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Abstract Recent studies have suggested that water isotopologues in snow pits from remote East Antarctica
can be influenced by the input of stratospheric water, which has anomalously high 7O-excess values. However,
it remains unclear whether the 17O-excess records preserved in snow and ice from this region can be used to
reconstruct stratosphere-troposphere exchange (STE). In this study, we present high-resolution ’O-excess
records from two snow pits at Dome A, the highest point of the Antarctic ice sheet. The 7O-excess records
show a significant positive correlation with the strength of the Brewer-Dobson circulation (BDC), the
hemispheric-scale troposphere-stratosphere overturn circulation. Stronger BDC leads to more stratospheric
water input over Antarctica and higher '"O-excess, and vice versa. In addition, the 7O-excess records also have
a significant positive correlation with the Southern Annular Mode (SAM) index, because SAM modulates
Antarctic precipitation, which has a dilution effect on the stratospheric water input. The 17O-excess records do
not show significant correlations with local temperature and relative humidity in the moisture source region.
These results suggest the dominant effect of BDC on '7O-excess and indicate the potential for using '7O-excess
records in ice cores from remote sites in East Antarctica for reconstructing long-term variations of STE, and
understanding their mechanisms and climate effects.

Plain Language Summary Previous studies suggest the influence of stratospheric water

on 7O-excess variations in snow pits from the inland Ppateau of East Antarctica, and the potential for using
ice-core 170-excess to trace historical stratosphere-troposphere exchange. However, it remains unclear
whether ice-core 7O-excess records from this remote part of East Antarctica can be used as a proxy for
stratosphere-troposphere exchange. In this study, we presented high-resolution "O-excess records from two
snow pits at Dome A, the highest point of the Antarctic ice sheet. We found that the 7O-excess variations
over the past several decades were mainly controlled by the strength of the Brewer-Dobson circulation.
This discovery could open up an opportunity for new methods to reconstruct long-term variations of the
Brewer-Dobson circulation.

1. Introduction

Previous studies have shown that the mass-independent fractionation of oxygen isotope (O-MIF) in the atmos-
phere can occur during photochemical reactions of ozone (Feilberg et al., 2013; Gao et al., 2002; Krankowsky
et al., 2000; Mauersberger et al., 2001, 2003; Schueler et al., 1990; Thiemens, 1999, 2006). In the stratosphere,
the O-MIF signal in ozone can be transferred to other oxygen-bearing radicals, such as hydroxyl (OH) and nitro-
gen oxides (NO,) (Lyons, 2001; Zahn et al., 2006), and in turn to stratospheric water vapor by H,O recycling
via OH and NO, as well as methane oxidation via OH (Lyons, 2001, 2003; Zahn et al., 2006). These processes
produce an anomalously high value of 7O-excess (defined as 7O-excess = In(5'70+1) — 0.528In(5'80+1), 570
and 880 stand for isotopic ratios of H,'’0 and H,'®0) in water vapor present in the middle and upper stratosphere
up to ~30%o (30,000 per meg) (Lyons, 2003; Zahn et al., 2006). While the O-MIF in the atmosphere associ-
ated with photochemical reactions of ozone can significantly increase the fractionation line of oxygen isotopes,
the tropospheric water, in contrast, has very low 17O-excess values because the isotopic fractionation processes
(e.g., evaporation and condensation) are mass-dependent and can only alter the fractionation line of oxygen
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isotopes slightly (i.e., the slope of linear relationship between §!70 and §'30). For instance, meteoric water has a
mean '"O-excess value of ~37 per meg (Luz & Barkan, 2010), and the precipitation "O-excess over Antarctica
would be reduced further due to kinetic isotopic fractionation that takes place when moisture becomes supersat-
urated at low temperatures (Angert et al., 2004; Landais et al., 2012; Miller, 2008, 2018; Pang et al., 2015; Risi
et al., 2013). The large disparity between '7O-excess values in stratospheric and tropospheric water makes it a
potentially useful tracer for stratosphere-troposphere transport driven by the Brewer-Dobson circulation (BDC).

