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ABSTRACT: Standing meanders of the Antarctic Circumpolar Current (ACC) and associated eddy hotspots play an im-
portant role for the meridional heat flux and downward momentum transfer in the Southern Ocean. Previous modeling
studies show that the vorticity balance characterizing standing meanders in the upper ocean is dominated by advection of
relative vorticity and stretching. Through the adjustment of this vorticity balance, standing meanders have been suggested
to provide a pathway for the transfer of the momentum input by the wind from the surface to the bottom, leading to stron-
ger bottom flows and energy dissipation. However, the dynamics governing the meander formation and its adjustment to
wind remain unclear. Here we develop a quasigeostrophic theory and combine it with a regional model of the Macquarie
Ridge region and an idealized channel model to explore the dynamics and vertical structure of standing meanders of the
ACC. The results show that the entire vertical structure of the meander, including its dynamics in the upper ocean, is con-
trolled by the bottom flow interacting with topography. Based on our results, we suggest a novel mechanism for the re-
sponse of the ACC to wind in which “flexing” of the meander, or change in its curvature, is a response to changes in the
bottom (barotropic) flow. Stronger bottom flow in response to stronger wind interacts with topography and generates a
larger-amplitude Rossby wave propagating into the upper ocean. The ACC mean shear aloft amplifies the Rossby wave
and leads to a larger-amplitude meander in the upper ocean dominated by advection of relative vorticity and stretching.

KEYWORDS: Southern Ocean; Barotropic flows; Bottom currents; Ocean dynamics; Rossby waves; Topographic
effects

1. Introduction

A well-known feature of the Antarctic Circumpolar Cur-
rent (ACC) is the relative insensitivity of its total transport to
changes in the wind (e.g., Rintoul and Garabato 2013). The
canonical understanding of the equilibration of the ACC and
its response to the wind is from a zonally averaged perspec-
tive, in which the eddy-induced overturning circulation di-
rectly opposes the wind-driven overturning circulation (e.g.,
Marshall and Radko 2003). In this framework, changes in the
wind-driven circulation are thought to be compensated by
changes in the eddy-induced circulation leading to the insensi-
tivity of isopycnal slopes in the ocean interior, and hence of
the baroclinic transport of the ACC to wind (e.g., Hallberg
and Gnanadesikan 2006; Meredith and Hogg 2006; Marshall
and Speer 2012; Munday et al. 2013; Farneti et al. 2015;
Marshall et al. 2017). However, the eddy activity and corre-
sponding meridional eddy heat fluxes are known to be het-
erogeneous along the path of the ACC, with strong enhancement
in standing meanders (e.g., Williams et al. 2007; Thompson and
Naveira Garabato 2014; Farneti et al. 2015).

Modeling studies have recently highlighted the important
role of standing meanders for the equilibration of the ACC

and its response to wind. Thompson and Naveira Garabato
(2014, hereafter TNG14), propose a mechanism in which
increased wind stress at the surface leads to “flexing” of
the ACC meanders}that is, changes in meander curvature}
resulting in efficient downward transfer of momentum input
from the surface, where momentum is supplied by the wind,
to the bottom, where wind stress is balanced by bottom
form stress. Using an idealized model of the Southern
Ocean, Abernathey and Cessi (2014) explore the interplay
between standing meanders and transient eddies and sug-
gest that the standing meanders amplify the effect of tran-
sient eddies by increasing the local buoyancy gradients (or
stretching buoyancy contours), increasing the efficiency of
heat transport by transient eddies. Likewise, using regional
models of the Southern Ocean, Dufour et al. (2012) show
that as winds increase, standing meanders become the main
contributor to balancing the wind-driven overturning circu-
lation. The role of the ACC barotropic dynamics and its
interaction with topography for controlling the ACC trans-
port has also been recently highlighted in Masich et al.
(2015), Constantinou and Young (2017), Constantinou (2018),
and Constantinou and Hogg (2019).

The dynamics of standing meanders is traditionally under-
stood in the context of Rossby wave theory (e.g., Hughes
2005). The interaction between the ACC flow and large-scale
midocean ridges leads to topographically generated RossbyCorresponding author: Xihan Zhang, xihan.zhang@utas.edu.au
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waves. Rossby waves propagate westward against the mean
flow in the ACC, and a stationary Rossby wave can form
when the westward phase speed of the wave matches the east-
ward speed of the mean flow. The superposition of a station-
ary Rossby wave and the ACC mean flow forms a standing
meander in the ACC. The quasigeostrophic Rossby wave dis-
persion relation indicates that the dominant vorticity balance
for short Rossby waves is between advection of planetary
vorticity and advection of relative vorticity, while, for long
Rossby waves, it is between advection of planetary vorticity
and the stretching (or divergence) term. Comparing maps of
vorticity budget terms derived from satellite altimetry,
Hughes (2005) finds that the surface vorticity balance of the
Southern Ocean is consistent with the short Rossby wave dy-
namics, showing a balance between advection of planetary
vorticity and advection of relative vorticity. The characteristic
spatial scales in the vorticity terms were found to be around
300–500 km. These scales correspond to short barotropic
Rossby waves, implying that the meanders have a predomi-
nantly barotropic structure. A similar vorticity balance was
obtained from lowered acoustic Doppler current profilers in
the subantarctic front upstream of Drake Passage (Chereskin
et al. 2010).

In contrast, TNG14 find that the dominant vorticity balance
at 250-m depth within ACC meanders is between the advec-
tion of relative vorticity and stretching, with the advection of
planetary vorticity being one order of magnitude smaller,
based on analysis of an eddy-resolving ocean model. TNG14
suggest that the discrepancy between the model and altimetry
results can be attributed to the smoothing filter applied to the
altimetry: smoothing results in a larger dominant scale of the
relative vorticity advection, a scale at which it is balanced by
the advection of planetary vorticity. In the TNG14 model, the
leading terms in the vorticity balance (advection of relative
vorticity and stretching) are highly correlated with bottom
speed within the meander (TNG14). Based on this correla-
tion, the authors propose a mechanism to explain the insensi-
tivity of the ACC to wind: changes in wind drive changes in
meander curvature, which alters terms in the vorticity balance
and results in downward momentum transfer, an increase in
the bottom speed, and energy dissipation. By invoking down-
ward momentum transfer within the meander, TNG14 imply
that flexing of a standing meander in the upper ocean leads to
changes in the bottom flow}a mechanism that we refer to
as a “top-down” control below. However, the mechanism
proposed by TNG14 has not been tested with models or
observations.

