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Abstract. The Southern Hemisphere westerlies (SHW) play a pivotal role in modulating the global carbon cycle and climate 

feedback. However, their behavior during the Last Glacial Maximum (LGM) is debated owing to discrepancies between 

paleoclimate models and proxy records. While tropical upper-tropospheric cooling and Antarctic surface cooling exert 10 

opposing influences on the SHW, the detailed dynamical mechanisms through which Antarctic sea-ice expansion modulates 

large-scale atmospheric circulation are poorly understood. In this study, we investigated the dynamical mechanisms of austral 

winter SHW change under altered orbital and surface conditions with a series of climate model simulations. By conducting 

sensitivity experiments with varying Antarctic sea-ice concentrations, we isolated the thermodynamic effect of sea ice from 

the tropical cooling signal. Our results demonstrate that sea-ice-induced surface cooling drives the poleward intensification of 15 

the SHW through two distinct mechanisms. First, strong surface cooling steepens the meridional temperature gradient near the 

sea-ice edge, thereby directly maintaining the SHW intensity through thermal wind balance. Second, the enhanced baroclinicity 

amplifies eddy heat fluxes and storm track activity. The resulting increase in storm track activity drives a downward transfer 

of upper-tropospheric westerly momentum, reinforcing the surface westerlies. Through these mechanisms, the sea-ice-driven 

cooling outweighed the opposing equatorward influence of tropical cooling. This study provides a dynamical framework for 20 

understanding how sea-ice thermodynamic forcing drives large-scale circulation changes in the context of LGM climate 

conditions.  

 

1 Introduction 

Southern Hemisphere westerlies (SHW) are a fundamental component of the global climate system, mediating atmosphere-25 

ocean interactions and driving the key physical processes in the Southern Ocean. They provide momentum for the Antarctic 

Circumpolar Current and drive the meridional overturning circulation by regulating the transport of water masses (Marshall 

and Speer, 2012; Rintoul, 2018; Toggweiler and Samuels, 1995). A poleward shift or intensification of the SHW enhances the 

wind-driven divergence of surface water, thereby increasing the rate of deep-water upwelling in the Southern Ocean (Hall and 
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Visbeck, 2002; Saunders et al., 2018; Toggweiler et al., 2006). This intensified upwelling exposes old, carbon-rich deep waters 30 

to the atmosphere and facilitates the ventilation of stored CO2 (Anderson et al., 2009; Lauderdale et al., 2017; Lovenduski et 

al., 2007; Menviel and Spence, 2024; Toggweiler and Russell, 2008). Furthermore, the SHW is closely linked to the large-

scale hydrological cycle, modulating precipitation patterns across the Southern Hemisphere (Fogt and Marshall, 2020; 

Hodgson and Sime, 2010; Lamy et al., 2010; Saunders et al., 2012; Yin, 2005). Thus, understanding the variability of the SHW 

is essential for investigating past climate transitions and future climate change.  35 

 

In recent decades, observational records have indicated that the SHW has shifted poleward and intensified significantly. This 

trend is robust across multiple data sources, including satellite measurements (Fu et al., 2006; Young and Ribal, 2019), surface 

observations, proxy records (Abram et al., 2014; Dixon et al., 2011; Marshall, 2003; O’Connor et al., 2021; Tetzner et al., 

2025; Thompson and Solomon, 2002; Visbeck, 2009), and reanalysis datasets (Fogt and Marshall, 2020; Goyal et al., 2021; 40 

Hogg et al., 2015; Perren et al., 2025; Swart and Fyfe, 2012). Most notably, a recent 140-year reconstruction based on an ice 

core revealed that the current strengthening of the Pacific SHW is unprecedented in the instrumental record (Tetzner et al., 

2025). These changes are primarily attributable to the combined effects of increased greenhouse gas concentrations (Barnes 

and Polvani, 2013; Zheng et al., 2013) and stratospheric ozone depletion (Son et al., 2010; Thompson and Solomon, 2002). In 

21st-century projections, ozone recovery causes an equatorward shift in the SHW and partially offsets the poleward forcing 45 

from global warming (Son et al., 2008). However, climate models project that rising greenhouse gases will override the 

equatorward influence of ozone recovery, driving continued poleward intensification (Chavaillaz et al., 2013; Deng et al., 2022; 

Goyal et al., 2021; Ivanciu et al., 2022; Swart and Fyfe, 2012; Thompson et al., 2011; Yin, 2005). Given the importance of 

these shifts, a comprehensive understanding of SHW behavior is required beyond the conventional observational era (Abram 

et al., 2014; Fogt and Marshall, 2020). 50 

 

In this regard, paleoclimate archives provide invaluable insight into global climate variability and its underlying mechanisms 

(Harrison et al., 2015; Kageyama et al., 2024; Tierney et al., 2020b). Extensive analyses of paleoclimate proxy data indicate 

that the SHW underwent significant modifications during glacial periods, generally intensifying or shifting equatorward 

compared to interglacials (Chen et al., 2024; Kohfeld et al., 2013; Lamy et al., 2014; Quade and Kaplan, 2017; Spoth et al., 55 

2023). Synthesis studies of the proxy data suggest that the SHW shifted equatorward by 3°–5° during the Last Glacial 

Maximum (Gottschalk et al., 2019; Kohfeld et al., 2013). However, directly inferring SHW changes from these paleoclimate 

records remains challenging. For example, Kohfeld et al. (2013) noted that alternative scenarios such as a weakening or 

poleward shift of the SHW could not be excluded because the same proxy signatures can emerge from multiple atmospheric 

circulation patterns. Recent proxy-based reconstructions support the weakening and equatorward displacement of the SHW 60 

during glacial conditions (Gray et al., 2023; Perren et al., 2020). In contrast, reproducing this reconstructed equatorward shift 

remains a persistent challenge in paleoclimate modeling as described below. 
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The SHW response exhibits a large inter-modal spread across various paleoclimate simulations of the LGM (Chavaillaz et al., 

2013; Kim et al., 2002, 2017; Kim and Lee, 2009; Menviel et al., 2008; Otto-Bliesner et al., 2006; Rojas et al., 2009; Sime et 65 

al., 2013, 2016; Toggweiler et al., 2006; Wyrwoll et al., 2000). Discrepancies in the magnitude and direction of SHW changes 

remain unresolved even in recent studies (Du et al., 2024; Gottschalk et al., 2019; Gray et al., 2023; Kim and Son, 2020). 