The BDC is a global atmospheric circulation phenomenon that describes a hemispheric-scale
troposphere-stratosphere overturn in which tropospheric air enters the stratosphere at tropical latitudes, moves
poleward, and descends back into the troposphere at middle to high latitudes (Birner, 2010; Brewer, 1949;
Butchart, 2014; Dobson, 1956; Fu et al., 2020; Holton et al., 1995; Iwasaki et al., 2009; Ploeger et al., 2019). Over
inland regions of polar ice sheets, subsidence of air flow is notable especially in winter—as polar vortices form
during polar nighttime due to the radiative cooling effects of the air and underlying ice sheet (Roscoe, 2004). In
addition, the precipitation rate on inland polar ice sheets is extremely low due to the very low air temperature. As
a consequence, snow deposited on inland regions of polar ice sheets, such as the inland plateau of East Antarctica,
has highly favorable conditions to record an O-MIF signal in stratospheric water vapor.

Winkler et al. (2013) first reported that large interannual variations of '’O-excess in a snow pit at Vostok, Antarc-
tica, were resulted from contamination by stratospheric water vapor. The finding suggests the possibility to
reconstruct the history of the stratosphere-troposphere exchange (STE) by using '"O-excess records in ice cores
collected from the inland regions of a polar ice sheet. However, this assertion has not yet been tested due to the
paucity of '"O-excess data in snow pits from such localities and the uncertainty related to dating snow pits, which
is caused by very low rates of accumulation, the lack of meteorological observations, the low reliability of reanal-
ysis data in polar ice sheet regions, and possibly the notable precipitation dilution effect on the '7O-excess signal
derived from stratospheric water.

Dome Argus (Dome A) is the highest point on the Antarctic ice sheet (4,093 m a.s.1.) and is located far inland on
the East Antarctic Plateau (80°22'51"S, 77°27'23"E), being situated ~1,250 km away from the coast. It is char-
acterized by extreme climate conditions, with an annual mean temperature of —58.3°C and a snow accumulation
rate of 23 mm a~! (Hou et al., 2007). In addition, Dome A is located in the core area of the Antarctic vortex, which
makes it susceptible to stratospheric input (Ding et al., 2021). As a result, the ’O-excess in snow and ice at Dome
A could be significantly influenced by the addition of stratospheric water. In this study, we conducted '"O-excess
measurements on two snow pits at Dome A and aim to determine whether the '7O-excess in snow and ice at
remote sites on the East Antarctic Plateau could be used to reconstruct historical variations of STE.

2. Materials and Methods
2.1. Snow Pit Analyses

A 3.0-m-deep snow pit was excavated at Dome A in January 2010 during the 26th Chinese National Antarctic
Research Expedition (CHINARE-26), and a 4.5-m-deep snow pit was dug at Dome A in January 2016 during
CHINARE-32. Thirty samples were collected from the 3.0-m-deep snow pit at a depth interval of 10 cm, whereas
174 samples were collected from the 4.5-m-deep snow pit at a depth interval of ~2.6 cm. All samples were
analyzed for 870 and 5'80 using a water fluorination method at the Laboratoire des Sciences du Climat et
de I’Environnement (LSCE), France. The analytical uncertainty for '"O-excess is ~5 per meg. In addition, the
d-excess measurements performed on samples from both snow pits were conducted at the School of Geography
and Ocean Science, Nanjing University (NJU), China, by a wavelength cavity ring-down spectroscopic technique
(Model: Picarro L2120-i), which has an analytical uncertainty less than 1.0%o (Li et al., 2020; Tang et al., 2015).
An earlier study has determined the chronology of the 3.0-m-deep snow pit based on known ages for reference
layers for the Pinatubo volcanic eruption (Philippines, June 1991), identified by the non-sea-salt sulfate peak and
the 1963 radioactive nuclear bomb horizon, as determined by the maximum f activity (Hua et al., 2016). The
4.5-m-deep snow pit was dated based on reference layers for the Agung (Indonesia, March 1963), El Chichon
(Mexico, late March and early April 1982), and Pinatubo volcanic eruptions, and the 1963 nuclear bomb horizon
(Liu et al., 2021). The 3.0-m-deep pit was dated to cover 1964-2008, with a temporal resolution of between
~2 years and ~3 years, and the 4.5-m-deep pit was dated to cover 1950-2015, with a temporal resolution of less
than 1 year.
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2.2. Correlation Analysis Between the BDC and "O-Excess

