitation d-excess (Jouzel & Merlivat, 1984).

Although the above results might be biased for the over-representation of European sites in the GNIP data set, the 
consistently low R 2 (at most 0.41) and high RMSR values (at least 3‰) underscore that precipitation d-excess 
is controlled by the competing influences of OMS and non-OMS processes. As the role of non-OMS processes 

Figure 2. (a) The scatter plots between monthly mean precipitation d-excess from the Global Network of Isotopes in Precipitation (GNIP) data set and oceanic 
moisture source (OMS) vapor d-excess from two models. Black lines denote the 1:1 relationship for reference. Larger green scatters are those monthly means with a 
sample size ≥15. (b) Their R 2 and root-mean-square residual (RMSR) values after filtering the data set or using different aerodynamic exponent m values for the closure 
assumption (CA) model.
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varies spatiotemporally by multiple mechanisms, future studies should aim to further address their impacts on the 
use of d-excess and its analog Δ′ 17O as OMS tracers at local scales.

3.3. The Contrasting Sensitivity of d-excess and Δ′ 17O to OMS SST

For the compiled Δ′ 17O data set, the 12 monthly means of d-excess and Δ′ 17O in precipitation and their modeled 
values in OMS vapor, along with OMS conditions and other factors of each site, are plotted in Figure 3 for an 
overview (precipitation amount is shown in Figure S6 in Supporting Information S1).

The seasonal patterns of modeled OMS vapor d-excess and Δ′ 17O appear very similar between SLR (SST driver 
excluded) and CA (SST driver included) models, despite that the CA model is known to simulate biased high 
d-excess values (Figures 3c and 3d). OMS SST varies by 7°C–10°C seasonally among these sites (except Singa-
pore), in phase with OMS RH despite having a lag of ∼2 months for European sites (Figure 3a). As higher SST 
increases but higher oceanic RH decreases vapor d-excess (Johnsen et  al.,  1989; Pfahl & Sodemann,  2014), 
their in-phase relationships mean that OMS SST only attenuates the magnitude of OMS RH-dominated seasonal 
changes in vapor d-excess by 2.5–3.5‰ using the known CA model-based sensitivity factor of 0.35‰/°C (Equa-
tion 3 in Pfahl & Sodemann, 2014).

Figure 3. The plots show the 12 monthly means of (a) OMS SST (blue lines) and relative humidity (RH), (b) oceanic moisture source (OMS) ratio (blue lines) 
and local RH, (c and d) observed precipitation and modeled OMS vapor d-excess (solid and dashed blue lines are from simple linear regression [SLR] and closure 
assumption [CA] models, respectively) and Δ′ 17O (CA model only; SLR-modeled results are almost identical) of four different sites and a region (Switzerland that has 
eight sites) from the compiled Δ′ 17O data set. For the Switzerland sites, values are plotted as ranges except for precipitation isotope data which are plotted individually 
for each site (three high-elevation sites are marked in gray color).
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Although these sites cover a latitudinal range and are characterized by different climate and moisture source 
settings, their seasonal patterns of precipitation d-excess and Δ′ 17O, which are both higher in winter and lower in 
summer but in Singapore both have a slight seasonality, are correctly captured by modeled OMS vapor d-excess 
and Δ′ 17O and suggest seasonal changes in OMS RH as the common driver, except for the d-excess in Switzer-
land. However, scatter plots may show negative correlations between precipitation d-excess/Δ′ 17O and OMS SST 
as an artifact of the in-phase relationship between OMS SST and RH (Figure S7 in Supporting Information S1). 
Furthermore, as mentioned in Section  3.2, multiple non-OMS processes also contribute to the variability in 
precipitation d-excess and Δ′ 17O and modify their OMS signals.

From above, it is concluded that the contrasting sensitivity between d-excess and Δ′ 17O to OMS SST does not 
stand out at a specific site on monthly/seasonal timescales when their signals in precipitation are dominated by 
changes in OMS RH and additionally affected by noises related to non-OMS processes.

