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Triple water-isotopologue record from WAIS Divide,
Antarctica: Controls on glacial-interglacial

changes in 70g,ess Of precipitation

Spruce W. Schoenemann’, Eric J. Steig", Qinghua Ding’, Bradley R. Markle', and Andrew J. Schauer’

"IsoLab, Department of Earth and Space Sciences, University of Washington, Seattle, USA

Abstract Measurements of the 170 xcess Of H,O were obtained from ice cores in West and East Antarctica.
Combined with previously published results from East Antarctica, the new data provide the most complete
spatial and temporal view of Antarctic 170 xcess to date. There is a steep spatial gradient of 7 0axcess i
present-day precipitation across Antarctica, with higher values in marine-influenced regions and lower
values in the East Antarctic interior. There is also a spatial pattern to the change in 170 xcess between the Last
Glacial Maximum (LGM) and Holocene periods. At coastal locations, there is no significant change in 70 0xcess:
At both the West Antarctic Ice Sheet Divide site and at Vostok, East Antarctica, the LGM to Early Holocene
change in "7 Ogycess is about 20 per meg. Atmospheric general circulation model (GCM) experiments show that
both the observed spatial gradient of 70 excess in modern precipitation, and the spatial pattern of LGM to Early
Holocene change, can be explained by kinetic isotope effects during snow formation under supersaturated
conditions, requiring a high sensitivity of supersaturation to temperature. The results suggest that fractionation
during snow formation is the primary control on 7O excess in Antarctic precipitation. Variations in moisture
source relative humidity play a negligible role in determining the glacial-interglacial 70 excess changes observed
in Antarctic ice cores. Additional GCM experiments show that sea ice expansion increases the area over which
supersaturating conditions occur, amplifying the effect of colder temperatures. Temperature and sea ice
changes alone are sufficient to explain the observed 70 xcess glacial-interglacial changes across Antarctica.

1. Introduction

Measurements of the stable isotope ratios of water (5D and 6'20) in polar precipitation have long been used
in ice core studies [Dansgaard, 1964; Merlivat and Jouzel, 1979; Gat, 1996; Jouzel et al., 2003]. A recent
innovation is the development of methods for obtaining precise measurements of the third water isotope
ratio, 5'7O [Baker et al., 2002; Barkan and Luz, 2005], complementing traditional measurements of JD and
5'80. Combined measurements of §'80 and 6'7O can be expressed with the parameter '"Ogycess:

"Oexcess = In(6'70 + 1) — 0.528 x In ("0 + 1) M

where '®0 and ¢'70 are unitless ratios defined by 3'0 ='Ryample/ Rvsmow — 1, and 'R is the ratio of isotopologue
H'O to the common isotopologue H,'®0. Variations in ' Ogycess are generally several orders of magnitude
smaller than variations in 5'20 and are conventionally expressed in per meg (10~°) or ppm.

Like the better known deuterium excess, deycess =D — 8 X 3'80, 17 Oaycess is sensitive to kinetic fractionation.
The daycess in precipitation has frequently been interpreted as a proxy for moisture source conditions because
it is sensitive to both temperature and humidity during evaporation. However, this interpretation is complicated
by the fact that deycess is NOt @ conservative tracer in the atmosphere, even under purely equilibrium
conditions [Jouzel and Merlivat, 1984; Petit et al., 1991; Kavanaugh and Cuffey, 2003; Masson-Delmotte et al.,
2008; Uemura et al., 2012]. The theoretical advantage of 170 0cess is that it is insensitive to evaporation
temperature [Barkan and Luz, 2007; Risi et al., 2010a] and is less sensitive than de,cess to equilibrium fractionation
processes during the formation of snow. In combination with '80 and deycess ' Oexcess Offers a potential
means to disentangle the competing effects of fractionation during evaporation, in transport, and during the
formation and deposition of precipitation.

Both theory and experimental results show that an excess of 7O in meteoric water originates from evaporation
of ocean water into undersaturated air and is negatively correlated with relative humidity [Barkan and Luz, 2007;
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Luz and Barkan, 2010; Risi et al., 2010a]. Variations of 5'’0 and §'80 stem from the difference in saturation
vapor pressures between the light and heavy isotopes, resulting in vapor liquid equilibrium fractionation
expressed as 0 =In(""a)/In('®a), where (feq=0.529) and « is the fractionation factor [Matsuhisa et al., 1978].
The greater diffusivity of light isotopes leads to kinetic fractionation, with 84;=0.518 [Barkan and Luz, 2007].
Theoretically, kinetic isotopic fractionation from diffusive transport of water vapor in air should dominate
the mean " Ogycess iN Water vapor at the ocean surface. As expected, elevated values of "7 Ogycess are observed
in marine vapor and in meteoric waters, including polar snow [Gat, 1996; Barkan and Luz, 2005, 2007;
Landais et al., 2008; Uemura et al., 2010].

During snow formation in the polar regions, the condensation of water vapor to liquid or ice typically occurs
above saturation (i.e., >100% relative humidity). In this environment, the vapor pressure surrounding a
water droplet or ice crystal is greater than that of the saturated vapor pressure for the condensing surface,
resulting in supersaturation. In Antarctica, the lack of ice nuclei onto which water vapor can condense
results in highly supersaturated conditions. The strong gradient in vapor pressure between the supersaturated
water vapor and the ice surface favors preferential removal of H,'”0, leaving the remaining vapor enriched
in H,'20 relative to the global meteoric water line (GMWL = 0.528). This kinetic fractionation process during
ice crystal formation is due to the greater amount of molecular diffusion that occurs for the lighter isotopologue
(H5'”0). Note that relative to H,'®0, both the heavy isotopologues (H,'’O and H,'20) are still preferentially
removed through equilibrium fractionation and the vapor becomes more depleted in 6'’0 and 5'%0.
Equilibrium fractionation alone would preferentially deplete H,'80 in the water vapor and therefore
result in more positive '’ Ogycess Values. However, the competing influence of kinetic fractionation under
stronger supersaturation conditions dominates the total effective fractionation. This results in progressively
lower "7 Oaycess as condensation proceeds (e.g., for snowfall forming from an air mass moving further into the
Antarctic interior).

The normalized relative humidity (hereafter, rh,) immediately above the ocean surface is the main factor
controlling " Ogycess iN the marine boundary layer, though the degree of turbulence (i.e., the wind speed)
affects the sensitivity [Landais et al., 2008; Risi et al., 2010al. The rh,, is defined as the water vapor concentration
in the free air divided by the saturated vapor concentration at the temperature of the ocean surface [Gat, 1996;
Barkan and Luz, 2007; Uemura et al., 2010; Risi et al., 2010a]:

rhy, = rhg x szt (Ta) )

Aat(Ts)
Previous work suggested '’ Ogycess to be only weakly influenced by fractionation during precipitation,
and it was therefore expected that 7 0xcess iN polar snow and ice could be used as a proxy for the
humidity in the marine boundary layer over the moisture source areas where polar moisture originates
[Barkan and Luz, 2005, 2007; Landais et al., 2008; Luz and Barkan, 2010; Risi et al., 2010a; Winkler et al.,
2012; Landais et al., 2012al. In particular, Landais et al. [2008] interpreted the 20 per meg '"Ogycess
decrease between the Early Holocene (EH, 12-9ka) and Last Glacial Maximum (25-20ka) in the Vostok
ice core to indicate a 20% rh,, increase over the average glacial ocean moisture source for East Antarctic
precipitation. However, two additional '”Ogycess records from East Antarctica (European Project for Ice
Coring in Antarctica (EPICA) Dome C and Talos Dome) show smaller degrees of Last Glacial Maximum (LGM)
to EH change than at Vostok. Winkler et al. [2012] showed that this observation made the interpretation
of "7 Oaxcess change at Vostok as a change in source region rh, problematic. They proposed several
mechanisms: different moisture source regions reflecting different rh,, and moisture trajectories and kinetic
fractionation with a stronger supersaturation sensitivity to temperature, in order to explain the different
"7 Ogxcess €volution between cores. It was suggested earlier by Miller [2008] that the relatively large
magnitude of LGM to EH 70 excess change observed at Vostok may reflect the influence of stratospheric
water vapor with a strong anomalous 17Oexcess signature. Interpretation of 17Oexcess in Antarctic ice cores
thus remains ambiguous.

To date, all records of Antarctic " Oeycess variability have come from East Antarctica. Here we contribute
new '"Ogycess data from West Antarctica, including a ~25,000 year long record from an ice core at the
central West Antarctic Ice Sheet divide (WAIS Divide). We also present new deuterium excess data from
the WAIS Divide ice core. As recommended by Uemura et al. [2012] we adopt a natural log definition of
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dexcess (hereafter, d,,). Uemura et al. [2012] calculated a second-order polynomial best fit to the natural log
of the isotopic data from the Global Network of Isotopes in Precipitation and a compilation of Antarctic
isotope data [Masson-Delmotte et al., 2008]:

din = (6D + 1) — (—2.85 x 1072 (In(5"%0 + 1))* + 8.47(In(5'%0 + 1)) 3)

The use of dy, better accounts for differences in temperature sensitivity of equilibrium fractionation between 6D
and '80 than does the traditional deycess. The use of |, also reduces the impact of glacial-interglacial changes in
the isotopic concentration of seawater, which requires a significant correction for deycess [Stenni et al., 2010b].