However, closer inspection reveals that these inconsistencies are not arbitrary, but dynamically linked to the surface boundary 

conditions. Generally, the Paleoclimate Modeling Intercomparison Project (PMIP) models for the LGM show an equatorward 

weakening of the SHW driven by upper-tropospheric tropical cooling, which contracts the tropical circulation (Rojas, 2013). 70 

In contrast, some models simulate poleward intensification accompanied by near-surface Antarctic cooling that is strongly 

coupled to sea-ice expansion (Chavaillaz et al., 2013; Rojas, 2013; Rojas et al., 2009). Sime et al. (2016) demonstrated that 

models with an accurate representation of the pre-industrial sea-ice edge exhibited a distinct poleward shift of the SHW in 

response to LGM sea-ice expansion. This finding implies that when coupling is robust in the model, the expanded sea ice 

drives a poleward displacement of the jet, opposing the equatorward thermal forcing associated with tropical cooling in glacial 75 

climates (Chase et al., 2025).  

 

While these thermal arguments identify competing drivers in the models, a detailed explanation of the dynamical processes is 

needed, particularly regarding the eddy-mean flow interactions that govern the latitudinal position and intensity of the SHW. 

Recently, an idealized model study by Kim and Son (2023) hinted at the role of the tropospheric eddy flux in modulating the 80 

SHW under prescribed thermal forcings. Building upon this insight, this study aims to elucidate the dynamical mechanisms of 

the poleward intensification of the SHW during the LGM. To achieve this, we simulated the SHW under the influence of two 

competing thermal forcings, near-surface Antarctic cooling and upper-tropospheric tropical cooling, using climate model 

experiments. Subsequently, a diagnostic framework based on the momentum budget analysis was employed to investigate how 

these two thermal forcings influence atmospheric circulation through the eddy-mean flow interaction and ultimately determine 85 

the latitudinal position and intensity of the SHW. Finally, the specific impact of the Antarctic sea ice boundary condition was 

isolated to quantify the sensitivity of the SHW to this surface forcing.  

 

The remainder of this paper is organized as follows: Section 2 describes the experimental design and model configuration. 

Section 3 presents the simulation results and a detailed dynamical analysis. Section 4 summarizes the main findings and 90 

conclusions. Finally, Section 5 discusses the broader implications of our findings, including a critical assessment of the 

potential uncertainties and limitations inherent in the model framework. 
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2 Experimental design 

2.1 Model descriptions 

All numerical simulations were performed using the Community Earth System Model version 1.2 (CESM1.2; Hurrell et al., 95 

2013). This fully coupled global climate model integrates atmospheric, oceanic, sea-ice, and land surface components through 

the CPL7 coupler. The atmospheric component was the Community Atmosphere Model version 5 (CAM5; Neale et al., 2012) 

with CAM4 physics (Neale et al., 2010), which employed a finite-volume (FV) dynamical core. The model was configured 

with a horizontal resolution of approximately 1.9° × 2.5° (latitude × longitude) and 26 hybrid sigma-pressure vertical levels 

extending from the surface to approximately 2 hPa. The ocean and sea-ice components operated on a nominal 1° horizontal 100 

grid with the displaced grid pole positioned over Greenland (gx1v6). The ocean component was the Parallel Ocean Program 

version 2 (POP2; Smith et al., 2010) with 60 vertical levels, and the sea-ice component was the Community Ice Code version 

4 (CICE4; Hunke and Lipscomb, 2010), which includes elastic-viscous-plastic dynamics and thermodynamic parameterization 

schemes. The land surface was simulated using the Community Land Model version 4 (CLM4; Oleson et al., 2010; Lawrence 

et al., 2011).  105 

 

Two fully coupled equilibrium simulations were performed to establish the baseline climate states: pre-industrial (PI) and 

LGM control simulations. The PI simulation followed the CMIP5 experimental design for pre-industrial control (Taylor et al., 

2012), representing pre-industrial climate conditions circa 1850. Atmospheric trace gas concentrations were fixed at CO2 = 

284.7 ppm, CH4 = 791.6 ppb, and N2O = 275.7 ppb, with aerosols and ozone prescribed using standard 1850 climatology. This 110 

configuration served as the baseline representing the quasi-equilibrium climate state prior to substantial anthropogenic 

emissions.  

 

The LGM simulation followed the PMIP3 protocol (Braconnot et al., 2012), with the boundary conditions set for 21,000 years 

before the present (21 ka). Atmospheric trace gases were reduced to LGM levels: CO2 to 185 ppm (Monnin et al., 2001), CH4 115 

to 350 ppb (Dällenbach et al., 2000), and N2O to 200 ppb (Flückiger et al., 1999), resulting in reduced net radiative forcing. 

The ice sheet topography was initialized based on the PMIP3 blended reconstruction (Abe-Ouchi et al., 2015), providing the 

high surface albedo essential for reproducing the global cooling characteristic of the glacial maximum. The orbital parameters 

were set to 21 ka (Berger, 1978).  

 120 

Both simulations were integrated for over 250 years. The first 200 years were discarded as a spin-up period to ensure that the 

model reached equilibrium, and the last 50 years were used for the analysis. The analysis primarily focused on the austral 

winter (June–August; JJA), as the interaction between large-scale atmospheric circulation and sea ice is known to be most 

robust during the cold season (Ayres et al., 2022; Kidston et al., 2011; Simpkins et al., 2012). Consistent with this seasonal 

dependency, Kim and Son (2020) demonstrated a distinct seasonal contrast in jet shift response between summer and winter, 125 
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suggesting that near-surface Antarctic cooling drives the inter-model differences. Furthermore, given the critical role of sea 

ice in modulating the Antarctic cooling and the overall SHW response (Kim et al., 2017; Sime et al., 2016), sensitivity 

experiments were conducted to isolate the specific impact of sea-ice forcing.  

