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ABSTRACT: Meanders formed where the Antarctic Circumpolar Current (ACC) interacts with topography have been
identified as dynamical hot spots, characterized by enhanced eddy energy, momentum transfer, and cross-front exchange.
However, few studies have used observations to diagnose the dynamics of ACC standing meanders. We use a synoptic
hydrographic survey and satellite altimetry to explore the momentum and vorticity balance of a Subantarctic Front standing
meander, downstream of the Southeast Indian Ridge. Along-stream anomalies of temperature in the upper ocean (150–600 m)
show along-stream cooling entering the surface trough and along-stream warming entering the surface crest, while warming is
observed from trough to crest in the deeper ocean (600–1500 m). Advection of relative vorticity is balanced by vortex stretching,
as found in model studies of meandering currents. Meander curvature is sufficiently large that the flow is in gradient wind bal-
ance, resulting in ageostrophic horizontal divergence. This drives downwelling of cooler water along isopycnals entering the sur-
face trough and upwelling of warmer water entering the surface crest, consistent with the observed evolution of temperature
anomalies in the upper ocean. Progressive along-stream warming observed between 600 and 1500 m likely reflects cyclogenesis
in the deep ocean. Vortex stretching couples the upper and lower water column, producing a low pressure at depth between sur-
face trough and crest and cyclonic flow that carries cold water equatorward in the surface trough and warm water poleward in
the surface crest (poleward heat flux). The results highlight gradient–wind balance and cyclogenesis as central to dynamics of
standing meanders and their critical role in the ACCmomentum and vorticity balance.

SIGNIFICANCE STATEMENT: The Antarctic Circumpolar Current (ACC) in the Southern Ocean is a nearly zonal
current that encircles Antarctica. It acts as a barrier between warmer water equatorward and colder water poleward. In a
few regions where the current encounters strong topographic changes, the current meanders and opens a pathway for heat
to travel across the ACC toward Antarctica. We surveyed a meander in the ACC and examined the along-stream change
of temperature. In the upper ocean, temperature changes are caused by a vertical circulation, bringing cool water down
when entering the surface trough (the part of the meander closest to the equator), and warm water up when exiting the sur-
face trough and entering the surface crest. At depth, cold water is transported equatorward in the surface trough and warm
water poleward in the surface crest, leading to a net transport of heat poleward. This study highlights the importance of the
secondary circulation within a meander for generating cross-ACC flows and moving heat toward Antarctica.

KEYWORDS: Ageostrophic circulations; Baroclinic flows; Convergence/divergence; Cyclogenesis/cyclolysis; Fronts;
Mesoscale processes; Ocean dynamics; Rossby waves; Topographic effects; Upwelling/downwelling; In situ oceanic
observations; Satellite observations; Ship observations

1. Introduction

The Antarctic Circumpolar Current (ACC) is a system of
eastward flowing jets, standing meanders, and transient eddies
that encircles Antarctica. It provides a pathway between the
three major ocean basins, transmitting climate signals and
smoothing out zonal differences in water properties (Rintoul

and Naveira Garabato 2013), and it plays an important role in
global climate (Meredith et al. 2019). The steep isopycnals
support the baroclinic flow of the ACC and inhibit the north–
south exchange of heat and other properties. The ACC is also
dynamically coupled to the Southern Ocean overturning cir-
culation that makes a dominant contribution to the transfer of
heat and carbon into the subsurface ocean (Frölicher et al.
2015; Armour et al. 2016).

The ACC is forced at the ocean surface by westerly winds
and fluxes of heat and freshwater. A confounding feature of
the ACC transport is its apparent insensitivity to changes in
wind forcing. Observations and models consistently show that
variability in the ACC’s volume transport on time scales of
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years to decades is small relative to the transport’s mean value
(Böning et al. 2008; Hogg et al. 2015), despite a 20% increase
in wind stress over the past two decades (Rhein et al. 2013;
Thompson et al. 2011). The insensitivity of ACC transport to
wind forcing has been interpreted as evidence of “eddy satu-
ration” of the current (Straub 1993) (the transport of the ACC
is also constrained by the need to match the stratification in
basins to the north; e.g., Gnanadesikan 1999). Eddy saturation
refers to a limiting state in which increases in equatorward
Ekman transport in response to stronger westerly winds are
compensated by stronger poleward eddy fluxes, such that the
slope of isopycnals (and hence the baroclinic transport of the
ACC) does not change despite the increase in wind forcing.

While the essential role of baroclinic eddies in ACC dynam-
ics is now clear from many modeling and observational studies
(e.g., Olbers et al. 2004), recent work has emphasized the
highly nonuniform distribution of eddy fluxes along the ACC
(Naveira Garabato et al. 2011; Thompson and Sallée 2012). In
altimetry (Fu et al. 2010; Foppert et al. 2017) and models
(Hallberg and Gnanadesikan 2006; Meijers et al. 2007), eddy
fluxes are found to be relatively weak along much of the cir-
cumpolar path of the ACC, and elevated downstream of major
topographic features (e.g., Kerguelen Plateau, Southeast
Indian Ridge/Macquarie Ridge, and Drake Passage). The ele-
vated eddy fluxes downstream of topographic features are
often associated with standing meanders of the ACC. How-
ever, detailed in situ observations of ACC standing meanders
are rare and as a consequence the momentum and vorticity
balances of standing meanders are not yet fully understood.

Thompson and Naveira Garabato (2014, hereafter TNG14)
proposed a hypothesis to explain the role of standing mean-
ders in the ACC. They suggested that over broad regions
where the ACC flows with little interaction with topography,
increased wind stress steepens isopycnals and accelerates the
current. When the ACC interacts with topography, Rossby
waves are generated and arrested by the flow to form a stand-
ing meander. The meander responds to increases in the
upstream current speed by flexing (steepening), increasing the
instability of the flow and the kinetic energy of transient
eddies. The flexing of the meanders results in stronger down-
ward transfer of momentum by internal stresses (interfacial
form stress) that are proportional to cross-frontal buoyancy
fluxes (Johnson and Bryden 1989). The downward momentum
flux accelerates deep currents that can dissipate momentum
through bottom form stress (Munk and Palmén 1951), the gen-
eration of internal waves (Nikurashin et al. 2013), or bottom
friction. Bottom speeds greater than 20 cm s21 are required in
order for bottom friction to be significant (Gill 1968), which
was previously thought to be unrealistically large. However,
friction might contribute during energetic events such as those
observed in the Subantarctic Front (SAF) southwest of Tas-
mania (peak speeds of 29 cm s21 at 3500 dbar over periods of
weeks; Meinen et al. 2002) and in Drake Passage, where near-
bottom speeds of 60–70 cm s21 lasting for 30–70 days were
observed (Chereskin et al. 2009).

