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Abstract Ocean storm tracks have previously been associated with the midlatitude western boundary
currents (WBCs) and the Antarctic Circumpolar Current (ACC). Here we identify and examine large-scale bar-
oclinically unstable waves occurring within waveguides associated with potential density gradients in the
subtropical regions of the Southern Hemisphere (SH) oceans where the trade winds and westerlies meet
and at depths associated with mode water formation. In contrast to the Northern Hemisphere subtropics,
the SH pathways are more extensive allowing large-scale coherent disturbances to communicate informa-
tion westward from the midlatitudes to the subtropics (South Pacific Ocean) and from the subtropics to the
tropics (Indian Ocean). Particular consideration is given to the subtropical South Pacific Ocean as this is a
region where resonant interactions between large-scale Rossby waves and significant topographic features
have been reported to occur. Using an ocean general circulation model and a simple potential energy trans-
fer diagnostic, we identify the relevant nonlinearly modified structures comparing their propagation charac-
teristics to planetary Rossby waves calculated using a shallow water model. Although at first appearance
baroclinic disturbances resemble planetary Rossby waves, we show they are inherently nonlinear, multiscale
and are amplified where topography occurs. The location of the disturbances coincides with regions of high
variability in sea surface height observed in satellite altimetry and their speeds closely match the large-scale
coherent westward propagating structures described in the observational literature. Our study provides evi-
dence that, in addition to the midlatitude WBCs and the ACC, significant ocean storm tracks are also mani-
fest in the SH subtropics.

1. Introduction

The ocean primarily responds to large-scale O(1000) km, low-frequency O(1)year changes in atmospheric
forcing through the generation of long wavelength baroclinic Rossby waves [Gill, 1982]. These planetary
Rossby waves travel westward with typically slow speeds O(1021)–O(1022) m s21 and long wavelengths of
O(106)–O(105) m through the subtropics to midlatitudes. They are only weakly expressed in sea surface
height (SSH) O(1021)m, but are nevertheless readily detected using satellite altimetry [Chelton and Schlax,
1996; Wang et al., 1998; Fu and Chelton, 2001; Challenor et al., 2004; Maharaj et al., 2007, 2009]. Rossby wave
propagation is often identified using Hovmoller phase diagrams of SSH anomalies [Chelton and Schlax,
1996] or depth of an isotherm [Kessler, 1990].

Rossby waves are known to display complex interactions with bottom topography [Chelton and Schlax,
1996; Killworth and Blundell, 1999; Tailleux, 2003]. This is particularly true where they impinge on steep iso-
lated structures, resulting in the anomalously slow phase speeds observed in satellite observations of SSH
[Maharaj et al., 2005] in the South Pacific. More recently, higher-resolution satellite altimetric observations
suggest that these features can, on shorter time scales, be regarded as persistent nonlinear quasi-stable
mesoscale eddies rather than linear planetary Rossby waves [Chelton et al., 2011]. This has prompted
renewed investigations into the nature of Rossby waves and eddies [Early et al., 2011].

Here we are motivated to understand the dynamics by investigating the stability of the flow and the distur-
bances, often multiscale, that give rise to long lived or metastable coherent structures. Whereas Williams
et al. [2007] examined and contrasted the role of eddy vorticity in the respective atmosphere and midlati-
tude ocean (>358 latitude) storm tracks, it has generally been less well recognized that waveguides also
occur in the subtropical regions of the Southern Hemisphere (SH). Here our focus is on the subtropics and
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in particular, the structure of large-scale nonlinearly modified baroclinic oceanic Rossby waves. We show
that the subtropical SH waveguides are much more extensive in comparison to those in the Northern Hemi-
sphere (NH), indeed the South Indian and South Pacific Ocean pathways have no NH equivalent. These
pathways allow for greater communication between the SH midlatitude-subtropical-tropical regions
through westward propagating baroclinic disturbances.

We focus particular attention on the South Pacific where studies of Rossby wave propagation have primarily
attempted to reconcile discrepancies between propagation speeds observed by altimetry and the expected
planetary Rossby wave speeds taken from corrections to linear theory [Maharaj et al., 2007, 2009]. We pro-
pose that it is in fact large-scale (nonlinear) baroclinic Rossby waves that are the dynamical mechanism
determining the observed surface height variability in the subtropical band and offer a general framework
to explain them.

In particular, we are interested in addressing the following points:

1. To characterize baroclinic pathways (waveguides) in the SH using an OGCM of comparable resolution to
current climate models and compare to observational (subsurface) products.

2. To investigate whether such pathways provide plausible teleconnections within/between the respective
midlatitude-subtropical-tropical regions of the SH oceans.

3. To examine if the propagation characteristics and multiscale nature of large baroclinic disturbances along
these pathways are realistic—in particular, in the South Pacific where significant topographic interactions
are known to occur and linear theories break down.