We hypothesize that a stronger BDC would produce a higher '7O-excess in snow pits at Dome A because of the
higher input rate of stratospheric water into the troposphere driven by the BDC, and vice versa. Therefore, the
strength of the BDC must be quantified. In this study, the BDC is defined as a two-dimensional, equator-to-pole,
and mean stratospheric mass circulation. We quantified the strength of the BDC by considering two net mass
fluxes across the tropopause: (a) the net upward mass flux across the tropopause in the tropics (30S° to 30°N) and
moving toward the south, hereafter referred to the strength of the upwelling branch of the BDC; and (b) the net
downward mass flux across the tropopause in the Antarctic regions (60S° to 90°S), hereafter referred to the down-
welling branch of the BDC. The mass flux across the tropopause was estimated based on the mass stream function
(see Text S1 in Supporting Information S1). As the BDC is most prominent in winter (Butchart, 2014), our corre-
lation analysis focused on the austral winter season (April to October). Additionally, as several years are needed
for air to travel from low latitudes to high latitudes via the BDC (Garcia et al., 2011; Li et al., 2012; Ploeger
et al., 2019), we calculated three separate correlations between '"O-excess and the strength of the upwelling
branch of the BDC, which had lead times of 1, 2, and 3 years.

We performed analysis using several reanalysis data sets, including the NCEPv1 (Kalnay et al., 1996), ERAS
(Hersbach et al., 2018), ERA-Interim (Dee et al., 2011), ERA40 (Uppala et al., 2005), JRA55 (Kobayashi
etal., 2015), and MERRA?2 (Gelaro et al., 2017) (see details in Table S1 of Supporting Information S1); however,
to reduce the uncertainty of these reanalysis data, we also calculated the correlation between 7O-excess and a
composite of the BDC strength (composite reanalysis), which is defined as the mean of the standardized time
series of the BDC strengths from all six of the reanalysis data sets. This standardized time series was determined
using the Z-score method.

Dating uncertainty is difficult to evaluate, as the annual layer counting method cannot be used at Dome A due
to its very low snow accumulation rate. To attenuate the influence of this dating uncertainty, a 5-year running
average of 7O-excess data at Dome A and the BDC strength was used to calculate their correlations. It should
be noted that we first got the BDC record with 1, 2, and 3 years of lead time from !7O-excess record and then
calculated their correlations based on their 5-year running averages.

2.3. Multiple Linear Regression Analysis

In order to quantify the relative importance of different factors affecting !"O-excess at Dome A, we built a multi-
ple linear regression model to examine how much of the variance in ’O-excess values can be explained by each
of the controlling factors. We first built the model with all relevant variables used in this study, including the BDC
upwelling, BDC downwelling, Southern Annular Mode (SAM) index, site temperature and precipitation, source
region sea surface temperature (SST), and relative humidity. We then dropped nonsignificant variables one at a
time until all remaining variables were statistically significant. We then established the relative importance of
these variables based on their partial R?, that is, the portion of the model R? that was independently explained by
each of the variables (Genizi, 1993).

