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Abstract The interpretation of water isotope records in Antarctic ice cores is crucial for our understanding
of past climate changes. Here we use novel water tracers in an ECHAM6-wiso simulation to investigate
moisture source controls on deuterium excess in Antarctic precipitation, particularly the logarithmic variant dj,.
The simulation captures the amplitude of seasonal changes in observed 6D and d|, of precipitation. There are,
however, some model biases that cannot be resolved through adjustments to kinetic fractionation parameters or
the model resolution. These may reflect issues in the hydrological cycle representation or the representation of
isotope processes. The simulated dj, in Antarctic precipitation reliably reflects moisture source sea surface
temperature (SST): d), shows a higher correlation than traditionally defined deuterium excess. Ocean surface
relative humidity with respect to SST (RHsst) influences d,, during evaporation, however, this influence
weakens above the ocean surface. 79% of the variance in dy,, of annual precipitation at Dome C is due to changes
in moisture source SST. d}, is more sensitive to source SST in inland Antarctica than in coastal regions, making
it a robust proxy for reconstructing past SST at the inland ice core sites. The explained variance of dy,, by source
SST for daily precipitation at Dome C is lower at 28%, which increases to 59% after excluding very low
precipitation days (<0.02 mm). Finally, we find reversed relationships between source SST and d,, in the vapor
above the Southern Ocean, potentially driven by cold air outbreaks or precipitation processes.

Plain Language Summary The heavy-to-light isotope ratios of atmospheric water capture a range of
hydrological processes, making them a vital tool for studying the water cycle. Decades ago, scientists
discovered an empirical relationship between isotope ratios in Antarctic surface snow and local surface
temperature, which has since been used to infer past temperatures from Antarctic ice cores. Recent modeling
studies, with an improved understanding of water isotope fractionation, have expanded this approach to also
extract moisture source information from ice core records. However, interpreting moisture source properties
from water isotopes has remained uncertain. In this study, we use new advanced modeling tools that provide
precise information about moisture sources to directly assess what water isotopes reveal about these properties.
These findings offer new insights into the hydrological cycle and enhance our ability to analyze isotope records.

1. Introduction

Antarctic climate is rapidly changing, with record low sea ice extent and extreme heat events in 2022 and 2023
(Diamond et al., 2024; Gorodetskaya et al., 2023; Purich & Doddridge, 2023). Increased moisture in the region
directly drives warming, as model simulations show that poleward moisture transport is a key contributor to the
future Antarctic warming (Hahn et al., 2021). Warming Southern Ocean waters may accelerate sea ice and ice
shelf loss, altering evaporation patterns and impacting Antarctic precipitation and surface mass balance (Mottram
etal., 2021). These changes could affect the Antarctic mass budget and contribute to future sea level rise, although
the extent remains uncertain (IPCC, 2021). Understanding evaporative source changes is critical for predicting
these impacts, but tracking these changes (e.g., Fiorella et al., 2021; Sodemann & Stohl, 2009; Werner
et al., 2001), both in the present and past, has been challenging.

Going further back in time, ice cores provide information on climate changes over hundreds of thousands of years
(EPICA community members, 2004). Water isotopes from ice cores have long served as proxies for past tem-
perature changes, especially during glacial-interglacial cycles (Jouzel et al., 2007). These reconstructions rely on
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quasi-linear relationships between isotope ratios in surface snow and local surface temperature (Jouzel
et al., 2003), but shifts in moisture sources can introduce uncertainties (Landais et al., 2021; Stenni et al., 2010).
More information about Antarctic precipitation and moisture sources could improve our understanding of current,
future, and past Antarctic climate and the drivers of ice mass budget changes. It could also be essential for un-
derstanding the impacts of anthropogenic climate change and potential tipping points in the Earth system (Casado
et al., 2023; Lenton et al., 2019).

Given these needs, moisture source information has been inferred from water isotopes, which are stable iso-
topologues of hydrogen and oxygen, including H, O, H580, and HDO. These isotopologues are measured relative
to a standard due to the rare abundance of the heavier isotopologues. The isotope ratios are expressed as
6 = (Rympie — Ry smow)/ Ry suow X 1000 [%o], where Ry, and Ry gyow rtepresent the ratios of D/H

or'80 /%0 in the sample and in Vienna Standard Mean Ocean Water (VSMOW), respectively (Jouzel, 2014).
Fractionation of these water isotopes occurs during phase changes, driven by differences in saturation vapor
pressures and molecular diffusivities. This fractionation can be either equilibrium or kinetic. Equilibrium frac-
tionation is governed by temperature-dependent fractionation factors @, which define the isotope ratios between
two phases (Majoube, 1971b). Kinetic fractionation, on the other hand, results in a relative enrichment of HDO
compared to H}¥O in the less strongly bound phase, due to the higher molecular diffusivity of HDO (Merli-
vat, 1978; Pfahl & Sodemann, 2014). Kinetic fractionation can occur during ocean surface evaporation, snow
formation in mixed clouds, and precipitation re-evaporation (Jouzel & Merlivat, 1984; Merlivat & Jouzel, 1979;
Risi et al., 2008). Of these, the kinetic fractionation that occurs during ocean surface evaporation is of particular
interest: this imprints ocean surface properties, particularly SST and RHsst, in the evaporated vapor isotope ratios
(Jouzel et al., 1982; Landais et al., 2021).

To help quantify these kinetic fractionation processes, Dansgaard (1964) introduced a linear definition of
deuterium excess, d,;, = 6D — 85'%0, based on the global meteoric water line (Craig, 1961). However, since d,
is influenced by the nonlinearity of the & scale (as In(1 + &§)+#5), Uemura et al. (2012) proposed a logarithmic

definition of deuterium excess: dj, = In(1 + D) — 8.47 X ln(l + 5180) + 285 X (ln(l + 5180))2.
Deuterium excess (d,, and d,) in ocean surface evaporative fluxes is positively correlated with SST and nega-
tively correlated with RHsst when other conditions remain constant (Hoffmann et al., 1998, see their Eq. 2).

