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latitudes increased 8180p in inland Antarctica by enhancing the baroclinic instability and synoptic moisture transport. In
contrast, enhanced SIC reduced the atmospheric humidity around Antarctica and lowered 8180p through extensive surface
cooling and transport from the ocean. These findings elucidate the isotopic proxies and enable us to constrain the southern

hemisphere atmospheric circulation, including the westerlies, using ice cores during past climates, including the LGM.
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Key Points:
e Synoptic circulations sustained the moisture transport toward inland Antarctica.

e Meridional sea surface temperature gradient enhanced moisture and heavy isotope
precipitations on Antarctica, unlike sea ice expansion.

e Antarctic ice core isotopes may refine southern westerlies during the last glacial
maximum.
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Abstract

Stable water isotopes in inland Antarctic ice cores are powerful paleoclimate proxies; however,
their relationship with dynamical atmospheric circulations remains controversial. Using a water
isotope climate model (MIROC5-iso), we assessed the influence of the Last Glacial Maximum
(LGM; ~21,000 years ago) sea surface temperatures (SST) and sea ice (SIC) on Antarctic
precipitation isotopes (8'30;) through atmospheric circulation. The results revealed that the
synoptic circulation mostly maintained southward moisture transport, reaching inland Antarctica.
The steepened meridional SST gradient in the mid-latitudes increased §!30, in inland Antarctica
by enhancing the baroclinic instability and synoptic moisture transport. In contrast, enhanced
SIC reduced the atmospheric humidity around Antarctica and lowered 8'30, through extensive
surface cooling and transport from the ocean. These findings elucidate the isotopic proxies and
enable us to constrain the southern hemisphere atmospheric circulation, including the westerlies,
using ice cores during past climates, including the LGM.

Plain Language Summary

Stable water isotopes are widely used to reconstruct past variations of Earth’s climate, such as
the temperature in Antarctica during the Last Glacial Maximum (LGM) ~21,000 years ago. This
is an essential period for the climate community, given the order of magnitude of the temperature
change between the LGM and today, which is similar to that of today’s warming. However, the
relationship between stable water isotopes and temperature is still subject to debate because of
the influence of other climatic factors. Using an isotope-enabled climate model, we found that
the isotopic composition of Antarctic precipitation was not simply controlled by condensation
temperature, but was substantially influenced by changes in dynamical atmospheric circulation
related to sea surface temperature and sea ice expansion. We also suggest that representation of
the past atmospheric circulations, including westerly jets, can be constrained using water isotopic
signals in Antarctic ice cores.

1 Introduction

Ratios of stable isotopologues of water, H»'°O, H>'30, and HD'O, expressed hereafter in
the usual & notation (i.e., §'%0, with respect to V-SMOW scale; Dansgaard, 1964), from
Antarctic ice cores have been widely used to study Earth’s climate variations for the past several
hundred thousand years. For example, the obtained 3'30 values allowed for describing the
glacial-interglacial cycles over the past ~800,000 years (Augustin et al., 2004; Kawamura et al.,
2017). The isotopic thermometer assumption, which regards the observed present-day spatial
T./8'%0 slope as a surrogate for the temporal slope at a given site, has been classically used to
reconstruct the mean surface air temperature changes ( 4 7,; A denotes changes between
climates) in the past (Dahe et al., 1994; Dansgaard, 1964; Lorius et al., 1979; Lorius & Merlivat,
1977; Motoyama, 2005; Satow et al., 1999). Process-based reconstruction of the past Antarctic
T, was also carried out using simple one-dimensional Lagrangian isotope models or water
isotope-enabled climate models (iso-GCMs). Still, there are considerable uncertainties in our
understanding of the global and Antarctic climate and associated isotope changes during the last
glacial maximum (LGM): an extremely cold climate period characterized by a low atmospheric
COz level (approximately 180 ppm) and highly extended ice-sheets in the northern hemisphere
(NH) (Kageyama, Abe-Ouchi, et al., 2021). As for the global climate, the degree of global mean
cooling (Kageyama, Harrison, et al., 2021), spatial sea surface conditions (Paul et al., 2021),
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state of the ocean general circulation (Sherriff-Tadano & Klockmann, 2021), and the ice-sheet
topographies (Ivanovic et al., 2016) are the major remaining issues. As for the processes
determining 8'%0 precipitation (8'30;) in Antarctica, the moisture origin (Uemura et al., 2018),
sea ice extension (Lee et al., 2008), ice-sheet topography (Werner et al., 2018), surface inversion
layer depth (Buizert et al., 2021), and precipitation seasonality (Erb et al., 2018) possibly affect
the temporal 7,/8'%0 slope.