2.4. Isotopic Simulations With a Rayleigh-Type Model

To understand the factors that control '7O-excess, we simulated the isotopic compositions (§'%0, d-excess,
and 'O-excess) using a Rayleigh-type model mixed-cloud isotopic model (MCIM) (Ciais & Jouzel, 1994). This
model was run from 1950 to 2015, forced by meteorological parameters in the moisture source region, such
as SST and relative humidity (RH), and at the precipitation site, such as condensation temperature (7). The
forcing meteorological data were retrieved from the reanalysis data sets. We used the same MCIM parameteri-
zations as documented by Pang et al. (2019), which successfully simulated the spatial distributions of d-excess
and 'O-excess in surface snow along a transect (Syowa to Dome F) through the East Antarctica ice sheet. More
details about the MCIM simulations are provided in the Supporting Information S1 (Text S2 in Supporting
Information S1).
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Figure 1 shows the time series of 8'%0, d-excess, and '"O-excess in snow
pits at Dome A, as well as their values simulated by the MCIM. Correla-
tion coefficients between the strength of BDC and the "O-excess record for
the 4.5-m-deep snow pit are presented in Table 1. Positive correlations exist
between the '7O-exces record and the strength of BDC upwelling with lead
times of 1, 2, and 3 years. For most reanalysis data sets, this correlation is
strongest for the BDC upwelling with a lead time of 3 years. It is noteworthy

that the correlation is stronger for the composite of the BDC upwelling, as
opposed to the BDC upwelling calculated using any individual reanalysis
data set (Table 1; Figure 2). Compared with the BDC upwelling in the tropics,
the '7O-excess correlation with the strength of the BDC downwelling in the
Antarctic regions is much weaker, except for the MERRA?2 data set (Table 1).
In addition, there are no significant correlations between the strength of the
BDC and either the §'%0 or d-excess records.

O-excess (per meg)

17,

4. Discussion

4.1. Climatic Effects on 170O-Excess

We compared the isotopic records (8§30, d-excess, and !"O-excess) preserved
in snow pits at Dome A with isotopic simulations using the MCIM (Figure 1).

1950 1960 1970

Figure 1. Measured and model mixed-cloud isotopic model
(MCIM)-simulated 8'30 (a), d-excess (b), and '7O-excess (c) values at Dome
A over the past several decades. Thin black lines represent raw measurements

1980
Year

1990 2000 2010 While the MCIM failed to simulate interannual variations of isotopic records
at Dome A, this result is not unexpected, likely due to the following reasons:
(a) the MCIM is a simple Rayleigh-type model that does not consider the
actual moisture transport pathways and mixing of water vapor during trans-
port; (b) there is uncertainty related to the forcing meteorological data in

of these parameters in the 4.5-m-deep snow pit of Dome A (174 samples) the model, which was retrieved from the reanalysis data sets; and (c) there
and associated thick lines correspond to their five-point moving averages. is uncertainty associated with dating the Dome A snow pits. Nevertheless,
Thin orange lines represent annual values of §'°0, d-excess, and ""O-excess the simulated 7O-excess shows a significant positive correlation with the

simulated by the MCIM. Raw measurements of 5'%0, d-excess, and "O-excess
in the 3.0-m-deep snow pit of Dome A (30 samples; solid blue squares) are

also presented for comparison.

simulated 5'80 at Dome A (Figures 1a and 1c), suggesting the local temper-
ature effect on "O-excess due to kinetic isotopic fractionation that occurs
when vapor condenses to ice crystals under supersaturated conditions at
low temperatures (Angert et al., 2004; Risi et al., 2013; Schoenemann &
Steig, 2016). This is confirmed by isotopic observations in snow and ice over
Antarctica (Landais et al., 2008, 2012; Pang et al., 2015; Schoenemann et al., 2014), which have a characteristic
positive correlation between 8'30 and "O-excess. Despite this, there are no correlations between ’O-excess and
8'30 in the snow pits at Dome A (Figures S1a and S1b in Supporting Information S1), suggesting that the local
temperature effect on 70O-excess could be masked by other more dominant factors. Notably, a significant anticor-
relation between 5'80 and "O-excess was observed in a 3.65-m-deep snow pit at Vostok by Winkler et al. (2013)
(Figure Slc in Supporting Information S1), which suggests that the expected positive correlation between §'80
and '"O-excess is reversed by the input of stratospheric water vapor. However, this anticorrelation between §'80
and "O-excess was absent from another 3.87-m-deep snow pit at Vostok (Figure S1d in Supporting Informa-
tion S1) (Touzeau et al., 2016). The reason for such inconsistency is unclear, but the absence of an expected
positive correlation between §'30 and "O-excess at Dome A and Vostok at least suggests that local temperature
is not a major factor for ’O-excess variations in those places.

