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Abstract The Miocene (~23-5 Ma) experienced substantial paleogeographic changes, including the
shoaling of the Panama Seaway and closure of the Tethys Seaway, which altered exchange pathways between
the Pacific and Atlantic Oceans. Changes in continental configuration and topography likely also influenced
global wind patterns. Here, we investigate how these changes affected surface wind-driven gyre circulation and
interbasin volume transport using 14 fully coupled climate model simulations of the early and middle Miocene.
The North and South Atlantic gyres, along with the South Pacific gyre, are weaker in the Miocene simulations
compared to pre-industrial (PI), while the North Pacific gyres are stronger. These changes largely follow the
wind stress curl and basin width changes. Westward flow through the Panama Seaway occurs only in early
Miocene simulations when the Tethys Seaway is open and transports are strongly westward. As the Tethys
transport declines, flow across the Panama Seaway gradually reverses from westward (into the Pacific) to
eastward (into the Atlantic). In simulations with a closed Tethys Seaway, the Panama transport is consistently
eastward. The Southern Hemisphere westerlies are weaker than PI in all simulations, contributing to a reduced
Antarctic Circumpolar Current (ACC) in 11 of the 14 cases. In the remaining three, a stronger ACC is simulated,
likely due to a combination of enhanced meridional density gradients and model-dependent sensitivities. These
findings highlight how changes in Miocene seaways and wind patterns reshaped ocean circulation, influencing
interbasin exchange, thermohaline properties, and global climate.

Plain Language Summary The Miocene (~23-5 million years ago) experienced major
paleogeographic changes, such as shoaling of ocean gateways and shifts in topography and continental
positions. These changes likely influenced how water was exchanged between ocean basins. Here, we use 14
atmosphere-ocean climate model simulations of the early and middle Miocene (~12-20 million years ago) to
investigate their impact on ocean circulation. We find that wind-driven gyres were weaker in the Atlantic and
South Pacific, but stronger in the North Pacific compared to today. These patterns closely follow changes in
wind stress and basin width. The direction of flow through the Panama Seaway, which once connected the
Atlantic and Pacific, was linked to the transport through the Tethys Seaway. When the Tethys Seaway was open,
flow through the Panama Seaway could be westward, but once it closed, the flow reversed eastward into the
Atlantic. In the Southern Ocean, weaker winds led to a weaker Antarctic Circumpolar Current (ACC) in most
simulations. However, in a few cases, a stronger ACC emerged, likely due to enhanced density gradients and
differences in model physics. Together, these results highlight how Miocene seaway and wind changes reshaped
global ocean circulation and climate.
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1. Introduction

The horizontal circulation of the ocean consists of the wind-driven gyres in the upper ocean, the interbasin
transport through oceanic gateways and the horizontal component of the thermohaline circulation. This circu-
lation redistributes momentum and energy and transports tracers such as salinity, nutrients, and dissolved gases
within basins and between them via gateways such as the Bering Strait. The gyres themselves are composed of
stronger subtropical anti-cyclonic gyres and weaker subpolar cyclonic gyres.

The structure and variability of wind-driven gyre circulation play a key role in modulating oceanic heat transport
and deep overturning circulation in the modern ocean. In the North Pacific, this gyre circulation dominates
oceanic heat transport, carrying the majority of the total transport northwards (Ferrari & Ferreira, 2011). In
contrast, the North Atlantic contributes a smaller but still substantial share (up to ~40%) to poleward heat
transport, which remains climatically significant and influences variability on seasonal to millennial timescales
(Ferrari & Ferreira, 2011; Palter, 2015; Talley, 2003). Variability in the North Atlantic Subpolar Gyre (SPG),
which is driven by changes in wind stress and heat fluxes, has also been linked to shifts in the Atlantic Meridional
Overturning Circulation (AMOC) (Boning et al., 2006).

The strength and structure of gyres across basins are influenced by the curl of wind stress (Munk, 1950). For
example, in the modern ocean, changes in wind stress have been shown to affect the strength and position of gyres
in both the Pacific and Atlantic, although the response can differ between the two basins depending on regional
atmospheric forcing. These effects are evident in present-day observations (Drouin et al., 2021), future pro-
jections (Yang et al., 2020) and reconstructions of past climates (Gray et al., 2020; Xing et al., 2022; Zhang
et al., 2020, 2025).

Earlier in the Cenozoic, paleogeography and climate were different, resulting in different ocean and atmospheric
conditions. Under greenhouse warmth of the Eocene (~56-34 Ma), when Australia and Africa were situated
further south, closer to Antarctica, and the Pacific was significantly larger than today, models suggest that wind
stress and gyre circulation were different, and produced more hemispherically symmetrical zonal winds around
the equator than today, stronger gyres in the Pacific and weaker gyres in the Atlantic (Zhang et al., 2020). The
transports through the straits were also different, with the Antarctic Circumpolar Current (ACC) being absent in
the early Eocene due to the highly restricted Drake Passage and Tasmanian Gateway (Sarkar et al., 2019;
Toumoulin et al., 2020; Zhang et al., 2020, 2025). The Miocene (~23-5 Ma) lies between the Eocene and the
modern day in terms of paleogeography and climate (Straume et al., 2020; Westerhold et al., 2020). During the
Miocene, the global climate was substantially warmer, comparable to projected future warming under high
emissions, and the paleogeography was different compared to the modern configuration, with open tropical
oceanic gateways and differences in elevation of mountain range (Steinthorsdottir et al., 2021). While some
studies have investigated the importance of the opening or closing of individual gateways on ocean circulation
and climate during the Miocene, the general impact of the Miocene paleogeography on the gyres and strait flows
is not well known (e.g., Hossain et al., 2021; Pillot et al., 2022; von der Heydt & Dijkstra, 2006).