Because of the complexity of oceanic Rossby waves, previous studies have largely relied on linear theories
and often in a quasi-geostrophic setting. Given the substantive literature of linear instability analysis
(reviewed in section 2), we instead characterize baroclinic disturbances without recourse to linear theory.
To this end we employ a simple mean to transient potential energy diagnostic [Orlanski and Cox, 1973; Gill
et al., 1974; Oey, 2008]. Our approach is to use an OGCM forced by atmospheric reanalysis data. We first
compare pathways in the subtropical regions of the SH oceans characterized by significant horizontal den-
sity gradients with those in the NH. We further compare Eady growth periods of the modeled pathways to
observational estimates calculated from Argo data. We use anomaly root mean square (RMS) error and com-
plex Hilbert empirical orthogonal functions [Hannachi et al., 2007] to characterize the propagation of low-
frequency baroclinic disturbances in each of the SH oceans before focusing on the South Pacific Ocean
pathway, which encapsulates the complexity of the problem. We describe the excitation and propagation
of baroclinic disturbances confined within a density gradient ‘‘waveguide’’ connecting the ACC in Drake’s
Passage across the subtropical South Pacific Ocean into the East Australian Current (EAC) and via the East
Auckland Current to enter the ACC at the East Pacific Rise. We further detail the propagation of these distur-
bances in the subtropical South Pacific Ocean using 2-D Radon transform analysis, which are contrasted
with estimates of westward propagating linear first baroclinic-mode Rossby waves simulated in an ocean
(reduced gravity) shallow water model (SWM). We also examine the stability of this teleconnection and for-
mulate an instability-driven dynamical perspective of the formation and propagation of the observed low-
frequency baroclinic wave-like structures that are analogous to the theory of storm tracks in the atmos-
phere. In the next section 2, we briefly review the literature. In section 3, we describe the OGCM and the 1
1/2 layer SWM used to calculate linear Rossby wave propagation. Sections 4, 5, and 6 contain the results,
discussion, and conclusions respectively.

2. Background

Tailleux [2005] examined the energy paths of long extratropical oceanic Rossby waves. He found a weak
dependence on the zonal wave number ratio s where the zonal phase speed varies approximately linearly
with the meridional wave number. In such cases, he shows that the propagation becomes quasi nondisper-
sive and describable at leading order in terms of topography and stratification alone. Using raypaths, Tail-
leux [2005] found three regimes. The first is associated with a topographic regime following the constant f/
hc (where c is a constant determined by the strength of the stratification, f the Coriolis parameter, and h the
ocean depth). The second and third correspond to fast and slow westward regimes, largely independent of
topography and associated with the first and second bottom-pressure-compensated normal modes

Journal of Geophysical Research: Oceans 10.1002/2014JC009990

O’KANE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 6079



[Tailleux and McWilliams, 2001, 2002]. Chen and Kamenkovich [2013] examined the role of bottom topogra-
phy in the linear baroclinic instability of zonal flows on a b-plane and compared to the effects of both zonal
and meridional topographic slope. Through varying the lower-level background potential vorticity gradient,
they found that zonal slopes always act to destabilize background zonal flows.

Since the pioneering works of Charney [1947], Eady [1949], Phillips [1954], Smagorinsky [1963], Pedlosky
[1964], and Green [1974], it is well known that baroclinically unstable waves may develop in regions of the
atmosphere where horizontal temperature gradients are large. Such baroclinic disturbances are ubiquitous
across a wide range of scales. Like atmospheric fronts, the ocean displays large-scale fronts with characteris-
tic slopes determined by density gradients, differential rotation, and the vertical shear of the currents paral-
lel to the front. Orlanski and Cox [1973] examined baroclinically unstable waves in an idealized Gulf Stream
simulation. They demonstrated that the formation of large-scale meanders of the jet is associated with dis-
turbance growth rates smaller than those predicted by linear theory. This implies nonlinear effects are of
primary importance. Using a regional ocean forecasting system, Oey [2008] extended this approach to char-
acterize regions of flow instability responsible for deep eddy formation in the Gulf of Mexico.

Gill et al. [1974] studied the partition of energy in the main oceanic gyres, and in particular, the Sargasso
Sea. Assuming quasigeostrophy, Gill et al. [1974] showed that the potential energy in the gyres is 1000 times
greater than the kinetic energy. Initiated by the action of the mean wind field, the production of mid-ocean
eddies is known to occur via conversion of the potential energy of the mean flow into transient energy
(subsequently referred to as eddies). By relating the mean velocity profile to the average slope of the iso-
pycnals f 2 �Uz=N2b5 f

b
�qy

�qz
(where �U is the component of the current in the x direction, �q the mean density, f

the Coriolis parameter, b the differential rotation and N2 the buoyancy frequency), it has been determined
that the manner in which the horizontal density gradient varies with depth is the major factor affecting
mean to transient potential energy conversion and stability.

Gill et al. [1974] further considered small (linear) perturbations to the mean state and found that the propaga-
tion velocities and vertical structure of the longer baroclinically unstable waves (eddies with wavelengths of
300–500 km) were close to those of first baroclinic-mode (planetary) Rossby waves. Considering the change
of phase with depth of disturbance velocity profiles, they identified that energy transfer takes place in the
upper 400 m for the subtropical gyres. Halliwell et al. [1994] examined the role of nonlinearity in the Sargasso
Sea subtropical frontal zone. They focused on the transfer of energy to longer wavelengths once the wave
number spectrum has saturated. Their work emphasized equal roles for baroclinic energy conversion and
atmospheric forcing in generating eddy variability in the subtropical frontal zones. This approach is analogous
to examinations of the relationship of baroclinicity in the zonal winds to latitudinal gradients of mean temper-
ature through the thermal wind balance @ug

@z 52 R
fH
@T
@y in the atmosphere. Here H is the scale height, R the gas

constant, and @ug

@z relates the vertical geostrophic wind shear to the horizontal temperature gradient @T
@y .

