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Abstract To understand the role of the Antarctic Circumpolar Current (ACC) in the polar seasonality and
its remote effect on the Arctic climate, we use the Community Earth System Model to perform Drake Passage
(DP) open and closed experiments. Model results illustrate that in the opened DP, the ACC and Atlantic
Meridional Overturning Circulation (AMOC) strengthen, leading to a colder Antarctic and a warmer Arctic.
Notably, the temperature changes in both the Antarctic and the Arctic show significant seasonal differences,
with the largest polar response during the cold seasons. Around the Antarctic, both the ACC and overturning
circulation exhibit stronger acceleration in winter than in summer, causing more pronounced cooling in winter.
Furthermore, negative seasonal energy transfer mechanism amplifies this cooling. In contrast, around the
Arctic, the AMOC and ocean heat transport show relatively insignificant seasonal variation. Instead, it is the
downward latent and sensible fluxes that induce amplified winter warming.

Plain Language Summary The Antarctic Circumpolar Current (ACC), as the most important ocean
current in the Southern Ocean, has crucial influences on global ocean circulations and climate changes. To better
comprehend the regional and remote roles of ACC in the current climate system, we close the Southern Ocean
gateway, the Drake Passage (DP) in the fully coupled climate model to cut off the ACC and slow down this
ocean circulation. Defining the climate response as the changes from closed DP to opened DP experiments, we
find that the ACC strengthens as the DP is open. Our findings highlight a significant impact of the ACC on the
current climate system, particularly on driving seasonal variations. The results also have further implications for
the remote influence of the ACC on the Arctic climate through global oceanic circulation connections and local
sea-ice-atmosphere interactions.

1. Introduction

In the current climate system, the climatological average temperature in the Arctic is higher than that in the
Antarctic. As the greenhouse gases increase, the Arctic has experienced faster warming and a significant sea ice
loss (Bekryaev et al., 2010; Eayrs et al., 2021; Hu et al., 2022; Rantanen et al., 2022; Stouffer et al., 1989). The
asymmetry and the rapid warming have drawn considerable attention due to their potential impacts on global
climate and human environments (Manabe et al., 1992; Park et al., 2018). Particularly, understanding the rela-
tionship between Arctic and Antarctic climate has become an important yet a challenging topic.

Previous studies have shown a strong and negative correlation between Arctic and Antarctic temperatures, a
phenomenon known as the bipolar seesaw (Barbante et al., 2006; Blunier & Brook, 2001; Chylek et al., 2010).
This pole-to-pole linkage has often been attributed to the influence of the Atlantic Ocean. Deser et al. (2015),
using the Community Climate System Model, pointed out that the projected Arctic sea ice loss would lead to low-
troposphere warming in both the Arctic and the Antarctic. W. Liu and Fedorov (2019) further demonstrated that
Arctic sea ice decline, coupled with increased freshwater input into the source region of North Atlantic deep
water, weakened the Atlantic Meridional Overturning Circulation (AMOC) on multidecadal and longer time-
scales, leading to warming in the Southern Hemisphere. In addition to the sea ice loss, a warming in the Arctic
could also induce Antarctic warming (Shin & Kang, 2021). Orihuela-Pinto et al. (2022) also demonstrated by
model experiments that a collapsed AMOC would enhance tropical convection and deepen the Amundsen Sea
Low near Antarctica. However, the impact of climate changes in the high latitudes of the Southern Hemisphere on
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the Northern Hemisphere, particularly on the Arctic, has received less attention. Projected Antarctic sea ice loss is
expected to trigger robust Arctic warming, primarily through the response of the tropical sea surface temperatures
to the changes in the Antarctic (England et al., 2020; Kim et al., 2022). Conversely, Antarctic Ice Sheet and
associated sea ice expansion can induce Northern high-latitude cooling, whilst the Antarctic sea ice expansion is
due mainly to natural variability of sea ice (An et al., 2024; W. Liu, 2025). W. Liu (2025) also showed that
Antarctic sea ice expansion during 1979-2014 can trigger a northward ITCZ shift and SST cooling over the
tropical south Pacific and south Atlantic. Moreover, surface temperature or heat content changes in the Southern
Ocean, such as increased heat uptake or surface cooling, can shift the Hadley Circulation northward and lead to
warming in the North Pacific and the Atlantic (Hwang et al., 2017; Kang et al., 2023). Over longer timescales,
delayed Southern Ocean SST warming and reduced ocean heat uptake can cause a southward ITCZ shift (Liu
et al., 2024).