The role of atmospheric circulations in these processes has not been fully explored for
past climates such as LGM despite extensive research. In modern Antarctica, several studies
have indicated that dynamical circulations can influence 'O, and temporal 7./6'%0, slope
(Dittmann et al., 2016; Fujita & Abe, 2006; Hirasawa et al., 2000, 2013; Kino et al., 2021;
Noone & Simmonds, 2002; Schlosser et al., 2010, 2017; Stenni et al., 2016). Recent studies have
also revealed the impacts of extreme precipitation events (EPE) on 6'0, in Antarctica (Dittmann
et al., 2016; Kino et al., 2021; Schlosser et al., 2017; Servettaz et al., 2020). Typical EPEs,
associated with synoptic circulations (including blocking events and atmospheric rivers),
facilitate the intrusion of warm and humid air into Antarctica (Fujita & Abe, 2006; Hirasawa et
al., 2000, 2013; Turner et al., 2019; Wang et al., 2023; Wille et al., 2021). Low-frequency (intra-
to inter-seasonal) atmospheric variabilities, such as the Southern Annular Mode (SAM), also
influence precipitation amounts (Marshall et al., 2017) and 8'%0, in inland Antarctica (Kino et
al., 2021). Such dynamical circulations could introduce bias to the §'®0 in Antarctic ice cores
(8'%0ice) as these ice cores are expected to reflect precipitation-weighted 3'30, (Krinner &
Werner, 2003; Sime & Wolff, 2011; Werner et al., 2018). Southern mid-latitude atmospheric
circulations, including the southern westerlies, are linked with sea surface temperature (SST) and
sea ice concentration (SIC) in the mid-latitudes for both the present-day (Nakamura et al., 2008)
and LGM (Sime et al., 2013) climates. Given the uncertainties of SST and SIC (Paul et al., 2021)
and the southern westerlies (Kohfeld et al., 2013; Sime et al., 2013) during LGM, understanding
key processes that change Antarctic §'%0, related to atmospheric circulations through a series of
experiments for probable LGM conditions, is imperative.

In this study, the influence of southern mid-latitude atmospheric circulations on §'30, in
Antarctica during the past climate, namely LGM, was investigated in relation to SST and SIC.
We applied two recent sea surface reconstructions (Paul et al., 2021; Sherriff-Tadano et al.,
2023) as boundary conditions for an isotope-enabled atmospheric GCM (iso-AGCM). This
approach allowed us to comprehensively investigate the influence of atmospheric circulation on
the Antarctic 8'0,. The remainder of this paper is organized as follows. In Section 2, the model,
experimental settings, observational dataset, and analysis method are discussed. In Section 3, we
evaluate the simulated LGM climates in Antarctica and analyze the processes ruling the §'*0, in
Antarctica by investigating the differences between the simulated LGM experiments. In Section
4, we summarize our main findings concerning the combined effects of SST and SIC on §'%0,
and discuss issues that need to be resolved.

2 Materials and Methods

2.1 Isotope-enabled atmospheric general circulation model

The atmospheric component of the fifth version of the Model for Interdisciplinary
Research on Climate (MIROC; Watanabe et al., 2010) is based on a three-dimensional primitive
equation in the hybrid 6—p coordinate, with spectral truncation adopted for horizontal
discretization. Version MIROCS5-iso, where water isotopes in the atmosphere and land surface
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parts were implemented by Okazaki and Yoshimura (2017, 2019), was used in this study. The
resolution of the MIROCS5-iso was set to a horizontal spectral truncation of T42 (approximately
280 km) and 40 vertical layers. Okazaki and Yoshimura (2017, 2019) and Kino et al. (2021)
discuss the detailed parameterizations of the models and their applications for global and
Antarctic present-day conditions.