Factors that influence deuterium excess have been explored using observation data sets (e.g., Benetti et al., 2014;
Uemura et al., 2008; Pfahl & Wernli, 2008). For example, based on 2 years of vapor isotope observations on a
cruise from the Arctic to the Southern Ocean, a spatial relationship, d,;, = —0.33RHsst + 0.27SST + 25.01,
was established for 6-hourly data (Bonne et al., 2019). However, cross correlations between SST and RHsst may
complicate their relationships with deuterium excess (Aemisegger & Sjolte, 2018). Specifically, Aemiseg-
ger (2018) found that strong large-scale ocean evaporation in the subpolar North Atlantic induced by cold
advection in the rear of extratropical cyclones could result in positive anomalies of deuterium excess and negative
anomalies of SST, thus reversed relationships between deuterium excess and source SST. Similar negative
temporal correlations between deuterium excess and source SST have also been found in the study of Pfahl and
Wernli (2008) and Sodemann et al. (2024), which contradict results from spatial relationships between deuterium
excess and source SST (Bonne et al., 2019). Furthermore, these correlations can also be altered by additional
processes during the transport of moisture in the atmosphere, which can result in different deuterium excess
relationships in precipitation and vapor fields. Generally, these studies indicate that deuterium excess in ocean
surface vapor contains information on evaporative conditions, specifically on RHsst and SST, although possibly
not on wind speed. It is not clear from these studies whether this information is preserved in Antarctic
precipitation.

Links between deuterium excess and moisture sources, and implications of using d,, or d,,, have also been
explored using simple water-isotope distillation models (Ciais & Jouzel, 1994). Merlivat and Jouzel (1979)
evaluated the controls of moisture sources on deuterium excess, assuming a steady-state regime where the isotope
compositions of global precipitation are equal to those of evaporation and vapor. They found that 5D and §'80 are
linearly related, with both slope and intercept controlled by moisture source SST and RHsst. The application of
d,,, however, involves an artifact due to the approximation In(1 + 8) = & (Uemura et al., 2012), which leads to a
higher d,, in depleted water vapor (Diitsch et al., 2017). Although this artifact can be avoided by using dj,, d, is
not conserved during the mixing of air parcels due to its logarithmic definition. However, Diitsch et al. (2017)
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found that this mixing effect is negligible for small differences in isotope ratios between air parcels (e.g., £8%o in
oD), but stronger effects may occur for air parcels with distinct isotope compositions. Although Jouzel and
Merlivat (1984) showed that kinetic fractionation during snow formation can influence deuterium excess, Markle
and Steig (2022) argued that nonlinearities in the water-isotope-temperature relationships further complicate the
interpretation of water isotopes under different meteorological conditions. In summary, studies using simple
distillation models do not make it very clear whether the use of d,, or d}, is more accurate when inferring moisture
source properties.

Atmospheric models that simulate the entire hydrological cycle, and which are equipped with water isotope
capabilities, are perhaps the most comprehensive means to investigate evaporative source controls on deuterium
excess (Jouzel et al., 2013). For example, Risi et al. (2013) used the general circulation model (GCM) LMDZ to
investigate the factors that control the spatio-temporal distribution of precipitation d,,. They found that seasonal
variations of d,, at high latitudes are mainly affected by evaporative conditions, Rayleigh distillation, and su-
persaturation during condensation at low temperatures. Fiorella et al. (2021) then developed new process-
orientated tracers which were used to examine the controls of moisture sources on deuterium excess in the
water isotope enabled GCM iCAM6. These types of tracers provide a new means to more accurately diagnose the
source properties of Antarctic precipitation (Gao et al., 2024). For example, in a preindustrial simulation using
ECHAMG6-wiso, Gao et al. (2024) found that annual mean Antarctic precipitation originating from the open ocean
has a source latitude range of 49—35°S and a source SST range of 10-16°C.

Building directly on these recent model developments, here we use newly developed water tracers in ECHAMG6-
wiso to examine moisture source controls on water isotopes in Antarctic precipitation (Gao et al., 2024). Modeled
relationships between moisture source properties and the two definitions (d,; and d,) of deuterium excess in
precipitation and vapor are examined at daily, monthly, and annual timescales. We focus primarily on Dome C,
where the oldest ice core was extracted (EPICA community members, 2004) and a million-year-old ice core is
being drilled nearby (Chung et al., 2023) but also look more broadly across another Antarctic station and the
Antarctic region. Section 2 presents the model, present day observation of water isotopes from the Antarctic
region and methods. Section 3.1 contains an evaluation of the model simulations against these observations.
Section 3.2 presents analysis of source evaporative controls on deuterium excess in precipitation and vapor.
Section 4 provides conclusions and some discussion of the implications of the results.

2. Data and Methods
2.1. ERAS5-Nudged ECHAMG6-Wiso Simulations

The ECHAMG6 model was developed by the Max Planck Institute for Meteorology (Stevens et al., 2013).
ECHAMBG consists of a spectral-transform dynamical core, physical parameterizations for diabatic processes, a
transport model for scalar quantities other than temperature and surface pressure, and boundary data sets for
externalized parameters.

The water isotope module of ECHAMG6-wiso is presented in Cauquoin et al. (2019). The equilibrium fractionation
coefficients between the vapor and liquid/ice water are derived from Merlivat and Nief (1967) and
Majoube (1971a, 1971b). Based on observations of Bonne et al. (2019), Cauquoin and Werner (2021) set the
kinetic fractionation coefficient for 5'30 during ocean surface evaporation as a constant k;g = 0.00475, which is
independent of wind speed as opposed to Merlivat and Jouzel (1979). Using Antarctic snow isotope measure-
ments from Masson-Delmotte et al. (2008), Cauquoin and Werner (2021) parameterize the supersaturation
condition during snow formation (Jouzel & Merlivat, 1984) as § = 1.02 — 0.00457, where T is the condensation
temperature in °C. The isotope fractionation during raindrop reevaporation is parameterized after Hoffmann
et al. (1998), where the isotope equilibrium with the surrounding vapor is reached to 45% in convective pre-
cipitation with large raindrops and to 95% in large-scale precipitation with small raindrops.