Arguably, the most striking gateway changes during the Miocene were the narrowing and restriction of the
tropical gateways. During the early Miocene (~23—-16 Ma), the Panama Seaway was open and deep and it started
shoaling during the middle Miocene (~16-12 Ma) (Kirillova et al., 2019) and may have reached a critical depth
between 50 and 200 m by ~10 Ma (Sepulchre et al., 2014). However, some studies suggest that the Panama
Seaway was already too shallow for deepwater exchange by the middle Miocene, and only intermittent shallow
water settings in the region occurred subsequently (Montes et al., 2012, 2015; Ramirez et al., 2016). The Tethys
Seaway, which connected the Mediterranean Sea to the Indian Ocean, started closing in the early Miocene
~20 Ma, and closed completely by ~13 Ma (Bialik et al., 2019). The Indo-Australian plate had moved much
further north by the Miocene compared to the Eocene, resulting in the narrowing of the Indonesian Seaway, after
which it was possibly no longer a deep-water pathway between the Indian and Pacific oceans (Gallagher
et al., 2024; Kuhnt et al., 2004). Changes in these gateway configurations during the Miocene likely resulted in an
interplay between the volume transport (VT) across them.

The role of the Panama Seaway oceanic exchange on AMOC has been debated for more than a decade (Brierley &
Fedorov, 2016; Krapp & Jungclaus, 2011; Lunt et al., 2008). However, the majority of studies suggest that the
shallowing and subsequent closure of the Panama Seaway during the Miocene and the Pliocene (~5.3-2.6 Ma)
was important for either initiating or strengthening the overturning circulation in the Atlantic, paving the way for
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an Atlantic-dominated global overturning (Lunt et al., 2008; Schneider & Schmittner, 2006; Zhang et al., 2012;
Ogretmen et al., 2020). The closure of the Eastern Tethys Seaway blocked the water from the Indian Ocean from
reaching the North Atlantic (Karami, 2011). This could have contributed to the intensification of the deep-water
formation in the North Atlantic, through warming and changes in sea surface salinity and reversal of flow through
the Panama Seaway (von der Heydt & Dijkstra, 2005; Zhang et al., 2011). Thus, the oceanic gateways exert
control over the overturning circulation and affect the freshwater and heat advection (Ogretmen et al., 2020) by
restricting the VT between basins.

Several studies link the transport through the Panama Seaway to the wind stress, using the “island rule” (God-
frey, 1989). The island rule is derived by integrating the linear momentum equations around an island, which
results in an expression where the upper circulation above a level of no motion around the island is given by the
integral of the wind stress along a closed path (Text S1 in Supporting Information S1). Using the island rule Omta
and Dijkstra (2003) showed that when the transport through Tethys Seaway reduced, and the transport through the
Drake Passage increased enough, the Panama Seaway transport switched from westward (into the Pacific) to
eastward (into the Atlantic). Nof and Van Gorder (2003), applied the island rule to numerical simulations with a
reduced gravity 1%2-layer model, with different configurations of open and closed Bering and Panama Seaways
and an active and inactive North Atlantic Deep Water (NADW) formation. They reported that an intrusion of
Pacific waters into the Atlantic via the Panama Seaway is only possible if there is a reduced rate of NADW
formation.

Furthermore, some of the high-latitude gateways were opening/widening throughout the Miocene, which may
also have significantly altered the ocean circulation and climate. The Fram Strait was shallow until the late early
Miocene (~17-18 Ma) and it has been proposed that the freshwater flow through it was unidirectional (Arctic to
North Atlantic) and controlled hydraulically, after which it deepened and widened allowing a bi-directional flow
(Ehlers & Jokat, 2013; Hossain et al., 2020, 2021; Jakobsson et al., 2007). The Greenland-Scotland Ridge (GSR)
likely deepened in two stages, during the early and middle Miocene, which increased the overflow of dense waters
in the North Atlantic, likely strengthening the overturning circulation (Uenzelmann-Neben & Gruetzner, 2018).
The Drake Passage opened before the Miocene, likely in the Eocene, although the exact timing remains poorly
constrained, with the timing of the opening of the passage ranging from the early Eocene ~50 Ma (van de
Lagemaat et al., 2021) to the middle Eocene ~41 Ma (Scher & Martin, 2006) and as late as the Oligocene ~31—
26 Ma (Hodel et al., 2021). Evidence from stratigraphic records suggests that tectonic uplift led to a constriction of
the passage from ~26 to 14 Ma, which may have caused a temporary weakening of the ACC (Lagabrielle
et al., 2009). After 14 Ma, the Drake Passage rewidened, and the ACC strengthened again. The Pacific-Arctic
connection through the Bering Strait was closed throughout most of the Miocene, perhaps opening up during
the late Miocene, leaving the Fram Strait as the only connection to the Arctic for most of the Miocene (Gla-
denkov, 2004; Hall et al., 2023).

While several studies have explored the effects of individual gateway changes on circulation, the broader impacts
of Miocene paleogeography on the strength and structure of the gyres and volume transports remain poorly
understood. In particular, it is unclear how the combination of different wind stress patterns, gateway configu-
rations, and continental positions influenced the large-scale horizontal circulation during this time. The extent to
which the Miocene gyre system had transitioned toward a modern-like structure, with distinct subtropical and
subpolar gyres in both the northern and southern basins of the Atlantic and Pacific, and how these changes may
have shaped interbasin exchange and ACC variability, also remain open questions. Here, we make opportunistic
use of the MioMIP1 ensemble (Burls et al., 2021) which consists of 14 fully coupled climate model simulations of
the early and middle Miocene. With these, we investigate the Miocene horizontal circulation in a set of simu-
lations that sample a wide range of boundary conditions in different models and attempt to bridge the gaps
mentioned above. In Section 2, we describe the models and methods used in this study. The gyres are described
using the barotropic streamfunctions in Section 3, followed by an investigation of the volume transports through
the different straits and their interdependence in Section 4. Finally, in Section 5, we provide a summary and the
conclusions of this study.

NAIK ET AL.

3 of 20

35UB917 SUOWIWOD BANERID 3(edi dde 3y Ag paueA0B a2 Sao1e O ‘88N JO S3|nJ 10) ARIq1T 8UIIUO 8|1 UO (SUONIPUOD-PUB-SWLIBYWI0D" A3 IM'Afe.q1)RUIIUO//:SANL) SUONIPUOD PUe SWS | U1 39S *[SZ02/2T/T0] UO Aiqiauliuo A8|IM ‘UsLUBIg ¥eUi01 g ISIISPAIUN pun SIS Aq Y6TS00YdSZ02/620T 0T/10p/wod" M| im Akeiqpuljuo'sgndnBey/sdny wouy papeojumod ‘2T ‘SZ0e 'Sesrz.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2025PA005194

2. Models and Methods
2.1. Models

We use 14 simulations in this study, carried out with 7 fully coupled Earth System Models simulating the Miocene
using a range of boundary conditions (Table 1). The details of the simulations used are provided in Burls
et al. (2021), the published studies from which they originated (Table 1), as well as Naik, Boer, Coxall,
et al. (2025). Table 1 briefly summarizes this information for the early and middle Miocene simulations used in
this study.