2.2 Experimental design

Four experiments were performed using MIROCS5-iso (Table 1). A pre-industrial (PI)
simulation was set up following the “piControl” experimental design in the Coupled Model
Intercomparison Project-Phase 6 (CMIP6; Eyring et al., 2016). The mean SST and SIC fields
(monthly averaged from 1870 to 1899) were obtained from the Atmospheric Modeling
Intercomparison Project-Phase 2 (AMIP2; Taylor et al., 2000). Three LGM experiments were
designed using the PMIP4 protocol (Kageyama et al., 2017). For the elevation and distribution of
the ice-sheet, the GLAC-1D reconstruction at year 21 ka (Briggs et al., 2014; Ivanovic et al.,
2016; Tarasov et al., 2012) was used. The land-sea mask was extended according to the ice-
sheet. The boundary conditions of the land surface were the same as those in the PI simulation
but masked by the LGM ice-sheet. The §'%0 of seawater was set to a globally uniform value
(+1 %o), according to Werner et al. (2018).

Table 1 Experimental designs in this study. NH and SH indicate the northern and southern hemispheres. M
and G denote SIC provided by MIROC4m-AOGCM (Sherriff-Tadano et al., 2023) and GLOMAP (Paul et al.,
2021), respectively.

Ocean surfaces
SICin SIC  8"®0sea water

) Land surfaces
Experimental = Greenhouse gases &

Ice sheets &

name orbital parameters
land-sea mask others SST NH inSH [%0]
Pl Pl Pl PI Pl PI PI 0
LGM_G LGM LGM Pl G G G +1
LGM_M LGM LGM PI M M M +1
LGM_Mw/Gice LGM LGM Pl M M G +1

The LGM simulations differ in the prescribed SST and SIC to force MIROC5-iso. Two
recent sets were used to investigate the influence of sea surface conditions on LGM 8'¥0y, in
Antarctica. For LGM_ G, the monthly SST and SIC provided by the Glacial Ocean MAP
(GLOMAP; Paul et al., 2021) were used (Figure S1a). GLOMAP is a gridded LGM climatology
reconstruction dataset based on faunal and floral assemblage data of the Multiproxy Approach
for the Reconstruction of the Glacial Ocean Surface project and several estimates of the LGM
SIC. GLOMAP exhibits higher cooling in the Southern Ocean (SO) than another reconstruction,
as well as more extended SIC in this area. For LGM_M, SST and SIC simulated by Sherrift-
Tadano et al. (2023; hereafter referred to as MIROC) were used (Figure S1b). The fourth
generation of MIROC atmosphere-ocean GCM simulated the weak Atlantic meridional
overturning circulation during LGM suggested by proxies, resulting in warmer LGM SST in the
SO than in the other models (Sherriff-Tadano et al., 2023). Sherriff-Tadano et al. (2023) further
improved expressions of mixed-phased clouds and reduced surface warm biases in the SO.
Detailed setup of MIROCS-iso simulations are presented in Text S1.
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The sensitivity experiment, LGM_Mw/Gice (i.e., MIROC SST and GLOMAP SIC), was
conducted to determine the effects of SST and SIC that differed from those of LGM_G and
LGM_M. Therefore, LGM_G minus LGM_Mw/Gice (LGM_Mw/Gice minus LGM_M)
indicates the individual influence of changes in SST (SIC). The SST and SIC changes between
LGM experiments are shown in Figures la—b and 2e—f.

2.3 Proxy data for model evaluation

Ten Antarctic ice core records were used for evaluation. For EDML, Dome B, Vostok,
Dome C, Taylor Dome, Talos, WDC, and Byrd, A3'30icc and AT, for LGM minus PI in LGM
compiled by Werner et al. (2018) was employed. For A8'%0 of the South Pole, we used the
results of Steig et al. (2021). Each site location is shown in Figure 2a.

A8'%0 data from speleothems (Comas-Bru et al., 2019; 2020) and ice cores (Kawamura et
al., 2007; Landais et al., 2013; Uemura et al., 2018) were used to evaluate the simulated LGM
climates at the global scale. For speleothems, A3'%0 in the calcite was obtained from the
Speleothem Isotope Synthesis and Analysis version 2 (SISALv2) dataset (Comas-Bru et al.,
2019). The speleothem values of A3'30 were converted in drip water as performed by Cauquoin
et al. (2019), using the respective experiments and method outlined by Tremaine et al. (2011).