Together, the new data provide a more complete picture of the spatial distribution of '’ Oaycess across Antarctica,
and allow us to better assess the controls on '”Ogycess ON glacial-interglacial timescales.

2. Methods

The WAIS Divide ice core (WDC) was drilled over a 5 year period, reaching a depth of 3405 m in 2011. The core
was drilled at latitude 79°28.06'S and longitude 112°05.2'W, about 24 km west of the Ross-Amundsen ice
flow divide and 160 km east of the Byrd Station ice core site. The elevation at the ice core site is 1766 m;
the modern accumulation rate is 22 cma™ ' (ice equivalent) and the mean annual temperature is approximately
—30°C. The age of the oldest recovered ice is ~68 ka [WAIS Divide Project Members, 2013].

We measured '’ Ogycess ON the WDC using methods developed by Baker et al. [2002] and Barkan and Luz
[2005, 2007] and described in detail in Schoenemann et al. [2013]. Briefly, water is fluorinated with CoF; to
produce O, [Barkan and Luz, 2005], which is then carried by helium to a molecular sieve trap as in Abe [2008].
The O, sample is analyzed for m/z 32, 33, and 34 abundance ratios on a dual-inlet ThermoFinnigan MAT 253
isotope ratio mass spectrometer (ThermoElectron, Bremen, Germany) to determine 6'80 and 6'70 values with
reference to O, gas.

Samples from the WDC were measured every 20 and 10 m for Holocene age and glacial age samples,
respectively. The measurements cover from ~25ka to the present, spanning depths 2600 m to 0 m in the
WDC. We used both an internal water standard (WAIS Water) and the Vienna Standard Mean Ocean Water
(VSMOW) 2, Standard Light Antarctic Precipitation (SLAP)/SLAP2, and GISP standards from the International
Atomic Energy Agency, measured after every 10-15 samples to calibrate and verify the performance of both
the fluorination line and the mass spectrometer. All samples were reproduced in duplicate or greater. The
measured §'20 and 6'70 data were corrected to the VSMOW-SLAP scale using the normalization technique of
Schoenemann et al. [2013]. The reproducibility associated with each sample is given by the population
standard deviation (6 per meg) of the WAIS Water standard (n=31). In addition to the WDC samples, we
measured " Oaycess ON a limited number of Holocene age and glacial age ice core samples from the Taylor
Dome and Siple Dome ice cores using the same methods. The ¢'20 and 6D on the WDC were measured at a
resolution of 0.5 m with a Picarro L1102i using cavity ring down spectroscopy and then normalized to the
VSMOW-SLAP scale [WAIS Divide Project Members, 2013]. The precision of 5'20 and 6D are 0.09%o and
0.59%o, respectively, and the propagated error for deycess and dj, values is 0.60%o.

To eliminate interlaboratory differences among published data resulting from different calibration methods, we
normalized all previously reported 6'70 and ¢'80 values to the VSMOW-SLAP scale using SLAP 6'80 = —55.5%o
and " Ogycess =0 per meg, following Schoenemann et al. [2013]. Note that after VSMOW-SLAP normalization,
some values, particularly those far removed from VSMOW, will be different than reported in the original
published work. We provide all original data and data normalized to VSMOW-SLAP in Data S1 in the supporting
information. In the case of the Vostok record from East Antarctica, calibration discrepancies have been noted
between the two laboratories that performed the measurements, Le Laboratoire des Sciences du Climat et
I'Environnement (LSCE) and Institute of Earth Sciences (IES), Hebrew University of Jerusalem [Winkler et al.,
2012; Landais et al., 2012b; Risi et al., 2013]. Long-term repeated measurements show that surface snow at
Vostok is ~3 per meg, about 24 per meg lower than at WAIS Divide [Schoenemann et al., 2013]. In comparing the
Vostok record of '?Oeycess With that from WDC and other ice cores, we therefore apply an offset of —24 per meg
from the mean of the VSMOW-SLAP-normalized data from Landais et al. [2008]. This is consistent with
measurements of precipitation samples at Vostok, performed at both LSCE and IES [Landais et al., 2012a].
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2.1. Model Simulations

To aid interpretation of the '"Ogycess data, we use the European Center Hamburg atmospheric general
circulation model, ECHAMA4.6 [Roeckner et al., 1996]. As used here, ECHAM4.6 has 19 vertical levels and a
horizontal resolution of T42 (2.8° by 2.8°). We modified the water isotope module [Hoffmann et al., 1998] for
ECHAMA4.6 by adding an implementation for 70 axcess and by using the most up-to-date fractionation factors
for the water isotopologues.

Equilibrium fractionation factors for deuterium (zaeq: (HD'0)/(H,'°0),) and oxygen-18 (180zeq =(H,"®0)/
(H,'0),) are calculated using the original temperature-dependent values from Majoube [1971] for T> 273 K,
where [=liquid and v=vapor:

2689 = exp(52.612x1073 — 76.248 /T + 24844/T? @
I-v
Bayl = exp(—2.0667x107° — 0.4156/T + 1137/T?) )

The most important update is for ice/vapor equilibrium fractionation for temperatures between 233K and
273K from Ellehgj et al. [2013]:

%a;%, = exp(0.2133 — 203.10/T + 48888/T?) ©6)
09, = exp(0.0831 — 49.192/T + 8312.5/T?) )
TS, = (%e5,)"” ®)

For (H,'70)//(H,'°0),, the equilibrium fractionation factors are calculated as ' oeq = (*®0eq)®>*° for
temperatures both above and below 273 K [Barkan and Luz, 2005]. The kinetic fractionation factors for the
molecular diffusivity of deuterium (Cogifr) include the temperature-dependent linear approximation from Luz
et al. [2009] where the relationship between diffusive fractionations of hydrogen and oxygen is:

oais = (Caaer — 1)/ (Paar — 1) )
and the linear approximation of the temperature dependence of ¢gi is given by
(Ddiff(T) =1.25 -0.02T (T in DC) (10)

For the molecular diffusivity of H,'%0 and H,'’O we use "®ug¢ = D(H,'®0)/D(H,"®0) = 1.0096 and

Y agire = ("Bagier) > '8 [Barkan and Luz, 2007; Luz and Barkan, 2010]. The value for "ag¢ was determined from
water vapor samples collected over the open ocean, incorporating the influences of wind speed and
molecular turbulence [Uemura et al., 2010]. We note that this value is somewhat higher than values derived
from experimental estimates by Merlivat and Jouzel [1979] ("Bagiee=1.007 for low wind speeds, 1.003-1.005
for rough regimes), which have frequently been used in earlier modeling work.

During snow formation, the kinetic fractionation between vapor and liquid water or ice is calculated as
S

- 11
e @)1 v

Okin =
where S is the supersaturation parameter, following Jouzel and Merlivat [1984]. The effective fractionation
factor is then given by aefr = aeqakin. The supersaturation parameter, S, is assumed to be linearly related to
cloud temperature (T). The diffusion constants D and D" represent the diffusion constants for the light and
heavy isotopologue, respectively. The supersaturation dependence on condensation temperature is
defined by S=a — bT, with T in degrees Celsius and where a and b are empirical constants. We use a=1
and vary b from 0.002 to 0.007, which covers the range of values used previously in both intermediate
complexity isotope models and general circulation model (GCM) studies to capture observed Antarctic
dexcess Variability [Kavanaugh and Cuffey, 2003; Schmidt et al., 2005; Risi et al., 2010b; Werner et al., 2011;
Landais et al., 2012b].

In the GCM experiments, the ocean surface water 5'80 and 6D are set to 0%o, while " Ogycess is set to —5 per
meg. Luz and Barkan [2010] measured seawater '’Ogycess Values ranging from —15 to 5 per meg; however,
none of these measurements were made southward of 32°S, providing little constraint on seawater '’ Ogycess
for the Southern Ocean and midlatitude moisture sources. Initial conditions for atmospheric water vapor are
set to 20 per meg, but results are insensitive to this value since the model water vapor quickly approaches
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equilibrium with the ocean. Uemura
et al. [2010] found "7 Ogycess Vapor
measurements in the Southern Ocean
near Antarctica (60-65°S) ranged from
—8 to 19 per meg; the higher value is
consistent with our GCM simulations.