Following up the latest development of water tracers in Fiorella et al. (2021), Gao et al. (2024) employed and
further developed their approach to quantify moisture source locations and properties of atmospheric humidity
and precipitation in ECHAMG6-wiso. Building upon the model code infrastructure of water isotopes, scaled-flux
water tracers were implemented to infer the mass-weighted mean open-ocean evaporative source locations and
properties of moisture. These source properties include the mass-weighted mean open-ocean evaporative source
latitude (source latitude hereafter), longitude, SST, 2 m relative humidity (rh2m), and 10 m wind velocity (vel10).
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Table 1

Sensitivity Experiments of Kinetic-Fractionation-Related Parameters Using ECHAMG6-Wiso

Experiments Kinetic fractionation coefficient for 50 [—] Intercept of supersaturation function [—] Slope of supersaturation function [°c
control 0.00475 1.02 0.0045

k52 0.0052 1.02 0.0045

k43 0.0043 1.02 0.0045

101 0.00475 1.01 0.0045

103 0.00475 1.03 0.0045

S3 0.00475 1.02 0.003

S6 0.00475 1.02 0.006

Note. Changed parameters are indicated in bold.

In addition to the evaporative properties tracked in Gao et al. (2024), we also trace the evaporative RHsst, which is
defined as

RHsst = i, )]
4qs

where ¢ denotes specific humidity at the lowest model level, and g, saturation specific humidity at SST.

Our ECHAMG6-wiso simulations are rerun from a 30-year spin-up simulation of Cauquoin and Werner (2021), for
which they use fixed boundary conditions of 1979. Our water tracer simulations are then spun up for five model
years in the same manner. We follow the approach of Cauquoin and Werner (2021) to nudge the 3D temperature,
vorticity, divergence, and surface pressure of the simulations to the ERAS reanalysis (Hersbach et al., 2020). The
monthly SST and sea ice concentration as given by the ERAS5 reanalysis, as well as a global gridded data set of
annual mean 630 of surface seawater (LeGrande & Schmidt, 2006), are provided as boundary conditions of the
ocean surface. As there is no equivalent data set for 6D of seawater, 6D of surface seawater is assumed to be eight
times of 5'30 of seawater (Cauquoin & Werner, 2021). The simulations are run for 44 years from 1979 to 2022 at
a horizontal resolution of 1.87° X 1.87° with 47 vertical levels extending to 0.01 hPa.

In addition to the control simulation, six sensitivity experiments are carried out by varying three parameters
related to kinetic fractionation and supersaturation in reasonable ranges (Table 1). Setting the kinetic fractionation
coefficient for 5'80 as k; g = 0.0052 in the k52 simulation follows results of Zannoni et al. (2022).

For data analysis, daily model output is used. We use nearest-neighbor interpolation to extract the model output
for an observation site. The surface specific humidity and its isotope compositions from model simulations are
extracted from the lowest model level, around 30 m above the surface.

2.2. Observations of Water Isotopes

Measurements of water isotopes in precipitation and surface vapor are presented here, and used to evaluate model
performance. Although the main focus is on the Dome C site, surface vapor isotopes at Kohnen station and over
the ocean are also used to explore model-data discrepancies. All water isotope ratios are weighted by mass
(precipitation or specific humidity).

2.2.1. Precipitation Isotopes at Dome C

Stenni et al. (2016) measured daily precipitation amounts and isotope compositions for three years (2008-2010) at
Concordia station. Concordia station is located at Dome C in East Antarctica (75°06’S, 123°21" E, 3,233 m above
sea level, Figure A1). Depending on the precipitation sample amount, the isotope compositions were measured by
either isotope ratio mass spectrometry (IRMS, sample amount larger than 5 ml) or a cavity ring-down spectro-
scope (CRDS, sample amount less than 5 ml). The analytical precision of the IRMS is #0.05%o for 56'30 and
+0.7%o for 6D, and the CRDS provides a precision of +0.1%o for §'80 and #0.5%o for 6D. There were no
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precipitation isotope measurements made during November 2009 and December 2010. Daily 2 m temperature
was derived from an automatic weather station (AWS).

2.2.2. Surface Vapor Isotopes at Dome C and Kohnen Station

Casado et al. (2016) provided 23 days of hourly vapor isotope measurements at Concordia station between
December 2014 and January 2015. Water vapor was pumped from 2 m above the surface for measurements. As
regular calibration was not possible in the field and only a series of calibrations were conducted in the lab,
measurement uncertainties are 1%o for 8'80 and 6%o for 6D. Temperatures were measured near the spectrometers
using HMP155 thermohygrometers at 2.58 m above the surface.

Ritter et al. (2016) measured vapor isotopes at Kohnen station for 35 days between December 2013 and January
2014. Kohnen station is located in Dronning Maud Land on the Antarctic Plateau (75°00" S, 0°04’ E, 2892 m
above sea level, Figure Al). Three inlets at heights of 0.2, 0.9, and 3 m were used to pump air alternatively every
11 min. Data from the top inlet are used here to estimate daily averages, which are set as missing values if there are
less than 20 data points per day. After calibration, the measurement precision was estimated to be 0.9%o for 5'80
and 3.0%o for 6D. Hourly 2 m temperature was available from an AWS.

2.2.3. Ocean Surface Vapor Isotopes

Kurita et al. (2016) measured water vapor isotopes along the Japanese Antarctic Research Expedition (JARE)
cruise between Australia and Syowa station. The observations were extended from 2013 to 2020 for seven austral
summers. Air samples were collected from 30 m above the sea surface. The analytical uncertainty was 0.28 %o for
5180 and 2.5%o for 6D.