2.2 Sea ice sensitivity experiments 

To isolate the dynamical impact of Antarctic sea-ice expansion on the SHW while excluding complex ocean-atmosphere 130 

feedbacks, a suite of atmosphere-only sensitivity experiments was performed using the standalone atmospheric component. In 

these experiments (hereafter ICEα), the prescribed sea-ice concentration (SIC) was constructed by superimposing the linearly 

scaled Antarctic sea-ice anomalies (derived from the LGM minus PI sea-ice concentration difference) onto the pre-industrial 

climatology. The prescribed SIC for each experiment was calculated as follows: 

𝑆𝑆𝑆𝑆𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 =  𝑚𝑚𝑚𝑚𝑚𝑚(𝑆𝑆𝑆𝑆𝐶𝐶𝑃𝑃𝑃𝑃 + 𝛼𝛼(𝑆𝑆𝑆𝑆𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑆𝑆𝑆𝑆𝐶𝐶𝑃𝑃𝑃𝑃), 1) (1), 

where SICPI denotes the Hadley-based PI climatology (Rayner et al., 2003) and SICLGM represents the PMIP3 protocol-based 135 

LGM boundary conditions (Abe-Ouchi et al., 2015). The weighting factor α modulates the magnitude of the sea-ice expansion, 

set to 0.5, 0.75, 1.0, and 1.25 (corresponding to 50%–125% of the full LGM sea-ice anomaly).  

 

 
Figure 1: (a) Austral winter (JJA) sea-ice concentration (SIC) in the Southern Hemisphere. Shading represents the spatial 140 
distribution of SIC for the LGM experiment. Solid and dashed contours denote the sea-ice boundaries where the SIC is 0.15 and 0.7, 
respectively, for each experiment (line colors correspond to the legend in b). (b) Zonal-mean SIC profiles for each simulation. The 
horizontal gray dashed line marks the 0.7 threshold, and the open circles indicate the corresponding latitude for each experiment, 
which serves as a reference metric in subsequent analyses (Fig. 10). 

 145 
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Figure 1 illustrates the austral winter sea-ice boundaries for control and sensitivity experiments. This boundary condition 

enables us to assess the SHW response to the Antarctic sea-ice coverage. To focus exclusively on this sea-ice effect, the sea 

surface temperature (SST) was taken from the PI experiment. Each sensitivity experiment was conducted over 50 years. Unlike 

fully coupled runs, these atmosphere-only simulations lack the slow thermal inertia of a dynamic ocean, allowing the model 

to reach equilibrium almost immediately. Given the rapid adjustment of atmospheric circulation to surface boundary forcing, 150 

the entire 50-year period was utilized for analysis to ensure robust climatological statistics. All the experimental configurations 

are summarized in Table 1.  

 

 

Table 1. Summary of the experimental design 155 

Experiment Type SST/SIC reference Feature / Purpose 

PI Coupled Prognostic 
(Internally simulated) 

Pre-industrial baseline simulation  

LGM Coupled Prognostic 
(Under PMIP3 protocols) 

Last Glacial Maximum baseline simulation 

ICE50 Atmosphere-
only  

prescribed PI + 50% of Δ SIC Sensitivity run applying 0.5 × (LGM-PI) SIC 
difference 

ICE75 Atmosphere-
only 

prescribed PI + 75% of Δ SIC Sensitivity run applying 0.75 × (LGM-PI) SIC 
difference 

ICE100 Atmosphere-
only 

prescribed PI + 100% of Δ SIC Sensitivity run applying 1.0 × (LGM-PI) SIC 
difference 

ICE125 Atmosphere-
only 

prescribed PI + 125% of Δ SIC Sensitivity run applying 1.25 × (LGM-PI) SIC 
difference 

* Note: Δ SIC represents the difference of sea ice concentration between PMIP3 protocol-based LGM boundary conditions 

and Hadley-based PI. 

 

2.3 Diagnostic framework 

To elucidate the physical mechanisms driving the atmospheric circulation response, changes in atmospheric baroclinicity were 160 

analyzed with a focus on eddy-mean flow processes. Atmospheric baroclinicity was quantified using the maximum Eady 

growth rate (Lindzen and Farrell, 1980). This metric represents the maximum theoretical growth rate of baroclinic eddies and 

is defined as: 
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(2), 

where f is the Coriolis parameter, N is the Brunt-Väisälä frequency representing static stability, and 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 denotes the vertical 

shear of the zonal wind. Given that the vertical wind shear is governed by the thermal-wind relationship, EGR serves as a 165 

measure of the lower-tropospheric baroclinicity, reflecting the strength of the meridional temperature gradient.  

 

To identify the location, intensity, and thermal effects of storm tracks, the synoptic-scale transient eddy activity was 

characterized. The instantaneous 6-hourly meridional velocity and temperature fields were filtered using a 2–7-day band-pass 

Lanczos filter to isolate high-frequency fluctuations associated with synoptic weather systems. Following Chang et al. (2002), 170 

storm track activity was defined as the variance of the band-pass-filtered meridional wind at 300 hPa. Low-level baroclinicity 

was assessed using the meridional eddy heat flux at 850 hPa.  