2.4 Analysis method

To investigate the impact of atmospheric variations across multiple timescales on
moisture transport to Antarctica, we decoupled the contributions of synoptic (associated with
EPEs), intra- to inter-seasonal (e.g., SAM), and climatological scale meridional moisture
transports by following Newman et al. (2012). First, the climatological mean state was
determined from daily time-series. The residuals of daily time-series anomalous from the daily
climatology were further decoupled to low-frequency and synoptic. The low frequency was
determined using a Lanczos low-pass filter, which passes periods greater than 10-day, and the
residual represented periods less than 10-day (synoptic state) using the SciPy library. Such
filtering methods were used for specific humidity (¢) and meridional wind speed (v) in the model
vertical layers. We finally obtained the vertically integrated moisture transport (Q) in each time
scale as follows:

0
On = | BeOmam v/,
DPs
0
Qur = f Ds VLrqLrdp/g, and
Ps

0
stn = f Ps 17synqsyndp/g'
Ds

Here, p; is the surface pressure, and g is the gravity constant. The overbar represents the time
mean, and the subscripts m, LF, and syn are the climatological mean, the low frequency, and the
synoptic time scales, respectively.
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3 Results
3.1 Evaluation of Last Glacial Maximum climate simulations in MIROCS5-iso

By globally assessing the simulated §'%0, reduction from PI to LGM, we confirmed that
MIROCS5-iso reasonably reproduced the LGM climate with a root mean square error (RMSE) of
~ 3.1%o between the modeled and observed A8'80, values (Figures S2b and S3b). Both LGM
simulations showed polar amplification in NH and SH, as well as global surface cooling, which
is consistent with previous studies (Cauquoin et al., 2023; Risi et al., 2010). The reproducibility
in the mid-high and low latitudes varies based on the SST/SIC boundary conditions. The positive
A8'30y in the tropics (+1-2 %o) was significant in LGM_G simulation, resulting in a more
optimized model-data agreement for tropical speleothems than in LGM_M simulation (Figures
S2a and S3a).

For Antarctica, LGM_G and LGM_M results were reasonable compared to A§'80ic.
(Figure S4a). A3'0, in LGM_G and LGM_M exhibit different spatial distributions (Figures 2a—
b). In the simulations, the respective A8'%0,, values of LGM_G and LGM_M were similar at
Dome Fuji, South Pole, and Dome B and consistent with the A§'*Ojice at Dome Fuji and Dome B.
The 3'%0 reduction at South Pole was very underestimated in both LGM simulations, possibly
because of the unrealistic reduction of mean precipitation related to the precipitation amount
weighting effect on 8'%0,. The precipitation reduction from PI to LGMs was more at
approximately 180° and less at 0° longitude (Figure S5). Such spatial distribution would be
changed by the topography or local circulation. The LGM_M results were relatively more
consistent with the A3'30ice than the LGM_ G ones at EDML, Vostok, and Dome C, whereas
LGM_G simulation overestimated the reduction for ~2%o in these sites. In contrast, LGM_G
values were in good agreement with the observed A8'¥Oicc at WDC and Byrd, whereas LGM_M
experiment underestimated the 5'%0 reduction by ~3%o in these sites. To resume, MIROC5-iso
LGM_G and LGM_M simulations were generally in better agreement with isotopic observation
in West and East Antarctica, respectively. For certain ice core sites, our A3'30, results differ
from those of the LGM experiments by Cauquoin et al. (2023) carried out with ECHAMG6-wiso.
For example, the decrease in 5'30, at Dome C was larger than that at Dome Fuji in MIROC5-iso
and the ice core records, whereas the opposite is modeled in ECHAM®6-wiso. Despite the need to
consider such inter-model discrepancies, our results are reasonable for discussing Antarctic 3'%0,
in the LGM.

In contrast to A8'%0,, simulated AT, in LGM_G and LGM_M varied slightly (Figure
S4b). Our simulation underestimated the cooling reconstructed from ice cores of EDML, Dome
Fuji, Dome B, Vostok, and Dome C and overestimated that from Taylor Dome, Talos, WDC,
and Byrd.