Thurnherr et al. (2020) observed water vapor isotopes from November 2016 to April 2017 during the Antarctic
Circumnavigation Expedition (ACE). Isotope compositions of water vapor were measured at heights of 8 and
13.5 m, and the latter is used for analysis here.

Bonne et al. (2019) recorded water vapor isotopes for two years from Jun 2015 to Jul 2017 from the Arctic to the
Southern Ocean on board the research vessel Polarstern. Air samples were extracted from 29 m above the sea

surface. The measurement accuracy was estimated as 0.16%o for 8'80 and 0.8%o for 6D.

From these three data sets, we calculate daily vapor isotopes for analysis. To evaluate the model performance, we
exclude parts of the data sets to avoid the impacts of land and sea ice based on three criteria: (a) an observation
must be located in an ocean grid cell of the ECHAM®6-wiso model; (b) an observation must be located in a grid cell
without sea ice, where sea ice values were derived from the ERAS reanalysis (Hersbach et al., 2020); (c) an
observation must be located between 20°S and 60°S. In total, we include 208 daily observations during extended
austral summers from November to April, 78 of which are from Kurita et al. (2016), 62 from Thurnherr
et al. (2020), and 68 from Bonne et al. (2019). The spatial distribution of the selected daily observations is shown
in Figure Al.

2.3. Partial Correlation Analysis

Correlation analysis between two variables may produce misleading results if a third variable is related to both
variables of interest. Therefore, a partial correlation analysis is used to quantify the degree of association between
two variables, with the effect of a third variable removed. The partial correlation coefficients and associated p-
values are calculated on the basis of the inverse covariance matrix (Kim, 2015). Partial correlation analysis
qualitatively aligns with multiple linear regression; significant partial correlations correspond to non-zero co-
efficients in the regression results.

3. Results
3.1. Evaluation of Model Performance

First, we evaluate the performance of the ECHAM6-wiso model to identify any bias that could affect our sub-
sequent findings. Here, we only show the results for 6D and dy,, as those for 6'30 and d,, share similar patterns.
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Figure 1. Monthly (a) 6D in precipitation, (b) d}, in precipitation, (c) precipitation, and (d) 2 m temperature at Dome C from
Stenni et al. (2016), the ECHAM®6-wiso control simulation, and the ERAS reanalysis. (a) 6D and (b) dj, in daily precipitation
(>0.02 mm day’l) from Stenni et al. (2016) and ECHAM6-wiso are shown as crosses. R values and RMSE between the
monthly observations and the other two data sets are provided below each plot. As shown in panel (c), observations are in black,
ECHAMG6-wiso output in blue, and ERAS is pink.
3.1.1. Observed Versus Simulated Precipitation Isotopes at Dome C
The annual cycle of observed monthly precipitation 6D at Dome C is well captured by the control simulation, with
a high R? value of 0.81 (Figure 1a). However, the control simulation exhibits consistent positive bias in monthly
precipitation 6D at Dome C (up to 69%o in February 2009). The observed annual precipitation 8D is overestimated
by 43%o0 (—371%0 vs. —414%o). These results are consistent with those of Ollivier et al. (2024, see their Fig. 6¢)
and 6Dreossi et al. (2023, see their Fig. 6), where they use an ERA5-nudged ECHAMG6-wiso simulation at a
horizontal resolution 0.9° X 0.9° from Cauquoin and Werner (2021) and daily precipitation isotope observations
at Dome C from 2017 to 2021 and 2008-2017, respectively. The overestimation of precipitation 6D at Dome C in
the ECHAMG6-wiso model resembles the overestimation of §'80 in Antarctic precipitation, surface snow, and ice
cores as reported by other GCM results (Cauquoin et al., 2019; Risi et al., 2010; Stenni et al., 2016).
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The range of observed monthly precipitation d;, at Dome C is reproduced by the control simulation, except the
extremely low observed value in December 2010 (Figure 1b). The model-data differences range from —18%o to
34%o, resulting in an RMSE of 11.9%o (Figure 1b). The observed annual cycle in d, is poorly captured by the
control simulation, indicated by a R? value of 0.03. The simulated seasonality appears to lead the observed one by
a few months; the R? value increases to 0.67 for a 3-month lagged correlation. This may suggest an impact of
continental recycling on the observed seasonal cycle, which is not captured by the ECHAM model. The potential
causes of the model bias are investigated in the following.

Both the control simulation and the ERAS reanalysis overestimate observed annual precipitation by ~60% (23.2
and 24.3 vs. 14.5 mm year™', Figure lc) at Dome C. This is consistent with the overestimation of Antarctic
precipitation by almost all CMIP5 models compared to CloudSat observations, which may be linked to sea ice
distribution (Palerme et al., 2017). The precipitation bias may be partly responsible for the precipitation isotope
bias.

For surface temperatures, the control simulation shows a large cold bias in austral summer at Dome C (up to
—9.5°C in December 2009, Figure 1d). As the annual mean surface temperature and 5D of surface snow at sites in
Antarctica are positively correlated (Masson-Delmotte et al., 2008), the negative temperature bias cannot explain
the positive bias in precipitation éD.

3.1.2. Observed Versus Simulated Surface Vapor Isotopes at Dome C and Kohnen Station

The control simulation overestimates observed 6D of daily surface vapor at both Dome C and Kohnen station
(Figures 2a and 2b). The positive bias in the vapor 6D may be related to the positive bias in precipitation 6D
(Figure 1a), as a considerable fraction of the precipitation at Dome C is formed from the surface vapor as hoar
frost (Stenni et al., 2016). Since Casado et al. (2016) find a significant positive correlation between daily vapor 6D
and 3 m temperature at Dome C, the positive bias in vapor D is not attributable to the negative temperature bias
(Figures 2g and 2h). Some of the bias in vapor §D may be related to the bias in specific humidity (Figures 2e and
2f), as potential model bias in moisture sources, mixing, and transport can affect both specific humidity and
vapor 6D.