30 W 30 E

60 E

East Antarctic To simulate present-day precipitation-
Sector Weighted 5180: dlnr dexcessr and 17Oexcess:
we initialized the ECHAM4.6

%0E  atmospheric general circulation model
with modern boundary conditions
(preindustrial greenhouse gas
concentrations, modern ice sheet
topography, and orbital parameters).
120 We prescribed a climatological seasonal
sea surface temperature (SST) cycle to
obtain the model’s mean climate. A
second control using an Atmospheric
Model Intercomparison Project-style
configuration (forced by historical ERA-
Figure 1. Map of Antarctic ice core locations and surface snow data. The  Interim/ERA-40 SST data) for a 30 year
West Antarctic Ice Sheet Divide ice core (WDC) is marked by the red star. period showed no significant difference
The relevant sites discussed throughout the text include: Siple Dome (SD),

Taylor Dome (TD), Talos Dome (TLD), European Project for Ice Coring in
Antarctica (EPICA) Dome C (EDC), Vostok (VSK), Dome Fuji (DF), Plateau

90" W

West Antarctic. 3
Sector

120'W

in the mean. As noted above, a range of
supersaturation sensitivities to

Station (SLAP water), EPICA Dronning Maud Land (EDML), and D57. The
West Antarctic sector spans from 70°W to 150°W and the East Antarctic
sector spans from 165°E to 70°W. All locations indicated above are the
same throughout the following figures.

temperature, as used in previously
published model studies [Schmidt et al.,
2005; Risi et al., 2010a; Winkler et al.,
2012; Landais et al., 2012a; Risi et al.,

2013], was evaluated.

To simulate precipitation-weighted 580, di, excess aNd " Oaxcess for the Last Glacial Maximum (LGM, 21 ka),
we prescribed boundary conditions following the Paleoclimate Modeling Intercomparison Project (PMIP II)
[Braconnot et al., 2007]: LGM ice sheet topography (Ice-5G) [Peltier, 2004], solar insolation [Berger, 1978], CO,
concentration of 185 ppmyv, and SST output data from an LGM experiment of the coupled ocean-atmosphere
model CCSM3 [Otto-Bliesner et al., 2006]. As for the modern simulations, we used a range of supersaturation
sensitivities. Each experiment consisted of 30 year integrations where only the last 20 years are used. In
addition to the “LGM” experiments, we performed “LGM-cold” simulations in which a uniform 4°C global
decrease to the LGM sea surface temperature field is applied, in order to better match the high-latitude
temperatures estimated from Antarctic ice core reconstructions.

To complement the LGM and LGM-cold experiments, in which the change in SST and sea ice boundary
conditions is found to play a significant role in the resulting 580, diny dexcesss aNd 17 Oeycess fields, we
performed another set of experiments (Extend-Ice) that use modern boundary conditions but with extended
sea ice. We prescribe an amplified sea ice seasonality, as supported by Collins et al. [2012] for the LGM. In
winter, the edge of sea ice is expanded ~10° north from the edge of the present-day model (July, August, and
September, JAS) sea ice climatology, while in the summer (January, February, and March, JFM) the sea ice
extent is equal to present-day. In the transition seasons (October, November, and December (OND) and April,
May, and June (AMJ)), we extend the sea ice edge by ~5°.

To make comparisons of the isotopic records and model results, we account for the change in 5'®0 and 6D

composition of the ocean during the glacial period resulting from the buildup of continental ice sheets. These
seawater corrections have a considerable influence on the deycess records and are therefore necessary in order
to interpret the glacial-interglacial deycess changes [Jouzel et al., 2003; Stenni et al., 2010b]. We find that the dj,
definition of deycess (following Uemura et al. [2012]) reduces the large impact of the isotopic seawater correction
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Table 1. Present-Day (PD) oD, 5'%0, dexcess: din, and 17Oexcess Isotopic Measurements From Snow or Ice Core Samples®

17 17
EH Oexcess PD Oexcess

Ice Core Sample Type PD 6D (%o0) PD 6180 (%o0) PD deycess (%0) PD dy, (%o0) (per meg) VSMOW-SLAP (per meg) VSMOW-SLAP
wDC*® ice core —264.35 —33.46 332 14.24 29 25
WW uw IsoIabf snow —267.44 —33.82 2.64 13.29 — 27
Siple Dome® ice core —205.38 —26.16 3.89 14.63 — 21
Taylor Dome" ice core —315.03 —40.17 4.99 14.87 17 =
D57' ) snow —258.14 —32.63 2.90 13.76 — 20
SLAP (Plateau 'Sta.)J snow —428.00 —55.50 16.00 17.94 — 0
VW UW Isolab’ snow —438.57 —56.56 13.91 12.50 — 3
Vostok' ice core —441.28 —57.09 15.44 14.28 6° 2P g
Dome C™ ice core —396.66 —50.73 9.16 12,97 19° 23¢
Talos Dome" ice core —285.62 —36.19 3.92 14.61 0b —
Dome F° ice core —426.01 —55.04 14.32 15.65 — -6°
EDMLP ice core —353.89 —44.82 4.69 11.54 Sd —

*The present-day is defined as the past 2 kyr average, except for Dome C 5 80, oD (2-1.2 ka), and Siple Dome 170,3)(CeSS (2-1 ka) due to lack of available data. All
1708)(CeSS data normalized to VSMOW-SLAP scale as in Schoenemann et al. [2013], except EDML 17Oexcess (see supporting information). Note, that for snow, the
present-day consists of multiple years of accumulation to provide the annual average reference water value (e.g., not 2 kyr). Early Holocene (EH = 12-9 ka), except
forb'l;a7ylor Dome " “Oeycess (6-2 ka) due to lack of available ice core data. The dj, values are calculated using equation (3), as in Uemura et al. [2012, equation (A1)].

cl17,
di17

Oexcess Measurements performed at LSCE.
Oexcess Measurements performed at IES.
Oexcess Unpublished from Risi et al. [2013], not VSMOW-SLAP normalized.

CWAIS Divide Project Members [2013] and this study.
Updated from Schoenemann et al. [2013] with more data.

9Brook et al. [2005] and this study.
~Steig et al. [1998b] and this study.

This study (reference water from LSCE).

JSchoenemann et al. [2013].
Schoenemann et al. [2013].
Vimeux et al. [2001] and Landais et al. [2008, 2012a].

MEPICA Community Members [2004], Stenni et al. [2004], and Winkler et al. [2012].

"Stenni et al. [2010a], B. Stenni, (personal communication, 2013), Talos Dome (unpublished deycess data), and Winkler et al. [2012].

°Fujita and Abe [2006], and Luz and Barkan [2010].

PEPICA Community Members [2006], Stenni et al. [2010b], Winkler et al. [2012], and Risi et al. [2013].

on dexcess- Seawater-corrected dln and dexcess ice core data are referred-to thI’OUghOUt as dln corr and dxs corr- The
seawater correction for '’Ogycess results in a negligible change (<0.5 per meg), and therefore, we leave
1709,«_.ess uncorrected.

3. Results

3.1. Ice Core Data

Table 1 compares data from present-day surface snow and Holocene ice at WAIS Divide, Taylor Dome, and
Siple Dome (Figure 1), with previously published data from ice core sites in East Antarctica [Vimeux et al.,
2001; Landais et al., 2008; Masson-Delmotte et al., 2008; Stenni et al., 2010a; Uemura et al., 2012; Winkler et al.,
2012]. For the ice core records, “present-day” is defined as the average value of the past 2 kyr except for
"Qaxcess at Taylor Dome (6-2 ka) and EPICA Dome C (EDC) (2-1.2 ka) due to limited availability of samples.

In Figures 2, 3, and 4, we compare '/Ogycess and 580 for WAIS Divide with the results from Taylor Dome, Siple
Dome, Vostok, Talos Dome, and EDC. The WDC 7 O,ycess Measurements cover from ~25 ka to the present. The
WDC data provide the highest resolution available measurements of '’Ogycess from the LGM through the entire
Holocene. The minimum resolution is four samples per thousand years. Both the individual measurements
(sample mean) and 10 standard deviation are shown for the WDC record, along with a Monte Carlo average cubic
spline and 10 (6 per meg) standard deviation envelope following the methods given in Schmitt et al. [2012]. In
Figure 3, we show '"Oeycess Mmeasurements of Taylor Dome and Siple Dome for the LGM and some Holocene
periods. Included are previously published §'80 records of Taylor Dome and Siple Dome each on their published
timescales [Steig et al., 2000; Brook et al., 2005]. For consistency with previous 70 excess studies [Landais et al.,
2008; Winkler et al., 2012], we compare the records for LGM (25-20 ka) and Early Holocene (12-9 ka) time periods.