3.2 Role of the atmospheric circulation in determining A3'*0y, in interior Antarctica
during the last glacial maximum

In this section, we discuss the processes contributing to §'%0,, values in Antarctica in
relation to the mid-latitude atmospheric circulations. Across PI and LGM experiments, the
southward moisture transports were mostly maintained in Qsyy, followed by @z, with minimal
contribution from Q,,, (Figure S6), consistent with the reanalysis data (Newman et al., 2012).
Such results highlight the importance of understanding changes in Qs,,, across the experiments
to discuss the processes contributing to Antarctic §'%0,. To this end, we decoupled the individual
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effects of SST and SIC on the southern mid-high latitudes climate including Qs,,,, and Antarctic
8180, by comparing LGM_Mw/Gice sensitivity experiments with LGM_G and LGM_M.

(a) Sea surface temperature (SST) (b) Sea ice concentration (SIC) (c) Precipitable water (d) 6'%0 of precipitable water (61%0,,)
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Figure 1 Sea surface temperature (SST) and sea ice (SIC) substitution impact the southern hemisphere climate.
The red and blue curves and bars represent changes due to SST (from LGM_Mw/Gice to LGM_G) and SIC
(from LGM_M to LGM_Mw/Gice). Zonal mean changes in (a) SST, (b) SIC, (c) precipitable water, (d) 5'*0
of precipitable water (8'®Opry), (€) zonal wind at 250hPa, (f) synoptic meridional moisture flux (Qsyn), ()
surface air temperature (7,), (h) 5'30 of precipitation (5'%0,). Changes in (i) 5'*0, and (j) 8'30, without daily
precipitation weighting (8'%0,, see Text S2) at 10 Antarctic sites. For (b), (c), and (f), changes are shown as
ratios, while for the remaining panels, they are presented as anomalies. For (e) and (f), the eastward and
southward directions are indicated as positive, respectively. For (i) and (j), changes due to the combination of
both SST and SIC (from LGM_M to LGM_G) are also shown. Each site location is presented in Figure 2a.

3.2.1 SST substitution impacts (LGM_G minus LGM_Mw/Gice)

We investigated the effects of SST substitution from LGM_Mw/Gice to LGM_G in
relation to the mid-latitude atmospheric circulation. The SST substitution warmed (cooled) SST
at the north (south) of ~40°S (Figures 1a), increased (decreased) evaporation and sensible heat
fluxes (Figures S7b—c). The increase in the Eady growth rate along the SST front (Figure S8),
suggesting a stronger baroclinic instability, illustrates the role of the steepened meridional SST
gradient (Figure S7a). These circulation changes enhanced the southward moisture fluxes,
resulting from elevations in both humidity and southward winds (Figures S7f, 1c, and S7e).

The elevations in southward moisture fluxes described above predominantly occurred on
the synoptic scale. The strengthened Q,,,, by 5-10% increased the precipitable water by ~5%
south of ~70°S (Figures 1f and 1c), resulting in an increase in the 3!%0 of precipitable water
(8'80prw) and 8'0, by ~2%o and ~1%o, respectively, south of ~70°S (Figures 1d and 1h). The
zonal mean Q; changed slightly south of ~70°S (Figure S7h). However, low-frequency
variations in atmospheric circulation were not the primary factor but could indirectly influence
the moisture fluxes through the synoptic circulations (Kino et al., 2021). The zonal mean Q,,
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increased north of ~60°S, but not south of ~60°S (Figure S7g). The strengthened westerly jet
(Figure 1e) was associated with the steepened meridional SST (Ogawa et al., 2016).