Using a wind forced 2 1
2 layer model, Cerovecki and de Szoeke [2007] found that the intensification of long

period waves in the southwestern region of ocean basins could arise due to the spatial growth of purely
time periodic, but baroclinically unstable, motions. Smith [2007] presented a systematic analysis of linear
instability characteristics of the oceanic mean state comparing the most energetic growing modes to obser-
vations of eddy statistics. Tulloch et al. [2009] examined altimetric phase speeds via adjustment of the lateral
scale of linear Rossby wave theory to best fit altimetric observations of westward phase propagation. They
found that in order to fit linear theory to altimetric observations one must assume that a transition from
waves to turbulence occurs at �630� of latitude. Tulloch et al. [2009] conducted a local linear stability anal-
ysis of the hydrographic Ocean Comprehensible Atlas (OCCA), a 3 year climatology for 2004–2006 on a 1�3
1� horizontal grid, to ascertain the growth rates and scales of the fastest growing modes. Again using pre-
dictions from linear theory, they found that the fastest growing modes in the subtropics and gyre interiors
have a scale varying between 0.5 and 1 times the Rossby radius of deformation and e-folding scale of sev-
eral weeks. Importantly, they find little evidence for an extended inverse energy cascade throughout the
oceans, especially in the eddy-rich regions driven by larger-than deformation-scale baroclinic instabilities.
Williams et al. [2007] examined baroclinic and barotropic instability over a 10 year period of altimetric data
1992–2002 (Ocean Topography Experiment (TOPEX)/Poseidon and European Remote Sensing Satellite
(ERS)) making a direct analogy between enhanced regions of eddy variability in the eddy-rich regions of the
midlatitude oceans and atmospheric storm tracks. Presumably, because of the weaker eddy activity and
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spatial and temporal resolution of the available observational data, none of these previous studies consider
the subtropical regions.

More generally, in order to distinguish the unstable waves from the baroclinic planetary waves, one would
ideally like to measure the energy exchange due to long-term (low frequency) correlations between density
perturbations and velocity perturbations. Additionally, in order to estimate the rate of energy conversion,
we require an estimate of the variation of the mean horizontal density gradient with depth. O’Kane et al.
[2013] employed this approach to examine the propagation and amplification of low-frequency baroclini-
cally unstable waves in the Antarctic Circumpolar Current (ACC). They found amplification of baroclinically
unstable waves occurred in regions characterized by significant density gradients, bottom topography, and
Rossby waves, and that these disturbances initiated transitions between quasi-stable thermocline regimes.
This result is analogous to that of Frederiksen [1982] who showed that baroclinic instability is an important
mechanism for enabling the atmosphere to transition between quasi-stationary states associated with
atmospheric blocking and a zonal flow. Both of these studies show that for many regimes in geophysical
flows, baroclinic instability is often seen to initiate the transition between metastable states whereas baro-
tropic instability determines the life time of the particular state.

3. Models

3.1. Model Configuration
Our primary model is the Australian Community Climate Earth System Simulator-Ocean (ACCESS-o) configu-
ration of the U.S. National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics Laboratory
(GFDL) version 4p1 of the Modular Ocean Model (MOM4p1) ocean-ice code [Delworth et al., 2006]. The
model configuration is as described by O’Kane et al. [2013] so we make our description here brief. The con-
figuration is volume conserving—Boussinesq using z� coordinates scaled in the vertical. Weak restoring is
applied to the surface salinity of the top layer (equivalent thickness of 10 m) which is relaxed to World
Ocean Atlas (WOA09) [Antonov et al., 2010; Locarnini et al., 2010] fields with a time scale of 60 days to
reduce drift. We use the temporal residual mean [McDougall and McIntosh, 1996] to parameterize the trans-
port of passive tracers, temperature, and salinity. The K-Profile Parameterization scheme [Large et al., 1994]
is applied to mixing in the vertical.

We employ the tripolar ACCESS-o model grid [Uotilla et al., 2012]. This grid is a 360 3 300 logically rectangu-
lar horizontal mesh, overlying an orthogonal curvilinear grid whereby a singularity at the north pole is
avoided by using a tripolar grid following Murray [1996]. This approach also provides reasonably fine resolu-
tion in the Arctic Ocean while at the same time enhancing computational efficiency. Along the curvilinear
zonal direction, ACCESS-o has a regular spaced grid with 1� resolution. In the meridional direction, the grid
spacing is nominally 1� resolution, with the following three refinements:

1. Tripolar Arctic north of 65�N.

2. Equatorial refinement to 1=3� between 10�S and 10�N.

3. A Mercator (cosine dependent) implementation for the SH, ranging from 1=4� at 78�S to 1� at 30�S.

In the vertical direction, ACCESS-o implements the z� coordinate available in MOM4p1, with 50 model levels
covering 0–6000 m with a resolution ranging from 10 m in the upper layers (0–200 m) to about 333 m for
the abyssal ocean. Although not eddy resolving, this model resolves large-scale Rossby waves and energy
transfers associated with transient disturbances that may become resonant with the resolved Rossby waves.

The model simulations described in this study employ atmospheric fields from the Coordinated Ocean-Ice
Reference Experiments (COREs) [Griffies et al., 2009] for global ocean-ice modeling. For our experimental
configuration, we use the CORE.v2 interannually varying forcing (1948–2007) (hereafter CORE2) [Large and
Yeager, 2004, 2009]. The CORE2 data sets, support code, and documentation were accessed from the GFDL
MOM4 Data Sets website (http://data1.gfdl.noaa.gov/nomads/forms/mom4/COREv1.html and
COREv2.html).