Our results show that, in general, present-day West Antarctic ice core 70 gycess samples have elevated mean
annual values compared to those of the East Antarctic interior. This pattern also appears to hold throughout
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WAIS Divide

17
Oexcess (per meg)

-31
-33
-35
-37
-39
-41
-43

3'%0 (per mil)

f T T ? T T T T T T T T T T T T

25 20 15 10 5 0
Age (ka) BP 1950, WDCOBA~7

Figure 2. WDC record of 1706,(cess (black line = Monte Carlo Cubic Spline Average, gray band = 10 standard deviation) and
5'%0 (light gray = original data, dark gray = 200 year average, and blue =200 year average seawater corrected) on the
WDCO06A-7 timescale. We follow the Monte Carlo Averaging (MCA) methods used by Schmitt et al. [2012]. The MCA is
composed of 4000 randomly distributed iterations, with a 100 year resolution, and a cutoff period of 1000 years. All data are
included in the 10 envelope of 6 per meg [see Schmitt et al., 2012].

the Holocene. The LGM to EH change in '"Ogycess at WAIS Divide is 17 per meg, very similar to that at Vostok
(22 per meg) (Table 2). The " Oeycess change between LGM and EH at WAIS Divide appears to occur in two
steps, with a first increase beginning around 22 ka, and a second, marked increase at ~15 ka. There is a short
decrease during the Antarctic Cold Reversal (14.5 to 11.9 ka), followed by a period (11.5-9.5 ka) of elevated
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Figure 3. Record of 17063,(cess and 580 for Siple Dome for LGM and late Holocene (2-1 ka) on the GICCO5 age scale [Brook
et al., 2005] and 17Oexcess and §'20 for Taylor Dome for LGM and mid-Holocene (6-2 ka). Note that the Taylor Dome
timescale used is st9810, which has large age errors in the LGM period [Steig et al., 2000].
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Figure 4. East Antarctic ice core records spanning the LGM (25-20 ka) to Early Holocene (12-9 ka) from Vostok, Dome C, and Talos Dome for 17OexCeSS (orange, gray 5
point running mean) [Landais et al., 2008; Winkler et al., 2012], and 5% (light gray = original data, dark gray = 200-year average, and blue = 200 year average seawater
corrected) normalized to the VSMOW-SLAP scale. Vostok 170,3)(cess record has been shifted down based on UW IsoLab WW — VW difference of 24 per meg. The

17OexCess data are presented on their originally published age scales: Dome C on EDC3, Talos Dome on TALDICE-1, and for Vostok, the 5'80 data have been trans-

ferred to the Lemiuex-Dudon 2010.

Table 2. Changein 5'%0, D, dexcess, and dj, From the Last Glacial Maximum (LGM) to Early Holocene (EH) and Present-Day (PD) for Seawater Isotopic Corrected Ice

Core Data (con)a

Iﬁ(gM—EH LgM-PD LGM-EH LGM-PD LGM-EH LGM-PD , LGM . EH 1|_7GM-EH

J "0 corr 6 "0 corr dxs corr dxs corr din corr din corr Oexcess Oexcess Oexcess
Ice Core Site (%0) (%0) (%0) (%0) (%0) (%0) (per meg) (per meg) (per meg)
wpch —8.04 —9.44 —0.76 —0.67 —4.89 —5.16 12 29 -17
Siple Dome? —827 —9.80 0.12 —1.05 —0.79 —224 18 21¢ -3
Taylor Dome —523 —355 —2.65 —361 —7.06 —7.98 6 17¢ -1
Vostok"® _ —6.96 —5.66 5.02 3.08 —567 —7.08 -16 6 —22
EPICA Dome C° —6.95 —6.74 2,07 2.00 —7.77 —7.82 7 19 —12
Talos Dome*"? ~5.86 —6.84 ~328 —367 —8.24 —9.24 15 0 15
Dome F —6.89 —6.20 486 458 —4.60 —-4.19 = = =
EDML™ —6.89 ~7.00 295 257 ~3.13 —4.00 6° g? 2

9LGM (20-25ka), EH (12-9ka), and PD ;2—0 ka), except for EDC 5'®0, oD, and dexcess (2-1.2ka). All 17Oexcess data normalized to VSMOW-SLAP scale as in
Sc@q;nemann et al. [2013], except EDML ! Oz

Oexcess measurements performed at LSCE.
Oeyxcess Measurements performed at IES.

cl7

d”OexceSS unpublished in Risi et al. [2013], from Winkler et al. [2012].
=Siple 17 O axcess PD=(2-1ka), Taylor '”Oaycess EH= (6-2 ka).

WAIS Divide Project Members [2013] and this study.
9Brook et al. [2005] and this study.
~Steig et al. [1998b] and this study.
fVimeux et al. [2001], Landais et al. [2008, 2012al,and Risi et al. [2013].

JkEPICA Community Members [2004], Stenni et al. [2004, 2010b], Winkler et al. [2012].

Stenni et al. [2010a]; B. Stenni (personal communication , 2013), Talos Dome (unpublished deycess data), and Winkler et al. [2012].

Fujita and Abe [2006)].

MEPICA Community Members [2006], Stenni et al. [2010b], Winkler et al. [2012], and Risi et al. [2013].
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Figure 5. (a) Present-day spatial gradient of modeled 170,3)(cess using supersaturation parameterization of S=1—0.002T, (b) S=1—0.004T, and (c) S=1—0.007T
from ECHAM4.6, compared to the present-day 17OexceSS ice core data normalized to VSMOW-SLAP as in Schoenemann et al. [2013] from Table 1. Note, the model
output for all three panels has been offset by +20 per meg for straightforward comparison with the ice core values.

values in the early Holocene. The early Holocene maximum is followed by a long-term '"Ogycess decrease
toward the present (~1 per meg/ka); such a long-term decrease has not previously been identified in
Antarctic ice cores, which generally have not included data more recent than the mid-Holocene.

Together, the multiple data sets show a clear spatial pattern to the change in 70 0xcess between LGM and
Holocene periods, with more coastal sites showing very little change, and sites in the interior showing greater
change. At the low elevation coastal site of Siple Dome, there is no measurable change in '’ Ogycess, similar to
the lack of significant change at Talos Dome. At Taylor Dome, 70 axcess iNCreases by 11 per meg from LGM to
the mid-Holocene, comparable to the change at Dome C.

3.2. Model-Data Comparison

3.2.1. Present-Day Conditions

Figure 5 compares the spatial distribution of present-day '’Oeycess Measurements with the modeled spatial
pattern, for different temperature-dependent parameterizations of the supersaturation value (S=a — bT;

Table 3. Site Characteristics of Ice Core Locations for the Present-Day Compared to ECHAM4.6 GCM Control Simulation®

Site Observations Model
Current Mean Annual ECHAM 4.6 ECHAMA4.6

Elevation Distance to  Accumulation Rate Surface Accumulation Mean Annual Surface
Location Latitude (S)  Longitude  (m MSL)  Coast (km) (mm w.e./yr) Temperature (°C)  Rate (mm w.e./yr) Temperature (°C)
WDCb —79.47 —112.08 1766 585 220.0 —28.5 437.2 —23.0
Siple Dome® —81.67 —148.82 621 470 106.1 —24.5 185.1 —25.2
Taylor DomeCI —77.79 158.72 2365 120 474 10 66.3 —37, —41 41.0 —355
D57¢ —68.46 140.00 2000 200 — — 5214 —255
Plateau Stationf —79.25 40.55 3625 1100 254 —56.4 213 —50.0
Vostok? —78.47 106.87 3488 1260 21.8 —57 15.2 —52.3
Dome Ch . —75.1 12335 3233 870 269 —54.5 15.7 —49.3
Talos queI —72.81 159.18 2318 250 80.5 —41, —43 168.2 —27.1
Dome P —77.32 39.70 3810 1000 25 to 30 —54.8, —57.7 14.6 —50.0
EDMLk —75.00 0.07 2892 529 60.6 —43.2 51.0 —34.8

@Model output for the 2.8°x 2.8° grid surrounding the ice core latitude-longitude.
PWAIS Divide Project Members [2013] and Orsi et al. [2012].
ZBrook et al. [2005].
Steig et al. [1998b, 2000].
:‘Legrand and Delmas [1985].
Radok and Lile [1977].
gPerit et al. [1999].
~EPICA Community Members [2004], Stenni et al. [2004], and Jouzel et al. [2007].
'Frezzotti et al. [2004] and Stenni et al. [2010a].
JkWatanabe et al. [2003], Motoyama et al. [2005], and Fujita and Abe [2006].
EPICA Community Members [2006].
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Figure 6. (a) Present-day spatial gradient of d,, using supersaturation parameterization of S=1— 0.002T, (b) S=1—0.004 T, and (c) S=1 — 0.007 T from ECHAM4.6,
and present-day ice core d), data from Table 1.

a=1;b=0.002, 0.004, 0.007). To make straightforward comparisons between the spatial patterns in the data
and modeling results, we offset the model output (+20 per meg, +4%o, and +3%o) such that the model WAIS
Divide grid cell 70 uxcesss dine aNd daxcess Values match the real WDC values (27 per meg, 13%o, and 3%o,
respectively).

We find that the best fit for the '”Oeycess Spatial pattern is obtained when using large values for b, reflecting a
strong sensitivity of supersaturation to temperature. As shown in Figure 5, using b=0.007, the modeled
spatial pattern captures the higher '"Ogycess Values found in West Antarctica (WAIS Divide and Siple Dome)
and also shows relatively high '’ Oeycess along the coastal margins of East Antarctica but low values in the
central East Antarctic plateau. In contrast, using moderate and low sensitivity of supersaturation to
temperature (b=0.004 and 0.002) results in an overestimation of 170 gyxcess Values in East Antarctica and
fails to reproduce the strong negative spatial gradient observed in present-day '"Oeycess between the
coast and the East Antarctica interior. Indeed, even the b=0.007 model experiments overestimate the
170 xcess Values found at Vostok, Plateau Station (SLAP), and Dome F, relative to those at WAIS Divide. This
could suggest an even greater sensitivity of supersaturation to temperature; however, the magnitude of
this difference is also a function of model resolution and the model bias that tends to produce
temperatures over East Antarctica that are too warm (Table 3) [Hoffmann et al., 1998; Schmidt et al., 2005;
Helsen et al., 2007; Werner et al., 2011].