In this study, we develop a quasigeostrophic (QG) Rossby
wave theory to investigate the formation and vertical struc-
ture of standing meanders in the ACC. We test the theory
with a high-resolution regional ocean model of a prominent
ACC meander upstream of the Macquarie Ridge, and a suite
of idealized simulations of wind-driven flow over a ridge. The
models show that the dominant upper-ocean vorticity balance
within the meander is between the advection of relative vor-
ticity and stretching, consistent with TNG14. A simple QG
theory explains that the entire meander, including the domi-
nant terms in the upper-ocean vorticity balance, is maintained

by the bottom flow interacting with topography. The resulting
vorticity balance has two regimes. In the deep ocean, advec-
tion of planetary vorticity plays a leading role. In the upper
ocean, the vertical shear of the ACC mean flow amplifies the
bottom generated Rossby wave signal. This results in a regime
transition within the water column and leads to the domi-
nance of the advection of relative vorticity in the upper ocean.
We also explore the sensitivity of the meander to wind
changes and show that it is the bottom (barotropic) flow com-
ponent that drives the ACC meander response to changes in
wind forcing. This implies a “bottom-up” control mechanism,
in which changes in the bottom flow lead to flexing of standing
meanders in the upper ocean. This is in contrast to the top-
down control mechanism proposed by TNG14.

The paper is structured as follows. In section 2, we present
our modeling results. We describe the configuration of the re-
gional model of the Southern Ocean sector south of Tasmania
and New Zealand and configuration of the idealized model.
Then, we discuss both the horizontal and vertical distribution
of the vorticity balance terms. In section 3, we present the for-
mulation of the QG theory and show how the theory explains
the vertical structure of ACC meanders and the dominance of
advection of relative vorticity and stretching in the upper
ocean. The sensitivity of ACC meanders to changes in wind
forcing is discussed in section 4, based on the QG theory and
model simulations. Finally, we summarize and discuss the im-
plications of the results in section 5.

2 Model simulations of ACC meanders

In this study, we use a combination of two numerical mod-
els and theory to investigate the dynamics of standing mean-
ders in the ACC and their sensitivity to wind. We use a
regional model to simulate the ocean circulation in realistic
ocean conditions, including realistic topography, and open
boundary and surface forcing. This regional model configura-
tion motivates our study and allows us to compare our results
to previous ocean models (e.g., TNG14). To develop further
insight into the dynamics of ACC meanders, we also use an
idealized periodic channel model of the Southern Ocean with
a ridge. The idealized model allows us to carry out a parame-
ter sensitivity study and explore the response of the meander
to a wide range of wind stress amplitudes.

a. Regional model configuration

Our regional model focuses on one of the major standing
meanders in the Southern Ocean formed downstream of the
Southeast Indian Ridge (TNG14; Zhang and Nikurashin
2020). A hydrostatic primitive equation Massachusetts Insti-
tute of Technology general circulation model (MITgcm)
(Marshall et al. 1997) is configured to simulate the region
south of Tasmania and New Zealand including both the
Southeast Indian Ridge and the Macquarie Ridge (1358–1658E,
488–608E). The horizontal resolution of the model is 1/208
(around 3 km) and it has 200 vertical levels varying from 4 m at
the surface to 40 m at depth. At this resolution, mesoscale and
submesoscale eddies and abyssal hills onO(10–100) km scale are
well resolved both horizontally and vertically. High-resolution
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bathymetry from the Shuttle Radar Topography Mission
(SRTM30_PLUS) (Becker et al. 2009; Sandwell and Smith
2009) is used in this model. Open boundary conditions are
monthly mean temperature, salinity and velocity fields taken
from a 1/108 global ocean model ACCESS-OM2-01 forced by
the 1984–85 repeat-year JRA-55 driving ocean (JRA55-do),
version 1.3, atmospheric forcing (http://cosima.org.au; Kiss
et al. 2020). No-slip boundary conditions are applied at the
bottom and side boundaries. Two-degree-wide sponge layers
are used at the open boundaries with a restoring time scale
changing from 1 month in the interior to 1 day at the bound-
ary. At the surface, the simulation is driven by the monthly
averaged wind stress from ACCESS-OM2-01 and restoring to
monthly averaged surface temperature and salinity fields from
ACCESS-OM2-01 with a 10-day restoring time scale. The model
is run for 4 years for the analysis following a period of model
spinup and equilibration. Ten-day averaged, online momen-
tum term diagnostics are saved and used to estimate vorticity
balance terms. For a more detailed discussion of the model
configuration and model validation, the reader is referred to
Zhang and Nikurashin (2020), who used a similar regional
model configuration.

b. Idealized model configuration

As for the regional model, the idealized model is also based
on the MITgcm. The model is similar to previous channel
models of the Southern Ocean and, specifically, follows the
configuration used in Abernathey et al. (2011). The model has
a 2000 km 3 2000 km zonally periodic domain with a 3-km
depth. The horizontal resolution is 10 km. There are 40 verti-
cal levels with varying resolution ranging from 10 m at the
surface to 233 m at the bottom. At this resolution, the model
does not resolve submesoscale motions and thus allows us to
focus on large-scale meander dynamics. A 1-km-tall, Gaussian
meridional ridge extending across the entire channel is placed
in the middle of the domain, similar to the simulation with to-
pography in Abernathey and Cessi (2014). At the surface,
steady idealized (sinusoidal) zonal wind stress with 0.1 N m22

peak amplitude and heat flux profiles are prescribed. At the
northern boundary, there is a 100-km-wide sponge layer
within which an exponential vertical temperature profile is
maintained. Parameters and forcing profiles used in the model
are identical to those in Abernathey et al. (2011). Online diag-
nostics of momentum equation terms are saved as annual
means for the computation of the vorticity budget terms. In
the parameter sensitivity study, the surface wind stress ampli-
tude is perturbed to explore the meander sensitivity to wind.
In addition to the wind stress used in the reference simulation,
half wind, double wind and triple wind experiments are also
conducted. The reference simulation is run for 100 years to
equilibrium. The reference simulation and each of the pertur-
bation experiments are then run for additional 30 years to
steady state.

c. Regional bathymetry and circulation

This region is part of the Macquarie Fault Zone, which is
characterized by a range of scales and seafloor features. The

Macquarie Ridge is located in the eastern part of the region
at around 1608E (Fig. 1a). The ridge is very narrow (width of
80 km) and tall (height up to 5 km) extending across several
degrees from 508S to around 568S. The Southeast Indian
Ridge is located in the western part of the region upstream of
the Macquarie Ridge. It is oriented in the northwest–southeast
direction and is relatively short (height of about 1 km) and
wide (width of 500 km). Between the two midocean ridges,
there is a relatively flat abyssal plane with an average depth of
around 4000 m. In addition to the large-scale topographic fea-
tures, the region also contains small-scale features such as
small ridges, sea mounts, and abyssal hills.