The spatially heterogeneous changes in A8'%0,, values in Antarctica (Figure 2¢) can be
partly attributed to the regional dominant atmospheric patterns (Kino et al., 2021; Marshall et al.,
2017; Marshall & Thompson, 2016). Figure 2g shows an increase in the moisture inflow
extended from the Ross Sea and West Antarctica, where the changes in sea level pressures and
zonal winds were moderate (contours in Figures 2e and 2g), to East Antarctica. It suggests the
importance of the southerly advection (Dittman et al., 2016; Schlosser et al., 2017) for moisture
inflow. We analyzed the climatological 6'*0, without daily precipitation weighting (hereafter
referred to as 8'30,, see Text S2) to evaluate the impacts of EPEs (Figure 1j). The small absolute
values of A3'80, indicate that the effects of SST substitution were mostly related to EPEs.
Moreover, the spatial heterogeneity of A8'%0, minus A3'*0, was pronounced (Figure S9a),
indicating the contribution of the EPEs to A3!%0, was uneven among sites. The southerly
advection (Dittman et al., 2016; Schlosser et al., 2017) and various blocking patterns related to
EPEs (Wang et al., 2023), along with variations in their occurrence frequency, would explain the
relationship between EPEs and A§'30,,.

(@ LGM G-PI (b) LGM_M - PI (c) LGM_G - LGM_Mw/Gice (d) LGM_Mw/Gice - LGM_M

ODome Fuji

South Pole_.

-20 -15 -12 -10

3 % 4 - 6 4 3 =2 2 -1 0505
680, [%o] 26180, [%o]

(e) LGM_G - LGM_Mw/Gice (f) LGM_Mw/Gice - LGM_M (h) LGM_Mw/Gice / LG_M

=2

6 -543-2-1050512 3456 0 01 02 03 04 05 06 07 08 09 50 80 84 88 92 95 98 102 105 108 112 116 120 150
ASST[°C] AsiC [-] A Precipitable water [%]

Figure 2 Climatological anomalies. (a) 8'30 of precipitation (3'®0,) changes from Pre-Industrial (PI) to
LGM_G in 50-90°S. (b) As in (a), but for PI to LGM_M. (¢)—(d) Changes due to sea surface temperature
(SST) and sea ice concentration (SIC) substitutions: (¢) from LGM_Mw/Gice to LGM_G; (d) from
LGM_Mw/Gice to LGM_M. (e)—(f) As in (¢)—(d), but for SST and SIC, respectively, (shades) and sea level
pressure (SLP; gray contours in every 0.5 hPa) in 20-90°S. (g)—(h) As in (c)—(d), but for precipitable water
(shades) and zonal winds at 250 hPa (magenta contours in every 2 m/s) in 20-90°S. For precipitable water in
panels (g)—(h), changes are presented as ratios, while for the remaining variables and panels, they are presented
as anomalies. Positive anomalies for SLP and zonal winds are depicted with solid gray and magenta contours,
respectively, while negative anomalies are dashed. Each panel denotes 15% SIC in PI, GLOMAP, and MIROC
(thin solid, thick dashed, and thick dotted black contours, respectively). Each panel also denotes 10 Antarctic
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ice core sites with circles; for (a)—(b), these are overlaid with A3'®Ojc.. Refer to Section 2.2 for specifics on the
sites.

3.2.2. SIC substitution impacts (LGM_Mw/Gice minus LGM_M)

We investigated the effects of SIC substitution from LGM_M to LGM_Mw/Gice,
specifically SIC expansion in SH (Figure 1b), with respect to atmospheric circulation. In contrast
to the SST substitution case, (s, decreased by ~10% and was partly compensated by @, south
of ~70°S (Figures 1f and S7g). The precipitable water decreased by ~5% south of ~70°S and
~10% in 60-70°S, affected by strong cooling over SI (Figures 1c and 1g). The 7, reduction
promoted isotopic fractionation during the transport from the open ocean to Antarctica.
Combined with the extended transport pathway (Kohfeld et al., 2013; Sime et al., 2013, 2016),
8!80prw decreased extensively around Antarctica, resulting in §'%0,, decreases by ~3 %o south of
~70°S (Figures 1d and 1h).

The reduction was strong in 3'30,, too (Figure 1j), suggesting that the SIC substitution
changed the mean isotopic environment around Antarctica and that EPEs were not the main
controlling factor on §!80 in precipitation. Nevertheless, the effects of SIC substitution on the
EPEs were evidenced by the more pronounced variations in A8'%0, than A3'30, among the sites
(Figures 1i—j). The mean circulation changes due to the SIC substitution can explain such
spatially uneven influences of EPEs. SIC anomaly between LGM_Mw/Gice and LGM_M was
zonally non-uniform, particularly evident in the region in ~0—120°E (Figure 2f). This localized
SIC expansion eased the stagnation of Rossby waves and reduced precipitable water (Figure 2h).
Such blocking can influence oceanic inflows, thus affecting A§'80, minus A8'%0, around Dome
Fuji and Dome B (Figure S9).