Comparison of present-day d,, data with the model results is shown in Figure 6. We find that, as for '’ Oaycesss
the best overall agreement between d),, data and model simulations occurs with a relatively high sensitivity of
supersaturation to temperature (e.g., b=0.007). We note that most previous model simulations of deycess

in Antarctica have used lower sensitivity (b=0.002 to 0.0045) to match present-day data. However, most of
this earlier work was based on fractionation factors for 4D and 6'20 that were poorly constrained at low
temperature. Our results show that, when the most up-to-date fractionation factors [Luz et al., 2009; Ellehgj
et al., 2013] are used, the d|, data are consistent with the greater sensitivity required by the 70 xcess data.
Lower sensitivities to supersaturation result in very high d,,, values in the East Antarctic interior, inconsistent
with the data (Table 1 and Figures 6a and 6b).

3.2.2. LGM to Holocene Change

We now consider model-data comparison for the LGM period and for the magnitude of the LGM to Holocene
transition. We use results from the present-day simulations as an approximation of early Holocene conditions.
The limited data available suggest that Early Holocene (EH) '"Ogycess Values are generally elevated relative

to present, so that the model calculation of the LGM minus present-day may tend to underestimate the total
isotopic LGM to EH change. Note that, taken at face value, the published data of Landais et al. [2008] compared
with those of Landais et al. [2012a] imply a ~30 per meg decline in '’ Ogycess Since the Early Holocene. Given the
calibration discrepancies noted above, and the small '’Oycess difference between EH and present-day at both
Dome C and WAIS Divide, we think this is unlikely. Indeed, assuming that Vostok is similar to Dome C in having
only a modest difference between EH and present-day is consistent with the offset to the published Vostok
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Figure 7. Model simulations for the LGM (21 ka) minus PD (0 ka) performed by ECHAM4.6 to determine (a—c) 170,3)(cess and (d-f) d|, sensitivity to all three super-
saturation values (S=1—0.002 T in Figures 7a and 7d, S=1— 0.004 T in Figures 7b and 7e, and S=1 — 0.007 T in Figures 7c and 7f), compared with the LGM-EH
change in 170,9)(,:eSS and dj, corr ice core data (Table 2). All experiments were run at T42 (2.8° by 2.8°) resolution.

data suggested by available interlaboratory comparisons. This assumption has no impact on the magnitude of
the glacial-interglacial change.

All model comparisons hereafter are “Experiment” minus “Control” (e.g., LGM minus present-day). In Figure 7
we show the spatial pattern of 7 0gxcess and di, change between LGM and present-day model simulations, for
different supersaturation parameterizations. As for the modern spatial pattern, the best reproduction of the
observed spatial pattern of LGM to EH "7 Oycess change is achieved with b =0.007. Using this high sensitivity
of supersaturation to temperature captures the large decrease (22 per meg) in 70 0ycess Values at Vostok
during the LGM, while also correctly simulating the smaller (~12 per meg) 70 gxcess decreases observed at
Dome C and Taylor Dome. At WAIS Divide, the high-sensitivity LGM simulation underestimates the full
magnitude of the glacial to interglacial '”Ogxcess change but correctly predicts the sign. In contrast, lower
values of b result in LGM '"Ogycess Values that are of incorrect sign and higher than present in the East
Antarctic interior (for example, an LGM minus EH change of +9 per meg at Vostok, opposite in sign to the
observed —22 per meg change).

The same high-sensitivity value for supersaturation parameter b that best fits the '’ Ogycess data also better
captures the observed spatial pattern in dj, o change between the LGM and present-day. The model
pattern is characterized by greater, more negative dj, changes in West Antarctica and coastal areas and
relatively small, positive d), changes in the central East Antarctica interior. In contrast, LGM model
simulations using low and moderate supersaturation sensitivities result in larger, positive d), changes in
the East Antarctic interior, contrary to the negative d, cor changes in the ice core data. The high-
sensitivity (b=0.007) model result shows a uniform decrease in d, values around the periphery of the
continent during the LGM, which is supported by the d|, .o ice core data. The model result closely
matches the magnitude of LGM to EH change at EDML and WDC, though it underestimates the LGM
minus EH change in d|, ¢ at Vostok and Dome F.
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Figure 8. 1709,(CESS spatial difference maps comparing model simulations for (a) LGM, (b) LGM-cold, and (c) Extend-lce minus PD (0 ka), using ECHAM4.6 (GCM) with
high sensitivity to supersaturation (S=1— 0.007 T). Note change in color bar scale of —32 to 32, from —22 to 22 in Figure 7.

For the case of dys cor the low and moderate sensitivity LGM minus present-day experiments result in greatly
overestimated change in dys corr (bY 4-6 %0) in the central East Antarctic interior, while the high-sensitivity
simulation achieves the spatial distribution of LGM to EH change in dys oy most consistent with the data,
characterized by lower LGM minus present-day dys corr Values in West Antarctica and coastal regions, and
higher LGM minus present dys orr Values on the East Antarctic plateau (Figure S1). We emphasize that the
seawater correction is such that the glacial-interglacial change of dys cor in the East Antarctic interior is of
opposite sign to that of deycess [Stenni et al., 2010b], and the magnitude of change is greatly reduced in West
Antarctica (Figure S2). This potentially confusing change in sign is another reason why in general dy,, is a more
useful parameter than deycess.

3.2.3. Dependence on Model Boundary Conditions

The Modern and LGM model results both show that a relatively high sensitivity of supersaturation to
temperature best reproduces the '"Ogycess data. The details of the "7 Oeycess response depend on the model
boundary conditions, particularly SST and sea ice cover. We performed two additional sets of experiments to
examine the sensitivity of 170 xcess 1O varying these boundary conditions. Here we use only b =0.007, for
comparison with the best results from the LGM and Modern experiments.

A recognized problem with GCMs is the difficulty in simulating cold-enough Antarctic temperatures, both in
modern and LGM simulations [Hoffmann et al., 2005; Schmidt et al., 2005; Masson-Delmotte et al., 2008; Werner
et al., 2011]. To assess the importance of this issue for simulating '’ Ogycess, We performed a set of “LGM-cold”
model experiments, where we prescribed a global 4°C decrease to LGM SSTs. Unlike the LGM simulation, the
LGM-cold model experiment produces Antarctic mean surface temperatures that are comparable to
paleoclimate estimates from ice cores [Jouzel et al., 2003]. The magnitude of LGM-cold minus present-day
temperature change on the central East Antarctica plateau is more consistent with the ice core records at
Dome F and Vostok (—8 to —12°C, respectively) than the LGM simulation but results in an unrealistically large
7O excess change in this region (Taylor Dome ~ 21, Dome C ~ 22 per meg, Vostok ~ 32 per meg) (Figure 8b). On
the other hand, the LGM-cold experiment better reproduces the magnitude of LGM to Early Holocene change
in "7 Oaycess at WAIS Divide (~14 per meg).

Comparisons between the LGM-cold and LGM experiment show that in general, making the model colder
produces the expected response of greater '’Oeycess changes in the interior resulting from even stronger
kinetic fractionation due to colder temperatures. However, the pattern of 70 xcess change does not directly
follow the pattern of temperature change, showing that the spatial pattern of '’ Ogyxcess change is not simply a
linear function of temperature. An important aspect of the LGM-cold experiment is that the sea ice extent is
overestimated by (~3 to 12° of latitude, as shown in Figure 9), relative to estimates of LGM sea ice extent from
proxy reconstructions [Gersonde et al., 2005; Collins et al., 2012; Roche et al., 2012]), and this may also affect
the 17Oexcess~

To examine the influence of sea ice extent on '’ Ogycess, We performed an additional experiment, “Extend-Ice,”
in which we use modern SST boundary conditions but prescribe amplified sea ice seasonality. In winter, we
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Figure 9. Comparison of LGM (dark gray) and LGM-cold (light gray) ECHAM4.6 winter and summer sea ice extent with
multiple LGM GCM simulations adapted from Roche et al. [2012]. Maximum sea ice extent (>15 % sea ice concentration)
for LGM (21 ka) compared with other GCM LGM simulations and proxy data [Gersonde et al., 2005] for (top) winter and
(bottom) summer.

extend the model sea ice climatology by ~10°N but keep summer sea ice extent unchanged. Between
summer and winter the sea ice is prescribed to change linearly, extending ~5°N on average for both fall and
spring seasons (Figure 10). Annual average results show that the extended sea ice margin results in a
decrease of "7 Ouycess OVer the entire Antarctic continent, with decreases of 8 to 12 per meg in the Antarctic
interior over Vostok and Dome C, and a decrease at WAIS Divide of ~5 per meg, roughly half the response of
the LGM simulation (Figure 8). The Extend-Ice simulations show a particularly strong decrease in 7 Ogycess
over West (~9 per meg) and East Antarctica (~14 per meg) during winter (JAS), as expected due to the
prescribed winter sea ice expansion.
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Figure 10. (a) Comparison of winter (thin) and summer (bold) sea ice extent for LGM (21 ka) (blue) versus present-day (red) in ECHAMA4.6. (b) LGM-cold (21 ka minus
4°C) versus present-day. (c) Extended sea ice (modern day boundary conditions and 10°N expansion of winter-time sea ice) versus present-day. Winter and summer

sea ice calculated as JAS and JFM mean.