The observed d|,, of daily surface vapor at both Dome C and Kohnen station is considerably underestimated in the
control simulation (Figures 2¢ and 2d). The variability of daily observed d,, at Dome C is also underestimated by
the control simulation (14.2%o¢ vs. 3.7%o for 16). These model-data discrepancies in vapor isotopes cannot be
resolved by adjusting parameters related to kinetic fractionation (Figure A2). Modifying the parameters induces
parallel shifts in the simulated 6D and d,,, which partly reduces the RMSE for dj, but has limited impacts on 6D.

3.1.3. Observed Versus Simulated Ocean Surface Vapor Isotopes

Similar model-data discrepancies for surface vapor at Dome C and Kohnen Station are reported for Greenland
surface vapor 6'0 and d,; and were previously attributed to a model bias in marine boundary layer vapor isotopes
(Steen-Larsen et al., 2017). To investigate this aspect in our simulation, we evaluate the performance of the
ECHAMG6-wiso model in simulating the daily ocean surface vapor isotopes reported in the Antarctic realm by
Kurita et al. (2016), Thurnherr et al. (2020) and Bonne et al. (2019, Section 2.2.3), where most of the Antarctic
precipitation originates from Gao et al. (2024). We find a good model-data agreement for daily ocean surface
vapor and its isotope compositions with respect to R? values and RMSE (Figure 3). Therefore, the model bias in
precipitation and vapor isotopes at Dome C cannot be explained by bias in ocean surface vapor. This implies that
the bias in modeled precipitation deuterium excess at Dome C may result from moisture transport, mixing,
precipitation formation in clouds, and the influence of moisture evaporative sources.

3.2. Moisture Source Controls on Deuterium Excess

The previous section shows that it is challenging for isotope-enabled GCMs to accurately simulate all aspects of
Antarctic precipitation isotope ratios, particularly deuterium excess (Cauquoin et al., 2019; Risi et al., 2010;
Stenni et al., 2016). Although the control simulation shows a large negative bias compared to the 28-day ob-
servations of surface vapor dj, at Dome C, the amplitude and variability of the observed monthly precipitation dj,
over 3 years are largely captured by the control simulation with a three-month lead time. The model performs well
in simulating ocean surface vapor isotopes over the evaporative source regions for Antarctic precipitation. This
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Figure 2. Summer daily (a, b) 6D in surface vapor, (c, d) dy, in surface vapor, (e, f) specific humidity, and (g, h) 2 m
temperature at (a, ¢, e, g) Dome C from Casado et al. (2016) and (b, d, f, h) Kohnen station from Ritter et al. (2016), as well as
from the ECHAMG6-wiso control simulation and the ERAS reanalysis. As shown in panel () observations are in black,
ECHAMG6-wiso output in blue, and ERAS is pink.
gives us confidence in the modeled relationships between moisture source properties and vapor dj,. We now use
the moisture source information from newly developed water tracing diagnostics by Gao et al. (2024) in the
ECHAMG6-wiso model to further explore climate controls on deuterium excess.
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Figure 3. Summer daily (a) specific humidity, (b) 6D in surface vapor, and (c) dy, in surface vapor over the ocean from November 2013 to March 2020 in the ECHAM6-
wiso control simulation and the three data sets (Bonne et al., 2019; Kurita et al., 2016; Thurnherr et al., 2020). Locations of the observations are shown in Figure Al.

Table 2

Correlations Between d,, and Source Properties of Precipitation at Dome C
in the ECHAMG6-Wiso control Simulation

3.2.1. Source SST Versus Other Source Properties of Dome C Precipitation

Given the debate surrounding controls on deuterium excess (Pfahl & Sodemann, 2014), we use modeling results
from the ECHAMG6-wiso model to evaluate those controls. Correlation analysis indicates significant correlations
between dj, and the moisture source properties of precipitation at Dome C in the control simulation (Table 2). The
low R? values at the daily timescale result from days with very low precipitation amount: if we exclude days with
less than 0.02 mm precipitation, the R? value between d;, and source SST increases to 0.59 on the daily timescale.
Removing monthly climatology values from monthly data (i.e., monthly anomalies) reveals the impacts of the
annual cycle, which are limited for source SST.

However, the relationships shown in Table 2 may be confounded by the effect of a third variable (Section 2.3). In
fact, partial correlation analysis reveals that it is source SST rather than other source properties that has a causal
relationship with dy, of precipitation at Dome C in the control simulation (Table 3). While controlling (i.e.,
removing the effect of) the source SST, partial correlations between d, and other source properties of precipi-
tation at Dome C are negligible at all timescales. In contrast, while controlling other source properties, there are
significant partial correlations between dj, and source SST on every timescale. These findings also apply to d
and the whole continent (not shown).

3.2.2. Source SST Versus RHsst of Ocean Surface Vapor

The weak correlation between source RHsst and deuterium excess is in contradiction to the results of Pfahl and
Sodemann (2014). Since the isotope compositions of ocean surface evaporation fluxes are parameterized after
Craig and Gordon (1965) in the ECHAM®6-wiso model (Hoffmann et al., 1998), deuterium excess in the evap-
oration fluxes is controlled by both SST and RHsst (Merlivat & Jouzel, 1979). As RHsst is related to SST, a partial
correlation analysis is conducted to explore their impacts on dj,, for both Antarctic precipitation and ocean surface
vapor from where most of Antarctic precipitation originates (Figure 4). Although dj, in annual ocean surface
vapor is strongly negatively correlated with source RHsst while controlling
source SST (Figure 4a), the strong correlation vanishes for Antarctic pre-
cipitation (Figure 4b) along poleward moisture transport (Figure A3a). In
contrast, positive partial correlations between dj, and source SST while

controlling source RHsst persist from ocean surface vapor to Antarctic pre-

Correlation (R?) Annual  Monthly  Monthly anomalies  Daily
cipitation (Figures 4c, 4d, and Figure A3b). These findings remain valid for
dy,  Source SST 0.79 0.83 0.61 0.28 . .
daily to seasonal timescales (not shown).
Source rh2m 0.27 0.05 0.49 0.07
Source vel10 0.5 0.64 0.16 0.18 The negative partial correlations between d,, and source SST while controlling
Source RHsst 0.01 011 021 0.02 source RHsst over parts of the Southern Ocean are contrary to the expected