4. Influence of sea surface conditions on southward moisture transport and 6'30; in inner
Antarctica: discussion and perspectives

Sea ice effect

---eemmeom - m m om m omom

Prwd 5180, 4 ) Synoptic moisture flux$ Prw - 5180pw -

T.4 5130, 4'P¥

| T4 50,4 P- J H T.- 5180, P-

Antarctica Sea icet
SST gradient 1t

Figure 3 Schematic view of the processes ruling the A3'*0,, in inland Antarctica during LGM. The orange and
purple colors represent the key processes associated with the substitution of SST (LGM_G minus
LGM_Mw/Gice) and SIC (LGM_Mw/Gice minus LGM_M), respectively. The upward and downward arrows
represent the increases and decreases of the values of the variables, respectively.

Our results revealed that the sea surface conditions influence southward moisture
transport and §'80,, in inland Antarctica through synoptic circulations. Figure 3 illustrates the
main findings of our study. To estimate these quantitative contributions, spatially heterogenous
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A 3'0 could be crucial. The impacts of the SST and SIC substitutions differed among sites,
particularly with respect to EPEs. Appropriate sea surface conditions, atmospheric circulations,
and Antarctic precipitation intensities are essential for adequately representing 3'*Oice in iso-
GCMs. Our three LGM experiments indicate that the synoptic circulations in the southern mid-
latitudes, overlooked in studies utilizing the classical one-dimensional isotope model approach,
are crucial in understanding 8'*Oy, in inland Antarctica during the LGM. The spatial relationship
of A8'80ic. across Antarctic ice core sites could be a reliable indicator of these atmospheric
circulations. Our study further suggests that investigating Antarctic ice cores with iso-GCMs can
aid in more precisely constraining the behavior of LGM southern westerlies, which affect the SO
circulation that traps atmospheric CO> in the deep ocean (Toggweiler et al., 2006).

Certain biases in MIROC5-iso and methodological limitations underscore the need for
enhanced modeling to constrain LGM climate. MIROC5-iso overestimated summer precipitation
intensity at Dome Fuji in the modern climate, possibly because of its low spatial resolution (Kino
etal., 2021). Such bias would affect A 880, and its relationship with A T, and partly explain the
spatial inconsistency between MIROC5-iso and ECHAMG6-wiso in T63 (Cauquoin et al., 2023).
Detailed comparisons among iso-GCMs are needed for more optimized constraints of the LGM
climate. The westerly jets of the MIROCS are biased equatorward in the modern climate
(Watanabe et al., 2010). This bias may be associated with the features of westerlies and synoptic
circulations in the LGM. Internal variability should also be discussed. The climatological §'%0,
was determined by a combination of multiple moisture transport patterns, including blocking
(Dittmann et al., 2016; Schlosser et al., 2017; Wang et al., 2023); 30-year analyses may be
insufficient to evaluate the frequency of each pattern.

Further experiments forced by idealized SST and SIC (e.g., zonally uniform) will be
performed to isolate and examine more precisely the impacts of SST gradients on atmospheric
dynamics, leading to a better understanding of the mechanisms linking sea surface conditions to
Antarctic 8'%0,. Evaluating d-excess profiles would also aid in establishing the connection
between SST of the moisture source regions reconstructed from ice cores (Uemura et al., 2018)
and the role of SST and SIC identified in this study. Further investigation is required to
determine the effects of changes in ice-sheet elevation (Werner et al., 2018), precipitation
seasonality (Erb et al., 2018), and the inversion layer depths (Buizert et al., 2021) on 8'0, in
inland Antarctica. The global reproducibility of LGM climates is also important for more
optimized Antarctic temperature estimations, as §'30, in inland Antarctica is associated with the
broader southern hemisphere. The two sets of LGM sea surface conditions used in this study
were not the end members of PMIP models (Kageyama, Harrison, et al., 2021). Multiple LGM
simulations would be required to constrain the LGM Antarctic temperatures.
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