The regional circulation is illustrated by snapshots of the sea
surface temperature and ocean currents in Fig. 1b. The large-
scale circulation is dominated by the ACC fronts: the Subant-
arctic Front (SAF) between 528 and 548S and the Polar Front
(PF) south of 548S [approximately corresponding to sea sur-
face height (SSH) contours from 20.5 to 0 m and from 0.1 to
0.5 m shown in Fig. 1c, respectively]. The fronts meander as
they are steered north by the Southeast Indian Ridge and
then flow eastward across the region. The prominent standing
meander in this region is illustrated by the time-mean sea sur-
face height contours in Fig. 1c. The meander forms in the re-
gion downstream of the Southeast Indian Ridge and upstream
of the Macquarie Ridge. Consistent with previous studies
(e.g., TNG14), eddy activity is enhanced within the meander
region as shown by the time-mean eddy kinetic energy in Fig. 1c.
Vigorous eddies can be clearly seen in the sea surface tempera-
ture distribution (Fig. 1b), especially within the meander directly
upstream of the Macquarie Ridge.

d. Vorticity balance within the meander region

Previous studies (e.g., Hughes 2005; Chereskin et al. 2010)
of the vorticity balance of standing meanders in the ACC
have mostly focused on the horizontal distribution of the vor-
ticity terms. In this study, we also consider the vertical distri-
bution of vorticity terms to explore how flow over topography
influences the vorticity balance.

Following TNG14, we consider a steady QG flow approxi-
mation. The QG vorticity balance in the interior (e.g., Gill
1982) is given by

u · =z 1 by 2 f
­w
­z

5 0, (1)

where u 5 (u, y) is the horizontal velocity vector, z 5 yx 2 uy
is the relative vorticity, f 5 f0 1 by is the planetary vorticity,
f0 is a constant Coriolis parameter, b is the planetary vorticity
gradient, and ­w/­z is the vertical velocity gradient represent-
ing horizontal flow divergence. Terms of the vorticity balance
from left to right are the advection of relative vorticity, advec-
tion of planetary vorticity, and stretching of the water column
due to horizontal flow divergence. The full vorticity budget,
including tendency, wind stress, and frictional terms, is calcu-
lated from the model outputs by applying a curl operator to
all momentum term diagnostics computed online. We find
that the full budget is well closed with a residual three orders
of magnitude smaller than the vorticity tendency, the smallest
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term in the budget. Given that the focus of this study is on the
large-scale meander, which is well approximated by the QG
dynamics, only the terms in (1) accounting for 90% of the
budget for the meander in the upper ocean are presented and
discussed below.

We first examine the distribution of the terms in the QG
vorticity balance in (1) in the regional model. Maps of the
time-averaged vorticity balance terms at 250 m are shown in
Fig. 2. Vorticity balance in the upper ocean is dominated by
the advection of relative vorticity and stretching terms, with
the advection of planetary vorticity being an order of mag-
nitude smaller. Advection of relative vorticity and stretch-
ing are spatially anticorrelated. All three terms show a
large-scale meander signal with a 200–400-km horizontal
scale and alternating positive and negative values corre-
sponding to the crests and troughs of the meander. In addi-
tion, advection of relative vorticity and stretching show
small-scale features on 10–100-km scales superimposed on
the large-scale meander signal. The small-scale features are
not present in the advection of planetary vorticity map. The
distribution and magnitudes of vorticity terms are consis-
tent with TNG14.

In addition to the horizontal distribution, we also examine
the vertical structure of vorticity balance terms at 548S, ap-
proximately through the center of the meander (Fig. 3). The
balance between advection of relative vorticity and stretching

holds throughout the water column, but the dominant spatial
scale varies with depth. The small-scale signal in the deep
ocean is greater in magnitude than the upper-ocean signal
and decays away from topography in the bottom 1 km. The
small-scale signal in the deep ocean is also not present in
the advection of planetary vorticity. The advection of plan-
etary vorticity is dominated by large-scale features and has
a relatively barotropic vertical structure with some surface
intensification.

The corresponding results from the idealized model are
shown in Fig. 4. A ridge in the middle of the domain generates
a single standing meander downstream of the ridge. As in the
regional model, vorticity balance in the idealized model
is dominated by the advection of relative vorticity and
stretching in the upper ocean (Figs. 4b,c). The scales and
amplitudes are similar to those in the regional model. How-
ever, small-scale features seen in the deep ocean in the re-
gional model are absent in the idealized simulation. There
is no small-scale topography in this simulation and hence
the horizontal scale of the flow response is set by the hori-
zontal scale of the ridge.

In summary, the regional and idealized model results show
that the distribution of the vorticity balance terms is consis-
tent with previous modeling studies and shows that advection
of relative vorticity balances stretching both at small and large
scales, and in the deep and upper ocean. In the following

FIG. 1. (a) Bathymetry (m), (b) snapshot of sea surface temperature (8C) with velocity
vectors (m s21) superimposed, and (c) 4-yr averaged eddy kinetic energy (m2 s22) and sea
surface height (m) in the regional model. The meander region is shown in the blue box.
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section, we use QG theory to explain the vorticity balance dis-
tribution seen in the models and its relation to Rossby wave
dynamics. In particular, we explain the different spatial scales
in the upper and deep ocean and show that the upper-ocean
meander vorticity balance is set by the interaction between
the bottom flow and topography, not by the surface flow as
proposed in previous studies.

3. A theory of the meander

To explore the underlying dynamics of standing meanders
in the ACC and their response to changes in the wind, we de-
velop a simple theoretical model of a stratified QG flow over
topography. We show that the meander vertical structure and
its vorticity balance in the upper ocean result from a regime
change within the water column caused by the strong vertical
shear of the mean flow. In this section, we first formulate the
QG theory and discuss the assumptions made. Then we show
that uniform mean flow over small- and large-scale topogra-
phy leads to different vorticity balance regimes. Finally, we
extend the problem to a vertically sheared mean flow over
large-scale topography to explore how the two regimes inter-
act to determine the vertical structure of the ACC meander
vorticity terms.

a. Theory formulation

The governing QG potential vorticity (QGPV) equation
(e.g., Salmon 1998; Vallis 2019) is

­q
­t

1 u · =q 5 0, (2)

where the QGPV, q, can be written as

q 5 =2c 1 f 1
­

­z
f 20
N2

­c

­z

( )
, (3)

where c is the streamfunction, from which the flow is derived
(u5 2­c/­y and y 5 ­c/­x), and N(z) is the stratification.
The terms in the QGPV from left to right are relative vortic-
ity, planetary vorticity, and stretching. The steady state of (2)
corresponds to the vorticity balance in (1) diagnosed from the
models.