Processes well known in atmospheric science might provide
a relevant analog for the meander flexing mechanism in the
ocean. Meanders in the atmosphere have been studied

extensively for their role in the formation of midlatitude
weather systems, and Newton (1959) was the first to connect
these dynamics to meanders in the Gulf Stream. Cyclogenesis
refers to the development of steep meander troughs coupled to
the development of cyclones at depth (Savidge and Bane
1999b) by a mixed barotropic–baroclinic instability process in
atmospheric and oceanic jets (Schubert et al. 2018). Divergence
between troughs and crests and convergence between crests
and troughs, driven by the ageostrophic component of the (gra-
dient wind) flow field of the meander, cause a secondary verti-
cal circulation along isopycnals. The divergence patterns
between troughs and crests are also associated with shortening
of the upper water column and stretching of the lower water
column (Savidge and Bane 1999b). This connects the upper
and lower water column, such that a horizontal circulation
(cyclone) at depth can be associated with warm and cold advec-
tion that can release available potential energy. Additionally,
these deep cyclones are associated with strong bottom currents,
strong enough for bottom friction to become important and
potentially enhance bottom form stress. While the process has
received less attention in oceanography, cyclogenesis has been
identified in observations and models of the Gulf Stream
(Savidge and Bane 1999a,b; Schubert et al. 2018) and in obser-
vations of the ACC in Drake Passage (Chereskin et al. 2009).

To explore the dynamics of standing meanders in the ACC,
we analyze a detailed survey of the velocity and water-mass
properties within a standing meander of the SAF. We employ a
gravest empirical mode (GEM) approach to construct a stream-
wise-average field against which to compare the evolution of
temperature and salinity along the meander. Satellite altimeter
observations are used with the gradient wind balance to esti-
mate the geostrophic and ageostrophic velocity terms in the
quasigeostrophic vorticity balance. This guides interpretation of
along-stream water-mass changes and provides evidence that
the process of cyclogenesis is at work during the time of the
voyage. For the first time, we connect satellite altimetry data at
the surface to subsurface water-mass changes in a standing
meander in the ACC and relate the observed changes in water-
mass characteristics to the dynamics of cyclogenesis.

Section 2 describes the in situ and satellite altimetry observa-
tions. Section 3 explains the construction of the GEM field and
the decomposition used to distinguish between changes on iso-
pycnals and changes due to vertical displacement of isopycnals.
The approach used to estimate the surface velocity field and rel-
evant terms in the gradient wind and vorticity balances is also
discussed. Section 4 relates observed temperature anomalies on
depth and density levels to the surface velocity and vorticity
structure in the meander. In section 5, the different structure of
temperature anomalies in the upper and lower water column is
related to the quasigeostrophic vorticity balance and cyclogene-
sis. Section 6 synthesizes the conclusions of the study.

2. Data

a. Subantarctic Zone Experiment (SAZE)

A standing meander in the SAF southwest of Tasmania was
surveyed in March 1998 by the Research Vessel Southern
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Surveyor voyage SS9802 to obtain a unique three-dimensional
dataset of temperature, salinity, and velocity observations. The
99 CTD stations and shipboard ADCP (SADCP) observations
were made along 11 hydrographic transects that crossed back
and forth across about three quarters of a meander wavelength
in the SAF near 508S and 1418E (Fig. 1). The standing meander
is a westward-propagating baroclinic Rossby wave, balanced by
the eastward background current and initiated by the current
flowing over the Southeast Indian Ridge following f/H con-
tours. The CTD stations were spaced at approximately 12 n mi
(22.2 km) in the cross-front direction and 18 n mi (33.3 km) in
the alongfront direction and extend to ∼1500-dbar depth. The
SADCP measured at a frequency of 150 kHz with profiles lim-
ited to the upper 250–350 m, and the data were averaged in
8-dbar depth bins and averaged over 20-min time intervals. The
sparse temporal and vertical resolution of the SADCP veloci-
ties made us decide to time-average over the period of the
CTD cast and depth-average over the mixed layer depth.
Mixed layer depth was determined with the temperature algo-
rithm from Holte and Talley (2009). The data have been
calibrated and quality controlled as described in the data proc-
essing reports available at https://www.cmar.csiro.au/data/
trawler/survey_details.cfm?survey=SS199802.

During the same period, the Research and Supply Vessel
(RSV) Aurora Australis surveyed along the repeated WOCE
SR3 line at 1408E, to create a hydrographic transect that
crossed from north to south straight through the meander sur-
vey (orange squares in Fig. 1). Data processing reports of this
voyage are stored at https://www.cmar.csiro.au/data/trawler/
survey_details.cfm?survey=AU199706.

b. Satellite altimetry

Satellite altimetry is used to calculate surface velocity and
to provide spatial and temporal context for the ship measure-
ments. The CNES-CLS13 mean dynamic topography (MDT,
mean sea surface height over a consistent reference period
from 1993 to 2012) is added to the Ssalto/Duacs gridded daily
mean sea level anomaly (SLA) to obtain the absolute
dynamic topography (ADT), from which geostrophic veloci-
ties are derived. The mean dynamic topography was produced
by Collecte Localisation Satellites (CLS) Space Oceanogra-
phy Division and the SLA, ADT, and geostrophic velocities
are produced and distributed by the Copernicus Marine and
Environment Monitoring Service (CMEMS), both available
at http://marine.copernicus.eu.

138°

138°

140°

140°

142°

142°

144°

144°

146°

146°

−52° −52°

−50° −50°

−48° −48°

−5000 −4000 −3000 −2000 −1000

S
ou

th
 E

as
t I

nd
ia

n 
R

id
ge

−0.2

0

0.2

0.
4

12
3

4

5

6

789

10
11

PFSAF
STF

FIG. 1. Map of the study area. RV Southern Surveyor (white line) completed 11 transects
(99 CTDs, circles) across a standing meander of the Subantarctic Front (SAF; white circles indi-
cate stations used to define the along-stream average, see section 3). RSV Aurora Australis
(orange line) collected CTD stations (orange squares) on the SR3 section crossing the meander
from north to south. Bathymetry from GEBCO Compilation Group (2019) is shown in color
contours. Gray contours indicate sea surface height [thick gray line is voyage time mean
(12–28 Mar); thin gray lines are weekly means]. The inset shows the location of the study area,
the SR3 transect (orange), the meander area (red box), and the mean positions of the Subtropi-
cal Front (STF, gray), the SAF (gray), and the Polar Front (PF, gray) from Orsi et al. (1995).
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We examined the evolution of the meander around our sam-
pling time by showing 7-day averages of daily ADT maps
(Fig. 2). In early January 1998, the ACC in our meander loca-
tion had little curvature and progressively formed a meander
during the rest of the month. From February to April, the
meander grew in amplitude and curvature and translated
slightly eastward. Steepest curvature was observed around the
beginning of the voyage (12–28 March 1998), with a deep
trough and crest. During this period the meander was fairly
stable, but continued to translate slightly eastward. After the

voyage, the amplitude of the meander trough shrinks and
the crest translated eastward returning to a near-zonal flow
in May.