Under global warming, the Antarctic Circumpolar Current (ACC), the largest current in the Southern Ocean, has
intensified in either mean flow or eddy activity due to the accelerated and southward shifted westerlies (Beech
et al., 2022; Hu et al., 2020; Li et al., 2022; Shi et al., 2021). To investigate the role of the ACC in the current
climate system, several studies have conducted model experiments with opened/closed Southern Ocean gateway,
the Drake Passage (DP). These experiments are performed by ocean-only models, ocean models coupled with
simplified atmospheric models, and fully coupled models (England et al., 2017; Sijp & England, 2004; Togg-
weiler & Bjornsson, 2000; Toggweiler & Samuels, 1995; Yang et al., 2014). Comparing the climatology of
opened DP with that of closed DP, models consistently show that in opened DP a complete ACC enhances the
northward Ekman transport and upwelling in the Southern Ocean, which in turn strengthens the AMOC
(Kuhlbrodt et al., 2007; Li et al., 2023). The changes in ocean circulation result in an anomalous northward energy
transport, leading to cooling in the Antarctic and warming in the Arctic (England et al., 2017; Lee & Liu, 2023;
Liu et al., 2020). Previous studies have been primarily focused on the climate impact of the ACC from the
perspective of the oceanic dynamic and annual mean state changes. However, seasonal variation is a crucial
component in polar climate variability, driven by the distinct seasonal changes in solar radiation and associated
air-sea-ice interactions. Specifically, the sea ice albedo feedback and ocean heat uptake play important roles in the
polar climate variations, and these two factors are inextricably linked to each other on seasonal timescales (Hu
et al., 2022; Liu et al., 2023; Zhang et al., 2023). Given the key roles of air-sea coupling and the pronounced
seasonality in polar climates, it is essential to explore the impacts of a strengthened ACC on the Arctic climate,
particularly with an emphasis on seasonal variations.

2. Model Design and Methods

In this study, we discuss the impact of a strengthened ACC on the seasonality of Arctic climate using idealized
model simulations, which is in line with a previous study of annual mean climate (Wang et al., 2024). Two fully
coupled experiments were conducted: the control run with an opened DP (DPO) case and a sensitive run with a
closed DP (DPC) case. In the DPC case, a land bridge of 500-km width and 10-m height connects the Antarctic
Peninsula with the Cape Horn in South America. The current study employs the fully coupled Community Earth
System Model (CESM) v1.2.2, a widely applied global climate model (Hurrell et al., 2013). The atmospheric
component, the Community Atmospheric Model v4, has a horizontal resolution of 1.9° latitude X 2.5° longitude,
with 26 vertical layers in a o-P hybrid coordinate system and a top model height at 35 km. The ocean and sea ice
models use 1° horizontal resolution, with the model ocean divided into 60 vertical layers, covering a depth up to
5,500 m.

Both the DPO and DPC cases are initialized with the CO, concentration set to the level of year 2000 (367 ppm).
We define the model quasi-equilibrium state as the net radiation balance at the top of atmosphere (TOA). In the
DPO case, the spin-up period is 249 years for the model to reach its quasi-equilibrium state. The DPC case re-
quires a 900-year spin-up due to the longer adjustment timescale of ocean circulation. After reaching the quasi-
equilibrium, each experiment is integrated for an additional 100 years. The climate impact of a strengthened ACC
is assessed by comparing the climatological mean states between the DPO and DPC cases (DPO minus DPC),
with the mean state defined as the average of years 310-349 for DPO and years 951-1,000 for DPC.

To evaluate the effect of air-sea coupling on surface temperature changes, we calculate the differences in surface
energy budget, expressed as:
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Figure 1. Seasonality of ASIA (gray bars), ASAT (red line) for the B2000 simulations, and the climatological mean SAT
(black line) from the DPO case in (a) the Antarctic (60°S—90°S) and (b) the Arctic (60°N-90°N). Where “A” represents the
DPO case minus the DPC case.

ALW _up = ASW_net + ALW_down + ALH + ASH + ADyn (1)

where “A” represents the DPO case minus the DPC case. SW_net, LW_up, and LW_down denote surface net solar
radiation and upward and downward longwave radiations, respectively. LH and SH are latent and sensible heat
fluxes. Dyn referring to the dynamic component primarily reflects oceanic heat uptake and heat transport.
(Serreze & Barry, 2005). For all terms positive values represent downward fluxes, except for LW_up and Dyn. For
the Dyn, a negative value indicates net heat flux from the atmosphere into the upper ocean and a positive value
signifies the opposite when the ocean heat transport can be neglected (Serreze et al., 2007).

3. Results
3.1. Seasonal Variations in the Differences in Climatological Mean States Between DPO and DPC Cases

As reported by previous studies (England et al., 2017; Sijp & England, 2004; Wang et al., 2024), an opened DP
and thus a strengthened ACC lead to a stronger AMOC, resulting in a colder Antarctic and a warmer Arctic. Here,
we focus on the seasonal variations of this climate response. The differences in monthly polar sea ice area (SIA;
gray bars) and surface air temperature (SAT; red curves) between the DPO and DPC cases for the Arctic and the
Antarctic are shown in Figures la and 1b, respectively. In the Antarctic, the warm seasons are December—
January—February (DJF) and the cold seasons are June—July—August (JJA). In the Arctic, the seasons are the
opposite.