2.2. Wind Stress Curl and Sverdrup Transport

Wind blowing over the ocean surface exerts a force that transfers momentum from the atmosphere to the upper
ocean. This force is referred to as wind stress (1), with the zonal and meridional components denoted by 7, and 7,,,
respectively. Because the wind field varies spatially, it produces gradients in wind stress. The wind stress curl,
which represents the rotational component of this forcing, is defined as:

or, o,
Curl(r):a—zi—ai; (1)

Sverdrup (1947) demonstrated that, away from the western boundary currents, a negative wind stress curl causes
convergence and downwelling in the water column, resulting in an equatorward Sverdrup transport, as seen in
subtropical gyres. Conversely, a positive wind stress curl leads to divergence and upwelling, producing a pole-
ward Sverdrup transport characteristic of subpolar gyres (Thomas et al., 2014). This relationship, known as the
Sverdrup balance, is expressed as:

1{dz, ot
Ve = —2 - 22X )
ﬁSV p(ax ay) ()

where, f = g—’; is the rate of change of the Coriolis parameter f with latitude, Vi, is the volume transport arising
due to Sverdrup balance and p is the density of seawater. In this study, we use only the meridional gradient of the
zonal wind stress term (‘j)iv*) as a simplified representation of the curl, since this term generally dominates and

captures the primary wind-driven control on gyre circulation.

2.3. Barotropic Streamfunction

The barotropic streamfunction (BSF) describes the horizontal flow, integrated from the north to south and
vertically to the full depth, reflecting the total horizontal transport of water through the entire depth. It captures the
important features of the Sverdrup transport, such as the wind-driven gyres and currents (Huber et al., 2004). The
BSF is available as a model output for all but two simulations from the IPSLCMS5 model. It is calculated as,

0
T(x,y)=fyf u(x,y',z)dzdy’ 3)
w —H

where u (x,y’,z) is the zonal velocity integrated from the north yy to y and from the sea surface to the bottom —H.
The red (positive) contours indicate a clockwise (anti-cyclonic) circulation, and the blue (negative) contours show
an anti-clockwise (cyclonic) circulation. The latitudinal strength of the gyre transport is defined as the maximum
magnitude of transport at that latitude. If the magnitude of the negative transport exceeds that of the positive
transport, the maximum value is taken as negative.

3. Barotropic Streamfunction and Gyre Transports

The global wind pattern over the ocean surface drives divergent flow in the surface Ekman layer, that induces
downwelling in the subtropics and upwelling in the equatorial and subpolar regions. To balance the change in
potential vorticity from this stretching and squeezing of the water column, the fluid must move meridionally to a
different background planetary vorticity. The meridional transport, referred to as Sverdrup transport, can be
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Figure 1. Barotropic streamfunction for the Miocene simulations. These simulations are part of an opportunistic multi-model intercomparison, using slightly different
model setups that approximate early to middle Miocene conditions (see Table 1 for details on paleogeography and boundary conditions). Red contours (positive)
indicate anticyclonic circulation and blue contours (negative) indicate cyclonic circulation. The final panel (o) is the multi-model mean (MMM) of the pre-industrial (PT)
simulations. Panel labels (a—n) list the simulation name, the atmospheric CO, concentrations, and, where needed, additional descriptors that distinguish simulations with
similar names (e.g., paleogeographies used, Antarctic Ice Sheet size, etc.). Abbreviations in the panel titles denote whether the Tethys Seaway is open or closed and
Panama Seaway is shallow (<1,500 m) or deep (>1,500 m); TO—Tethys open, TC—Tethys closed, PS—Panama shallow, PD—Panama deep.

related directly to the curl of the wind stress, in what is known as the “Sverdrup balance” (Sverdrup, 1947;
Equation 2). The Sverdrup transport arising due to this balance is equatorward in the subtropics and poleward in
the subpolar regions. The interior Sverdrup transport is returned in the western boundary current where bottom
drag and eddy viscosity become important in the vorticity balance, essentially closing the gyre circulation
(Munk, 1950; Stommel, 1948). The maximum strength of the gyre circulation is the zonal integration of the
meridional Sverdrup transport and is set by the width of the basin and the strength of the wind stress curl.
Although this theory does not work in the high latitudes and western boundary regions, it holds fairly well in the
interior subtropical oceans (Aoki & Kutsuwada, 2008; De Boer et al., 2013; Thomas et al., 2014). Thus, we can
expect wind stress curl to play an important role in setting the gyre strength in this region. Here, we study the gyres
in our simulations using the BSF (Figure 1, Equation 3).
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Figure 2. The difference between Miocene and PI barotropic streamfunction (Miocene-PI). A weakening of the positive contours in the Miocene simulations will show
up as negative values (blue contours) while a weakening of negative contours will show up as positive values (red contours). Panel labels and abbreviations denote the

same as in Figure 1.