Note. Correlation values with a p-value > 0.01 are indicated in gray.

positive correlation in surface evaporation fluxes (Figure 4c). The negative
partial correlations become more evident on the daily timescale (Figure 5).
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Table 3
Partial Correlations Between d,, and Source Properties While Controlling Another Source Property of Precipitation at
Dome C in the ECHAMG6-Wiso control Simulation
Partial correlation (R?) Controlling Annual Monthly Monthly anomalies Daily
dy, Source rh2m Source SST 0.02 0.02 0.07 0
Source vell0 0.01 0.04 0.01 0
Source RHsst 0 0.03 0.04 0.01
Source SST Source rh2m 0.72 0.83 0.28 0.23
Source vell0 0.58 0.56 0.54 0.13
Source RHsst 0.79 0.82 0.53 0.28
Note. Correlation values with a p-value > 0.01 are indicated in gray.
Surface vapour Precipitation
(a) (b)
—~
9]
7]
O
S
=
o
n
.
2]
5
]
o
=
=
o
90]
)
=
<
=
=
+~
1723
5
0]
o
=
=3
)
2
—~
9]
n
O
O
=
=
o
90]
E
<
=
=
EE———
-1 08 -06 04 -02 0 02 04 06 08 1
Partial correlation coefficient [-]
Figure 4. Partial correlations between annual dj,, and (a—b) source RHsst while controlling source SST and (c—d) source SST
while controlling source RHsst. Results in (a, ¢) show correlations in surface vapor and (b, d) show correlations in
precipitation in the ECHAMG6-wiso control simulation.
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This finding is in contrast to the observational study of Bonne et al. (2019),
which find a positive partial correlation between d,, of ocean surface vapor and
local SST while controlling local RHsst. Their finding is confirmed using data
from Kurita et al. (2016, Fig. A4a), indicated by a positive coefficient before
SST in the regression equation (multiple linear regression using d,, gives
similar results: d,, = —0.27RHsst + 0.39SST + 25.3). Using correspond-
ing daily data from the control simulation, we obtain qualitatively consistent
results for both local and source RHsst and SST (Figures A4b and A4c).

-1 -0.6
Partial correlation: d;,, & Source SST

Although the data in Figure A4 have a broad spatial coverage, the analysis in
Figure 5 is performed at each grid cell. Thus, our results indicate a difference
between spatial and temporal deuterium excess and SST relationships. Similar
reversed relationships between deuterium excess and SST were found in
Aemisegger and Sjolte (2018, see their Fig. 7c). They attributed the pattern to
cold air outbreaks and strong large-scale ocean evaporation events, as strong
evaporation into the cold air results in high deuterium excess and evaporative
cooling of the ocean surface. Although their study does not check the partial

correlation while controlling the effect of RHsst, the feedback between

-0.2

evaporation and SST is certainly an interesting question to investigate in future

0.2 0.6 1 studies.

The negative partial correlations between d), and source SST while control-

while COIltI'OHiIlg Source RHsst ling source RHsst are further investigated by analyzing two nearby sites, DP

and DN (Figure 5), which exhibit positive and negative partial correlations,

Figure 5. Partial correlations between daily dj, and source SST while respectively. To explore physical controls on ocean surface vapor dj, in
controlling source RHsst of surface vapor in the ECHAM6-wiso control addition to RHsst, we look at the residuals in the regression d), = f(RHSsst).
simulation. The blue and black circles indicate two nearby sites used for In DP, the residuals in the regression dy, = f(RHsst) decrease with

further analysis, that is, DP and DN with positive and negative partial

correlations, respectively.

increasing source SST (Figure 6a). This is expected as SST exerts a positive
control on d, in evaporative fluxes; therefore, the regression using only
source RHsst would underestimate dy, at relatively high source SST. It also applies to DN when source SST is less
than ~7°C, but breaks down when source SST is larger than ~10°C (Figure 6b). In fact, although excluding daily
data that exceed an upper threshold of source SST, the partial correlation at DN increases from negative to
positive with lower upper thresholds (Figure AS5). This suggests that the negative partial correlation at DN results
from relatively high source SST days. As days with high source SST values at DN are almost always associated
with precipitation (Figure A6), the impact of precipitation processes on the relationship between deuterium excess
and SST should be investigated in future studies. For instance, water tracers designated for condensation prop-
erties during cloud formation as used in Diitsch et al. (2019, see their Sec. 2.3) can be used to separate effects of
physical processes before and after condensation processes.

3.2.3. Logarithmic Versus Linear Definitions of Deuterium Excess

A key research question remains: which definition of deuterium excess should be used for the reconstruction of
moisture source conditions from Antarctic ice cores? The results here show that dy, is a better proxy than d, for
source SST of Antarctic precipitation. d, shows stronger correlations with source SST than d,, for precipitation at
Dome C in the control simulation from daily to annual timescales (Table 4). These findings at Dome C are valid
across Antarctica. For example, for annual precipitation over Antarctic regions above 2,250 m elevation, source
SST is always more strongly correlated with d;,, (R? values range from 0.58 to 0.93, Figure 8a) than d,, (R values
range from 0.3 to 0.91).

3.2.4. Regression Between Source SST and d,

The modeled relationships between dj, and source SST may be useful for interpreting Antarctic ice cores. Pre-
vious studies have combined d,,, and d,, with 6D for the reconstruction of source SST (Landais et al., 2021), which
is evaluated here. Although controlling d,; of Dome C precipitation in the control simulation, partial correlations
between 6D and source SST are even stronger than the corresponding correlations at every timescale (Table 5). In
contrast, although controlling dy,, partial correlations between 6D and source SST are close to 0 on every
timescale. Consequently, the strong predictive performance for source SST using d, cannot be further improved
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Figure 6. Density plots between residuals in the regression daily d;, = f(RHsst) and source SST at (a) DP and (b) DN in the
ECHAMG6-wiso control simulation. The vertical black dashed lines represent the annual mean site SST. The residual is
defined as the difference between estimated dj, based on the linear regression and the simulated dy,.

by 6D (Figure 7a), but the prediction based on d,, can be improved by 6D (Figures 7b and 7c). These findings also
apply to daily to seasonal timescales (not shown). As multiple linear regression increases the risk of overfitting,
that is, the model fits not only the underlying relationship but also the noise (Lever et al., 2016), we suggest using
d, instead of the combination of d,, and 6D for the reconstruction of source SST.