As shown in Figure 1a, the Antarctic SAT anomalies peak with maximum cooling during the cold season (JJA)
and minimum cooling in the warm season (DJF). Correspondingly, the SIA anomaly shows a growth from 5 to 10
million km?, with the greatest sea ice expansion in winter. In the Arctic, the strongest warming and sea ice decline
appear in boreal winter (DJF), where SAT increases from 0.3°C to 2.6°C and SIA decreases from 0.6 to 1.4
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Figure 2. Seasonal differences between the DPO and DPC cases for (a, b) global meridional overturning circulation (in Sv,
1 Sv = 10° m? s™), with positive value representing a clockwise circulation and negative value denoting a anticlockwise
circulation. Shown also are (c, d) oceanic (blue line), atmospheric (red line), and total (black line) northward energy transport
(PW, 1 PW = 10"> W), with positive value representing a northward transport and negative value signifying a southward
transport. Stippling indicates the significant differences at the 95% confidence level based on the Student's -test.

million km?. This seasonal pattern is similar to the Arctic Amplification, where the largest warming appears in the
cold season (Ding et al., 2017; Hu et al., 2022; Stouffer et al., 1989; Wu et al., 2019). In summary, the most
notable feature is that the SAT and SIA anomalies reach their maximum absolute values during the cold seasons in
both polar regions, a phenomenon referred to as “seasonal phase-locking.” And the magnitude of Antarctic
anomalies is approximately 4-8 times larger than that of Arctic anomalies. Specifically, the greatest climato-
logical shifts in the Arctic are phase-locked in the austral summer, which differs from the maximum climate
anomalies in Antarctica, occurring during the austral winter. This feature suggests that, while these climatological
shifts originate from a strengthened ACC, other processes may contribute to the seasonal phase-locking
phenomenon.

3.2. Role of Ocean Circulation in the Seasonal Phase-Locking

As aforementioned, the initial changes in the experiments originate from the ocean circulation. Therefore, we first
investigate the role of ocean circulation in the seasonal phase-locking phenomenon. The differences in ocean
circulation and the resultant anomalous northward energy transport during cold and warm seasons are shown in
Figure 2. The seasonal atmospheric energy transport is calculated as the net top-of-atmosphere radiation minus
the net surface heat flux and storage terms, following the methodology of Donohoe et al. (2020). Owing to the
strengthened ACC, the Southern Ocean Meridional Overturning Circulation (MOC) intensifies by the Ekman
pumping effect (Ekman, 1905; Figures 2a and 2b). This clockwise circulation anomaly would trigger a northward
oceanic energy transport (Figures 2¢ and 2d) and cool Antarctica (Wen et al., 2018). Obviously, the MOC and
northward oceanic heat transport anomalies are more pronounced in austral winter (JJA) compared to austral
summer (DJF) in the Southern Ocean, which is relevant to stronger westerlies in austral winter. Consequently,
Antarctic cooling and sea ice expansion are stronger in winter than in summer (Figure 1a).

In the Northern Hemisphere, the MOC (mainly in the Atlantic) also strengthens with an accelerated ACC, due
primarily to the enhanced upwelling in the Southern Ocean (Kuhlbrodt et al., 2007; Figures 2a and 2b). As shown
in Figures 2c and 2d, the stronger MOC leads to a northward oceanic energy transport anomaly around the 60°N,
where the AMOC subsides. This northward energy transport contributes to warming in the Arctic (Lee
et al., 2024). The northward oceanic energy transport exhibits a stronger change north of 60°N in DJF, which may
contribute to the winter amplified warming in the Arctic. Notably, the northward energy transport by the
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Figure 3. Seasonal differences in surface energy budget between the DPO and DPC cases in (a) the Antarctic and (b) the
Arctic. The units for ASW_net (red), ALW_up (deep pink), ALW_down (light pink), ALH (brown), ASH (yellow), and

ADyn (blue) are in W/m? (positive values standing for warming). The physical lengths of different bars are their values, with
bars beyond the zero reference representing positive values while bars below the zero reference representing negative values.

atmosphere in the Arctic shows a seasonal variation, with anomalous northward transport in summer but
southward transport in winter. Therefore, we next explore the role of air-sea coupling and related atmospheric
processes in explaining the winter amplification in the Arctic.

3.3. Role of Air-Sea Coupling in the Seasonal Phase-Locking

A similar winter amplification has been observed in the Arctic warming under global warming (Rantanen
et al., 2022; Stouffer et al., 1989; Taylor et al., 2022; Wu et al., 2019). Previous studies have revealed that local
air-sea coupling plays an important role in this amplification, summarized as the seasonal energy transfer
mechanism (SETM) (Hu et al., 2022; Liu et al., 2023; Zhang et al., 2023). The key processes in the SETM is that
the abnormal solar radiation absorbed due to summer sea ice decline is stored in the Arctic Ocean and then
released during winter, driving winter amplified warming in the absence of solar radiation. Given the crucial role
of SETM in winter amplification, we next calculate the seasonality of differences in surface energy budget be-
tween the DPO and DPC cases to identify the primary contributor to the winter amplifications in the Antarctic and
the Arctic driven by strengthened ACC. Based on Equation 1, the differences in surface energy budget between
the DPO and DPC cases for both the Antarctic and the Arctic are shown in Figures 3a and 3b, with the corre-
sponding spatial patterns in Figures 4 and 5. In the Antarctic, the reduced solar radiation dominates the total
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Student's t-test.

energy anomaly and cools the surface air in summer. While in winter, the dynamic component primarily con-
tributes to the amplified cooling (Figure 3a). In the Arctic, the increased solar radiation and dynamic component
are predominant in summer, while sensible and latent heat fluxes play a significant role in driving the winter
amplified warming (Figure 3b). Because the seasonal ocean heat transport difference is smaller by 1-2 order of
magnitude than the Dyn, we mainly consider the ocean content effect of the Dyn.