In addition, no correlation was found between '7O-excess and relative humidity in the moisture source region of
Dome A (Figure S2 in Supporting Information S1). However, this result may not be taken to preclude changes in
relative humidity in the moisture source region influencing '’O-excess at Dome A, due to uncertainties related to
relative humidity data retrieved from the reanalysis data and biases related to dating of samples from the snow pit.
Nonetheless, the large interannual variation of 7O-excess (~30 per meg) recorded at Dome A (Figure 1c) would
otherwise represent an unrealistic interannual variation of relative humidity in the moisture source region (~30%),
assuming that the simulated sensitivity of '"O-excess to relative humidity over the moisture source region is ~—1
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Table 1

Correlation Coefficients Between the '70-Excess Record of the 4.5 m-Deep Snow Pit at Dome A and the Strength of the
Brewer-Dobson Circulation (BDC) Upwelling in the Tropics, With Separate Lead Times of 1-3 Years, and the Strength of
the BDC Downwelling in the Antarctic Region Over the Past Several Decades

BDC downwelling in the
BDC upwelling in the tropics Antarctic region

Lead time of Lead time of Lead time of Period
Reanalysis data set 1 year 2 years 3 years No lead time or lag (AD)
NCEPv1 04112 0.4532 0.431° 0.397° 19502015
ERAS 0.556* 0.5812 0.623? 0.049 1979-2015
ERA-Interim 0.371° 0.339 0.340 0.296 1979-2015
ERA40 0.139 0.286 0.410° —0.031 1958-2001
JRASS 0.528* 0.546° 0.580° —0.305° 1958-2015
MERRA?2 0.180 0.388° 0.548° 0.555° 19802015
Composite reanalysis 0.486* 0.599¢ 0.682¢ 0.312° 1950-2015

Note. Note that correlation coefficients were calculated using the 5-year running averages of '"O-excess and the strength
of the BDC, due to uncertainty in dating snow pit at Dome A. The correlation between the strength of the BDC and
the '70O-excess record of the 3.0-m-deep snow pit at Dome A was not calculated, given that the temporal resolution of this

snow pit is relatively low.

Correlation is significant at the 0.01 level (p < 0.01). *Correlation is significant at the 0.05 level (p < 0.05).
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Figure 2. A comparison between the strength of the Brewer-Dobson
circulation (BDC) upwelling in the tropics (a) and the "O-excess record in the
4.5-m-deep snow pit at Dome A (b) over the past several decades. The BDC
upwelling in the tropics precedes the 7O-excess records by three years. Thin
lines are the annual time series and bold lines are the 5-year running averages.
Note that the time series of the composite of the BDC upwelling, calculated
using the Z-score method, was used to reduce the discrepancies between the
different climate reanalysis data.

per meg/% (Landais et al., 2009; Risi et al., 2010; Winkler et al., 2012, 2013).
These results therefore indicate that relative humidity in the moisture source
region does not play a dominant role in controlling '7O-excess variations in
snow pits at Dome A.