 

To diagnose the dynamical role of transient eddies in driving zonal-mean flow changes, the Eliassen-Palm (EP) flux formalism 

was employed. This diagnostic framework provides a vector representation of the effective wave activity flux and its 175 

interaction with the mean flow (Andrews et al., 1987; Holton, 2004). According to the transformed Eulerian mean (TEM) 

zonal momentum equation in spherical log-pressure coordinates, the divergence of these eddy fluxes acts as a force on zonal 

wind: 

 

𝑢𝑢𝑡𝑡� + 𝑣̅𝑣∗�(𝑎𝑎 cos𝜙𝜙)−1(𝑢𝑢� cos𝜙𝜙)𝜙𝜙 − 𝑓𝑓� + 𝑤𝑤�∗𝑢𝑢�𝑧𝑧 − 𝑋𝑋� = (𝜌𝜌0 𝑎𝑎 cos𝜙𝜙)−1∇ ∙ 𝐹𝐹 (3) 

 180 

where 𝑣̅𝑣∗ and 𝑤𝑤�∗ denote the meridional and vertical components of the residual mean circulation, respectively; X represents 

the unresolved mechanical friction; and 𝐹𝐹 is the EP flux. All other notations follow the formalism detailed in Andrews et al. 

(1987). The meridional and vertical components of the EP flux vector, 𝐹𝐹 = (0,𝐹𝐹𝜙𝜙,𝐹𝐹𝑧𝑧), are defined as: 

𝐹𝐹𝜙𝜙 ≡  𝜌𝜌0 𝑎𝑎 cos𝜙𝜙 (𝑢𝑢�𝑧𝑧𝑣𝑣′𝜃𝜃′������/𝜃𝜃𝑧𝑧�  − 𝑣𝑣′𝑢𝑢′������) (4) 

 

𝐹𝐹𝑧𝑧 ≡  𝜌𝜌0 𝑎𝑎 cos𝜙𝜙 ��𝑓𝑓 − (𝑎𝑎 cos𝜙𝜙)−1(𝑢𝑢� cos𝜙𝜙)𝜙𝜙� 𝑣𝑣′𝜃𝜃′������/𝜃𝜃𝑧𝑧�  −𝑤𝑤′𝑢𝑢′������ � (5) 

Crucially, the eddy flux terms (e.g., 𝑣𝑣′𝑢𝑢′������ and 𝑣𝑣′𝜃𝜃′������) were computed using 6-hourly instantaneous output to explicitly resolve 185 

transient disturbances. For visual clarity across the upper atmospheric levels, the EP flux vectors were scaled by ez/H  in the 
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upper atmosphere (Jucker, 2021). We focused on the divergence of the EP flux to identify how sea-ice-induced wave activity 

forcing drives changes in the position and intensity of the SHW.  

3 Dynamical responses of the Southern Hemisphere westerlies 

3.1 Thermal wind response of the tropospheric jets 190 

During the austral winter, both the LGM and PI simulations successfully capture the characteristic structures of the Southern 

Hemisphere tropospheric circulation, featuring a deep westerly wind belt centered between 50°S and 60°S and a distinct upper-

tropospheric subtropical jet near 30°S (Figs. 2a and 2b). The latitudinal positions of both jet systems coincide with the regions 

of strong meridional temperature gradients. Because our primary interest lies in the mid-to-high latitude circulation driven by 

transient eddies, which exhibits a deep structure extending to the surface, the term “SHW” hereafter refers specifically to this 195 

eddy-driven polar front jet.  

 

The transition to LGM boundary conditions induced substantial changes in the thermal structure of the Southern Hemisphere, 

characterized by two major cooling regions: the tropical upper troposphere and the Antarctic lower troposphere (Fig. 2c). The 

tropical upper-tropospheric cooling represents a thermodynamic response to radiative forcing, as the temperature profile 200 

follows the moist adiabat—a reversal of the upper-tropospheric warming amplification projected under modern climate change 

(Santer et al., 1996, 2005). The LGM cooling pattern is consistent with robust clumped-isotope palaeothermometry constraints 

(Banerjee et al., 2022). This upper-level cooling reduced the meridional temperature gradient, leading to a distinct weakening 

of the subtropical jet (Fig. 2d). In contrast, intense Antarctic surface cooling arose from LGM boundary conditions, particularly 

the expanded sea-ice cover and altered ice-sheet topography (Chavaillaz et al., 2013). Consistent with proxy-assimilated 205 

reconstructions (Tierney et al., 2020a), this severe cooling is most pronounced along the sea-ice margins. Consequently, it 

significantly steepens the high-latitude meridional temperature gradient (Fig. 2c; Wyrwoll et al., 2000), driving a poleward 

displacement of the SHW. The resulting zonal wind anomaly exhibited a distinct dipole pattern, intensifying along the 

poleward flank of the jet (Fig. 2d).  

 210 
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Figure 2: Zonal-mean atmospheric structures during austral winter (JJA). Vertical cross-sections of temperature (K; shading) and 
zonal wind (m s-1; contours) for (a) LGM and (b) PI. (c) Differences (LGM minus PI) in temperature (K; shading) and in the 
meridional temperature gradient (K deg-1; contours). Contour intervals for the gradient difference are set at ±0.1, ±0.2, ±0.4, and 
±0.8 K deg-1. (d) Differences in zonal wind (m s-1; shading) overlaid with LGM climatological zonal wind (m s-1; contours). Solid 215 
(dashed) contours denote positive (negative) values. Hatching indicates regions where the shaded differences are not statistically 
significant at the 99% confidence level, based on a Student's t-test. Gray areas represent topography. 

 

During austral winter, the mid-tropospheric SHW formed a largely continuous circumpolar band centered near ~55°S, aligning 

closely with regions of maximum meridional thickness gradient in both simulations (Figs. 3a and 3b). Under LGM conditions, 220 

intense Antarctic surface cooling contracted the lower-tropospheric layer. Because this cooling was disproportionately stronger 

than in the mid-latitudes, it sharply steepened the high-latitude meridional gradient thickness along the expanded sea-ice 
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margin. Consistent with thermal wind balance, this differential cooling directly drove a distinct poleward intensification of the 

westerlies over the Southern Ocean (Fig. 3c).  

 225 

 
Figure 3: Lower-tropospheric baroclinicity and 500 hPa zonal wind during austral winter (JJA). The meridional gradient of 
geopotential thickness (ΔZy) between 500 and 1000 hPa (gpm deg-1; shading) and the zonal wind at 500 hPa (m s-1; contours) for (a) 
LGM, (b) PI, and (c) the difference (LGM minus PI). In panel (c), solid (dashed) contours indicate positive (negative) zonal wind 
differences, with contour levels at ±1, ±2, ±3, ±4, and ±5 m s-1. Hatching indicates regions where the shaded differences are not 230 
statistically significant at the 99% confidence level, based on a Student's t-test. 