As aforementioned, the strengthened ACC in the DPO case leads to a colder Antarctic, resulting in sea ice
expansion (Figure S1b in Supporting Information S1) and a corresponding decrease in net solar radiation in
austral summer (Figure 4b). This reduced solar radiation decreases the energy stored in the ocean (Figure 41;
Figure S1j in Supporting Information S1), leading to less energy release from the ocean to the atmosphere in
austral winter, thereby amplifying winter cooling in the DPO case (Figure 4k; Figure S1i in Supporting Infor-
mation S1). This seasonal energy transfer process explains why the Antarctic shows stronger cooling in winter in
spite of the anomalous southward energy transport by air (Figure 2¢). However, this cooling effect related to the
SETM is partially offset by surface sensible and latent heat fluxes, which are mainly determined by the differ-
ences in temperature, humidity, and wind speed between the surface and the overlying air (Myhre et al., 2018;
Serreze & Barry, 2005). In the cold season, the positive atmosphere-surface temperature difference (Figure Slc in
Supporting Information S1) and deceleration of near-surface zonal winds (Figure Sle in Supporting
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Figure 5. Same as Figure 4 but for the Arctic seasonal differences between the DPO and DPC cases. Stippling indicates the significant differences at the 95% confidence

level based on the Student's #-test.

Information S1) lead to downward sensible and latent heat flux anomalies, which slightly warm the surface
(Figures 4e and 4g; Figures Slc and Sle in Supporting Information S1). Overall, the coupling of reduced solar
radiation supply in austral summer and the associated seasonal energy transfer mechanism dominate the winter
cooling amplification in the Antarctic.

The processes responsible for winter amplification in the Arctic differ from those in the Antarctic. In the Arctic,
the northward ocean heat transport by stronger AMOC leads to sea ice loss. Solar radiation supply increases due to
the declined sea ice concentration in boreal summer (JJA), particularly around the sea ice edge (the significant
decrease in solar radiation around Greenland may be a model error; Figure 5a; Figure S2a in Supporting In-
formation S1). This increased solar radiation stores additional energy into the ocean. Conversely, the negative
atmosphere-surface temperature difference and the acceleration of near-surface zonal winds lead to anomalous
upward sensible and latent heat fluxes, causing energy to release from the upper ocean in summer and then
cooling the atmosphere in subsequent winter (Figures 5g—51; Figures S2¢ and S2e in Supporting Information S1).
In boreal winter (DJF), a positive atmosphere-surface temperature difference, reduced near-surface zonal winds,
and increased near-surface humidity result in anomalous downward sensible and latent heat fluxes, acting to
warm the surface. This warming effect is more dominant and leads to the winter warming amplification in the
Arctic.
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4. Conclusions and Discussion

In this study, we investigate the impact of a strengthened ACC on the Arctic climate with an emphasis on its
seasonal variations. We perform numerical experiments using the fully coupled CESM with the Drake Passage
opened and closed (DPO and DPC). By discussing the differences between the DPO and DPC cases (DPO minus
DPC), the climatological changes in both the Antarctic and the Arctic align with the findings from previous
studies on annual mean responses (England et al., 2017; Sijp & England, 2004; Wang et al., 2024). In DPO, the
ACC accelerates, leading to intensified upwelling in the Southern Ocean and a concurrent strengthening of the
AMOC. The stronger ACC and AMOC lead to a northward oceanic energy transport anomaly, resulting in a
colder Antarctic and a warmer Arctic.

For the seasonal variations of climatological changes, the most notable feature is that both the Arctic and the
Antarctic exhibit their largest absolute climatological differences during the cold seasons, with their smallest
differences during the warm seasons, a phenomenon referred to as “seasonal phase-locking.” To understand this
feature, we examine the roles of oceanic circulation and local atmosphere-sea-ice interaction in the winter
amplification phenomenon. In the Antarctic, the ACC and Southern MOC show greater acceleration in winter
than in summer. These changes in oceanic circulations intensify the northward oceanic heat transport, leading to
more pronounced cooling during the Antarctic winter. While in the Arctic, the AMOC and oceanic heat transport
changes exhibit fewer significant seasonal differences, indicating that the oceanic circulation alone cannot explain
the winter amplification in the Arctic.