3.2. Shallow Water Model
A global 1� resolution 1 1

2–layer linear reduced-gravity SWM as described in Holbrook et al. [2011] is used to
calculate Rossby wave propagation across the South Pacific Ocean. The model comprises an active upper
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layer of uniform density overlying a deep motionless layer of larger uniform density. These density layers
are separated by an interface that approximates the ocean pycnocline. The reduced gravity, g0, reflects the
density difference between the upper and lower layers, where the lower layer is assumed to be motionless
and infinitely deep. The SWM takes account of the geographically varying first baroclinic-mode gravity
wave speeds, c1, provided by Chelton et al. [1998] to generate geographically varying values for g0. Thus,
geographic variations in g0ðx; yÞ5c2

1ðx; yÞ=H, where H is assumed to be a constant depth of 300 m, are more
realistic in regions of large density gradients around bathymetric features and in terms of the west-east
sloping thermocline and its zonal gradient in stratification. The upper layer is forced by wind stress anoma-
lies from CORE2. The long Rossby waves manifest as westward propagating anomalies in the pycnocline
depth. The model formulation permits Ekman pumping and both Rossby and Kelvin wave propagation
along the pycnocline to be generated in response to the large-scale wind stress forcing. Note that both
ACCESS-o and the shallow water model are forced with the same CORE2 surface winds.

3.3. Diagnostics
3.3.1. Potential Energy Conversion
We very simply describe baroclinic disturbances using mean—transient potential energy transfers. Here we
express the energy transfers in terms of time-means (overbar) and fluctuations (prime) [Mata et al., 2006;
Oey, 2008; O’Kane et al., 2013]:

�U5
u0q0 @�q

@x 1v0q0 @�q
@y

@~q
@z

(1)

where q is the potential density and ~q is the reference state approximated as the horizontal average of the
time mean. u and v are the horizontal velocity components in the x and y (zonal and meridional) directions,
respectively. These energy transfer terms are calculated on each level using 60 (CORE2 and component sim-
ulations) years of output from the ACCESS-o model. Instantaneous transfers are obtained by removing the
time averaging of the transient terms u0; v0;q0 and will be denoted as U0 (103 kg m2 s21). Here U0 represents
the flux of mean potential energy to transient potential energy through baroclinic disturbances about the
mean flow [Haidvogel and Beckmann, 1999]. Positive values in equation (1) indicate the conversion of mean
to transient potential energy. Transient mechanisms are involved with both the generation and dissipation
of potential energy to and from the mean flow. Note that equation (1) has characteristics similar to the Eady
growth rate [Eady, 1949].

3.3.2. Eady Growth Rate
The reciprocal of the Eady growth rate maximum defines characteristic time scales for eddies to be formed
by baroclinic instability. As in Eady [1949], Williams et al. [2007], and the recent study of Tulloch et al. [2009],
we define the Eady growth rate maximum to be

xBI50:31

���� f
N
@U
@z

���� (2)

where f is the Coriolis parameter, N2 is the buoyancy frequency, and @U
@z � DU=H is the vertical shear in the

background flow where H is the depth.

3.3.3. Complex (Hilbert) EOFs
Rasmusson et al. [1981] first introduced the now standard method of complex Hilbert empirical orthogonal
functions (EOFs) to identify propagating signals in atmospheric science problems. The procedure we follow
is to first take the Hilbert transform of the time series and then construct a complex covariance matrix from
the resulting complex time series. Complex Empirical Orthogonal Functions (CEOFs) are then constructed
such that for each mode n we have complex eigenvectors EnðxÞ and principal components PnðtÞ with corre-
sponding spatial and temporal phases hnðxÞ and /nðtÞ as well as amplitudes jEnj and jPnj. Power spectra are
calculated via periodograms (Fast Fourier Transform) of the real part of the principal components <ðPnÞ.
Reconstructed spatial maps of the respective modes are given by Rn5jEnjðcos hn1sin hnÞ.

Merrifield and Guza [1990] note the limitations of using complex Hilbert EOFs where nondispersive waves
are present. Oey [2008] also suggests caution in their interpretation when applied to deep eddies and insta-
bilities. Hannachi et al. [2007] comprehensively review the literature and methodology of using EOFs. Here
we recognize that for the regions we are considering quasi-nondispersive waves may be present and there
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is the possibility that the variance may be anomalously spread amongst several complex Hilbert EOF (CEOF)
propagating modes. While we also calculated the phase velocity, as in Oey [2008], via cn5

d/n=dt
rhn

, we primar-
ily employ CEOFs to understand the spatial structure of the baroclinically unstable modes and to ascertain if
they propagate.

3.3.4. The 2-D Radon Transform
Subsequent CEOF analysis of U0 in the SH subtropics (section 4) showed the existence of many significant
modes (multiscale) limiting their ability to succinctly characterize variability. We therefore use Radon trans-
forms, including back projection, to avoid the potential pitfalls of CEOFs, and separate the propagating
modes into their characteristic time scales. The Radon transforms supplement the CEOF results and are
more readily physically interpretable. To calculate propagation characteristics of Rossby waves, we employ
a 2-D Radon transform (2-D-RT) analysis defined by

< f ðt; hÞ5
ð

lt;h

f ds5
ð1

s521
f ðt cos h2s sin h; t sin h1s cos hÞds (3)

where f is a function of Cartesian coordinates x and y and <f is a function of polar coordinates [Freeman,
2010]. The 2-D-RT is applied to Hovmoller plots of propagating anomalies as a function of longitude which
have first been time centered and standardized. The characteristic propagation times are the tangent of the
angles at which the local maxima occur and the phase speeds are simply calculated thereafter. We further
employ the inverse Radon transform, or back projection, to isolate linear, nonlinear, and quasi-stationary
modes from the forward 2-D-RT energy-projection angle peaks.