The open Panama Seaway in the Miocene simulations leads to obvious differences in the vertically integrated
barotropic streamfunctions in the Atlantic during the Miocene (Figure 1) compared to the pre-industrial simu-
lations (Figure S1 in Supporting Information S1). It permits a low-latitude exchange between the Atlantic and
Pacific, leading the streamlines to cross the seaway. The most prominent features are the subtropical gyres and
comparatively weaker subpolar gyres in all the ocean basins during the Miocene, which overall look like the
modern gyre pattern (Figure 1). The spatial difference between the Miocene and PI simulations (Figure 2) shows
that the Gulf Stream along the east coast of North America is weaker during the Miocene, where the negative
values indicate a weakening compared to the PI. The SPG region in the North Atlantic exhibits positive values in
most simulations in Figure 2, indicating a weakening during the Miocene, since the SPG contours are negative.
Two simulations, COSMOS and CCSM3_F, show a stronger SPG during the Miocene as shown by the negative
contours (Figure 2).
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The strength of gyre transport and average zonal wind stress in the Atlantic for individual simulations are shown
in Figures S2 and S3 in Supporting Information S1, respectively, and for the Pacific in Figures S4 and S5 in
Supporting Information S1, respectively. The simulations exhibit a wide intermodel spread in gyre strength, likely
due to differences in wind fields and paleogeographies (Figures S2 and S4 in Supporting Information S1).
However, the direction of change between the Miocene and PI simulations is consistent across most models,
where a majority of simulations show weaker Miocene gyres in the North and South Atlantic and the South
Pacific, and stronger Miocene gyres in the North Pacific compared to PI (Tables Sla and S1b in Supporting
Information S1). Even though the Miocene simulations differ locally in gateway depths and orography, the
overall changes relative to PI are generally the same (e.g., a closed Panama Seaway in PI vs. an open Panama
Seaway in the Miocene). We therefore use the multi-model mean (MMM) to highlight trends in gyre transport,
noting that the MMM also reflects the tendency found in most models. The MMM is somewhat biased by the fact
that different models run on different paleorotational reference frames. However, this impact is likely small,
especially in the ocean interiors, and the MMM approach has previously been applied, for example, to the Eocene
(Lunt et al., 2012), for which the reference frame differences are even larger than here.

The MMM strength of the gyres for both the Miocene and PI indicates that the Atlantic gyres were weaker in both
the northern and southern basins (Figure 3a). North Atlantic SPG is 35% weaker, the STG is 28% weaker, and the
South Atlantic STG is 9% weaker in the Miocene simulations (Table Sla in Supporting Information S1). The
weaker gyres may be the result of the weaker MMM zonal average wind stress in the Miocene compared to PI,
with reductions in peak tropical easterlies, subtropical westerlies, and northern hemisphere polar easterlies
(Figure 3c). The reduced winds translate into a weaker meridional gradient of zonal wind stress (d 7,/dy) in the
Miocene simulations which affects the gyre strength through the Sverdrup balance (Figures 3d, Equation 2).
Another factor that may explain the weaker Miocene gyres, is the generally smaller width of the Atlantic basin
(Figure 3b). Indeed, an estimate of the Sverdrup transport where the meridional gradient of the zonal wind stress is
multiplied by the basin width (see Section 2.2), illustrates a more pronounced weakening of the gyres during the
Miocene than from the wind stress gradient alone (Figure 3e), indicating that both the basin width and the winds
play a role in the weaker gyres seen in Figure 3a.

In the North Pacific, the MMM of the gyre strength indicates that both the STG and the SPG are similar to PI
strength in the Miocene (Figure 3f; cf. Eocene Pacific gyres in Zhang et al., 2025). However, the percentage
change in gyre strength for individual simulations reveals that the North Pacific gyres, especially the SPG, are
stronger in the Miocene compared to PI (Table S1b in Supporting Information S1), where the SPG is 84% stronger
and the STG is 13% stronger in the Miocene. This indicates that although the overall direction of change (stronger
Miocene gyres) is consistent across most models, the large intermodel spread, particularly in the SPG, reduces the
signal in the MMM, making the mean appear close to PI strength. This strengthening is likely due to a combi-
nation of slightly stronger wind stress curl and a wider Miocene North Pacific basin (Figures 3g,3i and 3j). The
spatial difference between the Miocene and PI reveals a distinct strengthening of the western boundary current in
the Miocene, called the Kuroshio current, indicated by the positive (red) contours in the western subtropical North
Pacific (Figure 2). The South Pacific STG is weaker in the Miocene than in the PI (Figure 3f), likely due to a
weaker Miocene wind stress curl amplitude along the gyre latitudes (Figure 3i), which would have reduced
Ekman pumping and the associated subtropical recirculation that sustains the gyre.

4. Circulation Through Straits

In this opportunistic model intercomparison, since the models use different paleogeographies (see Section 2.1),
the geometries of the straits, including depth, latitude, and width, are different in all the simulations. We have
previously analyzed the impact of zonal VT through the Panama Seaway and Tethys Seaway on the AMOC and
PMOC in Naik, Boer, Coxall, et al. (2025), which explores the factors influencing the meridional overturning
circulation. Here, we examine the controls of the gateway transports themselves, and how the volume transports
of the tropical gateways relate to each other. We only look at the zonal VT across the gateways. The values of the
zonal VT through all the straits are given in Table 2. We also examine the cross-sections and depth of the straits
and seaways that played a role in controlling the large-scale circulation during the Miocene. For the Panama
Seaway, we compare the depth of the seaway against the zonal VT as there are estimations available for the depth
of the gateway during the Miocene (Sepulchre et al., 2014). The size of the cross-sections indicates which time
periods the simulation best represents (i.e., where in the paleogeographic evolution it fits). It is often assumed that
with a shoaling of the Panama Seaway, the Pacific-Atlantic throughflow is reduced (Newkirk & Martin, 2009).
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Figure 3. (a) The multi-model mean (MMM) strength of gyre transport (BSF transport; Sv) in the Atlantic Ocean. The strength of the gyres is the zonal maximum
magnitude of transport in the basin, and if the maximum transport is negative, the maximum value is taken as negative. (b) The MMM width of the Atlantic basin (km).
(c) MMM average zonal wind stress (z,) over the Atlantic Ocean (Nm ™). (d) Meridional gradient of the MMM zonal average wind stress (d z,/dy; Nm™>) over the
Atlantic Ocean. (e) Atlantic d 7,/dy X Atlantic width (Nm™2). (f) MMM strength of gyre transport in the Pacific Ocean (Sv). (g) MMM width of the Pacific basin (km).
(h) MMM average zonal wind stress (z,) over the Pacific Ocean (Nm™2). (i) Meridional gradient of the MMM zonal average wind stress (d 7,/dy; N m~>) over the Pacific
Ocean. (j) Pacific d 7,/dy X Pacific width (Nm™2). The solid lines are Miocene values, and the dashed lines are the PI values.