We look for solutions in the form c 5 c 1 c′, where c rep-
resents a prescribed mean flow and c' represents perturba-
tions, defined as deviations from the mean. We assume that
the perturbations are small and thus the governing equation
can be linearized. We consider a zonal mean flow that varies
with depth, that is, u 5 [u(z), 0], and also assume a steady

FIG. 2. The 4-yr averaged vorticity terms (10211 s22) at 250-m depth superimposed with time-
mean sea surface height contours (m) in the regional model: (a) advection of relative vorticity
u · =z, (b) stretching (horizontal divergence) 2f (­w/­z) , and (c) advection of planetary vorticity
by. The color scale in advection of planetary vorticity is a factor of 10 smaller than those in the
other two terms.
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state such that both the mean flow and perturbations are cons-
tant in time, that is, we look for a standing solution. Applying
these assumptions and the flow decomposition, the governing
equation for perturbations becomes

u
­

­x
=2c′ 1

­

­z
f 20
N2

­c′

­z

( )[ ]
1 b 2

­

­z
f 20
N2

­u
­z

( )[ ]
­c′

­x
5 0:

(4)

For algebraic simplicity, we further assume that stratifica-
tion N is constant and that the mean flow shear is weak,
that is

­

­z
f 20
N2

­u
­z

( )
,, b, (5)

so that its contribution to the mean potential vorticity gradi-
ent can be neglected. This assumption is justified for weak
mean ACC shear in the deep ocean or idealized linear and
constant mean flow profiles. In case of a realistic mean ACC
flow profile, however, this term is significant and responsible
for baroclinic instability and the formation of eddies in the up-
per ocean, which are expected to act on the meander forma-
tion dynamics described in this study. We also consider
stratified mean flow over a one-dimensional (1D) sinusoidal
topography given by

h(x) 5 h0 cos(kx), (6)

where h0 is the amplitude of topography and k is its horizontal
wavenumber. The 1D topography implies that the solution has
no gradients in the meridional direction. These additional as-
sumptions allow for significant simplifications of the governing
equation and are also appropriate for the Southern Ocean. Mak-
ing these simplifications and looking for solutions in the plane
wave form,

c′ 5 f(z)eikx, (7)

where f(z) is an unknown vertical structure of the real part of
the solution, the governing QG potential vorticity equation
reduces to

d2f
dz2

1 L2f 5 0, (8)

where

L2 5
N2

f 20

b

u
2 k2

( )
: (9)

Parameter L is the only governing parameter of the problem
and it captures the relative importance of the mean flow and the
horizontal scale of bottom topography in influencing the flow
response.

FIG. 3. Vertical sections of time-averaged vorticity terms (10211 s22) at 548S in the regional
model: (a) advection of relative vorticity u · =z, (b) stretching (horizontal divergence) 2f (­w/­z),
and (c) advection of planetary vorticity by. The color scale in advection of planetary vorticity is a
factor of 10 smaller than those in the other two terms.
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To solve the governing Eq. (8), the top and bottom bound-
ary conditions are needed. We use the conventional boundary
condition of zero vertical velocity of perturbations w′ at the
surface (z 5 0) and a linearized no-flow across the boundary
condition at the bottom (z52H), that is,

w′ 5 0, at z 5 0, and (10)

w′ 5 uhx, at z 5 2H, (11)

whereH is the ocean depth.
In QG theory the vertical velocity can be expressed as a

function of the streamfunction, w′ 5 2f0/N
2uc′

xz, derived using
the buoyancy equation (not shown) (e.g., Vallis 2019). Applying
the plane wave solution in (7), the boundary conditions for the
vertical structure become

fz 5 0, at z 5 0, and (12)

fz 5 2
N2

f0
h0, at z 5 2H: (13)

The governing equation in (8) combined with the boundary
conditions in (12) and (13) represents a boundary value prob-
lem for a stationary Rossby wave generated by mean flow

over bottom topography. It is a simple second-order differ-
ential equation that describes the vertical structure of a
standing perturbation (wave) in a nonuniform flow. The
sign of the parameter L2 gives rise to two distinct regimes
of the flow response to topography, as discussed in detail
below. Once the solution to the governing equation is
found (and only the real part of the solution is taken), the
corresponding vorticity balance terms in (1) can be recon-
structed as follows

by 5bc′
x 52kbf sin(kx), (14)

u · =z 5 2k2uc′
x 5 k3uf sin(kx), and (15)

f
­w
­z

5 2
f 20
N2 uc

′
xzz 5 k

f 20
N2 ufzz sin(kx): (16)

In Eqs. (14)–(16), the horizontal structure of the perturba-
tions and all of the corresponding vorticity balance terms is
set by the horizontal structure of the topography. The vertical
structure is given by the solution to the boundary value prob-
lem f(z). In addition, the vertical structure of the advection
of relative vorticity and stretching terms (but not of the advec-
tion of planetary vorticity) is scaled by the mean flow vertical
structure u(z).

FIG. 4. (a) Bathymetry (m) and time-mean sea surface height (m). Vorticity terms along a sec-
tion at y 5 1200 km in the idealized model with reference wind stress (10211 s22): (b) advection
of relative vorticity u · =z, (c) stretching (horizontal divergence)2f (­w/­z), and (d) advection of
planetary vorticity by.
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b. Small-scale topography and uniform mean flow limit

We first consider a uniform mean flow interacting with
small-scale topography. We argue that this interaction drives
the small-scale vorticity balance response dominating the deep
ocean shown in Fig. 3. For characteristic horizontal scale and
amplitude of the small-scale topography we choose 30 km,
that is, the topographic wavenumber of k 5 2.1 3 1024 m21,
and h0 5 200 m, representative of sea mounts and abyssal hills.
For a typical time-mean, large-scale Southern Ocean bottom
flow of 1 cm s21 (Fig. 5) and b 5 10211 m21 s21 we find that
b ,, k2u, and hence

L2 ’ 2
N2

f 20
k2: (17)

Parameter L2 is negative in this limit and corresponds to a
topographically trapped (or evanescent) wave regime. In the
limit of b ,, k2u, the advection of planetary vorticity is ex-
pected to play a minor role in the governing QG dynamics,
and hence in the vorticity balance in (1): the dominant vortic-
ity terms are the advection of relative vorticity and stretching.
A full analytical solution to the governing Eq. (8) satisfying
boundary conditions in (12) and (13) for the vertical structure
of perturbations is

f(z) 5 N2h0
f0Li

cosh(Liz)
sinh(LiH) (18)

where

Li 5
N
|f0|

k (19)

is the imaginary part of L.
In this regime, the perturbation generated by the mean

flow over small-scale topography decays exponentially away
from topography with the vertical decay (e-folding) scale
given by L21

i . Using typical values for the Southern Ocean

stratification of N 5 1023 s21 and Coriolis parameter of
f0 5 21024 s21, we find that the decay scale is about 500 m.
This scale is in a good agreement with the vertical scale of
the dominant small-scale signal in the deep ocean shown in
Fig. 3. The mean ACC flow is more or less vertically uni-
form over the bottom 500–1000 m and hence the uniform
mean flow assumption used here is appropriate for the flow
response to small-scale topography.

The horizontal and vertical distribution of the vorticity
terms of the analytical solution estimated using (14)–(16) are
shown in Fig. 6. We can see that the advection of planetary
vorticity is indeed negligible compared to the advection of rel-
ative vorticity and stretching. The advection of relative vortic-
ity and stretching decay away from topography and are
anticorrelated, consistent with the model results in Fig. 3. The
solution in this limit describes a nonradiating response of
stratified rotating flow to a topographic bump}that is, a strat-
ified Taylor column (Johnson 1977). The vertical extent of the
perturbation is a result of a competition between rotation and
stratification acting to couple and decouple flows in the verti-
cal, respectively. In the limit of decreasing stratification or
increasing rotation, the vertical scale L21

i increases, leading
ultimately to a barotropic (i.e., infinite vertical scale) Taylor
column response to topography. The amplitude of the per-
turbation in (18) is independent of the mean flow u. This
is a result of the vertical scale of the perturbation being
independent of the mean flow, and both the advection of
relative vorticity and stretching scaling linearly with the
mean flow velocity u as seen in (15) and (16). If the mean
flow u increases, the bottom topography will induce a stron-
ger vertical velocity, which in turn will lead to stronger
stretching of the water column above topography. The op-
posite happens if the mean flow decreases. The advection
of relative vorticity will vary at the same rate with u and
hence will compensate for changes in the stretching term

FIG. 5. Velocity profiles (m s21) used in the quasigeostrophic
model.