4. Results

4.1. A Comparison of Waveguides by Hemisphere
The potential energy of the large-scale mean ocean circulation is generated by the action of the large-scale
mean wind field. Figure 1 depicts the observed mean climatological surface currents calculated from years
(1993–2012) of satellite altimetry and scatterometer data and generated from the NOAA OSCAR website
www.oscar.noaa.gov using the method described by Bonjean and Lagerloef [2002]. Here we see the largest
vectors in the Kuroshio and Gulf Stream boundary current regions, the equatorial regions and the ACC. We
also notice the mid-ocean gyres in the subtropics where the interface between the trade winds and wester-
lies occurs are also clearly visible. These regions coincide with the subtropical oceanic fronts and are coinci-
dent with significant horizontal density gradients that are in part determined by the wind stress and also
bottom topography. These regions are also evident in altimetry as regions of large variability.

In Figure 2, we show the standard deviation of mean sea level anomalies (MSLA) from AVISO in the SH for
all Augusts between 1993 and 2008. We have chosen to show the August MSLA as it is a time of maximum
eddy activity and baroclinic instability in the subtropics and in particular the South Pacific Ocean [Qiu and
Chen, 2004]. The major regions of large variability (areas of blue to purple) are: (Southern) the ACC, (Atlantic)
the Brazil-Malvinas confluence, (Pacific) the EAC extending across the Pacific from the South Equatorial

100W 20W180W260W340W
60N

30N

0

30S

60S

1993-2012

Figure 1. Mean ocean surface currents (m/s) for the period 1993–2012 derived from satellite altimetry and scatterometer data and gener-
ated from the NOAA OSCAR website www.oscar.noaa.gov as described in Bonjean and Lagerloef [2002].
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Current, and (Indian) from the
Western Australian coast to
Madagascar. For the subtropics,
large-scale low-frequency
wave-like disturbances occur as
the result of unstable baroclinic
processes in the subtropical
mode water (STMW) region
between about 150 and 350 m
depth [Halliwell et al., 1994; Hol-
brook and Maharaj, 2008].
STMW forms during winter-
time mixed layer convective
deepening and produces a lens
of mode water, that separates
from the surface mixed layer,
extending through the subsur-
face between about 150 and
300 m depth, at least in the
southwest Pacific [Holbrook and
Maharaj, 2008]. Therefore, there
is a strong seasonality in the
persistent eddies [Halliwell
et al., 1994]. The large-scale
wind forcing determines the

structure of the horizontal density gradients as well as providing the source of potential energy for generat-
ing eddies. The AVISO MSLA standard deviation indicates regions of observed large eddy variability. Com-
parison of Figures 1 and 2 shows these regions are also coincident with large horizontal potential density
gradients, indicative of frontal regions and where significant interaction with topography occurs, e.g., the
region 30�S between 190�W and 150�W in the South Pacific. Eddy activity in the Indian Ocean South Equa-
torial Current is also largest in winter due to the large-scale wind variability [Tchernia, 1980].

A comparison of our model mean potential density contours (averaged over 150 to 350 m depth) to the mean
surface currents from OSCAR (Figure 1) shows regions of significant horizontal density gradients in the model
are consistent with observations (Figure 3a). The RMS of the buoyancy frequency (N2) provides a map of signifi-
cant vertical density variations and, when depths between 150 and 350 m are considered, is an indicator of the
statically unstable regions of the tropical to subtropical oceans (Figure 3b) that are characteristic of mode
waters [Talley, 1999; Holbrook and Maharaj, 2008]. For example, the tropical instability waves of the equatorial
Pacific are particularly associated with large values of N2. Outside of the tropics significant values of N2 are to
be found in the subtropical frontal regions. For example, in the southeastern Indian Ocean near the southwest-
ern coast of Australia, we see two branches in the N2 anomaly RMS. The first and most obvious Indian Ocean
branch extends from Western Australia to Madagascar along 30�S consistent with altimetric observations, the
second is between 20�S and 30�S. A third but weak pathway runs along the Western Australian coast connect-
ing to the equator. However, this branch is not well resolved by our model and we will not mention it further.

Accounting for the small difference in scale, comparison of the SSH anomalies RMS (Figure 3c) to the AVISO
MSLA standard deviation (Figure 2) shows good agreement in both magnitude and extent particularly in
the subtropics. In the South Pacific, there is only one path or waveguide extending from the Chilean coast
near 40�S to the east Australian coast near 20�S and largely coincides with large-scale Rossby wave propa-
gation along the midlatitude to subtopical South Pacific waveguide [Wang et al., 1998; Maharaj et al., 2005].

Thermal anomalies (SST) are a direct indicator of thermocline disturbances and identify regions where the
coupling to the atmosphere is important (Figure 3d). The major coupling to the atmosphere occurs, as
expected, in the tropics in the central and eastern Pacific but also in the Indian Ocean near the coast of
Java. Outside of the tropics, the Kuroshio and Gulf Stream regions are noticeable, as are the subtropical
frontal regions of the South Pacific and also in the Pacific sector of the ACC.