3. Methods

a. Gravest empirical mode fields

As shown in Figs. 3a and 3b, the Conservative Tempera-
ture and Absolute Salinity transects of the SR3 line have
strong horizontal gradients associated with steepening of

FIG. 2. Time evolution of the SAF meander with 7-day mean ADT contours from 1 Jan 1998 until 21 May 1998. The black ADT contours
show the upper and lower limit of the front and a thin contour for the core of the front (0.2 m), the dashed gray line shows the core contour
of the voyage time mean as a reference. The panels that were in the time period of the voyage (12–28 Mar 1998) have a title in blue.
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the isopycnals in the SAF. Vertical gray dashed lines indi-
cate the dynamic height band in which the standing mean-
der was surveyed. We have divided the water column into
water masses bounded by neutral density surfaces. The mixed
layer (ML, gn, 26.8) subducts to form Subantarctic ModeWater
(SAMW, 26.8# gn , 27.0) that then moves northward. The core
of Antarctic Intermediate Water (AAIW, 27.0 # gn , 27.7),
recognized by the salinity minimum, is close to the surface on
the southern side of the front and around 1000 dbar on the
northern side of the front (Rintoul and Bullister 1999; Sloyan
and Rintoul 2001; Herraiz-Borreguero and Rintoul 2011).
The colder and saltier layer below the AAIW is the Upper
Circumpolar Deep Water (UCDW, 27.7 # gn , 27.98) from
Orsi et al. (2002).

The ACC is characterized by deep-reaching density gra-
dients that are associated with baroclinic jets extending
throughout the water column. The subsurface gradients are
reflected at the surface as gradients in ADT or dynamic
height. Dynamic height has a strong relationship with the ver-
tical structure of temperature and salinity, such that each
dynamic height value is associated with a particular tempera-
ture and salinity profile over broad regions of the ACC. This
has been exploited by previous studies to develop gravest
empirical mode (GEM) climatologies of the Southern Ocean
(e.g., Meinen and Watts 2000; Watts et al. 2001; Meijers et al.
2010).

Using this relationship, we create a two-dimensional GEM
representation of the streamwise-average vertical temperature

FIG. 3. Hydrographic properties during the meander survey. Sections from the SR3 line are shown: (a) Conservative Temperature
Q(D, p) and (b) Absolute Salinity SA(D, p). Neutral density is shown in white/black contours. Dynamic heightD(T, S, p) at 2 dbar relative
to 1494 dbar is used as the primary x axis (bottom), and the corresponding latitude is shown at the top of each plot. Vertical dashed gray
lines indicate the location of the standing meander. The two-dimensional GEM representation is shown: (c) Conservative Temperature
Q(D, p) and (d) Absolute Salinity SA(D, p) with contours of neutral density (white/black). (e) The GEM representation of the hydrogra-
phy in aQ–SA diagram, with the color of each profile indicating the dynamic heightD. Neutral density contours are shown in black.
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and salinity structure of the meander from the hydrography
observed in SAZE (Figs. 3c–e). A cubic spline function is fit-
ted to the scatter of Conservative Temperature as a function
of dynamic height D at each pressure level p for 86 of the 99
hydrographic stations to find the relationship Q(D, p). The
same approach is taken for Absolute Salinity to find SA(D, p).
The dynamic height field is the height of the 2-dbar level rela-
tive to 1494 dbar, the deepest common level of all of the pro-
files. A few stations on the edge of the survey (red circles in
Fig. 1) are outliers from this relationship and are excluded
from the GEM. Along-stream anomalies in temperature and
salinity are calculated by subtracting the GEM reference field
from the observed field.

b. Isopycnal property change and displacement

To identify the mechanisms responsible for water-mass
evolution along the meander, we first decompose the temper-
ature and salinity variability due to isopycnal property change
from that due to isopycnal displacement (Bindoff andMcDougall
1994). Property changes on isopycnals can arise from diapycnal
mixing or along-isopycnal motion in the presence of along-
isopycnal gradients of temperature and salinity (i.e., spiciness).
Following the method of Bindoff and McDougall (1994), we use
a Taylor decomposition to separate the isopycnal property
change from the isopycnal displacement. The Taylor series to the
first order is

Q′|z 5 Q′|g 2 h′|gQ
GEM

z

∣∣∣∣∣
g

, (1)

where the prime indicates the anomaly of the observed
field with respect to the GEM reference field [e.g., Q′|g 5
Q gn( )2QGEM gn( ) and h′|g 5 h gn( )2 hGEM gn( )], and h is
the depth of the neutral density layers in meters. The sub-
scripts g and z represent values on neutral density and
depth surfaces, respectively.

To calculate the terms in Eq. (1), a few interpolations need
to be made. The isopycnal property change (spice) term, Q′|g,
is obtained by interpolating the Conservative Temperature
from the pressure coordinate system to a regular interval neu-
tral density coordinate system. For the isopycnal displacement

(heave) term, h′ QGEM/
z

( )∣∣∣
g
, first the depth of the isopyc-

nals, h and hGEM, are interpolated on the regular interval neu-
tral density coordinate system. Second, a nonregular depth
coordinate system is created, zm 5 h1 hGEM( )=2, where the
points in the coordinate system are the midpoints between
the neutral density layers in the observed field and the GEM
reference field (Bindoff and McDougall 1994). The vertical
gradient of the Conservative Temperature in the GEM refer-
ence field and the Conservative Temperature anomalies on
depth surfaces, Q′

z| , are interpolated to this zm coordinate
system, such that all temperature anomalies are on neutral
density surfaces.

c. Gradient wind balance

The strong curvature of the meander suggests that the cen-
trifugal force needs to be taken into account and that the

meander flow is in gradient wind balance. From Holton
(2004), the gradient wind balance is defined as

k|u|2 1 f |u| 5 f |ug|, (2)

where f is the Coriolis parameter, k the curvature of the flow,
and |u| is the gradient wind velocity vector magnitude, which
is a combination of geostrophic and ageostrophic components
u5 (u, y)5 (ug, yg)1 (ua, ya)5 ug 1 ua. Ageostrophic veloci-
ties are determined by subtracting the geostrophic velocities
from the gradient wind velocities.