Furthermore, we calculate the surface energy budget to explore the role of local atmosphere-sea-ice interaction in
the winter amplification. In the Antarctic, solar radiation decreases in austral summer as sea ice expands, reducing
energy stored in the ocean. This reduced energy storage is then released during winter, cooling the surface.
Consequently, the negative seasonal energy transfer mechanism contributes to the winter cooling amplification in
the Antarctic. In contrast, in the Arctic, the winter warming amplification is driven by downward latent and
sensible fluxes, which are attributed to the changes in near-surface zonal winds, atmosphere-surface temperature
and humidity differences.

These model results highlight the crucial role of the ACC in the current climate system, particularly in driving its
seasonal variations, and demonstrate the remote influence of the ACC on the Arctic climate via global oceanic
circulation connections and local sea-ice-atmosphere interactions. The findings suggest broader implications for
the potential climate impact of the change in the ACC driven by increased greenhouse gas concentration, although
this requires further studies with much longer observational data.

Data Availability Statement

The Community Earth System Model (Hurrell et al., 2013) is publicly available at https://www2.cesm.ucar.edu/
models/cesm1.2/tags/index.html#CESM1_2_2.

References

An, Z.,Zhou, W., Zhang, Z., Zhang, X., Liu, Z., Sun, Y., et al. (2024). Mid-Pleistocene climate transition triggered by Antarctic Ice Sheet growth.
Science, 385(6708), 560-565. https://doi.org/10.1126/science.abn4861

Barbante, C., Barnola, J.-M., Becagli, S., Beer, J., Bigler, M., Boutron, C., et al. (2006). EPICA community members. One-to-one coupling of
glacial climate variability in Greenland and Antarctica. Nature, 444(7116), 195-198. https://doi.org/10.1038/nature05301

Beech, N., Rackow, T., Semmler, T., Danilov, S., Wang, Q., & Jung, T. (2022). Long-term evolution of ocean eddy activity in a warming world.
Nature Climate Change, 12(10), 910-917. https://doi.org/10.1038/s41558-022-01478-3

Bekryaev, R. V., Polyakov, 1. V., & Alexeev, V. A. (2010). Role of polar amplification in long-term surface air temperature variations and modern
Arctic warming. Journal of Climate, 23(14), 3888-3906. https://doi.org/10.1175/2010JCLI3297.1

Blunier, T., & Brook, E. J. (2001). Timing of millennial-scale climate change in Antarctica and Greenland during the last glacial period. Science,
291(5501), 109-112. https://doi.org/10.1126/science.291.5501.109

Chylek, P., Folland, C. K., Lesins, G., & Dubey, M. K. (2010). Twentieth century bipolar seesaw of the Arctic and Antarctic surface air tem-
peratures. Geophysical Research Letters, 37(8), 2-5. https://doi.org/10.1029/2010GL042793

Deser, C., Tomas, R. A., & Sun, L. (2015). The role of ocean-atmosphere coupling in the zonal-mean atmospheric response to Arctic sea ice loss.
Journal of Climate, 28(6), 2168-2186. https://doi.org/10.1175/JCLI-D-14-00325.1

Ding, Q., Schweiger, A., L'Heureux, M., Battisti, D., Po-Chedley, S., Johnson, N., et al. (2017). Influence of high-latitude atmospheric circulation
changes on summertime Arctic sea ice. Nature Climate Change, 7(4), 289-295. https://doi.org/10.1038/nclimate3241

Donohoe, A., Armour, K. C., Roe, G. H., Battisti, D. S., & Hahn, L. (2020). The partitioning of meridional heat transport from the last glacial
maximum to CO, quadrupling in coupled climate models. Journal of Climate, 33(10), 4141-4165. https://doi.org/10.1175/JCLI-D-19-0797.1

Eayrs, C., Li, X., Raphael, M. N., & Holland, D. M. (2021). Rapid decline in Antarctic sea ice in recent years hints at future change. Nature
Geoscience, 14(7), 460-464. https://doi.org/10.1038/s41561-021-00768-3

WANG ET AL.

8 of 10

85U8017 SUOWILOD BAIE8D (el [dde 8y Aq peusenob a1e SajoiLe O ‘8sn JO Sa|nJ Joj Akeiqi8ulluO 3|1 UO (SUONIPUOD-PUe-SWLI/LI0D A8 | IM ARelq1BulUO//:SANY) SUONIPUOD pUe SLWIe | 81 89S *[520z/c0/y2] Uo Akeiqauljuo A(IM ‘TTZSTT 195202/620T 0T/I0p/wod Ao | im Akelq 1 put|uo sgndnbey/sdny wouy pepeojumoq ‘9 ‘SZ0Z ‘2008776T


https://www2.cesm.ucar.edu/models/cesm1.2/tags/index.html#CESM1_2_2
https://www2.cesm.ucar.edu/models/cesm1.2/tags/index.html#CESM1_2_2
https://doi.org/10.1126/science.abn4861
https://doi.org/10.1038/nature05301
https://doi.org/10.1038/s41558-022-01478-3
https://doi.org/10.1175/2010JCLI3297.1
https://doi.org/10.1126/science.291.5501.109
https://doi.org/10.1029/2010GL042793
https://doi.org/10.1175/JCLI-D-14-00325.1
https://doi.org/10.1038/nclimate3241
https://doi.org/10.1175/JCLI-D-19-0797.1
https://doi.org/10.1038/s41561-021-00768-3

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115211

Ekman, V. W. (1905). On the influence of the Earth's rotation on ocean-currents. Arkiv foer Matematik, Astronomioch Fysik, 2(11), 1-53.