4.2. Post-Deposition Effects on 7O-Excess

In addition to climatic effects, we also analyzed the possible influence of
postdepositional processes on '’O-excess, including blowing snow (Ekaykin
et al., 2002), the isotopic exchange equilibrium between surface snow and
near-surface vapor in-between precipitation events (Steen-Larsen et al., 2014),
the isotopic diffusion of water molecules in the firn (Johnsen et al., 2000), and
the moisture recycling associated with sublimation-condensation processes
(Berkelhammer et al., 2016; Kopec et al., 2019). As the snow removed or
redistributed by wind has the same effects on 870 and 8'%0, the blowing
snow cannot modify snow !7O-excess. The isotopic exchange equilibrium
between surface snow and near-surface vapor also cannot significantly
change snow "O-excess because '7O-excess is insensitive to temperature
when isotopic equilibrium fractionation occurs. Although an isotopic model
predicts the dampening of §'30 and 7O-excess due to the isotopic diffusion
of water molecules in the firn, the isotopic fractionation in the firn cannot alter
the positive correlation between 580 and "O-excess (Winkler et al., 2013).
The lack of positive correlations between 8'0 and 7O-excess at Vostok and
Dome A (Figure S1 in Supporting Information S1) also suggests that the
isotopic diffusion in the firn is not a major factor for the observed "O-excess
variations at Dome A (or Vostok). Winkler et al. (2013) suggested that the only
mechanism that could lead to an anticorrelation between 8'30 and '7O-excess
at Vostok is the moisture recycling process, when surface snow is sublimated
in summer at a relatively high temperature and the sublimated vapor is recon-
densed at a very low temperature. If this is the case, the amount of recon-
densation should be relatively high under low temperature (corresponding
to a relatively strong BDC). As the recondensation lowers the "O-excess, it
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Dome A

Dome A

1120 x10° A significant positive correlation between Dome A "O-excess and the
1100 - strength of the BDC upwelling in the tropics (Table 1 and Figure 2), along-
1 80 side the lack of correlation between Dome A 7O-excess and 8'30 (Figures
160
1 40 ture source region (Figure S2 in Supporting Information S1), suggest that the

Slaand S1b in Supporting Information S1) and relative humidity in the mois-

Vostok
“Be (at g-

. 120 strength of the BDC upwelling has strongly influenced '"O-excess variations

1100
180
160
140
120

at Dome A over the past several decades. Nevertheless, the 7O-excess corre-
lation with the strength of BDC downwelling is very weak (Table 1), possibly
due to annual variations of the latitudinal boundary of the BDC downwelling
or the isentropic exchange of mass between the stratosphere and tropo-
sphere at middle to high latitudes, where tropopause folding occurs (Holton

""O-excess (per meg) ''O-excess (per meg)

Vostok detrended
*H (TU) - decay corrected

1990 2000 2010 ’ etal., 1995). We note that our model calculated the BDC downwelling strength

1990 based on a fixed latitudinal boundary. In addition, the reliability of reanalysis

data over the tropical regions is likely better than that over the polar regions,

Figure 3. Comparisons of the '7O-excess record of the 4.5-m-deep snow pit where climate observations are relatively sparse. Because the mass flux
at Dome A with records of '7O-excess (a), '"Be (b), and *H (c) in snow pits driven by the BDC upwelling represents the global mass-transport capability

at Vostok (Fourré et al., 2018; Winkler et al., 2013). Thin lines represent raw
measurements of ’O-excess and '°Be, and thick lines correspond to their
5-point moving averages in (a) and (b). Annual means of '’O-excess at Dome

of the BDC, we infer that a high mass flux driven by the BDC upwelling
would lead to a high flux of stratospheric water into the troposphere over

A and *H at Vostok are used for comparison in (c). Antarctica, which in turn would produce high "O-excess values in snow pits

at Dome A, and vice versa. This inference is supported by the strong positive
correlation between the mass flux and water flux driven by the BDC (Figure
S3 in Supporting Information S1). The correlation between 7O-excess and
the BDC upwelling mass flux is stronger than that between "O-excess and the BDC upwelling water flux (Table
S2 in Supporting Information S1), as the former is more representative of the capability of BDC to transport water
than the latter, because about half of the stratospheric water content is produced via H-abstraction from methane
and other H-bearing species, such as HO, and HNO,, through the OH radical (Dessler et al., 1995; Lyons, 2001).