The gradient wind velocity is parallel to ADT (h) contours.
Geostrophic velocity is calculated from gradients in sea sur-
face height (here we use the product provided by CMEMS)
and the daily maps of ADT are used to calculate the curva-
ture and gradient wind velocities. The curvature is calculated
from the two-dimensional implicit curve defined by a function
h(x, y)5 0:

k � kg 5

2
2h

y2
h

x

( )2
2

2h

x2
h

y

( )2
1 2

2h

xy
h

x
h

y

h

x

( )2
1

h

y

( )2[ ]3=2 : (3)

Solving Eq. (2) for the gradient wind velocity vector u gives

u 5
2ug

1 1



















1 1 4kg|ug|=f

√ (4)

with the solution that gives u(kg → 0) 5 ug and a maximum
total speed of |u| 5 2|ug|. The maximum speed is acquired
when curvature dominates [ug 5 2f=(4kg)] in Eq. (4). Since f
is negative, and ug is positive in the trough and crest of an
eastward flow, kg needs to be positive, which by convention
means that the maximum speed can only occur in the crest of
the meander. Note that a trough is on the equatorward side
and a crest is on the poleward side of a meander, consistent
with usage in the Northern Hemisphere.

d. Quasigeostrophic vorticity balance

The meander we observed had a characteristic wave-
length of roughly 500 km and an amplitude of about
165 km. The relative vorticity is small compared to the
planetary vorticity and hence the quasigeostrophic assump-
tion remains valid (see section 4d). The quasigeostrophic
vorticity balance is

z

t
1 u · =z 1 by 2 f

w
z

5 0, (5)

where z 5 y=x
( )

2 u=y
( )

is the relative vorticity calculated
from the gradient wind velocities, and b 5 f=y is the meridio-
nal variation in Coriolis force. The first term in Eq. (5), z=t, is
the local rate of change of relative vorticity; the second term,
u · =z, is the relative vorticity advection; the third term, by,
is the planetary vorticity advection; and the fourth term,
2f w=z

( )
, is the vortex stretching. The vertical gradient of

the vertical velocity is derived from the quasigeostrophic con-
tinuity equation as
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w
z

5 2
ua
x

1
ya
y

( )
(6)

and solely results from ageostrophic horizontal divergence.
Calculating the curvature term in the gradient wind balance
and the vorticity terms requires double differentiation, and
errors are expected to increase with each level of differentia-
tion, and therefore a single pass 3 3 3 grid point boxcar
smoother is applied after each differentiation as described by
Hughes (2005).

4. Results

a. Temperature anomalies on depth levels

Temperature anomalies with respect to the GEM refer-
ence field, Q′|z (Fig. 4), show a distinct along-stream evolu-
tion in two broad layers: the upper part of the water column
(150–600 m) and below 600 m. Water-mass changes in the
surface mixed layer can be driven by air–sea interactions
and are ignored here. This difference between upper and
lower water column is particularly clear leading into the

FIG. 4. Conservative Temperature anomaly from the two-dimensional GEM on depth levels for each transect. (top) Transects 8–11 are lead-
ing into the trough, (middle) transects 5–7 are in between trough and crest, and (bottom) transects 1–4 are leading into the crest. Neutral den-
sity contours bound the SAMW (26.8–27 kg m23) and AAIW (27–27.7 kg m23). The core of the front is indicated with a vertical gray line.
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trough (transects 11–8), where the anomalies change sign at
about 600-m depth. The along-stream evolution is clear, the
upper water column (150–600 m) is anomalously warm lead-
ing into the trough (Fig. 4, top row, transects 11–8), cooler
in between trough and crest (middle row, transects 7–5),
and then warms again going into the crest (bottom row,
transects 4–1).

The deeper layer (.600 m) has a smaller signal, but there
is a distinct pattern that can be discerned in the water-mass
evolution from transect 11 to 1. The transects leading into
the trough are anomalously cool at the lower dynamic
heights (D , 1.6), warmer in between trough and crest, and
even warmer leading into the crest. This indicates a progres-
sive warming along-stream in the deeper part of the water
column. There are several profiles that are significantly
warmer at higher dynamic height (D . 1.55) in transects 9,
8, and 5–1. These are the profiles that were excluded from
the GEM (section 3a). It is clear that there are different pat-
terns of temperature anomalies in the upper and lower
water column and the pattern of temperature change tends
to follow the neutral density contours drawn to highlight the
different water masses (Fig. 4). It therefore makes sense to
use a neutral density as the vertical coordinate and the advan-
tages that come from a density coordinate (e.g., Jackett and
McDougall 1997).

b. Temperature anomalies on density levels

From the Q–SA diagram in Fig. 3e, we note that Conser-
vative Temperature and Absolute Salinity increase on iso-
pycnals with increasing dynamic height (i.e., water is
warmer and saltier to the north on all isopycnals above the
CDW). The temperature changes in Fig. 4 are separated
into temperature changes on isopycnals (spice, Fig. 5) and
changes due to isopycnal displacement (heave, figure not
shown), by means of Eq. (1). As explained in section 3b all
temperature changes in Eq. (1) are interpolated on density
surfaces, which allows us to compare temperature changes
on isopycnals and caused by isopycnals displacement to
temperature changes on depth levels at midpoints, zm. Tem-
perature changes on isopycnals over all depths of the CTD
profiles ∼1500 dbar are significantly larger (R2 5 0.88) than
those caused by displacement of isopycnals (R2 5 0.10). This
is an unusual result in the context of earlier work Bindoff and
McDougall (2000), where temperature changes caused by
heave are typically larger than the changes of temperature on
isopycnals.

The isopycnal layers corresponding to SAMW and upper
AAIW are anomalously warm leading into the trough (trans-
ects 11–8, Figs. 5a–d), become progressively cooler between
the trough and the crest (transects 7–5, Figs. 5e–g) and
become warmer again entering the crest (transects 4–1,
Figs. 5h–k). Thus, in an along-stream sense, these upper layers
are cooling on the upstream side of the meander and warming
through the downstream side. The deeper isopycnal layers
corresponding to denser AAIW and UCDW are anomalously
cool leading into the trough, become warmer in between
trough and crest, and even warmer leading into the crest.