 

This poleward intensification extended to the near-surface circulation. In accordance with geostrophic balance, the 1000 hPa 

zonal wind aligned with the meridional sea-level pressure (SLP) gradient (Fig. 4). While the vertical coherence between the 

surface and mid-troposphere jet responses highlights the deep equivalent barotropic structure of the SHW, the maintenance of 235 

this near-surface shift involves dynamical processes beyond a direct thermal wind response. This necessitates an examination 

of eddy-mean flow interactions, which are detailed in Section 3.2 to further elucidate the coupling between thermal forcing 

and surface wind changes.  

 

 240 
Figure 4: Meridional gradient of sea level pressure (SLPy) and 1000 hPa zonal wind during austral winter (JJA). SLPy (hPa deg-1; 
shading) overlaid with the zonal wind at 1000 hPa (m s-1; contours) for (a) LGM, (b) PI, and (c) the difference (LGM minus PI). In 
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panel (c), solid (dashed) contours indicate positive (negative) zonal wind differences, with contour levels at ±0.5, ±1, ±1.5, ±2, and 
±2.5 m s-1. Hatching indicates regions where the shaded differences are not statistically significant at the 99% confidence level, based 
on a Student's t-test. 245 

 

In the LGM simulation, the substantial Antarctic cooling was governed by elevated continental ice sheets and expanded sea-

ice (Chavaillaz et al., 2013; Kim et al., 2017). While thicker ice sheets predominantly cool the Antarctic interior (Buizert et 

al., 2021), widespread cooling over the Southern Ocean stems directly from the extensive sea-ice coverage (Rojas et al., 2009). 

Consequently, sea ice acted as the primary driver of the lower-tropospheric thermal forcing that modulates the SHW response 250 

(Fig. 5a), as its expanded margin directly reached the core latitudes of the westerlies. This intense subpolar cooling was driven 

by the insulating effect of the ice cover, which drastically suppressed the upward surface heat flux, comprising both sensible 

and latent heat fluxes (Fig. 5b). By effectively suppressing the oceanic heat supply to the atmosphere (Landrum and Holland, 

2022; Maykut, 1986), the sea ice induced the severe atmospheric cooling over the Southern Ocean (Mitchell and Senior, 1989), 

thereby steepening the meridional temperature gradient and dynamically sustaining the poleward intensification of the SHW.  255 

 

 
Figure 5: Differences in sea-ice concentration (SIC; shading) between the LGM and PI simulations (LGM minus PI) during austral 
winter (JJA), overlaid with differences in (a) 2-meter temperature (K; contours), and (b) surface heat flux (W m-2; contours). The 
surface heat flux represents the sum of sensible and latent heat fluxes. Solid (dashed) contours indicate positive (negative) values, 260 
with contour levels set at ±3, ±6, ±9, ±12, and ±15 K for panel (a) and ±40, ±80, and ±120 W m-2 for panel (b). Hatching indicates 
regions where the contoured differences are not statistically significant at the 99% confidence level, based on a Student's t-test.  
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3.2 Mechanism of near-surface westerly change 

The latitude at which the meridional temperature gradient maximizes is crucial for modulating the SHW and its associated 265 

baroclinic zone (Sime et al., 2016). Idealized studies have shown that an enhanced thermal contrast emerging poleward of the 

westerlies exerts a substantial influence on baroclinic wave development and displaces the jet (Brayshaw et al., 2008; Chen et 

al., 2010). In the present simulations, the extensive surface cooling induced by the Antarctic sea-ice expansion markedly 

steepened the lower-tropospheric temperature gradients at high latitudes. This sharpened thermal contrast created a highly 

baroclinic environment, thereby demanding greater transient eddy heat transport to restore thermal balance (Bader et al., 2013; 270 

Menéndez et al., 1999).  

  

Driven by this steepened temperature gradient, vertical wind shear strengthened significantly over the Southern Ocean. This 

intensification was intrinsically coupled with widespread baroclinic instability, as evidenced by the enhanced Eady growth 

rate concentrated on the poleward flank of the SHW (Fig. 6a; Eq. 2). As elucidated by Kidston et al. (2011), the enhanced 275 

Eady growth rate on the jet’s poleward flank drives the poleward shift of the SHW by amplifying the transient eddy generation. 

Reflecting this process, the associated lower-troposphere eddy heat flux in our simulation intensified at higher latitudes (Fig. 

6b), consistent with the Antarctic cooling experiments by Kim and Son (2023). This enhanced eddy heat flux partially offset 

the steepened meridional temperature gradient and drives upward propagation of wave activity (Eq. 4). Consequently, this 

destabilized baroclinic environment supported the growth of intensified baroclinic waves. These waves propagated upward 280 

and were steered eastward by the background westerly flow, establishing an intensified upper-level storm track poleward of 

its PI position (Fig. 6c).  

 

 
Figure 6: Response of baroclinicity and storm tracks to the LGM boundary conditions (LGM minus PI) during austral winter (JJA). 285 
Shown are the differences in (a) lower-tropospheric Eady growth rate (shading; day-1) and vertical wind shear (contours; m s-1), (b) 
meridional eddy heat flux (shading; K m s-1) and zonal wind (contours; m s-1) at 850 hPa, and (c) standard deviation of 2–7-day 
band-pass-filtered meridional wind (shading; m s-1) and zonal wind (contours; m s-1) at 300 hPa. Solid (dashed) contours indicate 
positive (negative) differences, with contour levels at ±1, ±2, ±3, and ±4 m s-1 for panels (a) and (b), and ±2, ±4, and ±6 m s-1 for panel 
(c). Hatching indicates regions where the shaded differences are not statistically significant at the 99% confidence level, based on a 290 
Student's t-test. 

https://doi.org/10.5194/egusphere-2026-3834
Preprint. Discussion started: 8 July 2026
c© Author(s) 2026. CC BY 4.0 License.