England, M. H., Hutchinson, D. K., Santoso, A., & Sijp, W. P. (2017). Ice-atmosphere feedbacks dominate the response of the climate system to
Drake Passage closure. Journal of Climate, 30(15), 5775-5790. https://doi.org/10.1175/JCLI-D-15-0554.1

England, M. R., Polvani, L. M., & Sun, L. (2020). Robust Arctic warming caused by projected Antarctic sea ice loss. Environmental Research
Letters, 15(10), 104005. https://doi.org/10.1088/1748-9326/abaada

Hu, S., Sprintall, J., Guan, C., McPhaden, M. J., Wang, F., Hu, D., & Cai, W. (2020). Deep-reaching acceleration of global mean ocean circulation
over the past two decades. Science Advances, 6(6), 1-8. https://doi.org/10.1126/sciadv.aax7727

Hu, X., Liu, Y., Kong, Y., & Yang, Q. (2022). A quantitative analysis of the source of inter-model spread in Arctic surface warming response to
increased CO, concentration. Geophysical Research Letters, 49(18). https://doi.org/10.1029/2022g1100034

Hurrell, J. W., Holland, M. M., Gent, P. R., Ghan, S., Kay, J. E., Kushner, P.J., et al. (2013). The community Earth system model: A framework for
collaborative research. Bulletin of the American Meteorological Society, 94(9), 1339-1360. https://doi.org/10.1175/BAMS-D-12-00121.1

Hwang, Y. T., Xie, S. P., Deser, C., & Kang, S. M. (2017). Connecting tropical climate change with Southern Ocean heat uptake. Geophysical
Research Letters, 44(18), 9449-9457. https://doi.org/10.1002/2017GL074972

Kang, S. M., Yu, Y., Deser, C., Zhang, X., Kang, I. S., Lee, S. S., et al. (2023). Global impacts of recent Southern Ocean cooling. Proceedings of

the National Academy of Sciences of the United States of America, 120(30). https://doi.org/10.1073/pnas.2300881120

Kim, H., Kang, S. M., Kay, J. E., & Xie, S.-P. (2022). Subtropical clouds key to Southern Ocean teleconnections to the tropical Pacific. Pro-
ceedings of the National Academy of Sciences of the United States of America, 119(34), €2200514119. https://doi.org/10.1073/pnas.
2200514119

Kuhlbrodt, T., Griesel, A., Montoya, M., Levermann, A., Hofmann, M., & Rahmstorf, S. (2007). On the driving processes of the Atlantic
meridional overturning circulation. Reviews of Geophysics, 45(2). https://doi.org/10.1029/2004RG000166

Lee, Y. C., & Liu, W. (2023). The weakened Atlantic meridional overturning circulation diminishes recent Arctic sea ice loss. Geophysical
Research Letters, 50(21), 1-11. https://doi.org/10.1029/2023GL105929

Lee, Y. C., Liu, W., Fedorov, A. V., Feldl, N., & Taylor, P. C. (2024). Impacts of Atlantic meridional overturning circulation weakening on Arctic
amplification. Proceedings of the National Academy of Sciences of the United States of America, 121(39), €2402322121. https://doi.org/10.
1073/pnas.2402322121

Li, Q., England, M. H., Hogg, A. M., Rintoul, S. R., & Morrison, A. K. (2023). Supplementary to Abyssal ocean overturning slowdown and
warming driven by Antarctic meltwater. Nature, 615(7954), 841-847. https://doi.org/10.1038/541586-023-05762-w

Li, Q.,Luo, Y.,Lu,J., & Liu, F. (2022). The role of ocean circulation in Southern Ocean heat uptake, transport, and storage response to quadrupled
CO,. Journal of Climate, 35(22), 3565-3582. https://doi.org/10.1175/JCLI-D-22-0160.1

Liu, W. (2025). Simulated Antarctic sea ice expansion reconciles climate model with observation. Npj Climate and Atmospheric Science, 8(1), 1-
12. https://doi.org/10.1038/s41612-024-00881-1

Liu, W., & Fedorov, A. V. (2019). Global impacts of Arctic sea ice loss mediated by the Atlantic meridional overturning circulation. Geophysical
Research Letters, 46(2), 944-952. https://doi.org/10.1029/2018GL080602

Liu, W, Fedorov, A. V., Xie, S. P., & Hu, S. (2020). Climate impacts of a weakened Atlantic meridional overturning circulation in a warming
climate. Science Advances, 6(26), 1-8. https://doi.org/10.1126/sciadv.aaz4876