270
240

210

180

150

120
90

60

30

0

330

300

Figure 2. Standard deviation (m) of mean sea level anomalies from AVISO satellite altimetry
for all Augusts between 1993 and 2008. Longitudes are in �W.
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A direct calculation of baroclinic instability according to equation (1) (Figure 4a) and taking the RMS (aver-
aged over depths 150–350 m) reveals a much clearer picture of where large-scale coherent wave-like distur-
bances might be expected to occur. Disregarding the tropical instability waves and focusing on the
subtropics, we see baroclinically unstable waves are indeed confined to the waveguides determined by the
mean horizontal density gradients and their variation with depth. In particular, the dual pathways from the
southwest Western Australian coast to Madagascar and the central Indian Ocean are very clearly defined.
Large horizontal density gradients associated with the Agulhas Current in the Indian Ocean extend to the
southern tip of Africa and across the Atlantic to South America where they are associated with the conflu-
ence of the Brazil-Malvinas currents and the Sub-Antarctic Front. We also note two isolated regions along
the Somali coast, again associated with horizontal density gradients. The Bay of Bengal is also strongly rep-
resented although baroclinic instability in this region is largely driven by freshwater fluxes from river runoff
and saltwater intrusions from the Arabian Sea associated with the monsoon. As expected in the South
Pacific, the EAC and Tasman Front connection across to the East Auckland Current manifests as a region
where eddy variability is dominated by baroclinic processes. A coherent pathway from the Chilean coast to
about 180�W is also evident. Regions of large baroclinic instabilities in the South Pacific are in close agree-
ment with the AVISO MSLA observations shown in Figure 2. These thermocline disturbances travel west-
ward in the subtropics along subtropical gyre pathways that are further associated with the intermediate
and surface branches of the global Atlantic meridional overturning circulation as discussed by Speich et al.
[2007].

In Figure 4b, we show the inverse of the Eady growth rate maximum in the model, again averaged over
150–350 m depth and calculated over the period 1948–2007. The time scales and locations of the wave-
guides compare well to an observational estimate (supporting information Figure S1) (1�31� resolution) cal-
culated using monthly T and S fields from the World Ocean Atlas (WOA09) and monthly velocity and

Figure 3. (a) Simulated climatological mean potential density averaged over 150–350 m depth for the period 1948–2007. (b) RMS of anomalous Brunt-Vaisala bouyancy frequency aver-
aged over 150—350 m depth, (c) SSH anomaly RMS and (d) SST anomaly RMS all with simulated climatological mean potential density contours as in Figure 3a overlaid.
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monthly climatalogical density estimates based on Argo data gathered over the period December 2004 to
November 2010 as described by Gray and Riser [2014]. The pathways in the observational estimate are
broader due to the uniform 1� grid and the use of climatalogical fields whereas the ACCESS-o model has
regions of refinement in the meridional direction and averages monthly mean values of the Eady growth
rate. In both observations and model, the fastest growth is localized within regions of significant horizontal
density gradients. The Eady growth period isolates regions where vertical shears are most important and
provides a more standard measure of baroclinic instability. Here we see growth periods ranging from 20 to
50 days in the regions of significant potential density gradients associated with the SH subtropical gyre
regions and also in the western boundary currents with slightly longer periods for the Antarctic Circumpolar
Current greater than �50 days. The time scales and spatial patterns of both the modeled and observational
growth periods are comparable to those of Figure 4b of Williams et al. [2007] based on the observed Levitus
climatology on a 1� grid averaged over the upper 250 m. This close agreement between model and obser-
vations provides additional confidence in the realism of our model configuration.

The clear presence of strong horizontal and vertical gradients on the pole side of the subtropical gyres
which act as waveguides for baroclinic disturbances and that the subtropical SH waveguides or storm tracks
are much more extensive in relation to those in the NH are major points are significant findings of this
work. This allows the possibility for greater communication between the midlatitudes and the subtropical
regions via coherent westward propagating baroclinic disturbances. In particular, the South Indian Ocean

b

a

Figure 4. (a) RMS of U0 , and (b) modeled estimate of the inverse of the Eady growth rate xBI averaged over 150—350 m depth for the
period 1948–2007 and with climatological mean potential density contours overlaid.
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has two major branches from the western Australian coast to Madagascar, whereas the South Pacific wave-
guide extends from the coast of Chile to, and as we will show in section 4.2.3, ultimately communicate with
the East Australian Current. Importantly the South Indian and South Pacific Ocean pathways have no com-
parable NH analogue.

4.2. Propagation Characteristics
We now consider each of the following SH subtropical gyre regions where baroclinic instabilities are most
evident: the South Indian Ocean, the South Atlantic Ocean near the Brazil-Malvinas Confluence, and the
South Pacific. The South Pacific (including the East Australian Current) will be discussed in greater detail in
section 4.2.3. We have calculated the leading 20 CEOFs of U0 and potential temperature averaged over all
levels between 100 and 350 m depth but discuss in detail only the leading four here. In all cases to be con-
sidered, the leading 20 CEOFs account for more than 95% of the variance but the eigenvalue spectrum is
relatively flat. This is indicative of a lack of scale separation and that more than a few of the leading principal
components (PCs) are required to explain a significant amount of the variance. Locations of significant topo-
graphic interaction with baroclinic disturbances are indicated in Figure 5.