4. Discussion

4.1. Controls on the 70, in Antarctic Precipitation

Interpretation of 70gxcess in Antarctic ice cores has been challenging due to limited and inconsistently-
calibrated data. Our findings show that there is a clear present-day spatial gradient of 70 axcess ACrOSS
Antarctica, with higher values in the coastal and marine-influenced regions and lower values in the central
East Antarctic interior. There is a similar spatial pattern to the change in 170 gxcess between the Last Glacial
Maximum (LGM) and Early Holocene (EH) periods, with near-coastal sites showing little or no change in
170 axcess, While sites further inland—in both East and West Antarctica—indicate a greater magnitude of
change. In the following paragraphs we discuss the implications of these results, with a focus on what matters
t0 " Oexcess iN terms of climate boundary conditions. Sea ice extent emerges as a particularly

important factor.

To illustrate the sensitivity of '’ Ogycess to different model boundary conditions, we calculate the zonal annual
average response of 7O gxcess (for b=0.007), sea ice fraction, surface temperature, and rh,, versus latitude for
all the model experiments (Modern, LGM, LGM-cold, and Extend-Ice). We display the West and East Antarctic
sectors separately to allow for regional differences in sea ice concentration and extent (Figures 11 and 12).
The gray bars highlight the latitude of maximum sea ice extent for each model experiment.

Figures 11 and 12 show that for both modern snowfall and for the LGM-EH change, the influence of
supersaturation largely determines how '”Ogycess Varies with latitude on the ice sheet. As already noted, the
values used for tuning the sensitivity of supersaturation to temperature spans the range typically used in
most previous work [Hoffmann et al., 1998; Schmidt et al., 2005; Risi et al., 2010b; Landais et al., 2012b], and a
value of b=0.007 in the standard linear parameterization provides a significantly better match to the data
than lower values. That reasonably good model agreement with d|,, data during the present-day and LGM is
also achieved with b=0.007 provides further support for a strong sensitivity of supersaturation

to temperature.

In contrast with the supersaturation effect, ocean surface relative humidity has a limited role in explaining the
7O excess Of Antarctic precipitation. Normalized relative humidity does determine the initial '’ Ogycess Value in
the marine boundary layer, and as the model results in Figures 11 and 12 illustrate, 70 xcess IN precipitation
roughly tracks rh,, in midlatitudes, beginning to decrease as rh,, increases (when going from the equator
towards the poles). However, the humidity-'"Ogycess relationship is decoupled at higher latitudes, as the
strong dependence of '"Ogycess ON kinetic fractionation increases in importance as colder temperatures are
encountered. Indeed, the present-day latitudinal distribution of '”Ogycess is contrary to that expected if
oceanic moisture source regions control present-day Antarctic 170xcess Values. In the case of Vostok,
Dome C, and Dome Fuiji, for example, the dominant moisture sources are estimated to be from subtropical
to midlatitude oceans [Sodemann and Stohl, 2009], which corresponds with lower rh, and should
therefore result in higher " Oaycess, Whereas lower '7Oaycess is observed. In West Antarctica and coastal
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Figure 11. Modern, Extend-Ice, LGM, and LGM-cold GCM simulations for West Antarctica (70°W to 170°W) annual average
using high supersaturation (S=1—0.007T). (a) 17Oexcess versus latitude, gray band marks the range of latitude of
maximum sea ice extent using a minimum threshold of 0.15 ice fraction. (b) Ice fraction for all simulations versus latitude. (c)
Surface temp versus latitude for all three simulations. (d) Normalized relative humidity (rh,, %) versus latitude. Note that
the few percent (2-3%) change in rh,, over the midlatitude is insufficient to explain the magnitude of 170,3)(Cess changes
based on ~ —1 per meg/% rh,, from Risi et al. [2010a].

sites in East Antarctica, which tend to receive greater moisture from mid- to high-latitude source regions
with greater rh, elevated '”Ogycess Values are observed, opposite to that expected if rh, were the
determining factor.

It has been argued that observed glacial to interglacial 170 excess differences between ice core locations is
due to different oceanic moisture source regions, controlled by their respective surface humidity
[Landais et al., 2008; Risi et al., 2010a; Winkler et al., 2012]. Yet our simulations show that fractionation
under supersaturated conditions alone is sufficient to account for the magnitude of glacial-interglacial
change, provided a relatively strong sensitivity of supersaturation to temperature. In the same
simulations, rh, increases only a few percent over the Southern Ocean moisture source regions (20 to
55°S), too little to account for the simulated ' Oeycess changes, the magnitude of which is clearly
determined by the degree of fractionation in transport. Larger changes (~10%) in rh,, do occur over the
sea ice region but are of the wrong sign (i.e., 170 excess ON the continent decreases when rh,, decreases). In
any case, moisture fluxes from the sea ice region are small and do not contribute a significant fraction of
moisture to the continent.

The simple parameterization of supersaturation in terms of temperature does not fully capture all the ice core
observations. Indeed, depending on the supersaturation sensitivity, the modeled LGM versus present-day
70 xcess change may be underestimated in some locations and overestimated in others. Comparison of the
different model experiments suggests that prescribed sea ice boundary conditions play an important role.
Referring to the gray bars in Figures 11 and 12, which illustrate the maximum latitude of sea ice extent, we
note that there is a marked change in the latitudinal gradient in 1704xcess that occurs approximately at the
latitude of the sea ice margin. In each of the LGM, LGM-cold, and Extend-Ice experiments, compared with the
Modern experiment, there is correspondence between the location of the maximum sea ice extent and
change in slope of the '"Ogycess gradient.

Although it is difficult to separate the influence of sea ice from the influence of temperature (because the two
are highly correlated), the change in "7 Ogycess between each progressively colder model experiment does not
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Figure 12. Modern, Extend-Ice, LGM, and LGM-cold GCM simulations for East Antarctica (290°E to 160°E) annual average
using high supersaturation (S=1—0.007T). (a) 1709)(Cess for all simulations versus latitude, gray band same as in

Figure 11. (b) Ice fraction versus latitude. (c) Surface temperature versus latitude. (d) Normalized relative humidity (rh,, %)
versus latitude.

scale directly with the lower temperatures. Rather, the '"Ogycess gradient steepens for the same respective
change in temperature in each model experiment. For example, in the Modern simulation the zonal average
slope in 7O excess is —0.53 per meg/°C for temperatures between —20°C and — 45°C; this increases in
magnitude to —0.63, —0.70, and —0.87 per meg/°C for Extend-Ice, LGM, and LGM-cold, respectively (Figure
53). Note that the increasing '’ Oeyxcess/temperature gradient also tracks the pattern of greater sea ice fraction
for each colder model simulation. Furthermore, in the Extend-Ice simulation, the strongest response in

170 gxcess OCCUTS during austral fall and winter, the periods of greatest sea ice expansion and maximum ice
extent, while there is no change in 70 oxcess during austral summer (JFM), despite cooler temperatures
relative to the Modern simulation.

These results suggest that '’ Ogycess is sensitive to sea ice boundary conditions. The expansion of sea ice in these
experiments influences 70 axcess in at least two ways. First, expanded sea ice cover increases the meridional
temperature gradient, with the result that poleward traveling air masses reach cold conditions sooner, resulting
in stronger supersaturation and greater kinetic fractionation; this effect largely explains the change in slope of
O excess approximately at the sea ice margin. Second, greater sea ice cover reduces the availability of local
(high-latitude) moisture recharge of relatively enriched '’ Oeycess Water vapor into the atmosphere. In our model
setup, sea ice concentration is binary (grids are either “on” or “off”) and may not produce realistic estimates of
sea ice concentration change, which would influence the degree to which the moisture-recharge effect is
important. In general, though, both of these influences tend to lower 70 axcess OVEr the Antarctic continent. As
the process of isotope fractionation acts as an integrator of the entire moisture transport path, changes in both
ice fraction and extent would be expected to have a cumulative impact on the '"Ogycess iN precipitation.