A clearer picture of the along-stream evolution of tempera-
ture anomalies can be gained by averaging in density layers
and between streamlines, as discussed in section 5. The differ-
ence between the along-stream evolution of temperature
anomalies in the upper and lower water column suggests they
may be controlled by different processes. Note that by defini-
tion, temperature change on a neutral surface is accompanied
by a density-compensating change in salinity S′A

∣∣
g
. The spatial

pattern of salinity anomalies (not shown) therefore mirrors
those shown for temperature (Fig. 5).

c. Velocity structure

We next seek to relate the along-stream evolution of the
temperature anomalies to the dynamics of the meander. Fig-
ure 6a shows the velocity field estimated from ADT with the
SADCP velocity vectors overlaid. The close correspondence
between the SADCP and gradient wind estimates of total
velocity provides confidence that the gradient wind velocities
calculated from satellite data are realistic (the correlation
between the magnitude of the SADCP and gradient wind
velocities is R2 5 0.53 and between the SADCP velocity
direction and the orientation of the ADT contours is
R2 5 0.49). The SADCP velocity is weaker in the trough and
stronger in the crest, consistent with the ageostrophic flows
diagnosed using the gradient wind balance (Fig. 6b). The col-
ors in Fig. 6b show the relative importance of curvature and
rotation effects on the flow, represented by the ratio of the
ageostrophic and total velocity, ua=|u|. This ratio is analogous
to the Rossby number, Ro, as can be seen by taking the radius
of curvature, R 5 1/k, as the characteristic length scale L, the
velocity scale as U 5 Ug 1 Ua, and substituting Ro 5 U/Lf in
the gradient wind balance to show Ro ∼ Ua=U

( )
.

Recall that the ageostrophic and geostrophic velocity vec-
tors are parallel, as we are considering ageostrophic flow due
to curvature changes, not friction (i.e., Ekman spiral). The
geostrophic flow speed increases in the extremes (trough/
crest) of the meander associated with enhanced ADT gradi-
ent from meander steepening. The total flow speed is deceler-
ated in the trough and accelerated in the crest by the
ageostrophic velocity (Fig. 6b), creating the conditions for
divergence of the flow field. This divergence is in contrast to a
geostrophic flow field, which is by definition divergence free.
The colors in Fig. 6b show the relative importance of curvature
against rotational effects on the flow (or Rossby number), rep-
resented by the relative contribution of the ageostrophic to
the total flow speed. From a momentum balance perspective
these differences in flow speed are explained by the centrifugal
force being in the opposite direction to the pressure gradient
force in the trough and in the same direction in the crest.
Hence, the ageostrophic flow opposes the geostrophic flow in
the trough, and reinforces the geostrophic flow in the crest,
resulting in a divergent total flow field.

d. Vorticity budget

1) TOPOGRAPHIC STEERING AND RELATIVE VORTICITY

Conservation of barotropic potential vorticity implies
that
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z 1 f
H

5 constant: (7)

The flow will therefore tend to follow f/H contours, where
relative vorticity z is small compared to the planetary vortic-
ity f, H is the depth of the water column. Upstream of the
meander (1378–139.58E), the flow is steered to the north
over shoaling topography, creating negative relative vorticity
(Fig. 7). Between 139.58 and 141.58E, the topography rapidly
deepens. The rapid change in depth causes stretching of the

water column and generates stronger relative vorticity. From
141.58 to 1438E, the sea floor is relatively flat. To conserve
potential vorticity there must therefore be an increase in plane-
tary vorticity, hence poleward flow (Fig. 7b). Leading into the
crest (from 1438 to 1458E), the flow starts following f/H contours
again, before it makes another jump into deeper water, which
creates another trough in the same way as described above. The
trough/crest are clearly areas of negative/positive relative vortic-
ity (Fig. 7b). Although relative vorticity is much smaller than the
planetary vorticity, the difference in planetary vorticity between

FIG. 5. Conservative Temperature anomaly on neutral density levels due to isopycnal property changes, for each transect. Neutral den-
sity layers bounding the different water masses [mixed layer (ML), Subantarctic Mode Water (SAMW), Antarctic Intermediate Water
(AAIW), and Upper Circumpolar Deep Water (UCDW)] are indicated by the horizontal black lines. The core of the front and the separa-
tion between the upper and lower water column are indicated with gray lines.
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trough and crest is comparable to the difference in relative vor-
ticity. An otherwise simple gradient in Coriolis parameter
between north and south is modulated by relative vorticity that
clearly shows a meander in the absolute vorticity (Fig. 7c). The

quasigeostrophic assumption remains largely valid (Fig. 7d), but
becomes critical (z/f $ 0.1), in the crest at 1448E and the trough
at 1468E where the ageostrophic components of the flow
becomes significant [|ua|$O 0:1( ), Fig. 6b].

FIG. 6. (a) Time-mean (indicated with an overbar) surface flow speed over the period of the voyage in color, derived from
the gradient wind balance and satellite altimetry derived variables [absolute dynamic topography (ADT) and geostrophic
velocities]. On top are drawn the voyage time-mean ADT contours (white) and the SADCP absolute velocities averaged
over the mixed layer depth and over the time period of each CTD cast (black arrows). The correlation coefficient between
SADCP absolute velocities and the gradient wind velocities (interpolated to the location of the CTD cast) is noted at the top
of the panel, where the gradient wind vectors are derived from the satellite altimetry data nearest time. (b) The ratio between
the ageostrophic and total (gradient wind) flow speed (in color), which is similar to the Rossby number Ro ∼ ua= u| |5
|u|2 |ug |( )

= u| | overlaid with the voyage time-meanADT contours (gray) and the ageostrophic velocity vectors (black arrows).

FIG. 7. Terms in the barotropic potential vorticity equation: (a) topographic steering is indicated by f/H contours
(m21 s21), (b) the time-mean relative vorticity z (s21), (c) the time-mean absolute vorticity z 1 f (s21). (d) z=f con-
tours are drawn to evaluate where the quasigeostrophic assumption remains valid (z=f ,, 1). Bathymetry contours
are shown in gray shading in the background, the voyage time-mean ADT contours are shown in black, and the hydro-
graphic stations and transects are plotted by the white connected dots.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 521082

hjauman
Sticky Note
None set by hjauman

hjauman
Sticky Note
MigrationNone set by hjauman

hjauman
Sticky Note
Unmarked set by hjauman



2) QUASIGEOSTROPHIC VORTICITY BALANCE

The time-mean individual terms of the quasigeostrophic
vorticity equation [Eq. (5)] over the voyage duration are
shown in Fig. 8. From the panels we see that the first-order
balance is between the advection of relative vorticity (Fig. 8b)
and the vortex stretching (Fig. 8d) within the meander area
(R2 5 0.87 interpolated to the CTD locations). Leading into
the trough, the negative relative vorticity advection (Fig. 8b)
is associated with convergence of the streamlines and vortex
stretching (Fig. 8d), which is also shown by the ageostrophic
velocity vectors (black arrows in all panels) and suggests
downwelling in transects 8–11. In between trough and crest,
where barotropic relative vorticity is nearly zero (Fig. 7b), the

advection of relative vorticity (Fig. 8b) is positive (transects
5–6), causing divergence and upwelling. The ageostrophic
velocity vectors in Fig. 8 show the convergence/divergence,
which we infer to be downwelling/upwelling areas. The ADT
contours converge in the crest causing the strong advection of
relative vorticity (note that strongest advection of relative
vorticity in a pure sinusoidal wave would be expected in the
middle between trough and crest, and crest and trough). Also,
a filament interacting on the poleward side of the crest con-
tributes to the strong advection of relative vorticity in the
crest (528S, 1428E). The local time derivative of relative vor-
ticity (Fig. 8a) and the advection of planetary vorticity
(Fig. 8c) are about an order of magnitude smaller than the