To check the consistency of the modeled relationship between dj, and source SST at Dome C, we investigate its
spatial variations throughout Antarctica (Figure 8). In most of inland Antarctica, the R? values between the
simulated and estimated source SST using d), of annual precipitation are greater than 0.5 in the control simu-
lation, and the corresponding RMSE are less than 0.5°C (Figures 8a and 8b). In Antarctic regions above 2,250 m
elevations, the slope in the linear equation source SST = f(d,,) decreases from 0.80 to 0.23°C/%o towards the
interior (Figure 8c). It suggests that simulated dj, of annual precipitation is more sensitive to source SST in more
inland regions (as a unit change in moisture source SST would induce a larger change in dj, of annual precipitation
in inland than coastal regions). This finding is qualitatively consistent with the results of Vimeux et al. (2001). It
may result from the different moisture transport pathways, which should be investigated in future studies.

To assess the sensitivity of the modeled relationships between dj, and source SST for various parameters in the
ECHAMG6-wiso model related to kinetic fractionation, we repeat the linear regression analysis using the results of
the model sensitivity experiments (Table 1). From this analysis (Table 6), we find the following: (a) Linear
regression parameters in source SST = f(d,,) are insensitive to the kinetic fractionation coefficient k (k52 and
k43). (b) R? values and RMSE between the simulated and estimated source SST are insensitive to the intercept of
the supersaturation function defined in ECHAMG6-wiso; however, the slope in source SST = f(d,,) increases
with a reduction in the intercept of the supersaturation function, and vice versa (0 and /03). This implies that a

reduction in absolute supersaturation values leads to a decreased sensitivity of

d, to source SST. (c) Decreasing the slope of the supersaturation function in

Correlation Between Deuterium Excess and Source SST of Precipitation at S3 leads to a lower R? value, a higher RMSE, and a larger slope with a wider

Dome C in the ECHAM6-Wiso control Simulation

95% confidence interval compared to the control simulation. Increasing the

Correlation (R%)

Monthly ~ Monthly anomalies  Daily slope of the supersaturation function in S6 does not change R? values or

dy,  Source SST
d,,  Source SST

0.61 0.28 RMSE notably, but results in a reduced slope compared to the control

026 015 simulation. This suggests that when the supersaturation function has a

Note. All correlation values are associated with a p-value < =0.01.

reduced sensitivity to the condensation temperature, d;, becomes less sensi-
tive to source SST. It clearly indicates that the correlation between d;, and
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Table 5

Partial Correlations Between Source SST and Isotope Parameters While Controlling Another Isotope Parameter of Precipitation at Dome C in the ECHAM6-Wiso

control Simulation

Partial correlation (R*) Controlling Annual Monthly Monthly anomalies Daily
Source SST dy, éD 0.66 0.72 0.52 0.18
dy 0.7 0.74 0.55 0.35

6D dy, 0 0.01 0 0
dy 0.65 0.72 0.51 0.34
Correlation (R?): 6D Source SST 0.38 0.41 0.19 0.14

Note. Correlations between 6D and source SST are also provided. Correlation values with a p-value > 0.01 are indicated in gray.

source SST is strongly modulated during transport. Overall, we conclude that the predefined supersaturation
function in mixed phase and ice clouds in ECHAM®6-wiso is the main control on the sensitivity of the modeled
relationship between dj, and source SST.

4. Conclusions

In Antarctic ice cores, deuterium excess has been shown to reflect source SST and RHsst during evaporation
(Landais et al., 2021). However, d,; and d, may be modified by additional processes, such as condensation, rain
reevaporation, or vapor mixing. To better understand evaporative source properties, this study therefore examines
the problem using moisture source information from newly developed water tracers in the ECHAMG6-wiso model
(Gao et al., 2024).

Water isotopes in Antarctic precipitation and surface vapor from central Antarctic stations are used to evaluate the
performance of the ECHAM®6-wiso model. Compared to observations, this analysis shows that the ERAS5-nudged
ECHAMG6-wiso simulations exhibit a positive bias in precipitation and vapor 6D and a negative bias in vapor d, at
Dome C. This bias does not appear to stem from temperature or ocean surface vapor isotope biases, nor can it be
mitigated by adjusting kinetic-fractionation parameters or increasing the spatial resolution of the model (Cau-
quoin & Werner, 2021). We hypothesize that this bias may result from deficiencies in other aspects of the
ECHAMS6 model's hydrological cycle, such as cloud formation under supersaturated conditions, or the lack of
some isotopic processes, such as fractionation during surface sublimation of water isotopes over Antarctica
(Dietrich et al., 2023; Ollivier et al., 2024; Pang et al., 2019; Wahl et al., 2021). Despite these biases and some
noise, the ECHAMO6-wiso model does capture the variations of monthly precipitation 6D and the amplitude of
monthly precipitation d), with 3 months lag time at Dome C. Over the ocean surrounding Antarctica, there is a
good model-data agreement for daily ocean surface vapor and its isotope compositions, compared to the data sets
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Figure 7. Regression of annual source SST with (a) d,,, (b) d,y, and (¢) d,, and 6D of precipitation at Dome C in the ECHAMG6-wiso control simulation. The estimated
source SST is calculated based on the regression. R? values and RMSE between simulated and estimated source SST are given.
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Figure 8. Linear regression parameters between source SST and dj, of annual precipitation at each grid cell over Antarctica in the 44-year ECHAMG6-wiso control

simulation. (a) R? values and (b) RMSE between simulated and estimated source SST. (c) The slope in the linear equation source SST = f(d,,). Red contours in panel
(a) and blue contours in panel (b) represent R* = 0.5 and RMSE = 0.5°C, respectively.

of Kurita et al. (2016), Thurnherr et al. (2020), and Bonne et al. (2019). These provide some confidence in the
simulated relationships between d,, and dj, and evaporative source properties.