Nevertheless, the annual mean OMS SST ranges between 16°C and 28°C whereas the annual mean OMS RH 
varies only between 69% and 72% among these sites (Figure 4). These indicate that any different seasonality in 
OMS RH tends to be averaged out to a similar value for sites from very different settings and that OMS SST 
becomes the major environmental gradient under annual mean conditions. Additionally, annual mean precipita-
tion d-excess and Δ′ 17O data have an integrated nature and therefore are less affected by short-term noises related 
to non-OMS processes. A robust, positive correlation (R 2 = 0.8, p < 0.01) between precipitation d-excess and 
OMS SST emerges under annual mean conditions after excluding three high-elevation (>1,000 m asl) Switzer-
land sites (Figure 4a). The regression coefficient is 0.29 ± 0.05‰/°C, close to the CA-model predicted value of 
0.35‰/°C (Pfahl & Sodemann, 2014), despite the known model bias for simulating higher vapor d-excess at the 
same oceanic RH (Figure 2a). These high-elevation outliers with distinct higher d-excess compared to nearby 
low-elevation counterparts might be caused by non-OMS processes at local scales (Leuenberger & Ranjan, 2021), 
perhaps most importantly by the orographic seeder-feeder mechanism (Liotta et al., 2006). By contrast, there is 
no clear relationship (R 2 = 0.11, p = 0.34) between precipitation Δ′ 17O and OMS SST (Figure 4b). Therefore, 
the contrasting sensitivity between d-excess and Δ′ 17O to OMS SST initially predicted by the theoretical model 
is distinguishable from precipitation observations under annual mean conditions from a spatial network of sites.

4. Conclusions
This study disentangles the complex controls of precipitation d-excess and Δ′ 17O by quantifying the crucial 
role of OMS dynamics. I show a dual control of SST and oceanic RH on precipitation d-excess in low- and 

Figure 4. The scatter plots show the independent effect of OMS SST on annual mean precipitation (a) d-excess and 
(b) Δ′ 17O from the compiled Δ′ 17O data set. Scatters are individual sites labeled as 1–4 for Singapore, Okinawa Island, 
Indianapolis, and the Pyrenees, respectively, and 5–12 for Switzerland sites with three high-elevation sites marked as asterisks 
and excluded in the linear regression. An inset map in (b) shows site locations. Scatters are colored based on OMS RH. 
Gray lines are contours of CA-modeled vapor d-excess and Δ′ 17O (10 per meg added to account for fractionation during 
condensation; Luz & Barkan, 2010) at different oceanic RH.
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mid-latitudes on monthly timescales, together explaining 41% of the spatiotemporal variability, compared to 27% 
from oceanic RH only (Figure 2a). Accordingly, non-OMS processes, including regional moisture recycling and 
local condensation or post-condensation modifications, contribute to more than half of the variability in precipi-
tation d-excess, reiterating that d-excess and its analog Δ′ 17O are not simple OMS tracers (Xia et al., 2022). Still, I 
successfully demonstrate that the contrasting sensitivity between d-excess and Δ′ 17O to OMS SST is distinguish-
able from noisy precipitation observational data sets under annual mean conditions across multiple sites. This 
validation in principle supports the possible use of d-excess and Δ′ 17O data as a pair to infer independent OMS 
SST and RH information (Angert et al., 2004) and underscores the factor of timescales.

Data Availability Statement
The GNIP data set can be accessed through https://nucleus.iaea.org/wiser.
The compiled Δ′ 17O data set consists of data reported from these studies: Table S1 in He et al. (2021) for Singa-
pore, Table S2 in Uechi and Uemura  (2019) for Okinawa Island, https://doi.org/10.1594/PANGAEA.895300 
and Tian and Wang (2019) for Indianapolis in the U.S., Supplementary Table 3 in Giménez et al. (2021) for the 
Pyrenees in Spain, Figures 4 and 6 in Affolter et al. (2015) for Mormont in Switzerland, and Figures 7–13 in 
Leuenberger and Ranjan (2021) for other Switzerland sites.
The UTrack atmospheric moisture flow data set can be accessed through https://doi.org/10.1594/
PANGAEA.912710 (Tuinenburg et al., 2020).
The ERA5 reanalysis product (ERA5 monthly averaged data on single levels from 1959 to present) can be 
accessed through https://cds.climate.copernicus.eu/ (Hersbach et al., 2020).
The derived products (OMS ratio, OMS SST, and OMS RH for both direct and first cascading OMS) and 
their source codes are made available on Figshare and can be accessed through https://doi.org/10.6084/
m9.figshare.21936840.
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