4.2. Interpretation of Individual Antarctic 17 Ogycess Records

We conclude that the sign and magnitude of LGM to EH '"Oqycess Changes apparent in the ice core time series
can be explained by a common process: strong sensitivity of supersaturation to temperature during kinetic
fractionation. One important implication of this result is that it is unnecessary to invoke the contribution of
stratospheric moisture as an explanation for the Vostok '’Ogycess record. Miller [2008] suggested that, due
to the low annual accumulation and high elevation of the East Antarctic plateau, the large glacial-
interglacial '”Ogycess change at Vostok could reflect input from high-'"Oaycess Water vapor with a
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stratospheric source. Yet the LGM to Early Holocene change in '"Ogycess at WAIS Divide is similar to that at
Vostok. Based on present-day downward fluxes [Stohl and Sodemann, 2010; Winkler et al., 2013],
stratospheric water vapor contributes ~107> of the 22cm a~' annual mean ice accumulation rate at WAIS
Divide, an order of magnitude less than the 0.014% calculated for Vostok by Winkler et al. [2013]. Even if
the contribution of stratospheric input were 10 times greater for WAIS Divide, assuming a stratospheric
" Oexcess Signature of ~3000 per meg [Zahn et al., 2006; Winkler et al., 2013], it would change the "7 Ogxcess
by less than 0.12 per meg.

Our model results additionally show that sea ice extent plays an important role in determining the magnitude
of "7 Oexcess changes on glacial-interglacial timescales. In general, greater sea ice extent amplifies the ' Oaycess
response to temperature. In this context, differences among the different ice core sites that are not fully
captured by the model results discussed above are informative.

Taylor Dome and Talos Dome share similar elevations (~2300 m) and mean annual temperature (~40°C) and
are in close proximity to one another. These sites are often referred to as “coastal,” since they are both within
less than 300 km from periodically open water. However, their moisture sources are quite different. Back
trajectory modeling shows that Taylor Dome receives more than 60% of its total precipitation from the
Pacific, along a trajectory that crosses over West Antarctica [Scarchilli et al., 2010]; thus, the majority of the
trajectories cross over the ice sheet. Talos Dome receives nearly twice the accumulation of Taylor Dome and
about half of its total precipitation originates from the Indian Ocean; about one third originates from the Ross
Sea [Scarchilli et al., 2010].

At Talos Dome, the model versus data discrepancy is relatively large: the ice core observations show no
change between the LGM and EH, while the model, using b=0.007 which best fits most other locations,
including Taylor Dome, simulates a change of ~12 per meg for LGM boundary conditions. Based on the
similar LGM-EH 680 change (~5.5%o) at both Taylor Dome and Talos Dome, we can assume that the
temperature changes were comparable; temperature-driven changes in supersaturation effects on '’Ogycess
should also have been similar. This implies that either the air mass trajectory changes affected Talos Dome
and Taylor Dome differently or that regional boundary conditions were different or both. Note that Talos
Dome is situated upwind of Terra Nova Bay and the Ross Sea Polynya in the western Ross Sea. In winter, the
Ross Sea Polynya contributes significantly to mesocyclonic activity, which favors the advection of moist
maritime air into the interior. Local changes to features like this—which are not captured in the relatively
coarse grid of our GCM simulations—could explain differences between these sites. For example, expansion
of the Ross Sea ice shelf to form the Ross Sea Ice Sheet during the LGM [e.g., Hall et al., 2000]; expanded sea
ice north of the ice sheet margin would have cut off local moisture sources and would perhaps have had a
larger impact on the isotopic composition of precipitation at Talos Dome than Taylor Dome.

The importance of local boundary conditions is also illustrated by comparing the model results for both
Taylor Dome and Talos Dome with those for Siple Dome. The LGM model simulation (b=0.007) produces a
~12 per meg decrease in '’ Ogycess at Taylor Dome and Talos Dome, relative to present-day, but little to no
change at Siple Dome. In the LGM simulation there is a significant increase in sea ice in the western Ross Sea
but no change in the eastern Ross Sea (adjacent to Siple Dome). In the model simulations, local moisture
sources near Siple Dome change little; since this low elevation (600 m), truly coastal site is relatively warm and
not subject to significant supersaturation effects, and since rh,, does not change significantly between the
two simulations, there is no resulting change of 70 xcess: This is consistent with the suggestion of Winkler
et al. [2012] that warmer, more coastal sites should be less influenced by the effects of supersaturation and
therefore more faithfully record changes of rh,, (or in this case, lack thereof), than more interior sites. In the
actual ice core measurements, there is no evidence of a glacial-interglacial change in 7O gxcess at Siple Dome,
supporting this understanding. Nevertheless, these comparisons also suggest that using '’Ogycess from
coastal sites to infer moisture source changes is likely to be problematic. In general, such sites are more likely
to be influenced by local peculiarities in ocean surface conditions than more interior sites, and therefore,
despite the reduced sensitivity to supersaturation, coastal cores may not provide representative information.
When interpreting '’ Oeycess data in detail as additional higher-resolution records are obtained, it will be
important to consider regional details such as air mass trajectories and sea ice concentration.

Finally, some unique features of the WAIS Divide ice core record are noted. As discussed in WAIS Divide Project
Members [2013], the WDC 580 record shows an early deglacial warming, beginning between 22 and 20 ka.

SCHOENEMANN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8757



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2014JD021770

East Antarctic ice core §'20 records show little change until a relatively abrupt 6'0 increase at ~18 ka. Model
experiments using a symmetric sea ice reduction suggest that the earlier warming at WAIS Divide could
reflect the greater sensitivity of this site to sea ice change [WAIS Divide Project Members, 2013]. Consistent
with this, the WDC "7 Ogycess record shows an inflection point occurring at ~22 ka, while ' Ogycess at both
Vostok and Dome C begins to increase between ~ 18.5 ka and 17.5 ka. Based on the model experiments
discussed above, we propose that the early increase in '”Ogycess at ~22 ka in WDC results from early
decreasing sea ice extent resulting in a reduced influence of kinetic fractionation on '’Ogycess, OWiNng both to
warmer temperatures, greater local moisture recharge, and less transit distance over sea ice. The difference
between LGM and LGM-cold model experiments show that the response of sea ice can be asymmetric.
Expressions of early deglacial changes in SST and sea ice extent have been identified in other high-latitude
Southern Hemisphere records and are suggestive of greater changes in the Pacific sector than elsewhere
[Kanfoush, 2000; Lamy et al., 2007; Collins et al., 2012], which would contribute to the different timing
signature observed in 170 xcess between East and West Antarctica.

Another notable feature of the WDC " Ogycess record is the unambiguous rise in '’Oeycess beginning at
~15ka. WDC ""Ogycess increases by ~10 per meg over the ~400 year period prior to the Antarctic Isotope
Maximum (AIM) 1 peak in 680, which in turn is near-coincident with the rapid increase in 6'%0 in
Greenland ice cores and the abrupt rise in methane at ~14.7 ka B.P. that defines the beginning of the
Bolling-Allerad warm interval [WAIS Divide Project Members, 2013]. Relative to the background variability in
70 gxcess the magnitude of the 70gxcess Hise is much larger than seen in the d|, (Or dexcess) record in WDC,
suggesting a significant change in boundary conditions. We speculate that this reflects a decrease in sea
ice concentration preceding the isotope maximum, as indicated for example by ocean model simulations
of AIM events [Knorr and Lohmann, 2003]. We note that there is a small but significant decrease in the
ssNa concentration during this interval, also consistent with decreasing sea ice [Wolff et al., 2006; WAIS
Divide Project Members, 2013].

During the Holocene (12 to 0ka) interval, '"Ogycess in WDC varies little compared to the magnitude of
glacial-interglacial change. However, it exhibits a long-term negative trend beginning at ~9 ka. We note
that a similar long-term decrease has been observed in other Southern Hemisphere and SST proxy records
[Lamy et al., 2002; Nielsen et al., 2004; Lamy et al., 2007], which has been suggested to result from
decreasing austral spring orbital forcing and increasing sea ice extent and/or concentration [Steig et al.,
1998a; Hodell et al., 2001; Renssen et al., 2005]. This is again consistent with our finding that sea ice exerts a
significant control on 'Oeycess.

4.3. Implications for Modeling "7 O cess

The development of '"Ogycess ice core records covering the last glacial-to-interglacial transition, in
combination with dy,,, provides an important new constraint for water isotope-enabled GCM simulations. The
amount of kinetic fractionation in the model, parameterized by a temperature-dependent supersaturation
function, has a strong influence on the magnitude and sign of the '"Ogycess spatial gradient. As we have
shown, capturing the spatial pattern of glacial-interglacial change in " Oeycess Using the standard linear
parameterization of supersaturation requires greater kinetic fractionation during ice formation than has
typically been used in the literature [Hoffmann et al., 1998; Werner and Heimann, 2002; Schmidt et al., 2005;
Masson-Delmotte et al., 2008; Werner et al., 2011]. However, the linear parameterization for supersaturation as
a simple function of temperature, as used in most work (including that presented here) was developed over
35years ago, and the choice of a linear dependence on temperature is somewhat arbitrary. Indeed, Jouzel
and Merlivat [1984] also proposed exponential and power law dependencies. The increasing availability of
70 gycess data should inspire reevaluation of the treatment of supersaturation in GCMs. The routine inclusion
of " Oexcess Within GCMs also has the potential to help improve other aspects of the model hydrological cycle
beyond those related to ice core research, such as the partitioning of water vapor versus ice in clouds, rain
reevaporation during convective downdrafts, and surface evaporative processes [Risi et al., 2008; Landais
et al., 2010; Risi et al., 2010b].