FIG. 6. Vorticity terms (s22) from the quasigeostrophic model for
small-scale topography limit: (a) vertical section of advection of rela-
tive vorticity term, and (b) vertical structure of all vorticity terms
including advection of relative vorticity u · =z, stretching 2f (­w/­z),
and advection of planetary vorticity by.
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without changes in the vertical structure of the perturbation
f(z).

c. Large-scale topography and uniform mean flow limit

We now consider a uniform mean flow interacting with
large-scale topography, such as the Southeast Indian Ridge in
our regional model domain, which is expected to lead to the
formation of a standing meander. We choose a characteristic
horizontal scale and amplitude of a large-scale topography of
500 km, corresponding to k5 1.33 1025 m21, and h0 5 1000 m,
respectively. Using 1 cm s21 mean flow magnitude as before, we
find that b .. k2u, leading to

L2 ’
N2b

f 20 u
: (20)

The L2 is positive in this limit, corresponding to the wave ra-
diating regime. The solution to the governing Eq. (8) satisfy-
ing the surface and bottom boundary conditions in this limit is

f(z) 5 2
N2h0
f0|L|

cos(Lz)
sin(LH) , (21)

where

L 5
N
|f0|

b

u

( )1/2
(22)

is the vertical wavenumber of a standing Rossby wave. In this
regime, the interaction between the bottom flow and large-
scale topography leads to the generation of a stationary
Rossby wave with a vertical wavelength given by 2pL21. Us-
ing typical Southern Ocean parameter values as above, we
find that the vertical wavelength is around 20 km. This scale is
greater than the depth of the ocean, 4 km, and hence the
Rossby wave vertical structure varies little over the ocean
depth. The horizontal wavenumber of the solution is fixed by
the wavenumber of topography in our problem. In contrast,
the vertical wavenumber in (22) can adjust to changes in the
mean flow u to select the stationary Rossby wave that gets ar-
rested by the mean flow.

The horizontal and vertical distribution of the analytical
vorticity terms are shown in Fig. 7. As opposed to the small-
scale topography limit, the advection of planetary vorticity
dominates the vorticity balance in the large-scale topography
limit with the other two terms adding up to balance it. Given
that LH ,, 1, we can use the corresponding Taylor expan-
sions to further simplify (21) to the following

f(z) ’ 2
f0h0u
bH

cos(Lz): (23)

According to Eq. (23), the amplitude of a stationary Rossby
wave, and hence of the meander formed by a superposition of
the stationary Rossby wave and the mean flow, scales linearly
with the mean flow u. As in the small-scale topography limit
above, stronger mean flow leads to stronger stretching/squashing
of the water column above topography. However, in this

limit, the stretching induced by topography is balanced by
changes in the advection of planetary vorticity, leading there-
fore to a larger meridional velocity and hence larger amplitude
of Rossby wave and meander. The opposite happens for a
weaker mean flow.

While the QG theory solution for a uniform mean flow
over large-scale topography describes the generation of a
standing Rossby wave, the vertical structure of the solution
and terms in the vorticity balance are inconsistent with the
vertical structure seen in the regional and idealized models
(Figs. 3, 4). With the exception of vorticity terms associated
with the small-scale topography present in the regional model
(but not in the idealized model), large-scale vorticity balance
terms are surface intensified and the advection of planetary
vorticity plays a minor role in the upper ocean in the models.
Moreover, with the ACC mean flow increasing by an order of
magnitude in the upper ocean, the assumption of uniform
mean flow made here is not justified for a full-depth Rossby
wave. Next, we relax this assumption and explore the genera-
tion of stationary Rossby waves by a vertically sheared mean
flow.

d. Vertically sheared mean flow

In this section, we consider a vertically sheared mean flow
interacting with large-scale topography. The governing equa-
tion in (8) cannot be solved analytically for an arbitrary mean
flow vertical profile u(z). Below, we first solve the governing
QG equation numerically for a continuously sheared mean
flow profile representative of the ACC flow. Then, we con-
sider a step function change in the mean flow profile as a simple
representation of sheared flow and solve the problem analytically
to obtain theoretical scalings for the meander structure and am-
plitude in terms of the problem parameters. We use the same
typical parameter values as in previous sections, and again focus
on large-scale topography, k 5 1.33 1025 m21, to explore how

FIG. 7. Vorticity terms (s22) from the quasigeostrophic model
for large-scale topography limit: (a) vertical section of advection of
planetary vorticity term and (b) vertical structure of all vorticity
terms including advection of relative vorticity u · =z, stretching
2f (­w/­z), and advection of planetary vorticity by.
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the flow-topography interaction leads to the standing meander
signal in the upper ocean seen in the regional model.

1) CONTINUOUS FLOW PROFILE

We generate a sheared mean flow profile as a function of
both surfaceUs and bottom speedsUb as follows

u(z) 5 (Us 2 Ub) 1 2 e(z1H)/d
1 2 eH/d 1 Ub, (24)

where d is the vertical decay scale and H is ocean depth. For
typical Southern Ocean values of Ub 5 1 cm s21,Us 5 30 cm s21,
d 5 1 km, and H 5 4 km the mean flow velocity profile (Fig. 5)
results in a regime transition from a wave radiating (L2 . 0)
regime in the deep ocean, where b .. k2Ub, to an evanescent
regime (L2 , 0) in the upper ocean, where b ,, k2Us. The
horizontal and vertical distribution of the vorticity terms ob-
tained numerically are shown in Fig. 8. We can see that the
vorticity balance is different in the deep and upper ocean. In
the deep ocean, the vorticity balance is dominated by the ad-
vection of planetary vorticity with the other two vorticity
terms adding up to balance it, as in the uniform mean flow
over large-scale topography limit discussed in section 3c. In
contrast, the upper-ocean vorticity balance is dominated by
the advection of relative vorticity and stretching terms, with the
advection of planetary vorticity playing a minor role, as in
the uniform mean flow over small-scale topography limit above.
With the parameter L2 changing sign in the interior, the dynam-
ics and corresponding vorticity balance transition continuously
from one regime to another within the water column. The
advection of relative vorticity and stretching terms are amplified
in the upper ocean consistent with their linear scaling on the
mean flow u, while the advection of planetary vorticity remains
nearly barotropic throughout the water column. The vertical
structure and amplitudes of the QG solution are consistent with

the model results for large-scale meander signal in the upper
ocean in Figs. 3 and 4.