In order to further corroborate the dominant role of the BDC on "O-excess variations at Dome A, we compared
the "O-excess record of the 4.5-m-deep snow pit at Dome A with other records of stratospheric tracers
("0O-excess, 1°Be, and *H) in snow pits at Vostok (Figure 3) (Fourré et al., 2018; Winkler et al., 2013). Despite
dating uncertainties, mostly related to the very low snow accumulation rate, the "O-excess record at Dome A
shows similar variations to '7O-excess (Figure 3a), °Be (Figure 3b), and 3H (Figure 3¢) records at Vostok since
the mid-1970s at the interannual timescale (Fourré et al., 2018). For instance, the '’O-excess record at Dome A is
significantly correlated with the '"O-excess record at Vostok over the period of 1976-2008 (r = 0.424, p = 0.02),
and with the *H record at Vostok since the 1970s (r = 0.297, p = 0.07). Although there is no significant correla-
tion between the Dome A "O-excess and Vostok °Be, their variations are similar over the periods of mid-1970s
to mid-1980s and late-1990s to 2008. We do not expect a good correlation between '°Be and '7O-excess, because
in addition to stratospheric input, other factors, such as '°Be production, tropospheric transport, and dry or wet
deposition (Heikkil et al., 2013), also influence '°Be concentration at Vostok. The similarities are less before the
mid-1970s, likely due to increasing uncertainty with snowpit chronologies and the increasing effect of diffusion
in the firn with depth.

At decadal timescales, the !7O-excess record at Dome A shows similar variations to the *H record at Vostok
(Figures 4a and 4c), which correspond to solar Schwabe cycles (Figure 4a) (Fourré et al., 2018). In years
featuring strong solar activity (e.g., many visible sunspots), ultraviolet heating of stratospheric ozone would
increase the latitudinal temperature gradient between the tropics and the polar regions in the upper stratosphere,
and so enhance westerly jets in the upper stratosphere over mid-latitudinal regions (Matthes et al., 2004; Shi
et al., 2018). Strong westerly jets would prevent planetary waves propagating to the extratropical upper strato-
sphere, where the waves would break, and the weak wave forcing would produce a weak BDC, and vice versa
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Figure 4. Comparisons of the '7O-excess record in the 4.5-m-deep snow

pit at Dome A with the *H record at Vostok (Fourré et al., 2018) and yearly
mean total sunspot number (WDC-SILSO, Royal Observatory of Belgium,
Brussels) at decadal timescales. Thin lines represent annual means and

thick lines correspond to their 5-year running averages. Wiggle matching at
decadal timescale, indicated by dash-dot lines, was used for comparison due to
uncertainty associated with Dome A snow pit dating and strong decadal cycle
of solar activity that can influence the BDC strength. It should be noted that
the wiggle matching used here is subjective.
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Figure 5. A comparison between the Southern Annular Mode (SAM) index
and the '7O-excess record in the 4.5-m-deep snow pit at Dome A over the past
several decades. Thin dot lines are annual means, bold lines are 5-year running
averages, and r is the correlation coefficient between the 5-year running
averages of '"O-excess and SAM index. An observation-based SAM index
(Marshall, 2003) was used in this study.

(Butchart, 2014; Cohen et al., 2014; Holton et al., 1995). This mechanism
explains why the 7O-excess record at Dome A shows anti-phase variations
with the number of sunspots at a decadal timescale (Figures 4b and 4c).

4.4. Precipitation Dilution Effect on 70O-Excess

The "O-excess record at Dome A also shows a significant positive correla-
tion with the SAM index (Figure 5) (Marshall, 2003). Previous studies indi-
cate that local temperature and precipitation over Antarctica are influenced
by the SAM (Naik et al., 2010; Schneider et al., 2006), with low tempera-
ture and precipitation over Antarctica during the positive phase of the SAM,
and vice versa. Low temperatures are favorable for more stratospheric mois-
ture input, and low snow accumulation means less dilution of stratospheric
water. Both conditions, which occur when the SAM index is high, would
lead to high values of "O-excess at Dome A. The opposite scenario is also
true. High temperatures and high precipitation that occur during the nega-
tive phase of SAM would lead to low '"O-excess values. The dilution effect
is also confirmed by a significant negative correlation between "O-excess
values and the amount of precipitation at Dome A (Figure S4 in Support-
ing Information S1). In fact, the positive correlation between "O-excess and
SAM further supports the influence of BDC on "O-excess at Dome A.