13 
 

 

In both climate states, robust upward wave activity originated from the strongly baroclinic lower troposphere near 55°S (Figs. 

7a and 7b). As these waves ascended into the upper troposphere, the EP flux diminished with equatorward veering, leading to 

widespread convergence. This convergence signifies wave breaking, acting as a momentum sink that decelerates the upper-295 

level westerly mean flow. Crucially, this wave-breaking process does not merely reduce the upper-level westerly wind strength; 

it effectively draws upper-tropospheric momentum downward, where it dynamically balances surface friction to maintain the 

surface westerlies (Vallis, 2017).  

 

Reflecting the enhanced baroclinicity driven by LGM sea ice, anomalous upward EP flux vectors emerged from the lower 300 

troposphere and propagated into the upper troposphere (Fig. 7c). This strong upward wave propagation leaves behind a robust 

EP-flux divergence in the lower troposphere along the Antarctic margin, which dynamically accelerates the near-surface 

westerlies. Spectral decomposition confirms that this vigorous vertical wave propagation was predominantly driven by 

synoptic-scale eddies (zonal wavenumbers k = 4-9; Fig. S1), which are the primary modes generated by enhanced baroclinic 

instability. As these anomalous synoptic eddies strongly converge near the tropopause (Edmon et al., 1980), they act as a 305 

momentum sink that drives a downward transfer of westerly momentum. Consistent with the intensified poleward heat 

transport, this dynamic sequence illustrates how the LGM sea ice generated substantially greater wave energy aloft, ultimately 

enhancing the surface westerlies.  

 

 310 
Figure 7: EP flux (vectors) and zonal wind acceleration (shading; m s-1 day-1) during austral winter (JJA) for (a) LGM, (b) PI, and 
(c) the difference (LGM minus PI). Positive (negative) shading indicates westerly (easterly) acceleration driven by EP flux divergence 
(convergence). Vectors are scaled by ez/H for visual clarity. Note that the vector and shading scales in panel (c) are reduced by a 
factor of 4 compared to panels (a) and (b). Hatching indicates regions where the shaded differences are not statistically significant 
at the 99% confidence level based on a Student's t-test. 315 

  

The Eulerian framework also provides direct insight into how the mean meridional circulation adjusts to maintain the 

momentum balance. In the mid-latitudes, circulation is dominated by thermally indirect Ferrel cells, characterized by sinking 
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motion in the subtropics and rising motion in the subpolar region (Figs. 8a and 8b). A crucial feature of this cell is its near-

surface poleward flow. As air parcels move poleward, the Coriolis force deflects them eastward, generating a westerly 320 

acceleration at mid-latitudes.  

 

Under LGM boundary conditions, this dynamic response was significantly intensified within the Ferrel cell (Fig. 8c). Driven 

by the increased lower-tropospheric baroclinicity, enhanced synoptic eddies produced stronger eddy heat and momentum 

fluxes. To maintain thermal wind balance against this vigorous eddy forcing, an anomalous thermally indirect circulation was 325 

generated, manifesting as an anomalous clockwise mass stream function centered near 50°S. This intensified Ferrel cell 

induced an anomalous poleward flow in the lower troposphere, generating additional surface westerly acceleration via the 

Coriolis effect. Consequently, the SHW was effectively intensified and shifted poleward through eddy-driven secondary 

circulation. 

 330 

 
Figure 8: Zonal-mean mass streamfunction and the Coriolis acceleration term, averaged over austral winter (JJA). Mass 
streamfunction (shading; 108 kg s-1) and the zonal wind acceleration induced by the Coriolis force (contours; m s-1 day-1) for (a) 
LGM, (b) PI, and (c) the difference (LGM minus PI). Positive (negative) shading indicates clockwise (counterclockwise) circulation. 
Solid (dashed) contours indicate westerly (easterly) acceleration, with contour levels at ±8, ±16, ±24, and ±32 m s-1 day-1 for panels 335 
(a) and (b). Note that the contour intervals and shading scales in (c) are reduced by a factor of 4 compared to panels (a) and (b). 
Hatching indicates regions where the shaded differences are not statistically significant at the 99% confidence level, based on a 
Student's t-test. 

 

3.3 Sensitivity of the Southern Hemisphere westerlies to sea-ice expansion 340 

Previous studies have demonstrated that sea-ice expansion suppresses the upward heat flux, contributing to near-surface 

atmospheric cooling (e.g., Alexander et al., 2004). While this localized thermodynamic response is evident in our LGM 

simulation, a quantitative assessment is required to isolate how Antarctic sea-ice expansion ultimately drives the SHW shift. 

To this end, we analyzed the area-averaged surface heat fluxes and the 2 m temperatures across the PI, ICE sensitivity, and 
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LGM experiments (Fig. 9). For a direct thermodynamic comparison, the Southern Ocean was partitioned at the LGM sea-ice 345 

edge (~55°S) into a northern open-ocean band (area 1; 45°S-55°S) and a southern ice-covered band (area 2; 55°S-65°S).  

 

 
Figure 9: Analysis domains and surface boundary conditions. (a) Map illustrating two key analysis regions overlaid on the sea-ice 
concentration field. Area 1 (45°S-55°S, orange) and Area 2 (55°S-65°S, red) represent the open ocean and sea ice zones, respectively. 350 
The yellow contour marks the sea ice edge (threshold: 0.15). (b) Surface upward heat flux (bars; W m-2) and 2-meter temperature 
(lines; °C) averaged over Area 1 and Area 2 for each simulation. Yellow and red colors correspond to Area 1 and Area 2, respectively. 
Gray bars show the average over the combined region. Hatched bars indicate the LGM experiment. 