However, that might only be true when the strait depth or section reaches a critical level, after which its flow is
frictionally restricted by form drag. Here, we test the extent to which the volume transport is controlled by the
cross-section or depth of the seaway and whether the volume transport through a strait increases monotonically
with the cross-section of the strait.

We start with the tropical gateways, the Panama and Tethys Seaways, which experienced major changes
throughout the Miocene. Closure of these gateways in the Neogene led to the cessation of low-latitude water mass
exchange between the Atlantic, Pacific, and Indian Oceans (Bialik et al., 2019; Kirillova et al., 2019). We also
briefly mention the Indonesian Throughflow (ITF) transport.
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Table 2
Zonal Volume Transport Through the Major Oceanic Gateways
Zonal volume transport (Sv) Panama seaway Tethys seaway Indonesian gateway Drake passage Tasman gateway South African gateway
CCSM3_F 7.0 —11.3 —13.5 136.3 156.8 154.6
CCSM3_H 0.6 -11.3 —253 91.6 117.5 103.5
CCSM4 -1.2 —5.7 —18.7 209.9 227.4 214.4
CESM1 -32 —6.1 —18.8 212.1 227.6 214.9
IPSLCMS5 7.5 0.0 —12.7 82.1 102.1 89.3
IPSLCM5_T 3.7 -3.7 —15.1 82.9 101.6 90.1
HadCM3L_B1 11.2 0.0 —10.8 116.5 138.5 127.7
HadCM3L_B2 11.5 0.0 —10.9 130.1 152.5 141.6
HadCM3L_F1 12.6 0.0 43 87.6 95.9 100.2
HadCM3L_F2 124 0.0 38 96.1 104.7 108.5
HadCM3L_F3 14.5 0.0 —8.2 90.1 112.8 104.6
HadCM3L_L1 7.2 0.0 =73 104.8 119.3 112.0
COSMOS —-8.0 =75 -20.9 140.9 153.7 140.3
GISS-E2.1 2.1 -25 —14.1 172.4 186.0 175.0

Note. The green shading highlights positive (eastward) transport and the red shading highlights negative (westward) values. The units are in Sverdrups (10° m%/s).

4.1. Tropical Gateways

The Panama Seaway was a tropical connection between the North Atlantic and the North Pacific that allowed the
exchange of warm, salty waters (Huguet et al., 2022). Geochemical paleoceanographic tracers support a nar-
rowing of the seaway throughout the Miocene, with it shoaling sufficiently to restrict Pacific inflow by ~9 Ma
(Kirillova et al., 2019). Geological evidence indicates that the Isthmus of Panama formed by ~2.8 Ma, joining the
Anmericas for terrestrial biological gene flow but ending surface water exchange between the tropical Atlantic and
Pacific (O’Dea et al., 2016). However, it should be noted that some studies suggest partial or episodic restriction
and shoaling of the Panama Seaway by the middle Miocene or earlier (Montes et al., 2015; Ramirez et al., 2016).

The Panama Seaway is open but differs substantially in depth and latitudinal extent in all the simulations
(Figure 4a). The latitudinal position of the gateway in our simulations varies between 5°N and 13°N and the depth
varies between ~500 and ~4,000 m (Table 1). The zonal volume transport through the Panama Seaway varies
between —8 and 14.5 Sv (Figures 4b, Table 2), excluding HadCM3L_L1 because its latitudinal transect results in
zero zonal VT. The positive values indicate eastward net transport, into the Atlantic, and the negative values
indicate westward net transport, into the Pacific. Four of the five simulations with the deepest gateways have either
no transport or a westward transport (into the Pacific) through the strait while the simulations with a shallower
gateway (<1,200 m) all have eastward transport (into the Atlantic) through the strait (Figure 4b). This may be
related to the cross-section in other straits, which we investigate below. Broadly, as the Panama Seaway shoals, the
transport turns from westward to eastward. In the simulations with the total VT across Panama Seaway close to
zero, substantial exchange of water-mass still exists, however the total transport is close to zero due to opposing
directions of flow at different depth levels which compensate the other (Figure S6 in Supporting Information S1).

The timing of the closure of the Tethys Seaway and its effects on global circulation have been widely debated with
the timing of closure ranging from ~35 Ma to ~13 Ma (Allen & Armstrong, 2008; Bialik et al., 2019; Sun
etal., 2021). The Tethys Seaway is only open in 7 of the 14 simulations and its cross-section area varies between
them (Figure 5). The cross-section is computed across the narrowest and shallowest section of the Tethys Sea as
this will control the volume transport across the seaway. This section is present in the Eastern Tethys Sea for 4 of
the 7 simulations with CCSM3_F, GISS-E2.1, and COSMOS having a shallower Western Tethys. The depth of
the cross-section is between ~120 and 800 m. The westward volume transport through the Tethys Seaway reduces
with a reduction in area of the gateway across the simulations, except for GISS-E2.1 which has a weak VT
(—2.5 Sv) even with a larger cross-section area of the Tethys Seaway (Figure 5b). The negative values of volume
transport indicate it is always from the Indian Ocean into the Atlantic Ocean with values ranging between ~—2.5
to —11 Sv.
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Figure 4. (a) The cross sections of the Panama Seaway in the simulations with depth on the Y-axis and the latitudinal position
on the X-axis. (b) The relationship between the depth of the gateway (X-axis) and the volume transport across it (Y-axis). The
unfilled symbols in panel (b) denote an open Tethys Seaway and the filled symbols denote a closed Tethys Seaway in that
simulation. Here, we use the depth of the Panama Seaway as we want to investigate the effect of shoaling of the seaway on
the zonal volume transport. The dashed line divides the transport into positive and negative values, which mean transport into
the Atlantic and the Pacific respectively. Some simulations use the same paleogeographies so their gateway geometry is the
same, for example, IPSLCMS5 and IPSLCMS_T and they appear as a single cross section in 4a. The cross-section for
HadCM3L_L1 is taken along the latitude instead of longitudinally, thus it appears as a straight line in 4a.