We then used the multiple regression model to quantify the impact of differ-
ent factors that control 7O-excss variations. From all variables with poten-
tial impact on "O-excss, the final three statistically significant variables are
included in the model: BDC upwelling, SAM index, and BDC downwelling.
The three variables together could explain 58% of total variance in ’O-excss
values. The most important variable is the BDC upwelling, which explains
32% of 70-excss variance. SAM index explains 22%. The BDC downwelling
explains an additional 4% of the '7O-excss variance. This analysis shows
that 17O-excss at Dome A is primarily driven by BDC upwelling strength,
but it is also significantly affected by the dilution effect modulated by SAM.

5. Conclusions and Future Prospects

We measured the triple oxygen isotopic composition of two snow pits at
Dome A, the highest point of the Antarctic ice sheet. 7O-excess at Dome
A shows a significant positive correlation with the strength of the BDC but
no significant correlations with local temperature and relative humidity in
the moisture source region over the past several decades. When the BDC is
stronger, more stratospheric water is transported to Antarctic regions, which
leads to higher "O-excess at Dome A, and vice versa. These results suggest
that '"O-excess variations at Dome A are mainly controlled by the strength
of the BDC. In addition, '7O-excess variations at Dome A are also signifi-
cantly affected by Antarctic precipitation, modulated by the SAM, because
of dilution effect on '7O-excess. The finding may open up new possibilities
to reconstruct long-term variations of BDC using ice-core "O-excess records
from interior Antarctica.

In order to effectively use ice core '7O-excess records to reconstruct histori-
cal behavior of the BDC, it is necessary to further quantify the influences of
stratospheric water input on '’O-excess in snow and ice over remote Antarc-
tica through precise measurements of '"O-excess in stratospheric water as
well as developing a chemical climate model of the stratosphere that incor-
porates water isotopologues, including triple oxygen isotopes. This could be
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achieved with the improvements of in situ spectroscopic measurements, such as a water isotope spectrometer
based on optical feedback cavity-enhanced absorption (Kerstel et al., 2006). In addition, the signal of O-MIF in
stratospheric water could be also acquired via spectroscopy by continuous near-surface measurements of isotopic
compositions of water vapor during a stratospheric air intrusion (Galewsky & Samuels-Crow, 2014). Nonethe-
less, more and longer time series of ’O-excess records in ice cores from remote Antarctica are needed for poten-
tially reconstructing long-term variations of the BDC.

Data Availability Statement

Theisotopic data from Dome A presented in the manuscriptare available at https://doi.org/10.5281/zenodo.6470612
(Pang et al., 2022). The NCEPv1 reanalysis data (Kalnay et al., 1996) are available at https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html. The ERAS reanalysis data (Hersbach et al., 2018) are available at https://
cds.climate.copernicus.eu/cdsapp%23 %2 1/dataset/reanalysis %2Dera5%2Dpressure%2Dlevels %3Ftab%3Dover-
view. The ERA-Interim reanalysis data (Dee et al., 2011) are available at https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era-interim. The ERA40 reanalysis data (Uppala et al., 2005) are available at https://
apps.ecmwf.int/datasets/data/era40-daily/levtype=sfc/. The JRAS5 reanalysis data (Kobayashi et al., 2015)
are available at https://rda.ucar.edu/datasets/ds628.1/. The MERRAZ2 reanalysis data (Gelaro et al., 2017) are
available at https://disc.gsfc.nasa.gov/datasets?project=MERRA-2. The Southern Annular Mode (SAM) index
data (Marshall, 2003) are available at https://legacy.bas.ac.uk/met/gjma/sam.html. The sunspot number data
(WDC-SILSO) are available at https://wwwbis.sidc.be/silso/datafiles.
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