4.2.1. South Indian Ocean
For the Indian Ocean south of 5�S, disturbances (Figure 6) are evident along the pathways described in Fig-
ures 3 and 4. The spatial phase, amplitude, and reconstructed modes are shown for the leading four CEOFs.
Regions of large amplitude correspond to areas in which disturbances amplify within the waveguide. As the
(temporal) phase decreases in time (supporting information Figure S3), here westward propagation corre-
sponds to continuous decrease in (spatial) phase along the regions of large amplitude (Figure 6, left col-
umn). Note also that the spatial patterns of the real and imaginary components of the leading four CEOFs
(supporting information Figure S2) are in quadrature. Periodograms show power at a range of values
between 12 and 120 months with no dominant frequency (supporting information Figure S3). The spectrum
of the leading 20 eigenvalues (not shown) is relatively flat indicating that the observed disturbances are the
result of the superposition of many modes. This is also reflected in the explained variances of the leading
four CEOFs, which together account for only 48.4% of the variance. For the Indian Ocean, baroclinic distur-
bances are shown to propagate along two distinct pathways; one following the South Equatorial Current from
the southwest tip of Western Australia and to the southeast coast of Madagascar. The second runs along the
Western Australian coast extending into the central Indian Ocean region located between 15�S–5�S and
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Figure 5. Model topography in meters (m). Grid spacing shown is 10�310� . Major topographic features of significance are: A, Perth Basin 30�S–250�W; B, Chagos-Laccadives Ridge 5�S–
15�S290�W; C, Central Indian Ridge 20�S–30�S290�W; D, Chile Rise 38�S90�W; E, East Pacific Rise 30�S–40�S110�W; F, Cook-Austral seamount chain at 20�S–30�S150�W; G, Kermadec
Ridge 20�S–30�S180�W; H, Tasman Sea 30�S–40�S190�W–210�W; I, East Pacific Rise 58�S150�W–130�W; J, Brazil-Malvinas Confluence 40�S50�W.
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290�W–270�W (also evident in SSH Figure 3c). Between 5�S and 15�S mode 1 displays largest amplitudes are
in the vicinity of the Chagos-Laccadives Ridge. For modes 2 and 3 (Figure 6), the largest amplitudes occur
where the Southwest Indian Ridge meets the Central Indian Ridge (25�S; 290�W). The reconstructed mode 3
most clearly projects onto the upper waveguide in the region of the Perth basin and extending from 35�S
to 20�S.

CEOF analysis of potential temperature (Figure 7) shows mode 3 to be the dominant propagating mode in
the region of 270�W–240�W. This mode has a period of � 8 years (supporting information Figure S4) and is
probably related to low-frequency variability in the latitudinal extent of the dense subtropical mode waters.
These large temperature variations are most clearly associated with the generation of disturbances along
the upper South Indian Ocean pathway.

4.2.2. South Atlantic Ocean
In the South Atlantic, baroclinic instability is associated with eddy formation in the region of the Brazil-
Malvinas confluence and is largely confined to the upper 600 m. The dynamics of this region are generally
poorly understood; however, this region is also associated with the formation of a persistent and coherent
positive SSH (anticyclonic) anomaly in the vicinity of the Brazil-Malvinas confluence, commonly referred to
as the Zapiola Eddy. While baroclinic processes are associated with eddy formation once formed, the

Figure 6. CEOFs of U0 for the South Indian Ocean. (left column) Spatial patterns of phase, (middle column) amplitude, and (right column) reconstructed mode for the leading four CEOFs
with explained variance indicated. The phase is only shown where the amplitude is � 0:01. The corresponding temporal amplitudes, phase and phase portraits are shown in supporting
information Figures S2 and S3.

Journal of Geophysical Research: Oceans 10.1002/2014JC009990

O’KANE ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 6088



Zapiola Eddy assumes an equivalent barotropic structure such that barotropic instability, often enhanced
by additional momentum fluxes due to interaction with topography, largely determines the life time of the
eddy [de Miranda et al., 1999; Volkov and Fu, 2008]. This mechanism, whereby the potential vorticity of baro-
tropic eddies become anticorrelated with the contours of the topography, was first described by Bretherton
and Haidvogel [1976] with the subsequent statistical dynamics developed by O’Kane and Frederiksen [2004]
and Frederiksen and O’Kane [2005].

The leading four CEOFs of U0 in the South Atlantic (Figure 8) are confined within the region of largest hor-
izontal density gradients (Figure 4a) between 35�S and 45�S and extending from 55�W to the east reach-
ing 20�W. The spatial patterns of the real and imaginary parts of the leading four CEOFs (supporting
information Figure S5) are in quadrature and have greatest expression in the region of the confluence,
and combined explain � 62% of the variance. The phase portraits clearly show these to be propagating
modes.