Several studies have reported that the closure of the Tethys Seaway and the cessation of the Tethyan Current may
have led to the change in the direction of volume transport across the Panama Seaway from a net VT into the
Pacific to the Atlantic (Omta & Dijkstra, 2003; von der Heydt & Dijkstra, 2005; von der Heydt & Dijkstra, 2006).
In simulations with a closed Tethys Seaway, the transport across Panama Seaway is always positive (eastward
into the Atlantic) (Figure 6). Furthermore, for all simulations where Panama Seaway transport is negative
(westward into the Pacific), the Tethys is open. However, for simulations with an open Tethys Seaway (simu-
lations with non-zero Tethys VT in Figure 6), the Panama VT is not always negative. Broadly, Panama VT turns
increasingly positive as the Tethys VT reduces except in the case of CCSM3_H and CCSM3_F, which have the
strongest Tethys VT but almost zero and significant positive Panama VT, respectively.

The island rule formulation introduced by Godfrey (1989) has been used to explain the reversal of Panama Seaway
transport, where the reduction of Tethys Seaway VT and a simultaneous increase in Drake Passage VT led to the

(a) Tethys Seaway Cross Section (b) Zonal VT vs Area of Tethys Seaway
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Figure 5. (a) The cross sections of the narrowest section of the Tethys Seaway in the models with depth on the Y-axis and the
latitudinal position on the X-axis. (b) The relationship between the area of the gateway (X-axis) and the volume transport
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Seaway.
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Figure 6. The zonal volume transport (VT) across Tethys Seaway versus the zonal VT across Panama Seaway. The negative
sign for Tethys transport (Y-axis) indicates transport into the Atlantic and the same for Panama Seaway indicates transport
into the Pacific. Positive values of Panama Seaway VT indicate transport into the Atlantic. Simulations with a closed Tethys
Seaway have 0 Sv Tethys VT.

reversal of Panama VT from net Pacific to net Atlantic (Omta & Dijkstra, 2003; von der Heydt & Dijkstra, 2005).
Here, South America was the island (due to an open Panama Seaway) around which the integral was calculated. The
island rule formula is explained in Text S1 in Supporting Information S1, along with a comparison of the simulated
Panama Seaway VT and that predicted by theory (Figure S7 in Supporting Information S1), and the values of all the
terms involved in the formula presented in Table S1 in Supporting Information S1. There is no correlation between
the predicted VT and the simulated VT. Except for two simulations, the Miocene simulations exhibit a Panama VT
that gradually turns from negative to positive as the Tethys VT reduces (Figure 6). This follows well with the flow
reversal mechanism described previously (Omta & Dijkstra, 2003; von der Heydt & Dijkstra, 2006). However,
direct calculations of individual terms using this rule do not result in accurate estimates of Panama VT except for a
few simulations (Figure S7 and Table S1 in Supporting Information S1). This could be because the previous studies
used a barotropic model (Omta & Dijkstra, 2003) or a flat bathymetry (von der Heydt & Dijkstra, 2006), unlike the
simulations used in this study. The island rule model assumes a level of no motion below which the ocean is
considered to be stagnant; it assumes an unrestricted pathway around the island above this level of no motion, which
is not the case when there are shallow straits around the island, which might add bottom drag.

Miocene ITF transport in most of the simulations is negative (Table 2), similar to its modern-day transport.
However, in HadCM3L_F1 and HadCM3L_F2, the ITF VT is positive, unlike the other simulations in the
HadCM3 family. The cross-section of the Indonesian Gateway's zonal velocity (Figure S8 in Supporting In-
formation S1) reveals that H.IdCM3L_F1 and HadCM3L_F2 have a deeper and wider gateway, with most of the
lower transport being positive, without any negative transport in the upper layers to counteract it, which is the case
in the other HadCM3 simulations. Hence, the total VT in these two simulations is positive. Deeper levels of the
gateway predominantly show positive zonal velocities across the simulations (Figure S7 in Supporting Infor-
mation S1); however, the total VT does not exhibit a correlation with the depth of the gateway (not shown). Thus,
the wind-driven section of the flow is controlling the total VT across the Indonesian Gateway.

4.2. Drake Passage

The Drake Passage is open in all the simulations (Figure 7), but there is a vast range in the volume transport across
it, from 82 to 212 Sv (Table 2). CCSM4 and CESM1 have exceptionally high VT across the Drake Passage of
about 209 and 212 Sv respectively, which is considerably higher than the modern observed value (155 £+ 3 Sv;
Artana et al., 2021). The depth of the Drake Passage in the simulations also has a wide range, from ~2,000 m to
~4,000 m (Figure 7a), which is shallower than its modern depth of ~4,000-5,000 m (Bohoyo et al., 2019).
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Figure 7. (a) The cross sections of the Drake Passage in the models with depth on the Y-axis and the latitudinal position on the
X-axis. (b) The relationship between the area of the gateway (X-axis) and the volume transport across it (Y-axis).

CCSM3_F and GISS-E2.1 have a much wider Drake Passage than the other simulations, but the volume transport
does not respond linearly to the area of the passage between the simulations (Figure 7b). The zonal VT across the
Drake Passage increases as a result of the addition of the AIS, which can be seen in the case of HadCM3L_B1 and
HadCM3L_B2 where the former has no AIS while the latter simulation includes a modern-like AIS (Figure 7b). A
similar mechanism of an increase in Drake passage transport due to addition of an AIS was reported in Ladant
et al. (2014), where they found that adding an AIS led to an increase in sea ice and subsequently stronger
meridional density gradients and increased VT. An increase in the CO, level also leads to an increase in the
transport, seen in the case of HadCM3L_F1 (400 ppm) and HadCM3L_F2 (760 ppm). The Tethys Seaway being
open or closed makes no difference as the IPSLCMS (Tethys Seaway closed) and IPSLCMS5_T (Tethys Seaway—
120 m) simulations show almost the same zonal VT. It has been suggested that a brief constriction of the Drake
Passage around ~26 to 14 Ma could have resulted in the weakening of the ACC (Lagabrielle et al., 2009), which
has been linked to a subsequent weakening in the MOC (Toyos et al., 2020). Our results do not indicate this, and it
could mean that the strength of the ACC is more dependent on other aspects of the simulations, like the Antarctic
ice sheet and its influence on the meridional temperature gradient across the passage, which we investigate next.