As already noted, all of our model simulations underestimate the mean '’Ogycess OVer Antarctica. This may
largely reflect uncertainty in the mean seawater '’Ogycess Value but may also reflect biases in the model
climatology. In particular, the relatively low model resolution means that the steepness of the Antarctic
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continental margin is underestimated, which may allow greater penetration of marine air mass intrusion into
Antarctica, making the Antarctic interior more influenced by marine sources than it actually is [Noone and
Simmonds, 2004; Ding et al., 2011]. Indeed, we find that the modeled annual precipitation at WAIS Divide is
~50 % higher than observed. Analysis of different model resolutions in ECHAMS5 by Werner et al. [2011]
showed that, in general, higher-resolution simulations produced better agreement with observational data
sets. In particular, the relationship between deycess and oD is in much better agreement with the Masson-
Delmotte et al. [2008] Antarctic isotope database in the ECHAMS5 T159 simulation.

Although the ECHAMA4.6 model qualitatively reproduces both the present-day spatial gradient and the
magnitude of LGM-EH change in '”Ogycess, inconsistencies between the ice core observations and model
experiments highlight the additional work needed. We identify a number of important factors relevant to
accurately simulating ' Ogxcesss dins aNd dexcess:

First, additional measurements of 5'20, deycesss aNd " Oaxcess iN laboratory experiments at subzero
temperatures are needed to refine the relationship of temperature-dependent equilibrium fractionation
between all isotope species, which can provide a more solid foundation from which to investigate kinetic
fractionation effects on deycess (@and dj). The benchmark for isotope-enabled GCM validation in polar regions
has been the reproduction of the observed d.cess Spatial gradient, in conjunction with the highly depleted
D or 6'80 values. There has been difficulty simulating realistic values of deycess in the East Antarctic interior,
which typically have too steep a spatial gradient in the simulations. In ECHAMA4.6, the inclusion of a
temperature-dependent diffusion fractionation factor for 6D [Luz et al., 2009], as well the most up-to-date
equilibrium fractionation factors for 5D and ¢'%0 below freezing [Ellehgj et al., 2013] have reduced the steep
spatial gradient, in better agreement with dg,cess Observations.

Second, a key goal should be to improve the relatively simple kinetic fractionation parameterizations used
in both simple 1-D isotope models and intermediate complexity isotope models, as well as in most GCMs.
In particular, the increased computational capacity available for GCMs permits moving beyond the fairly
simple supersaturation parameterization to explicitly determine supersaturation, dependent on detailed
cloud microphysics (e.g., types of condensation nuclei). The subgrid scale at which phase changes occur
require kinetic fractionation to still be parameterized; however, more advanced parameterizations of
kinetic fractionation are being implemented that better account for convective cloud processes in the
tropical regions [Risi et al., 2008; Blossey et al., 2010; Landais et al., 2010]. Similarly, more sophisticated
parameterizations that incorporate surface kinetic fractionation effects due to differences in water droplet
size, ice crystal morphology (e.g., columnar versus dendritic) are needed. These surface kinetic
fractionation effects may vary greatly between regions where dry deposition of tiny ice crystals (diamond
dust) prevail, like the East Antarctic plateau, compared to wet deposition sites in coastal regions [Nelson,
2011]. The sensitivity of 7O excess 10 kinetic fractionation makes it an ideal indicator for testing such
aspects of the model physics.

The importance of supersaturation in determining the behavior of 7 Oeycass aNd dip (OF dexcess) also suggests
that further work must be done to characterize the kinetic fractionation effects during ice crystal formation
on a microscopic level, both with additional empirical lab studies and in situ low temperature/high altitude
measurements. The early study by Jouzel and Merlivat [1984] on kinetic isotope fractionation during snow
formation was performed on the frost grown onto a cooling plate (—20°C) from room temperature (20°C)
without conditions that controlled the supersaturation ratio, resulting in an overestimated supersaturation
ration of 2.00 [Uemura et al., 2005]. Recent work by Uemura et al. [2005] produced experimental conditions
that mimicked those of mixed clouds in which both vapor and supercooled water droplets coexist due to the
realistic temperature range (—12 to —15°C). Their results produced lower supersaturation ratios than Jouzel
and Merlivat [1984], but the range of supersaturation ratios (S=1.165 to 1.221) at —15°C are consistent with a
higher sensitivity of supersaturation where b > 0.007. Measurements performed at colder temperatures
ranging from —20 to —50°C would be invaluable.

Finally, to improve the interpretation of Antarctic 17Oexcess, more measurements on surface snow and ice
cores from both coastal and interior sites are needed. Acquiring additional '’ Ogycess Measurements on
transects that span coastal to interior sites, like those obtained by Landais et al. [2008], would provide higher
spatial resolution, important for examining the sensitivity of '”Oycess to regional details such as coastal
moisture sources (e.g., leads and polynyas) and orographic features.
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5. Conclusions

Our ice core measurements, in combination with those from Landais et al. [2008] and Winkler et al. [2012]
show that there is a strong spatial gradient of '/Ogycess across Antarctica, with elevated values in the coastal
and marine-influenced regions and lower values in the central East Antarctic plateau. The modern spatial
gradient in "’ Oeycess is best captured with a strong sensitivity of supersaturation to temperature. The data
also show that there are large changes in the inland regions of both East and West Antarctica, but little
change in the coastal regions over the last deglaciation (LGM to Early Holocene). An atmospheric GCM forced
with LGM boundary conditions, and the same strong sensitivity of supersaturation to temperature that best
matches the modern data, reproduces the observed sign, magnitude, and spatial pattern of LGM to Early
Holocene change in '”Ogycess. We conclude that kinetic isotope effects result from supersaturation of water
vapor over ice dominate the spatial pattern of modern '"Ogycess in Antarctic precipitation as well as the
pattern of change through the last deglaciation. These results imply a limited role of changes in relative
humidity in determining the glacial-interglacial '’ Oeycess in Antarctic precipitation and show that the
influence of stratospheric water vapor inputs is probably negligible.

In the GCM experiments, there is correspondence between the latitude of maximum sea ice extent and a
change in '"Ogycess gradient, indicating that the sea ice boundary conditions play a role in controlling

7 0xcess: A principal control on the amount of kinetic fractionation is the temperature gradient between
moisture source and precipitation site, and in our GCM experiments, an effective way to increase the
temperature gradient is by expansion of sea ice. The expansion of sea ice causes poleward traveling
moisture to encounter colder conditions earlier, resulting in the onset of supersaturation conditions, and
initiating a decrease in ' Ogycess: A secondary result of sea ice cover is the reduction of evaporative
moisture recharge to the overlying air mass, which limits the addition of relatively enriched 70 xcess Water
vapor from the high-latitude ocean surface.

Most previous studies have relied on changes in normalized relative humidity at the moisture origin to
explain the observed glacial-interglacial changes in '"Ogycess. Despite the ~10° northward expansion of sea
ice in both the LGM and present-day Extend-Ice experiments, we simulate only minor changes in the relative
humidity at the ocean surface. Furthermore, 70 xcess OVEr Antarctica does not respond as would be expected
if surface relative humidity were the main driver. Sea ice changes and the associated temperature changes
alone—with no significant change in moisture source humidity—are sufficient to explain the observed

7O excess glacial-interglacial changes at most locations in Antarctica where observations exist.

Due to the few 7Ogycess iCE cOre measurements and inconsistently normalized data, interpretation of
7Oexcess in Antarctic ice cores has been challenging. The measurements from the WDC record provide
the first complete '"Ogycess record through the LGM to the present-day, indicating an early deglacial
change in '"Ogycess around 22ka, an early Holocene optimum from 11.5 to 9.5ka, and a post EH
optimum period of '”Ogycess decline. We propose that expansion of sea ice during the LGM and post EH
optimum led to the lowering of '"Ogycess during these periods. The response of '"Ogycess at 22 ka, which
predates changes in both 704xcess and 620 in Dome C and Vostok by approximately 4000 years,
suggests an early retreat of sea ice in the southern Pacific Ocean, and supports the findings of WAIS
Divide Project Members [2013] that changes in sea ice extent may explain the early §'80 increases in
WDC at 22 and 20ka.

Even with strong supersaturation sensitivity and expanded sea ice boundary conditions, we find that our
GCM simulations generally underestimate the magnitude of LGM-EH change in 70 axcess in the WDC record.
We speculate that reflects a combination of modeled modern temperatures and modeled LGM temperatures
that are too warm; the “LGM-cold” experiment with temperature reduced an additional 4°C supports this
view. Preliminary estimates of the glacial-interglacial temperature change at WAIS Divide from borehole
temperature reconstructions indicate a larger temperature change than simulated in our experiments

(K. Cuffey, personal communication, 2013). This suggests that 170 xcess could provide an independent
constraint on the magnitude of glacial-interglacial temperature change. However, site-specific differences
between the observed and modeled ice core " Oaycess data suggest that the climate interpretation of

70 xcess at particular locations will require assessment of regional circulation patterns, sea ice concentration,
and local meteorological conditions.
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