 

Between the PI and LGM simulations, the thermodynamic impact of sea-ice forcing exhibited a stark meridional contrast. In 355 

the ice-covered Area 2, the expanded LGM sea-ice physically blocked heat transfer, drastically suppressing the upward heat 

flux (from 58.4 W m-2 to 11.8 W m-2) and driving a severe surface temperature drop (−6.9 °C to −19.9 °C). Conversely, the 

open-ocean Area 1 remained largely ice-free and continued to act as an active heat source, maintaining a robust surface heat 

release (from 73.7 W m-2 to 80.4 W m-2) that effectively buffered the regional cooling (4.5 °C to −1.5 °C). Consequently, this 

differential cooling across the sea-ice edge directly amplified the lower-tropospheric meridional temperature gradient.  360 

 

The ICE sensitivity experiments confirmed that this thermodynamic contrast scales directly with sea-ice expansion. As the 

prescribed sea-ice concentration increased across the experiments, the differential heat release between the ice-covered and 

open-ocean regions systematically amplified. The meridional temperature gradients across the sea-ice edge intensified in 

proportion to the sea-ice expansion, thereby directly modulating the SHW intensity.  365 

 

To quantify the jet’s sensitivity to sea-ice expansion, we evaluated the statistical relationship between the lower-tropospheric 

SHW core and the sea ice edge—defined by 0.7 concentration threshold to capture significant ice expansion (Fig. 10a). 

Between the PI (ice edge: 63.8°S; jet: 52.7°S) and the LGM states (ice edge: 56.5°S; jet: 54.6°S), the SHW exhibited a net 

poleward shift of 1.9°. However, this net displacement reflected the competing influence of two opposing drivers: sea-ice 370 
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expansion promoting a poleward shift, and global atmospheric cooling inducing an equatorward shift. The ICE100 experiment, 

which isolates the sea-ice effect, produced a stronger poleward SHW displacement of 2.7° (reaching 55.4°S).  

 

 
Figure 10: Relationship between the sea-ice edge latitude and the lower-tropospheric jet latitude during austral winter (JJA). The 375 
x-axis represents the latitude of the sea-ice edge defined by a sea-ice concentration of 0.7 (SIC0.7), and the y-axis denotes the latitude 
of the maximum zonal-mean zonal wind at (a) 850 hPa and (b) 500 hPa. Box-and-whisker plots show the interannual variability for 
each simulation: boxes (interquartile range; IQR), horizontal lines (median), whiskers (data within 1.5×IQR), and gray dots 
(outliers). Colored circles indicate climatological means, with horizontal error bars representing ±1 standard deviation of the sea-
ice edge latitude. The blue solid lines indicate the linear trend derived from the PI and ICE simulations; the gray solid line indicates 380 
the trend from the PI and LGM simulations.  

 

The difference between this isolated sea ice effect (2.7° poleward) and the LGM state (1.9° poleward) highlights the opposing 

role of the tropical atmosphere. The cold LGM tropics contracted the Hadley cells, pulling the SHW equatorward by ~0.8° and 

partially offsetting the sea-ice-driven shift. Nevertheless, the poleward forcing from sea-ice expansion remained quantitatively 385 

dominant. Furthermore, the lower-tropospheric jet exhibited a significant linear response across the sensitivity experiments 

(PI to ICE125), shifting poleward by approximately 0.35° for every 1° of equatorward sea-ice expansion (slope ≈ –0.35). This 

linear dependence supports the multi-model findings of Sime et al. (2016).  

 

This linear relationship extended to the mid-tropospheric SHW at 500 hPa (Fig. 10b). Notably, the SHW response to the sea 390 

ice forcing was even more pronounced aloft, exhibiting a steeper slope of approximately -0.49. This amplified upper-level 

response is dynamically consistent with the thermal wind balance. The steepened lower-tropospheric temperature gradient 

driven by the expanded sea ice integrated with height, resulting in stronger westerly acceleration and a more distinct poleward 
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shift. These robust trends across the troposphere effectively encapsulate how the poleward shift of the SHW is dynamically 

coupled with near-surface Antarctic cooling driven by sea-ice expansion. Consequently, these results confirm that Antarctic 395 

sea ice is an important driver of LGM circulation changes. 

4 Summary and conclusion 

This study identifies the SHW response by elucidating the dynamic interaction between Antarctic sea ice and atmospheric 

circulation during the LGM. Our findings reveal that the extensive expansion of Antarctic sea ice serves as a critical variable 

that sharply steepens the meridional temperature gradient in the lower troposphere. Through the thermal wind relationship, 400 

this enhanced temperature gradient directly drives a poleward intensification of the upper-tropospheric westerlies. 

Concurrently, the steepened gradient amplifies atmospheric baroclinicity, thereby invigorating eddy activity. The subsequent 

downward transfer of eddy momentum effectively translates this upper-level momentum to the surface, leading to a robust 

poleward shift and intensification of the surface SHW. This sequence of physical causality suggests that Antarctic sea ice acts 

as the primary forcing that initiates the near-surface thermal anomalies and reorganizes the atmospheric circulation structure. 405 

 

Quantitative analysis demonstrates that the effect of high-latitude sea-ice expansion overwhelmingly dominates over tropical 

cooling in determining SHW variability. This mechanistic hierarchy provides a physical basis for explaining the profound 

inter-model spread in SHW simulations across PMIP models, which ultimately stems from disparities in sea-ice representation. 

Figure 11 schematically summarizes these competing dynamic mechanisms. While upper-tropospheric tropical cooling exerts 410 

an equatorward pull on the broader SHW system, it is ultimately overpowered by sea-ice-driven surface cooling. Therefore, 

we conclude that the poleward intensification of the LGM westerlies is not a passive response to uniform global cooling, but 

a dynamical product governed by Antarctic sea-ice expansion, which dictates the net atmospheric circulation through the 

thermal wind balance and eddy activity. 