FIG. 8. Terms of the quasigeostrophic vorticity balance: (a) local time derivative of relative vorticity z=t (s22),
(b) the advection of relative vorticity u · =z(s22), (c) the advection of planetary vorticity by (s22), (d) the vortex
stretching (convergence is shown in red and divergence in green) 2f w=z

( )
(s22) , and (e) the residual, which is the

sum of the three terms in (a)–(d) (s22). The voyage time-mean ADT contours are shown in gray, the ageostrophic
velocity vectors are indicated with black arrows and the hydrographic stations and transects are plotted by the white
connected dots.
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relative vorticity advection and the vortex stretching terms.
The residual (Fig. 8e) is small in the area of the observations
and reflects the major balance is between the relative vorticity
advection and the vortex stretching. East of 1448E, where the
quasigeostrophic assumption breaks down (z/f ∼ 0.1) the
residual is of the same order of magnitude as the two domi-
nant terms. The residual is a combination of the generation of
vorticity by the wind stress curl and the dissipation of vorticity
by bottom pressure torque. It potentially includes the vortex
tilting too, which becomes important in the growth and decay
of baroclinic Rossby waves (Holton 2004).

5. Discussion

Using a detailed survey of a standing meander, we investi-
gated the evolution of temperature anomalies along the
meander for the signature of the dynamical processes at work.

a. Observed temperature changes

Previous work has found a clear signal of warming due to
both displacement of isopycnals (heave) and warming on iso-
pycnals (spice) across most depth levels in the Southern
Ocean (e.g., Meijers et al. 2011, their Fig. 7 and Table 1), with
the larger component caused by the heave or “adiabatic”
component. Firing et al. (2017) showed that 95% of the deep
(.2000 m) temperature variability of repeated sections in the
Drake Passage is explained by heave in the Polar Front and
Subantarctic Front. In sharp contrast, we find that in the
standing meander of our survey, changes in water-mass prop-
erties on isopycnals dominate and explain 88% of the temper-
ature variability on depth levels and only 10% of the
variability is explained by isopycnal displacement. This con-
trast may be because our study is focused on a standing mean-
der during a period of growth, so the along-isopycnal changes
driven by divergence/convergence are relatively large. Other
studies (e.g., Meijers et al. 2011) examine larger regions that
incorporate areas away from topography and standing mean-
ders with more zonal flows and dynamically quiet regions
between fronts, where ageostrophic divergence is small.

In Fig. 9, we summarize the along-stream changes in tem-
perature. Figure 9a shows the average temperature anomaly
at each transect averaged over the dynamic height range span-
ning the meander (1.32 # D , 1.55), as a function of density.
Figure 9b presents the surface integral of the temperature
anomalies on isopycnals over two density layers (gn 26.8–27.3
representing the SAMW and upper AAIW, and gn 27.3–27.7,
representing the lower AAIW) and over the same dynamic
height range (A5

� �
Q′dgdD). In the upper density layer,

warm anomalies relative to the background GEM occur lead-
ing into the trough (transects 11–9, Figs. 9a,b), cool anomalies
occur exiting the trough (transects 8–3), and warm anomalies
are again present entering the crest (transects 2–1). There is
along-stream cooling leading into the trough (transect 10–6)
and along-stream warming entering the crest (transect 5–1).
In the lower water column (gn . 27.3), anomalously cold
water in the trough (transects 7–10, Figs. 9a,b) becomes pro-
gressively warmer moving into the crest (transects 1–4). The
surface integrated temperature anomaly in the lower water

column (Fig. 9b, blue line) contributes only a small amount to
the integrated anomaly over the whole water column (gray
line). However, it reveals a robust pattern of warming from
trough to crest that is less affected by the strong variability in
the upper water column.

In the following sections we discuss the dynamics that
explain the along-stream evolution of temperature anomalies
in the upper (section 5b) and lower water column (section 5c)
and the evidence for cyclogenesis at the time of the survey
(section 5d).

b. Water-mass evolution in the upper water column

In meanders where the curvature is large, the geostrophic
balance no longer holds: the introduction of the centrifugal
force in the cross-stream momentum balance (gradient wind
balance) causes an asymmetry in the flow field between
troughs and crests. Through mass conservation, this leads to
patterns of horizontal divergence. In the atmosphere, for
example, divergence in the upper troposphere is connected to
convergence at the surface, leading to rising air masses, con-
densation, and precipitation (Palmén and Newton 1969).

Bower (1989) shows patterns of horizontal divergence from
float observations (∼400–800 dbar) in Gulf Stream meanders
and describes divergence upstream of crests and convergence
upstream of troughs. A similar pattern is found in the SAF
meander: the ageostrophic flow decelerates the current in the
trough and accelerates it in the crest (Fig. 6b), causing diver-
gence between the trough and the crest and convergence
between the crest and the trough (Fig. 8b).