Liu, W., Li, S., Li, C., Rugenstein, M., & Thomas, A. P. (2024). Contrasting fast and slow intertropical convergence zone migrations linked to
delayed Southern Ocean warming. Nature Climate Change, 14(7), 732—739. https://doi.org/10.1038/s41558-024-02034-x

Liu, Y., Kong, Y., Yang, Q., & Hu, X. (2023). Influence of surface types on the seasonality and inter-model spread of Arctic amplification in
CMIP6. Advances in Atmospheric Sciences, 40(12), 2288-2301. https://doi.org/10.1007/s00376-023-2338-9

Manabe, S., Spelman, M. J., & Stouffer, R. J. (1992). Transient responses of a coupled ocean-atmosphere model to gradual changes of atmospheric
CO,. Part II: Seasonal response. Journal of Climate, 5(2), 105-126. https://doi.org/10.1175/1520-0442(1992)005<0105:troaco>2.0.co;2

Mpyhre, G., Samset, B. H., Hodnebrog, O., Andrews, T., Boucher, O., Faluvegi, G., et al. (2018). Sensible heat has significantly affected the global
hydrological cycle over the historical period. Nature Communications, 9(1), 1922. https://doi.org/10.1038/341467-018-04307-4

Orihuela-Pinto, B., England, M. H., & Taschetto, A. S. (2022). Interbasin and interhemispheric impacts of a collapsed Atlantic Overturning
Circulation. Nature Climate Change, 12(6), 558-565. https://doi.org/10.1038/s41558-022-01380-y

Park, K., Kang, S. M., Kim, D., Stuecker, M. F., & Jin, F. (2018). Contrasting local and remote impacts of surface heating on polar warming and
amplification. Journal of Climate, 31(8), 3155-3166. https://doi.org/10.1175/JCLI-D-17-0600.1

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvirinen, O., Ruosteenoja, K., et al. (2022). The Arctic has warmed nearly four
times faster than the globe since 1979. Communications Earth & Environment, 3(1), 168. https://doi.org/10.1038/s43247-022-00498-3

Serreze, M. C., Barrett, A. P., Slater, A. G., Steele, M., Zhang, J., & Trenberth, K. E. (2007). The large-scale energy budget of the Arctic. Journal
of Geophysical Research, 112(11), 1-17. https://doi.org/10.1029/2006JD008230

Serreze, M. C., & Barry, R. G. (2005). The surface energy budget. In The Arctic Climate System (pp. 110-146). Cambridge University Press.
https://doi.org/10.1017/CB0O9780511535888.006

Shi, J. R., Talley, L. D., Xie, S. P., Peng, Q., & Liu, W. (2021). Ocean warming and accelerating Southern Ocean zonal flow. Nature Climate
Change, 11(12), 1090-1097. https://doi.org/10.1038/s41558-021-01212-5

Shin, Y., & Kang, S. M. (2021). How does the high-latitude thermal forcing in one hemisphere affect the other hemisphere? Geophysical Research
Letters, 48(24), €2021GL095870. https://doi.org/10.1029/2021GL095870

Sijp, W. P., & England, M. H. (2004). Effect of the Drake Passage throughflow on global climate. Journal of Physical Oceanography, 34(5),
1254-1266. https://doi.org/10.1175/1520-0485(2004)034<1254:EOTDPT>2.0.CO;2

Stouffer, R. J., Manabe, S., & Bryan, K. (1989). Interhemispheric asymmetry in climate response to a gradual increase of atmospheric CO,.
Nature, 342(6250), 660-662. https://doi.org/10.1038/342660a0

Taylor, P. C., Boeke, R. C., Boisvert, L. N., Feldl, N., Henry, M., Huang, Y., et al. (2022). Process drivers, inter-model spread, and the path
forward: A review of amplified Arctic warming. Frontiers in Earth Science, 9, 758361. https://doi.org/10.3389/feart.2021.758361

Toggweiler, J. R., & Bjornsson, H. (2000). Drake Passage and palacoclimate. Journal of Quaternary Science, 15(4), 319-328. https://doi.org/10.
1002/1099-1417(200005)15:4<319::AID-JQS545>3.0.CO;2-C

Toggweiler, J. R., & Samuels, B. (1995). Effect of Drake Passage on the global thermohaline circulation. Deep-Sea Research Part I, 42(4), 477—
500. https://doi.org/10.1016/0967-0637(95)00012-U

Wang, P., Yang, S., Li, Z., Song, Z., Li, X., & Hu, X. (2024). Role of the Antarctic Circumpolar Circulation in current asymmetric Arctic and
Antarctic warming. Geophysical Research Letters, 51(13). https://doi.org/10.1029/2024GL110265

Wen, Q., Yao, J., Doos, K., & Yang, H. (2018). Decoding hosing and heating effects on global temperature and meridional circulations in a
warming climate. Journal of Climate, 31(23), 9605-9623. https://doi.org/10.1175/JCLI-D-18-0297.1

WANG ET AL.