2) STEP FUNCTION FLOW PROFILE

To further explore the underlying dynamics and the depen-
dence of the solution on the problem parameters, we now
consider a step function mean flow profile (Fig. 5) consistent
with the continuous mean flow profile in (24). We choose a
mean flow u 5Ub 5 1cm s21 in the deep ocean, defined as
z , 21 km, and referred to as the bottom layer. And we set
u 5Us 5 20cm s21 in the upper ocean, defined as z . 21 km,
and referred to as the surface layer. We use the bottom velocity
value, 1 cm s21, rather than the bottom-layer-averaged veloc-
ity value because, in linear QG theory, it is the mean flow at
the bottom that interacts with topography via the linearized bot-
tom boundary condition. Keeping the same bottom velocity for
all mean flow profiles allows us to consider Rossby waves with
the same amplitudes and vertical scales generated at the bottom
and thus focus on the impact of the mean flow shear aloft (i.e.,
different profiles) on the Rossby wave propagation. With this
step function velocity profile, parameter L2 changes sign at the
interface between the two layers with L2 . 0 (wave radiating re-
gime) in the bottom layer and L2 , 0 (evanescent regime) in the
surface layer. To obtain a full analytical solution, we first find the
two solutions for the surface and bottom layers satisfying the sur-
face and bottom boundary conditions in (12) and (13), respec-
tively. Then, we impose additional matching conditions for the
vertical structure f and vertical velocity w′ of a perturbation at
the interface. A full derivation of the solution is given in the
appendix. The analytical solutions for the step function mean
flow profile are plotted in Fig. 9. The vorticity balance in the bot-
tom and surface layers are quantitatively and qualitatively consis-
tent with the corresponding continuous mean flow solution in
Fig. 8, showing a step function amplification of the advection of
relative vorticity and stretching terms in the upper ocean and a
nearly barotropic advection of planetary vorticity term.

FIG. 8. Vorticity terms (s22) from the quasigeostrophic model
for continuously sheared mean flow limit: (a) vertical section of ad-
vection of relative vorticity term and (b) vertical structure of all
vorticity terms including advection of relative vorticity u · =z,
stretching2f (­w/­z), and advection of planetary vorticity by.

FIG. 9. Vertical structure of vorticity terms (s22) including advec-
tion of relative vorticity u · =z, stretching2f (­w/­z), and advection
of planetary vorticity by from the quasigeostrophic model for a
step function change in mean flow.
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To focus on the meander signal in the upper ocean, we
consider the analytical solution in the surface layer fs(z)
(see appendix) given by

fs(z) 5 2a
N2h0
f0|Lb|

cosh(|Ls |z)
sin(|Lb|Hb)

, (25)

where Lb is the Rossby wave vertical wavenumber in the bot-
tom layer, Ls is the imaginary part of L in the surface layer,
Hb 5 0.75H is the thickness of the bottom layer (Hs 5 0.25H
is the corresponding thickness of the surface layer), and a is a
nondimensional factor describing the modulation of the
Rossby wave generated in the bottom layer by the dynamics
of the surface layer defined as follows

a 5 cosh(|Ls|Hs) 2
Us

Ub

|Ls|
|Lb|

cot(|Lb|Hb) sinh(|Ls |Hs)
[ ]21

:

(26)

We can see that the surface layer analytical solution in (25)
obtained for the step function mean flow profile is a combination
of the wave radiating and decaying solutions discussed above.
Specifically, the amplitude of the solution has a similar form to
the Rossby wave amplitude in the uniform mean flow over
large-scale topography limit, while the vertical structure decays
exponentially as in the small-scale topography limit discussed
above. Although it is a vertically decaying solution, the decay
scale |Ls|

21 5 |f0|/Nk ’ 30 km is much larger than the vertical
scale of the surface layer and hence the decay is insignificant.
The decay scale is very large in this limit because the perturba-
tion is generated by the large-scale, hence small wavenumber k,
topography.

Assuming that |Ls|Hs ,, 1 and |Lb|Hb ,, 1 and using a Taylor
expansion as before, the solution in (25) can be further simplified
to the following:

fs(z) ’ 2
f0h0Ub

bHb

1 2
1
3

UsL
2
s

UbL
2
b

( )21

cosh(|Ls|z): (27)

As in the uniform mean flow over large-scale topography
limit [Eqs. (21) and (22)], the amplitude of the surface layer
solution depends on the bottom layer velocity Ub. To leading
order, it scales linearly with the bottom velocity (and with the
amplitude of topography) consistent with the generation of
perturbations by the bottom flow over topography. The am-
plitude is also scaled by the factor a, which depends on
both bottom and surface layer velocities and represents the
interaction between the two layers leading to the modifica-
tion of the bottom generated Rossby wave signal in the up-
per ocean.

Based on this analytical solution, we propose the following
governing mechanism leading to meander formation in the
upper ocean. In the bottom layer, the bottom mean flow Ub

interacts with the large-scale topography in the wave radiating
regime (L2 . 0) and leads to the generation of a radiating
Rossby wave with the advection of planetary vorticity playing
a leading order role. The Rossby wave propagates upward

and induces vertical velocity at the interface between the sur-
face and bottom layers. This vertical velocity sets the bottom
boundary condition for the dynamics in the surface layer,
which stretches or squashes depending on the sign of the ver-
tical velocity. Given that L2 , 0 in the surface layer, the
stretching of the water column is balanced by the advection of
relative vorticity with the advection of planetary vorticity now
playing a minor role. The surface layer response can also
feedback on the bottom layer solution through the vertical ve-
locity at the interface, ultimately leading to a stationary flow
response throughout the entire water column that depends on
both the surface and bottom velocities. Thus, our theoretical
results show that while the meander dynamics in the surface
layer is inertial, that is, dominated by the advection of relative
vorticity, it is “slaved” to the planetary Rossby wave dynamics
in the bottom layer. We hypothesize that the results obtained
using a continuously sheared mean flow profile, and the re-
gional model results shown in Fig. 3, represent the same
physics.

Our results show that the perturbations in the upper ocean,
and the corresponding vorticity balance, are controlled by in-
teraction of the bottom flow with topography. The primary
consequence of shear in the mean flow is to amplify bottom-
generated perturbations in the upper ocean, creating a regime
transition in the vorticity balance between the deep and upper
ocean. This implies that changes in the meander curvature,
the flexing of the meander as referred to in TNG14, may be a
response to changes in the bottom flow. We explore the re-
sponse of the ACC meanders to the wind in the context of
this theory in the next section.