TNG14 and Firing et al. (2016) point out the importance of
the ageostrophic velocities in the vorticity budget of standing
meanders in the ACC. The ageostrophic contribution to the
total velocity might be small, but the spatial variability is sig-
nificant for the divergence of the velocity field and the relative
vorticity gradients. Hughes (2005) calculated the terms in the
steady barotropic vorticity balance and assumed the diver-
gence term to be small. They concluded that the relative vor-
ticity advection is balanced by the advection of planetary
vorticity (by). This result largely holds outside of the large
meander areas (TNG14). However, TNG14 show in a high-
resolution, eddy-resolving ocean GCM that in meander
regions the planetary vorticity term is an order of magnitude
smaller than the other terms and that the dominant balance is
between vortex stretching and advection of relative vorticity.
Firing et al. (2016) confirm this first-order balance with full-
depth observations in the Drake Passage and found that the
surface vorticity advection is a sufficient representation of the
depth-integrated vorticity balance. In our study of an ACC
standing meander, we also confirm with satellite observations
that advection of relative vorticity is balanced by vortex
stretching/divergence (Figs. 8b,d) and that the advection of
planetary vorticity is about an order of magnitude smaller
(Fig. 8c). At the locations of the CTDs in this experiment we
found that 87% of the variability in the quasigeostrophic vor-
ticity balance is explained by relative vorticity and vortex
stretching.
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Any baroclinic flow that is not entirely geostrophic must
have some form of vertical motion as a consequence of conti-
nuity [Eq. (6)]. In Fig. 9c, we link the upper water column
temperature changes to the surface divergence patterns from
altimetry. Figure 9d presents the first difference of tempera-
ture change in the upper water column to indicate the along-
stream warming/cooling (from Fig. 9b) overlaid with the
cross-stream integral of divergence for each transect (from
Fig. 9c). In the upper water column (26.8 , g # 27.3),
our observations reveal convergence entering the trough
(Figs. 9c,d), vortex stretching (w=z. 0; Fig. 8d) and warm
anomalies on isopycnals (Fig. 9a) that progressively cool from
transect 10 to transect 6 (Fig. 9d). Exiting the trough and
entering the crest, divergence, vortex squeezing and cold
anomalies (that progressively warm from transect 6 to tran-
sect 1) are present. We infer that the convergence entering

the trough is associated with downwelling of cooler water
along isopycnals and the divergence exiting the trough and
entering the crest is associated with upwelling of warmer
water along isopycnals. (Recall from Fig. 3e that temperature
and salinity decrease with decreasing dynamic height, i.e., to
the south, along isopycnals.) The anomalies relative to the
GEM of isopycnal height (h′, not shown) suggest vortex
stretching (and squeezing) associated with convergence and
divergence [Eq. (6)]. Entering the trough (transects 11 and 10)
we observe a thickening of the SAMW and upper AAIW and
a thinning of SAMW and upper AAIW between trough and
crest (transects 6 and 5) that is consistent with this view. Enter-
ing the crest (transects 3–1) we see a thickening of isopycnal
layers again, which is consistent with the warm temperature
anomaly, but unexpected regarding the strong divergence at
the surface. The divergence (or vortex squeezing) seen in the

FIG. 9. Summary of the Conservative Temperature anomalies on isopycnals in Fig. 5 with (a) a side view from south
to north averaged within the range of dynamic heights common to all transects (1.32 # D , 1.55) and (b) by calculat-
ing the surface integral A of the temperature anomaly over the upper (26.8 , g # 27.3), lower (27.3 # g , 27.7), and
combined (26.8 # g , 27.7) water columns in the same dynamic height range. The mnemonic bcd refers to backing,
cold advection, and downwelling, and uvw refers to upwelling, veering, and warm advection (Lindstrom et al. 1997).
(c) A plan view of the SAF meander (Fig. 1) with convergence (orange ellipse)/divergence (green ellipse) patterns and
the voyage averaged sea surface height contours in black. (d) Combines the first difference of the surface integral in
(b), DA between transects, with overlaid the integral of surface velocity divergence over the same dynamic height
range at each transect, averaged between adjacent transects (pink). In the upper water column convergence at the sur-
face is collocated with along-stream cooling suggesting downwelling of coolers water and divergence is collocated with
along-stream warming suggesting upwelling of warmer water. In (a), the blue/red vectors perpendicular to the figure
plane show the turning of the velocity vector with depth in the lower water column. They indicate cross-frontal trans-
port by the hypothesized cyclogenesis process linked to the surface divergence/upwelling, speeding up bottom
currents.
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quasigeostrophic vorticity term is attributed to the particularly
strong curvature in the meander here and is enhanced due to
encroachment of another front from the south.

c. Nonequivalent barotropic flow and cross-front
transport in the lower water column

In the Synoptic Ocean Prediction (SYNOP) Experiment in
the Gulf Stream, Savidge and Bane (1999a,b) show how deep
cyclonic circulation patterns are formed under standing mean-
der troughs and how this coincides with patterns of diver-
gence at the surface and convergence at depth. These
cyclones were present 35% of the time with strong bottom
speeds of up to 0.5 m s21. This observed divergence and con-
vergence in the water column is analogous to atmospheric
cyclogenesis and has been simulated by Schubert et al. (2018)
in a high-resolution ocean general circulation model. It shows
the connection between meander troughs at the surface and
benthic storms at the bottom.

Hughes (1995) argues that when the background current is
much faster than the wave speed as found in the ACC, the
flow approximates an equivalent-barotropic structure, where
the surface current is parallel to the current at depth. How-
ever, there have been several studies of standing meanders in
the Gulf Stream (Lindstrom et al. 1997) and in the Antarctic
Circumpolar Current (Phillips and Bindoff 2014; Watts et al.
2016) that show a nonequivalent barotropic flow. Lindstrom
et al. (1997), in the SYNOP experiment, found a backing of
the horizontal flow (cyclonic rotation from deep to shallow
levels), cold advection, and downwelling entering a meander
trough or exiting a crest, and veering, warm advection, and
upwelling exiting a trough or entering a crest. They gave these
patterns the mnemonics “bcd” and “uvw.” Phillips and
Rintoul (2000) and Tracey et al. (2006) found that this result
for Gulf Stream meanders also held for the SAF south of
Australia. Phillips and Bindoff (2014) observed similar pat-
terns of upwelling and downwelling phase-locked with a
meander at the northern Kerguelen Plateau, associated with
the nonequivalent barotropic flow.

In this study, the temperature anomalies in the lower water
column (Fig. 5) can be explained by the relationships identi-
fied in Lindstrom et al. (1997). Entering the trough (transects
8–10, Fig. 9a), we expect to see cyclonic (clockwise) rotation
of the horizontal velocity vector from deep to shallow (back-
ing), transporting colder, fresher water down slope to the
north along isopycnals, and downwelling. Leading into the
crest (transects 1–4), we expect to see anticyclonic rotation
from deep to shallow (veering, anticlockwise), transporting
warmer and saltier water up slope to the south along isopyc-
nals, and upwelling. These patterns are entirely consistent
with the relatively cold anomalies leading into the trough and
relatively warm anomalies entering the crest (Fig. 9). The net
effect is that colder water crosses dynamic height contours
leading into the trough, moving equatorward, and warmer
water crosses dynamic height contours between the trough
and the crest, moving poleward at depth. This indicates a net
poleward heat transport.

d. Potential impacts of cyclogenesis on bottom processes
and momentum dissipation