 415 
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Figure 11: Schematic diagram summarizing the opposing influences of Antarctic near-surface cooling and upper-tropospheric 
tropical cooling on the SHW. Navy arrows indicate the dynamical processes driving the poleward intensification of the SHW 
associated with expanded sea ice, while orange arrows represent the processes driving the equatorward weakening associated with 
upper-tropospheric tropical cooling. 420 

5 Discussion 

While our simulations demonstrate a robust poleward intensification of the SHW driven by Antarctic sea-ice (Fig. 2d), we 

note that this result contrasts with several proxy-based reconstructions suggesting a 3°–5° equatorward displacement of the 

westerlies during the LGM (Kohfeld et al., 2013). This apparent discrepancy can be reconciled through the competing dynamic 

mechanisms identified in this study (Fig. 11). As demonstrated by the ICE sensitivity experiments, the net SHW response is 425 

highly sensitive to the Antarctic surface cooling associated with sea-ice. If the LGM sea-ice expansion and the resulting 

Antarctic cooling were less intensified, the equatorward pull exerted by tropical upper-tropospheric cooling would have 

dominated the net circulation change, resulting in a circulation state more consistent with the equatorward shift inferred from 

proxy records. Regarding wind intensity, our model physically supports a strengthening of the surface SHW, dynamically 

sustained by enhanced eddy activity near the ice margin. This aligns with most proxy records supporting stronger glacial winds 430 

(Kohfeld et al., 2013). However, some paleoclimate data can also be interpreted as a weakening of the winds. Notably, a recent 

reconstruction inferred a 25% weakening of the westerlies during the LGM relative to the mid-Holocene (Gray et al., 2023). 

Our mechanistic framework implies that regardless of the overall latitudinal position, the surface westerlies must have locally 

intensified where the sea-ice-driven temperature gradient was steepest, emphasizing the necessity of accounting for regional 

difference in proxy interpretations.  435 
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The interplay between tropical and high-latitude thermal drivers provides a valuable paleo-perspective on the ‘tug-of-war’ 

framework (e.g, Deser et al., 2015; Screen et al., 2018). While modern anthropogenic warming involves a competition between 

tropical warming and polar sea-ice loss, the LGM acts as an opposite counterpart where widespread tropical cooling competes 

against Antarctic sea-ice expansion. In our simulation, the extreme meridional temperature gradient driven by this sea-ice 440 

expansion dominates the tug of war, amplifying eddy activity and leading to a poleward intensification of the SHW. In the 

context of modern climate experiments, Screen et al. (2022) point out that climate models with stronger eddy feedback simulate 

farther jet shifts in response to sea-ice changes. Consistent with this, our results imply that our model operates with a strong 

eddy feedback, which drives an additional response of the SHW. As discussed earlier, the model-proxy discrepancy suggests 

that the prescribed sea-ice forcing may be overestimated, and that efficient eddy feedback amplified this excessively dominant 445 

poleward driver. 

 

Although this study primarily focuses on the Southern Hemisphere winter, the dynamic coupling between sea ice and the SHW 

exhibits strong seasonality, driven by highly seasonal surface heat fluxes (Fig. S2; Ayres et al., 2022). The magnitude of this 

wintertime forcing depends on the winter sea-ice coverage, which is inherently preconditioned by the remaining sea ice during 450 

the preceding seasons. During austral spring and summer, strong incoming solar radiation maximizes the surface albedo 

feedback (Hall, 2004). Variations in this feedback mechanism could modulate the summer sea-ice concentration and, by 

extension, the winter coverage, eventually contributing to the inter-model spread. Notably, these differences can be amplified 

by cloud-radiation biases, which further alter the net albedo and widen the spread across climate models (e.g., Ceppi et al., 

2012; Sherriff-Tadano et al., 2023). This seasonal memory effect offers a plausible reason why models exhibiting poleward 455 

intensification of the SHW are typically accompanied by extensive Antarctic sea ice cover. For instance, the CCSM4 family 

(e.g., CCSM4 in PMIP3 and UoT-CCSM4 in PMIP4) simulates the most extensive sea ice across both summer and winter and 

significantly overestimates its coverage compared with LGM proxy reconstructions (Green et al., 2022). This leads to 

excessive Antarctic cooling, which drives robust poleward intensification of the SHW. Conversely, models with the least sea 

ice, such as GISS-E2-R in PMIP3, exhibit equatorward weakening of the SHW (Sime et al., 2016).  460 

 

The SHW variability remains a significant challenge in understanding the global carbon cycle, an intricate system governed 

by multiple interconnected processes (Gottschalk et al., 2019). The strong SHW is generally known to drive deep-water 

upwelling over the open ocean area through Ekman pumping, facilitating CO2 outgassing. However, the simultaneous 

expansion of Antarctic sea ice and associated poleward intensification of SHW could offset this CO2 ventilation. Extensive 465 

sea-ice cover acts as a physical barrier that restricts air-sea gas exchange (Stephens and Keeling, 2000). Concurrently, enhanced 

sea-ice production intensifies brine rejection over the continental shelves. While this localized process induces strong surface 

sinking, the resulting highly saline water ultimately cascades to the abyss, substantially expanding the dense Antarctic Bottom 

Water (AABW) mass (Bouttes et al., 2010; Ferrari et al., 2014; Lhardy et al., 2021). The accumulation of this dense water at 

the ocean floor steepens the vertical density gradient between the AABW and North Atlantic deep water, thereby restricting 470 
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vertical mixing and preventing carbon-rich deep waters from upwelling (Nadeau et al., 2019). Together, these physical 

mechanisms, effectively isolate carbon in the deep ocean, accounting for a substantial atmospheric CO2 drawdown of 

approximately 40 ppm (Marzocchi and Jansen, 2019; Stein et al., 2020). Previous studies suggest that this carbon change was 

a result of the expansion of Antarctic sea-ice and accompanying changes in the overturning circulation along with ocean 

biological factors (e.g., Kohfeld and Chase, 2017; Omta et al., 2024). Since these ocean dynamics and interactions with the 475 

atmosphere and sea ice amplify LGM cooling and sustain massive sea-ice expansion (Zhu and Poulsen, 2021), accurately 

simulating such combined processes remains a crucial step forward for improving future paleoclimate models. 

 

 480 
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