4.3. ACC Transport

The timing of the onset of the ACC and its strengthening to modern levels is a highly debated topic among the
paleoclimate community, with the opening of the Tasmanian Gateway and Drake Passage being the main con-
straints (Barker et al., 2007). Both were likely open and deep by the Miocene, although some studies suggest a
restriction of the Drake Passage around the early to middle Miocene (Lagabrielle et al., 2009; Martos et al., 2013).
With unrestricted latitudinal bands in the ACC region, the major control over the variability in ACC transport is
provided by changes in the westerly zonal maximum wind stress and meridional density gradients (Munday
etal., 2015; Olbers et al., 2004). We investigate the dependence of the ACC on the maximum zonal westerly wind
stress over the Southern Ocean and the meridional density difference across the different simulations (Figure 8).
The ACC transport here is defined as the difference in the barotropic streamfunction values across the Drake
Passage. The Southern Hemisphere wind stress (SH z,) is defined as the maximum of zonal average wind stress
over the Southern Ocean and the meridional density difference (Ap,) is calculated as the difference in the mean
potential density (referenced to 2,000 dbar) between 42—45°S and 62-65°S averaged over 0-1,500 m following
Kuhlbrodt et al. (2012). The ACC transport is equated to the transport through the Drake Passage here, since it is
the minimum transport of the three gateways around Antarctica (Table 2) and as such represents the core of the
ACC. For the Miocene simulations, ACC transport shows weak positive correlation with SH 7, (r = 0.4,
p = 0.15), which is not statistically significant at the 95% confidence level (Figure 8a). The relationship with Ap,
is moderately negative (r = —0.52, p = 0.059), which approaches statistical significance, suggesting that density
gradients may have exerted some control on ACC transport (Figure 8d). When the three strongest-transport
models (viz., CCSM4, CESM1 and GISS-E2.1,) are excluded, the correlation with SH z, strengthens consid-
erably (r = 0.74, p = 0.0095), indicating a statistically significant and robust dependence on wind stress once
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Figure 8. (a) ACC transport during the Miocene versus the maximum zonal wind stress over the Southern Ocean (SH, z,) (N m_z). (b) PI ACC transport (Sv) versus SH
7, (N m™2). (¢) The difference in the ACC transport between Miocene and PI versus the difference in maximum westerly wind stress. (d) Miocene: ACC transport versus
meridional density difference (Ap,) (kg m™). The meridional density difference is calculated as the difference in average potential density (referenced to 2,000 dbar)
between 42-45°S and 62-65°S, averaged over 0-1,500 m. (e) PI: ACC transport versus Ap,. (f) The difference in the ACC transport between Miocene and PI versus the
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difference in Ap,. The gray boxes in (a, b, d, and e), are the Pearson correlation coefficient “r” and the p-value “p”. The red boxes in (a) show “r” and “p” for all the
simulations excluding CCSM4, CESM1 and GISS-E2.1, which have Miocene ACC transport of more than 150 Sv.

these outliers are removed (as shown in Figure 8a by the red boxes and the dashed red line showing the regression
excluding these three simulations). Compared to PI, the ACC transport is weaker in most of the Miocene sim-
ulations (Figure 8c), exceptin CCSM4, CESM1, and GISS-E2.1. These three simulations have a weaker 7, during
the Miocene compared to PI (Figure 8c), but a stronger Ap, (Figure 8f; here, negative value of Miocene-PI Ap,
means Miocene Ap, is stronger since Ap, is negative). This stronger density gradient in the Miocene possibly led
to a stronger simulated ACC. This stronger Ap, could result from a stronger temperature gradient (Figure S9¢ in
Supporting Information S1), although other simulation show stronger gradients. This suggests that in CCSM4,
CESM1, and GISS-E2.1, the Miocene ACC response is more sensitive to density gradients than to wind stress,
possibly due to model physics.

5. Summary and Discussion

In this study, we explore the gyre circulation and gateway volume transport during the early and middle Miocene
using 14 fully coupled climate model simulations. Our findings reveal interesting impacts of different paleo-
geography on the oceanic gyres and wind stress. The barotropic streamfunctions (Section 3) reveal that during the
early and middle Miocene, the North Atlantic STG, especially in the Gulf Stream region, and SPG were weaker
than PI. On the other hand, the North Pacific STG and SPG were stronger than PI. The strengthening or
weakening of gyre transport largely follows the strengthening or weakening of wind stress curl, respectively,
acting over the basins (Figures 3a, 3d, 3f, and 3i), as also observed for the Eocene by Zhang et al. (2025). Along
with the wind stress curl, the narrower Atlantic and the wider Pacific in the Miocene simulations, likely
contributed to the gyre strength changes (Figures 3b, 3e, 3g, and 3j; Jones & Cessi, 2017; Pierini, 2008;
Sverdrup, 1947). The detailed reasons for changes in wind stress are outside the scope of this study, though, two
mechanisms are likely. Firstly, the Australian continent was situated further south in the Miocene compared to
modern-day and may have contributed to altering the wind stress distribution through topographic form stress
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changes as was the case for the Eocene (Zhang et al., 2020, 2025). Secondly, Miocene sea level pressure indicates
a lowering of the pressure in the North Pacific low-pressure zone compared to PI (Figure S10c in Supporting
Information S1). This resulted in an increase in the meridional pressure gradient across the North Pacific, which is
likely the reason for stronger Miocene mid-latitude surface westerlies over the North Pacific (Figure 3h).

Overall, our Miocene simulations lie somewhere between the Eocene and the present day in terms of gyre
strengths and the wind stress pattern, since in the Eocene, the Atlantic gyres are much weaker, and South Pacific
STG is much stronger compared to PI and Miocene simulations, due to the large differences in continental po-
sitions and gateways (Zhang et al., 2020). The Eocene North Pacific gyres were only slightly stronger than or
comparable to PI (Zhang et al., 2025). By the Miocene, the continents were closer to their modern positions, hence
the gyre circulation had likely started to develop toward its modern structure by this time, as described above,
except in the tropics with open gateways.