The difference in temperature anomaly patterns between
the upper and the lower water column strongly suggest that
the shipboard survey was undertaken during a cyclogenesis
event. Cyclogenesis is a term adopted from meteorology and
describes how Rossby waves (wavelike motion) in the midlati-
tude jet stream are connected to high and low pressures (cir-
cular motion) at the surface. In a similar way standing
meanders at the surface can be connected to low (and high)
pressures at the ocean bottom. In Fig. 9c, an approximately
stationary Rossby wave at the sea surface causes patterns of
divergence and convergence due to the ageostrophic contribu-
tions in the flow. Through conservation of mass, this must
lead to patterns of up- and downwelling, respectively, leading
to the temperature anomalies in the upper water column. This
is sometimes referred to as vertical secondary circulation.
Convergence at the surface is collocated with a subsurface
cooling suggesting downwelling entering the trough. Diver-
gence is collocated with a warming, suggesting upwelling exit-
ing the trough and entering the crest. In the lower water
column this leads to cold advection leading into the trough
and warm advection leading into the crest, creating a horizon-
tal circulation. The vertical limit of the CTD profiles to ∼1500
dbar did not allow us to quantify the temperature anomalies
near the bottom, but considering the observations by Savidge
and Bane (1999a,b) and model experiments by Schubert et al.
(2018) of meanders in the Gulf Stream, it is quite likely that a
deep cyclone, i.e., benthic storm, is present between the
trough and crest during this survey (Fig. 9a).

Furthermore, the fact that the temperature anomalies on
isopycnals in the lower water column are about a quarter
wavelength out of phase from the upper water column anom-
alies (Fig. 9b) indicates potential growth of the baroclinic
Rossby wave. This phase offset is evident in Fig. 9, where the
minimum temperature anomaly in the lower water column in
transect 6 is offset by about a quarter wavelength from the
maximum temperature anomaly in the upper water column in
transects 1 and 10. As explained in Cushman-Roisin and
Beckers (2011), a quarter wavelength between the surface
and the deep Rossby wave (in an idealized two-layer model)
is the most favorable condition for initial growth of baroclinic
instability. Based on the observations in the lower water col-
umn, the deep cyclone center is expected between the trough
and crest (transects 5–6), where the temperature anomalies
are approximately zero (A ∼ 0), between maxima in the
trough (transect 10) and crest (transect 1). This suggests that
the system is in its initial to middle stage of cyclogenesis, con-
sistent with steepening of the meander during the survey
(Fig. 2). In the mature stage of the instability, the cyclone
would be collocated with the trough.

The theory of cyclogenesis has important implications for
our understanding of meanders in the ACC. Deep cyclones
can speed up bottom currents, which in turn can increase bot-
tom form stress, generate lee waves over rough topography
and increase bottom friction that leads to the dissipation of
momentum. This might be an explanation for how standing
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meanders remove the additional momentum added to the
ACC by accelerating Southern Ocean westerlies, as proposed
by TNG14, allowing the ACC’s volume transport to remain
steady. Moreover, the nonequivalent barotropic flow within
the meander causes along-isopycnal cold advection equator-
ward leading into the trough and warm advection poleward
leading into the crest. The result is enhanced poleward advec-
tion of heat in standing meanders as identified in many recent
studies, (e.g., Naveira Garabato et al. 2011; Watts et al. 2016;
Foppert et al. 2017).

6. Conclusions

By constructing a streamwise-average temperature and
salinity GEM field from 99 hydrographic stations, anomalies
were calculated along 11 transects in the survey of a Subant-
arctic Front standing meander. We found that the anomalies
were mainly due to water-mass changes on isopycnals, rather
than due to heaving. This is contrary to a range of other stud-
ies in the Southern Ocean that find the heave component
dominates temperature changes in the ACC (e.g., Meijers
et al. 2011; Firing et al. 2017). The upper and lower water
column showed different patterns of temperature (and salin-
ity) variation along the front. In the upper water column
(gn , 27.3), anomalously warm water on isopycnals leading
into the trough became progressively cooler and then warmer
again leading into the crest. In the lower water column, cold
anomalies were observed in the trough, becoming progressively
warmer in between trough and crest and warmest in the crest.

Using the gradient wind balance, the total horizontal veloc-
ity (geostrophic 1 ageostrophic) at the surface was calculated
from satellite altimetry observations. In this meander, gener-
ated by the ACC flowing over strongly varying topography,
the curvature of the flow causes patterns of divergence and
convergence. Divergence is due to the ageostrophic contribu-
tion to the flow, decelerating the current in the trough and
accelerating it in the crest. This is in contrast to areas outside
meander regions where the flow has weak curvature and
the ageostrophic term is negligible (Rintoul and Naveira
Garabato 2013).

We calculated terms in the steady quasigeostrophic vor-
ticity balance and showed that the major balance is between
advection of relative vorticity and vortex stretching. Con-
vergence between crests and troughs and divergence
between troughs and crests implies areas of downwelling
(cooler temperature on isopycnals) and upwelling (warmer
temperature on isopycnals), respectively, that are generally
consistent with our upper water column temperature anom-
alies. The lower water column anomalies are explained by
nonequivalent barotropic flow i.e., the turning of the veloc-
ity vector with depth, shown to hold in the Gulf Stream
(Lindstrom et al. 1997) and Subantarctic Front (Phillips and
Rintoul 2000; Tracey et al. 2006; Phillips and Bindoff 2014).
Leading into the trough, the velocity vector turns clockwise
(cyclonic) from deep to shallow levels, known as backing,
and anticlockwise (anticyclonic) leading into the crest, or
veering. This leads to cold advection and downwelling lead-
ing into the trough (bcd) and warm advection and upwelling

(uvw) entering the crest. Although these observed tempera-
ture changes are in the intermediate depth range, the cold
and warm advection there suggests the presence of a deep
cyclone about midway between the upper-ocean trough and
crest.

In meteorological studies and some recent studies of the
Gulf Stream, these observed temperature anomalies are
linked to cyclogenesis, where patterns of divergence in the jet
stream are connected to convergence (low pressures) at the
surface. The opposite is also true; convergence in the jet
stream is linked to divergence (high pressures) at the surface.
Analogous to the atmosphere, it is quite likely that this view
of divergence patterns between the surface and at depth is
also valid for meanders of the ACC. The equatorward advec-
tion of cold water leading into the trough and poleward
advection of warm water leading into the crest causes a net
poleward heat transport. This poleward heat flux contributes
to the meridional heat transport needed to balance air–sea
heat loss around Antarctica and drives ice melt at higher lati-
tudes (Rintoul and Naveira Garabato 2013). The cyclones at
depth increase bottom velocities, leading to dissipation of
momentum due to the generation of lee waves and bottom
friction. Thus, cyclogenesis could be an important contributor
to the momentum dissipation needed to explain the near-
constant volume transport of the ACC in spite of observed
increasing winds (Böning et al. 2008).
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