Overall, the modeling results support previous studies that showed it is possible to reliably recover information on
evaporative source properties, particularly SST changes, from dj, in Antarctic precipitation (Landais et al., 2021;
Vimeux et al., 2001). The results show that d},, is a more reliable indicator of moisture source properties than d,,
with source SST being the primary control of d), in Antarctic precipitation. Although RHsst influences d,, in
ocean surface evaporation fluxes, this influence diminishes quickly above the ocean. In contrast, positive partial
correlations between dj, and source SST, controlling for source RHsst, persist from the ocean surface to Antarctic
precipitation, demonstrating that dj, is primarily controlled by source SST.

About 80% of the variability in d, of annual precipitation at Dome C in the control simulation is associated with
evaporative source changes in SST. This leads to a strong predictive performance for source SST using dj,, with a
RMSE of 0.5°C. The explained variance of d, by source SST for precipitation at Dome C is also notable on daily
(28% using all days or 59% while excluding low precipitation days) to monthly scales (61 or 83%, depending on
whether monthly climatology is removed), suggesting the potential to recover moisture source information from
observed precipitation isotopes at different timescales, particularly for extreme precipitation events. Although the
R? values between source SST and d,, are larger on monthly than annual scales for Dome C precipitation
(Table 2), the RMSE from the linear regression results are the smallest on the annual scale. Consistent with

Table 6
Sensitivity of Linear Regression Parameters Between Source SST and d,, of Annual Precipitation at Dome C to
Kinetic-Fractionation-Related Parameters in the Seven ECHAMG6-Wiso Simulations Described in Table 1

Experiments R? RMSE [°C] Slope [°C/%o] 95% confidence interval of the slope [°C/%o]
control 0.79 0.5 0.42 [0.35, 0.48]
k52 0.79 0.5 0.41 [0.35, 0.48]
k43 0.79 0.5 0.42 [0.35, 0.48]
101 0.76 0.5 0.47 [0.39, 0.55]
103 0.79 0.5 0.37 [0.31, 0.43]
S3 0.46 0.7 0.48 [0.32, 0.64]
S6 0.77 0.5 0.28 [0.23, 0.33]
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Vimeux et al. (2001), results shown here indicate that d}, in annual precipitation is more sensitive to source SST in
inland regions compared to coastal regions. Given the risk of overfitting with multiple linear regression, we
recommend recovering past evaporative source SST information from dj, alone, rather than combining d,; and
oD. Given the challenges in accurately modeling deuterium excess, there are clearly uncertainties in the model's
derived statistics between deuterium excess and source properties of Antarctic precipitation. However, some
confidence in our general key conclusions can be provided given that there is some model-observation agreement
for deuterium excess (especially at the precipitation source) and that the source location of Antarctic precipitation
in the model agrees with other studies (Gao et al., 2024). In the future, it would clearly be beneficial to compare
these ECHAMG6-wiso findings with similar studies using other models (e.g., comparable diagnostics are being
developed in the Met Office Unified Model) and higher model resolution.

In future, if these insights are applied to precipitation derived from ice cores, it is important to consider that
precipitation isotope signals can be altered by post-deposition processes (Casado et al., 2018; Steen-Larsen
et al., 2014). Therefore, further examination of post-depositional processes and their effect on dj, would be
valuable. We also observe higher partial correlations between source SST and dj, while controlling source RHsst
for Antarctic precipitation than Antarctic surface vapor (Figure 4d vs. Figure 4c), which may be more affected by
surface isotope fluxes. Additionally, as the relationship between d), and source SST may vary under different
climate conditions, further paleoclimate modeling is needed, ideally along with additional investigation into the
model-observation discrepancies identified in our present-day simulations.

Finally, we uncover an important control on dy,, in vapor above the Southern Ocean, which may be driven by cold
air outbreaks or precipitation processes. This is visible in the region of unexpected negative partial correlation
between daily d, in vapor and source SST while controlling source RHsst over the Southern Ocean (Figure 5,
blue band). This suggests that dj, in vapor may contain useful information on synoptic weather regimes or
precipitation processes in this region. Future investigations could provide insights into hydrological processes in
this understudied region.

Appendix A: Additional Figures and Tables

Data sources
Kurita et al. (2016)
Thurnherr et al. (2020)
Bonne et al. (2019)

Figure Al. Spatial distribution of the 208 daily ocean surface vapor isotope observations from the three data sets (Bonne
etal., 2019; Kurita et al., 2016; Thurnherr et al., 2020). Locations of Dome C and Kohnen station are marked by black circles
and labeled as C and K, respectively.
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Figure A2. Summer daily (a, b) D and (c, d) d), in surface vapor at (a, ¢c) Dome C from Casado et al. (2016) and (b, d)
Kohnen station from Ritter et al. (2016), as well as from the seven ECHAM6-wiso simulations described in Table 1.
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Figure A3. Partial correlations between annual dj, and (a) source RHsst while controlling source SST and (b) source SST
while controlling source RHsst in zonal mean vapor in the ECHAMG6-wiso control simulation. The analysis on a meridional
cross-section across Dome C shows similar patterns.
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Figure A4. Multiple linear regression of daily dj, with local or source RHsst and SST of ocean surface vapor. Daily data are from (a) Kurita et al. (2016) and (b—c) the
ECHAMG6-wiso control simulation at the same dates and sites as in panel (a). We use local RHsst and SST in panel (b) and source RHsst and SST in panel (c). Estimated
d), is calculated based on the multiple linear regression.
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