The open low-latitude gateways in the Miocene may have facilitated a low-latitude circumglobal current and thus
altered the gyre circulation as well. We examined the theories that try to explain the interdependence of transport
through the Tethys and Panama Seaways using the island rule (Godfrey, 1989). These theories postulate that as
the Tethys VT weakens and the Drake VT increases, the VT through Panama Seaway changes from net Pacific
VT (westwards) to net Atlantic VT (eastwards) (Omta & Dijkstra, 2003; von der Heydt & Dijkstra, 2005). We
find that most of our simulations approximately follow this theory, with the Panama VT turning increasingly
eastward with a declining westwards Tethys VT (Figure 6). In simulations with a closed Tethys Seaway, the
Panama VT is always eastwards, but for simulations with an open Tethys Seaway, it may depend on the depth of
the Panama Seaway. The transport through the Drake Passage also plays a role in the direction of flow through the
Panama Seaway. Strong Drake VT may lead to a positive Panama VT even with a strong westward Tethys VT.
With a Panama Seaway which may be shallower than the level of no motion, the island rule calculation of the
expected westward flow through Panama Seaway is not observed. Nof and Van Gorder (2003) suggested that a
positive VT across Panama Seaway is only possible if there is weak deep water formation in the North Atlantic.
However, comparing the AMOC values from Naik, Boer, Coxall, et al. (2025) to the Panama VT, we find a strong
positive VT even in the two simulations with the strongest AMOC.

An amendment added to the island rule, which includes the effects of overturning circulation through upwelling in
the interior Pacific Ocean, allows for a better estimation of ITF transport in the modern ocean (Feng et al., 2017).
Thus, the island rule in its original formulation, without the effects of deep circulation included, may not be
accurate for estimating transport around islands. The progression of the transport in Panama and Tethys went
from all westwards in the early Miocene, followed by the closure of the Tethys Seaway, when the Tethys transport
ceased, and Panama VT turned eastward. While with an open Tethys, an eastward Panama VT was possible if the
Panama Seaway was shallow, most recent studies suggest that the Tethys Seaway closed before (~13 Ma) the
critical shoaling of the Panama Seaway (~9 Ma) (Bialik et al., 2019; Kirillova et al., 2019; Sun et al., 2021). Thus,
the former is the most likely scenario for the progression of the tropical transports, as our simulations suggest.

Miocene ACC transport generally increases with increasing wind stress across the simulations, except for the
three simulations with the strongest ACC transport which have moderately strong westerly wind stress maxima
(Figure 8a). In those three cases, the simulated ACC in the Miocene is stronger than PI. This might be caused by
an increased density gradient across the ACC in the Miocene compared to PI (Figure 8f), likely a result of an
increased temperature gradient (Figure S9c in Supporting Information S1). However, we note that these gradients
are only moderately stronger than in other models, and the differing behavior of CCSM4, CESM1, and GISS-E2.1
likely also reflects model-dependent sensitivities. Previous studies have shown that ACC transport is strongly
affected by viscosity (Jochum et al., 2008), eddy parameterization schemes (Kuhlbrodt et al., 2012), and other
aspects of model physics. In paleoclimate simulations, boundary condition changes and parameter adjustments
may further alter ACC sensitivity. Thus, the stronger ACC in these three models probably results from a com-
bination of buoyancy forcing and model-physics factors.

Recent work focused on the past 5 Myr has shown that stronger-than-modern ACC transport can occur even in the
absence of peak westerly wind stress, suggesting that enhanced oceanic density gradients may play a central role
(Lamy et al., 2024). Interestingly, this is consistent with our Miocene results, where the strongest ACC transport
occurs in cases with only moderately strong wind stress but likely increased meridional density gradients. This
points toward the possibility that similar mechanisms may have been active in both the Pliocene and Miocene.
This highlights the need to extend reconstructions of ACC dynamics further back into the Miocene, which would
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Figure 9. Summary of the main results of the study. (a) In the Miocene (red) simulations, gyres were weaker in the Atlantic
and South Pacific, while the North Pacific gyres were stronger compared to pre-industrial (PI) (blue). Antarctic Circumpolar
Current (ACC) transport was weaker in the Miocene (red) compared to PI (blue). NA—North Atlantic, NP—North Pacific,
SA—South Atlantic, SP—South Pacific, SPG—Subpolar Gyre, STG—Subtropical Gyre. (b) Panama Seaway transport was
westward (Atlantic to Pacific) in the early Miocene (orange) when the Panama Seaway was deep and the Tethys Seaway was
open. During the middle Miocene (purple), when the Tethys Seaway closed and the Panama Seaway shoaled, volume
transport through the Panama Seaway turned eastward (Pacific to Atlantic).

be valuable for better constraining the long-term evolution of Southern Ocean circulation and its drivers.
Nonetheless, our simulations indicate that Southern Hemisphere westerlies, and therefore the ACC, were weaker
than modern during the Miocene, consistent with proxy evidence for a reduced latitudinal temperature gradient
across the Southern Ocean that likely contributed to weaker winds (Holbourn et al., 2024). Simulated Miocene sea
level pressure is higher in the Southern Ocean low-pressure belt compared to PI (Figure S10 in Supporting In-
formation S1). This led to a weaker pressure gradient and thus, likely contributed to the weaker westerlies.

In conclusion, we analyzed 14 fully coupled climate model simulations of the early and middle Miocene to
investigate gyre circulation and gateway volume transport. The main conclusions are highlighted in Figure 9. We
find that the North Atlantic gyres were weaker than in PI, while the North Pacific gyres were stronger. ACC
transport was slightly weaker overall, though a few simulations show stronger-than-PI values, likely driven by
enhanced meridional density gradients rather than peak wind stress. These differences are primarily linked to
changes in wind stress patterns, shaped by a lower meridional temperature gradient and distinct Miocene
paleogeography. We also explored the interdependence of low-latitude gateway transports using the island rule.
In general, our results support a progression from westward to eastward Panama Seaway flow as the Tethys
Seaway closed, although this might be masked in some simulations due to different widths of the Drake Passage
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and different wind stress patterns. While the Miocene ITF cross-section was deep, the negative VT (Pacific to
Indian Ocean) across it was predominantly set by the upper wind-driven section of the gateway transport.

Overall, our findings emphasize that Miocene circulation patterns reflect a circulation between the Eocene and
modern configurations. They also underscore the value of extending ACC and gateway reconstructions into the
Miocene to better understand long-term ocean circulation changes and their climate impacts.
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