4. Wind sensitivity

ACC meanders are generated by mean flows interacting
with midocean ridges. Changes in the wind lead to changes in
the ACC mean flow, which in turn are expected to drive the
meander response (TNG14). The theory presented above de-
scribes how meander characteristics in the upper ocean, for
example, advection of relative vorticity, depend on a range of
parameters, including the bottom flow. In this section, we test
our theory and hence focus on the relationship between the
ACC mean flow and the meander characteristics in response
to changes in wind. First, we analyze the wind perturbation
experiments in our idealized simulations, which allows us to
explore the meander response to a wide range of wind ampli-
tudes in fully equilibrated states. Then, we extend our results
to the variability of the meander in our regional simulation
forced by a seasonally varying forcing. Our focus here is on
the meander response; the dynamics that govern the response
of the mean ACC flow to wind is outside the scope of this
study.

a. Idealized model

Results from a series of perturbation experiments with varying
wind stress in the idealized model is shown in Figs. 10–12. To
characterize the zonal mean flow, we diagnose zonal transports
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from the model. Barotropic, baroclinic and total transports
are calculated for a section upstream of the ridge to repre-
sent the mean flow that interacts with the ridge and leads
to the generation of the meander (Fig. 10). We define the
barotropic transport as the bottom velocity times the
ocean’s depth and hence changes in the barotropic trans-
port represent changes in the bottom flow in response to
the wind. The baroclinic transport is then computed by
subtracting the barotropic transport from the total trans-
port. The baroclinic transport represents the sheared
mean ACC flow and its magnitude is dominated by the
surface flow. The results show that while the barotropic
transport is small, 5%–10% of the total, it scales nearly
linearly with the wind. On the other hand, the baroclinic
transport dominates the total, but it is relatively insensi-
tive to the wind, that is, it remains saturated. This result is

consistent with previous modeling studies showing the
saturation of the baroclinic transport of the ACC (e.g.,
Straub 1993; Munday et al. 2013).

To characterize the response of the meander to the wind,
we estimate the absolute value of the advection of relative
vorticity at 250-m depth averaged over the meander region
and SSH contour length as a proxy for meander flexing
(Fig. 11). Both quantities increase under increasing wind, also
in agreement with the results of TNG14. However, given
that the baroclinic transport (and hence the surface flow) is
saturated}isopycnals are also found to be relatively invariant
(not shown)}this suggests that the meander characteristics
in the upper ocean respond to change in the bottom flow. A
relationship between the advection of relative vorticity in
the upper ocean and bottom flow in the model is plotted in
Fig. 12. It shows a linear dependence, consistent with the
mechanism described in the previous section and the analyti-
cal solution in (27). The results from the idealized model con-
firm that, while there is a strong shear in the mean flow and
the baroclinic transport accounts for 90% of the total trans-
port, the baroclinic transport is saturated. Changes in the bot-
tom flow (barotropic transport) drive the response of the
standing meander in upper ocean.

b. Regional model

We now explore how the Macquarie Meander simulated by
the regional model responds to variability in the wind. The
wind stress that forces the regional model represents only the
local component of the wind, while the mean ACC flow in-
cludes the effect of remote wind forcing, that is, acting outside
the domain of the regional model, and applied through the
open boundaries. Hence, as above, we explore how changes
in the ACC mean flow are related to corresponding changes
in the characteristics of the standing meander. We use the
monthly mean zonal velocity at the western boundary (our
model open boundary condition) to characterize the ACC

FIG. 10. Transport (Sv) as a function of wind stress in idealized
model.

FIG. 12. Dependence of advection of relative vorticity (1028 s22)
on barotropic transport (Sv) in idealized model. Linear depen-
dence (black line) is added.

FIG. 11. Meander contour length (m; red line) and advection of
relative vorticity (s22) at 250 m (blue line) as a function of wind
stress in the idealized model.
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mean flow upstream of the Southeast Indian Ridge. The regional
model is forced by seasonal repeat-year forcing and hence does
not capture the fully equilibrated response of the flow to a long-
term change in the wind, as was done using the idealized model
above. Nevertheless, there are significant seasonal variations in the
wind, and thus in the mean ACC flow, which drive corresponding
changes in the standing meander, as we will show below.

Annual variations of the total, barotropic and baroclinic trans-
ports of the ACC estimated at the western boundary of the re-
gion are plotted in Fig. 13. As before, the barotropic transport is
computed by depth-integrating the bottom velocity and hence
represents the variability of the bottom flow within this region.
Barotropic transport is highly correlated with total transport (cor-
relation coefficient 5 0.81), while the correlation between total
transport and baroclinic component is around 0.37. The results

show that, although the barotropic transport contributes much
less (about 10%) than the baroclinic transport (about 90%) to
the total time-mean ACC transport, it dominates the variability
of the total ACC transport. While the baroclinic transport
varies in the range 115–125 Sv (1 Sv ≡ 106 m3 s21) and hence
changes by about 10%, the barotropic transport varies in the
range 10–25 Sv and hence changes by as much as 100%.

We select weak (January) and strong (July) mean ACC
flow periods based on the strength of the total transport at the
western boundary. To filter out variability associated with
transient eddies in the model, we average meander character-
istics over these two periods and also composite-average them
over the 4 years of the simulation. The mean SSH contours
for the weak and strong mean flow periods are shown in
Fig. 14. The meander contours become longer (the length of

FIG. 13. Time series of inflow transport (Sv) and its barotropic and baroclinic components at
western boundary.

FIG. 14. Sea surface height (m) contours for weak current (black) and strong current (red) period.
From south to north are contours from20.5 to 0.5 m with 0.1-m interval.
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SSH contours between 20.5 and 0.5 m increases by around
200 km) and more “flexed” in the strong mean flow period,
consistent with the modeling results of TNG14. However,
the baroclinic transport, and hence the upper-ocean ACC
flow, changes very little between the two periods, suggest-
ing that the meander response is driven by changes in the
bottom (barotropic) flow. To demonstrate this more quanti-
tatively, we show the corresponding changes in the advection of
relative and planetary vorticity at 548S in Fig. 15. The results
show that while there is a similar overall structure of the mean-
der between the two periods, the amplitude of the advection of
relative vorticity (and of the stretching term balancing it) in-
creases by up to a factor of 2 in the strong mean flow period, con-
sistent with the corresponding changes in the bottom flow.

5. Discussion and conclusions

Standing meanders contribute to the meridional heat and
vertical momentum transfers in the Southern Ocean and play
an important role for the equilibration of the ACC. The flex-
ing of standing meanders, which implies a change in the vor-
ticity balance, has been suggested to facilitate the transfer
of the momentum input by the wind to the ocean seafloor and
thus to control the response of the ACC to wind. However,
the underlying dynamics governing the adjustment of the me-
ander vorticity balance and its response to the wind remain
unclear. In this study, we explore the formation and vorticity

dynamics of a standing meander using numerical models and
theory.