9 of 10

85U8017 SUOLILLIOD 3Aea10 3(qedlidde au3 Aq pausenob ke saole YO ‘88N JO Sa|nJ 1o} Afig1T3UlUO 48] 1M UO (SUOIPUOD-PU-SWLBY /W0 A8 | 1M AR1q | BU1 [UO//:SANY) SUORIPUCD PUe SWB | 84} 835 *[6202/20/72] Uo ARiqiT8uliuo AB|IM ‘TTZSTT 195202/620T 0T/I0p/woo A 1M Aiq putiuo'sgndnbe//sdny woiy papeojumod ‘9 ‘520z ‘L008tr6T


https://doi.org/10.1175/JCLI-D-15-0554.1
https://doi.org/10.1088/1748-9326/abaada
https://doi.org/10.1126/sciadv.aax7727
https://doi.org/10.1029/2022gl100034
https://doi.org/10.1175/BAMS-D-12-00121.1
https://doi.org/10.1002/2017GL074972
https://doi.org/10.1073/pnas.2300881120
https://doi.org/10.1073/pnas.2200514119
https://doi.org/10.1073/pnas.2200514119
https://doi.org/10.1029/2004RG000166
https://doi.org/10.1029/2023GL105929
https://doi.org/10.1073/pnas.2402322121
https://doi.org/10.1073/pnas.2402322121
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.1175/JCLI-D-22-0160.1
https://doi.org/10.1038/s41612-024-00881-1
https://doi.org/10.1029/2018GL080602
https://doi.org/10.1126/sciadv.aaz4876
https://doi.org/10.1038/s41558-024-02034-x
https://doi.org/10.1007/s00376-023-2338-9
https://doi.org/10.1175/1520-0442(1992)005%3C0105:troaco%3E2.0.co;2
https://doi.org/10.1038/s41467-018-04307-4
https://doi.org/10.1038/s41558-022-01380-y
https://doi.org/10.1175/JCLI-D-17-0600.1
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1029/2006JD008230
https://doi.org/10.1017/CBO9780511535888.006
https://doi.org/10.1038/s41558-021-01212-5
https://doi.org/10.1029/2021GL095870
https://doi.org/10.1175/1520-0485(2004)034%3C1254:EOTDPT%3E2.0.CO;2
https://doi.org/10.1038/342660a0
https://doi.org/10.3389/feart.2021.758361
https://doi.org/10.1002/1099-1417(200005)15:4%3C319::AID-JQS545%3E3.0.CO;2-C
https://doi.org/10.1002/1099-1417(200005)15:4%3C319::AID-JQS545%3E3.0.CO;2-C
https://doi.org/10.1016/0967-0637(95)00012-U
https://doi.org/10.1029/2024GL110265
https://doi.org/10.1175/JCLI-D-18-0297.1

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115211

Wu, F., Li, W., & Li, W. (2019). Causes of Arctic amplification: A review. Advances in Earth Science, 34(3), 232-242. https://doi.org/10.11867/j.
issn.1001-8166.2019.03.0232

Yang, S., Galbraith, E., & Palter, J. (2014). Coupled climate impacts of the Drake Passage and the Panama Seaway. Climate Dynamics, 43(1-2),
37-52. https://doi.org/10.1007/s00382-013-1809-6

Zhang, Y., Kong, Y., Yang, S., & Hu, X. (2023). Asymmetric Arctic and Antarctic warming and its intermodel spread in CMIP6. Journal of
Climate, 36(23), 8299-8310. https://doi.org/10.1175/JCLI-D-23-0118.1

WANG ET AL.

10 of 10

85U8017 SUOWILOD BAIE8D (el [dde 8y Aq peusenob a1e SajoiLe O ‘8sn JO Sa|nJ Joj Akeiqi8ulluO 3|1 UO (SUONIPUOD-PUe-SWLI/LI0D A8 | IM ARelq1BulUO//:SANY) SUONIPUOD pUe SLWIe | 81 89S *[520z/c0/y2] Uo Akeiqauljuo A(IM ‘TTZSTT 195202/620T 0T/I0p/wod Ao | im Akelq 1 put|uo sgndnbey/sdny wouy pepeojumoq ‘9 ‘SZ0Z ‘2008776T


https://doi.org/10.11867/j.issn.1001-8166.2019.03.0232
https://doi.org/10.11867/j.issn.1001-8166.2019.03.0232
https://doi.org/10.1007/s00382-013-1809-6
https://doi.org/10.1175/JCLI-D-23-0118.1

	description
	Impacts of Strengthened Antarctic Circumpolar Current on the Seasonality of Arctic Climate
	1. Introduction
	2. Model Design and Methods
	3. Results
	3.1. Seasonal Variations in the Differences in Climatological Mean States Between DPO and DPC Cases
	3.2. Role of Ocean Circulation in the Seasonal Phase‐Locking
	3.3. Role of Air‐Sea Coupling in the Seasonal Phase‐Locking

	4. Conclusions and Discussion
	Data Availability Statement