Our results show that the meander structure throughout
the entire water column is set by a stationary Rossby wave
generated from the interaction between the bottom flow and
large-scale topography. In the deep ocean, where the mean
ACC flow is weak, the vorticity balance is dominated by the
advection of planetary vorticity and stretching, leading to
the generation of a radiating Rossby wave. The vertical
shear of the mean ACC flow creates a regime transition and
a change in the dominant vorticity balance within the water
column. In the upper ocean, where mean ACC flow is large,
stretching resulting from the bottom generated Rossby wave is
balanced by the advection of relative vorticity, with the advec-
tion of planetary vorticity playing a minor role. Thus, the vortic-
ity balance in the upper ocean}diagnosed in our regional and
idealized models, and previously in a global ocean model
(TNG14)}is slaved to the planetary vorticity balance in the
deep ocean and maintained by the bottom flow interacting with
large-scale topography. Consistently, the analytical solution de-
rived in the limit of a step function mean flow profile (25) shows
that, to the leading order, the upper-ocean meander signal scales
linearly with the magnitude of the bottom flow and the horizon-
tal scale of the topography.

The dependence of the upper-ocean meander signal on the
bottom flow suggests a novel mechanism for the response of
the ACC meanders to wind. The existing framework for the

FIG. 15. Vorticity sections at 548S of advection of relative vorticity u · =z and advection of planetary
vorticity by for the (a),(c) weak current and (b),(d) strong current period.
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adjustment of a standing meander to changes in wind pro-
posed in TNG14 invokes baroclinic processes. In the TNG14
framework, stronger wind acts to steepen isopycnals upstream of
a ridge and thus leads to a stronger mean (baroclinic) ACC flow
in the upper ocean. In turn, stronger mean ACC flow arrests
a different wavenumber Rossby wave, leading therefore to a
change in the standing meander shape (or curvature) referred to
as flexing of the meander. Flexing of the meander has been sug-
gested to lead to the enhancement of transient eddies and their
fluxes, and thus a relaxation of isopycnals within the meander re-
gion downstream of the ridge (e.g., Abernathey and Cessi 2014).

Based on our results, we propose an alternative mechanism
for the response of ACC meanders to changes in wind forcing
(Fig. 16). Stronger wind leads to stronger bottom (barotropic)
flow. Interaction of stronger bottom flow with topography
generates a larger-amplitude Rossby wave and meander. As
this larger-amplitude Rossby wave propagates into the upper
ocean where inertial terms are large, advection of relative vor-
ticity and stretching increase and dominate the vorticity bal-
ance. Therefore, the amplitude of the standing meander
increases in response to the increase in bottom flow driven by
stronger wind forcing, leading to flexing of the meander and
an increase in the curvature (contour length). An increase in
the bottom flow is also expected in order for topographic
form stress to balance the increased wind stress (e.g., Masich
et al. 2015)}dynamics not discussed in this study.

The mechanism proposed here can be described as a bot-
tom-up control of the response of the ACC to wind, in con-
trast to the top-down mechanism proposed in TNG14. The
major difference between the two mechanisms is whether the
barotropic or baroclinic component of the mean ACC flow re-
sponds to the wind. Consistent with previous studies suggesting
saturation of the ACC, our modeling results show that while the

bottom (barotropic) flow increases under increasing wind, the
baroclinic flow component is insensitive to changes in wind.
The baroclinic flow does, however, have a strong influence on
the vorticity balance of the meander, as it is the strong baroclinic
shear that is responsible for the regime change within the water
column. Our study suggests that interaction of the barotropic
flow with topography sets the characteristics of standing mean-
ders in the ACC, which in turn regulate the response of the
ACC as a whole to changes in wind forcing.
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APPENDIX

Analytical Solution in the Case of a Step Function
Mean Flow Profile

To find a complete solution in the case of a step function
mean flow profile, we find solutions in the surface and bottom
layers satisfying the bottom and surface boundary conditions,

FIG. 16. A schematic illustrating the adjustment of a standing meander to an increase in the wind stress. Red
curves and text display the response to the increased wind stress while solid gray curves represent the reference
state. An increase in the surface wind increases the bottom (barotropic) flow. The stronger bottom flow
interacts with large-scale topography and generates a Rossby wave. The baroclinic flow aloft remains constant
(saturated) with the wind increase. In turn, the mean ACC shear amplifies the Rossby wave and leads to a
regime transition in the water column with an increase in the amplitude of the captured Rossby wave and thus
the curvature of the standing meander.
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respectively. Then, we also impose a matching condition at the
interface at 1-km depth (z* 5 2H/4).

In the surface layer, L2 , 0 and hence a general solution
to the governing QG equation can be written in the form

fs(z) 5 A exp(|Ls|z) 1 B exp(2 |Ls|z), (A1)

where A and B are coefficients and Ls is imaginary part of
L in the surface layer. In the bottom layer, L2 . 0 and the
corresponding solution is written as

fb(z) 5 C sin[|Lb|(z 1 H)] 1 D cos[|Lb|(z 1 H)], (A2)

where Lb is the real part of L in the bottom layer}a wave
vertical wavenumber. We impose two boundary conditions,
one at the surface and one at the bottom, as in the uniform
mean flow cases above. In addition, we also impose two
matching conditions at the interface depth z*: one for the
vertical structure function f and the other for the vertical
velocity w′. All boundary and matching conditions are

fs
z(0) 5 0, (A3)

fb
z(2H) 5 2

N2h0
f0

, (A4)

fs(z*) 5 fb(z*), and (A5)

Usf
s
z(z*) 5 Ubf

b
z(z*): (A6)

These four conditions complete the problem and allow us
to determine four unknown coefficients of the surface and
bottom layer solutions. Applying the boundary conditions
to the corresponding solutions above, we get

A 5 B, (A7)

C 5 2
N2h0
f0|Lb|

, (A8)

2A cosh |Ls|
H
4

( )
5 C sin |Lb|

3H
4

( )

1 D cos |Lb|
3H
4

( )
, and (A9)

2 2UsA|Ls|sinh |Ls|
H
4

( )
5 UbC|Lb|cos |Lb|

3H
4

( )

2 UbD|Lb|sin |Lb|
3H
4

( )
: (A10)

From here, each of the unknown coefficients can be written as

C 52
N2h0
f0|Lb|

, (A11)

A 5
C
2

[
sin(|Lb|Hb)cosh(|Ls|Hs)

2
Us

Ub

|Ls|
|Lb|

cos(|Lb|Hb)sinh(|Ls|Hs)
]21

, and (A12)

D 5 2A

[
cos(|Lb|Hb)cosh(|Ls |Hs)

1
Us

Ub

|Ls|
|Lb|

sin(|Lb|Hb)sinh(|Ls |Hs)
]
, (A13)

where Hb 5 0.75H is the thickness of the bottom layer and
Hs 5 0.25H is the corresponding thickness of the surface
layer.

All coefficients are now written in terms of the problem
parameters and determine a complete solution to the QG
governing equation that satisfies the top and bottom bound-
ary conditions. The condition A 5 B above implies that the
solution for the vertical structure in the surface layers re-
duces to

fs(z) 5 A cosh(|Ls |z), (A14)

with the amplitude A given in terms of the problem param-
eters as

A 5 2
N2h0
f0|Lb|

[
sin(|Lb|Hb)cosh(|Ls|Hs)

2
Us

Ub

|Ls|
|Lb|

cos(|Lb|Hb)sinh(|Ls|Hs)
]21

: (A15)
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