The largest mode 1 amplitudes occur in the region 55�W–40�W with periods between 3 and 5 years (sup-
porting information Figure S6). Mode 2, while occupying the same longitudinal extent, has a much longer
period (>10 years) whereas mode 3 has signal at 2 and � 8 years. For potential temperature (Figure 9), the
variance is again largely located within the waveguide regions. Modes 1–3 all show evidence of propaga-
tion (quadrature: see also supporting information Figure S6) with the mode 1 periodogram showing no sig-
nificant periods less than 5 years (supporting information Figure S7).
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Figure 7. Complex EOFs (CEOFs) of potential temperature anomalies for the South Indian Ocean averaged over 100–350 m depth. Spatial patterns are shown for the (left column) real
and (middle column) imaginary parts as well as (right column) the corresponding temporal components (PCs) for the leading four CEOFs. The explained variance for each CEOF is indi-
cated in the left column. The corresponding temporal amplitudes and phase are shown in supporting information Figure S4.
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4.2.3. South Pacific Ocean
We now focus with greater detail on the South Pacific. Broadly in agreement with Maharaj et al. [2005], the
regions where standard deviations of SSH anomalies (Figure 3c) display largest variability are in the East
Australian Current (EAC) and at two locations near 50�S between 220�W–200�W and 180�W–160�W (Figure
5). The EAC forms part of the poleward flowing Western Boundary Current (WBC) system associated with
the South Pacific subtropical gyre. It forms near 15�S, and flows poleward along Australia’s east coast where
it tends to separate near Sugarloaf Point (32:5�S) before flowing southeastward into the Tasman Sea and
forming the Tasman Front [Godfrey et al., 1980]. On traversing the Tasman Sea and reaching the northern-
most part of New Zealand, the East Auckland (EAuC) and East Cape Currents (ECC) are in turn formed. From
here it flows southeastward following the New Zealand coast before forming the Wairarapa Eddy, then east-
ward following the Chatham Rise and finally entering the ACC near the East Pacific Rise [Tilburg et al., 2001].
The region at 50�S between 180�W and 160�W has been shown in the recent study of O’Kane et al. [2013]
to be associated with large amplitude baroclinic disturbances which propagate into the ACC where they are
both slowed and amplified via interaction with the East Pacific Rise.

A CEOF analysis of baroclinic disturbances in the South Pacific (Figure 10) between 210�W and 80�W reveals
the EAC to be the dominant region of eddy variability explaining more than 40% of the variance. The mode
2 amplitude is largest about the region (25�–35�S; 160�W) in the region of the Austral seamount chain. Here
the CEOF 1 and 2 phase patterns of the real and imaginary PCs (supporting information Figure S8) have

Figure 8. As for Figure 6 but for the South Atlantic. The corresponding temporal amplitudes, phase, and phase portraits are shown in supporting information Figures S5 and S6.
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small phase oscillations and long periods (>10 years) (supporting information Figure S9) and indicating a
near stationary pattern. CEOF modes 2–4 explain 11.8%, 8.0%, and 5.1% of the variance, respectively, with
phase diagrams of modes 3 and 4 showing that they are the dominant westward propagating modes. As
before where the (temporal) phase is decreasing in time (supporting information Figure S9), westward prop-
agation corresponds to continuous decrease in (spatial) phase along the regions of large amplitude (Figure
10, left column). In the Austral seamount region these modes are amplified and a superposition of the lead-
ing modes is required to account for a significant amount of the variance. Here it is highly likely that there
are processes and strong nonlinearities present such that variances from the leading CEOFs may be poten-
tially spread across many higher-order modes. In the analysis to follow, we apply 2-D-RT methods to identify
the dominant propagating modes and their time scales.

In Figure 11, monthly mean baroclinic disturbances U0 are shown at 2 monthly intervals for the year 2002.
These disturbances propagate across the Pacific along mean horizontal density contours where the gra-
dients are large forming a waveguide. The largest amplitudes are coincident with the largest buoyancy fre-
quency anomalies shown in Figure 3b and are also the locations associated with significant bathymetry, i.e.,
near the Chile Rise 90�W38�S, the East Pacific Rise 35�S110�W and the Austral seamount chain 150�W30�S
which lies to the south of the Tuamotu Ridge. These disturbances then propagate westward and though
decaying they remain large and coherent until they encounter the Kermadec Ridge (North of New Zealand
(38�S) along 180�W) where, consistent with the study of Moore and Wilkin [1998], a form of filtering takes
place such that disturbances along the Australian shelf are more coherent and regular.
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Figure 9. As for Figure 7 but for the South Atlantic. The corresponding temporal amplitudes and phase are shown in supporting information Figure S7.
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Having crossed the Pacific, these disturbances enter the EAC, either directly or via the South Equatorial Cur-
rent, where they again amplify to form a large-scale coherent wave train [O’Kane et al., 2011a]. Some distur-
bances are subsequently advected via the East Auckland Current into the ACC where they encounter the
East Pacific Rise (58�S–60�S; 150�W–155�W) again undergoing amplification via resonance with westward
propagating Rossby waves that are swept eastward by the strong mean flow [Hughes, 1995]. The propaga-
tion and amplification of such disturbances in the ACC was the subject of detailed examination by O’Kane
et al. [2013].

One question concerning the propagation of baroclinic anomalies across the South Pacific is the speed of
propagation. Many studies have proposed that the large-scale wave-like disturbances observed in altimetry
broadly obey many of the characteristic behaviors of westward propagating first baroclinic-mode Rossby
waves interacting with topography. To investigate this proposition, we now compare the propagation of
the unstable baroclinic disturbances with planetary Rossby waves calculated using the shallow water model
configuration described earlier (see section 3.2). In Figure 12, gradients of the mean interface depth of the
SWM after 30 years integration are shown to be broadly consistent with those of ACCESS-o.

A Hovmoller diagram of interface depth (equivalent to a negative scaling of the surface height) anomalies
along the path of best fit to the South Pacific waveguide (Figure 13, left) shows westward linear Rossby
wave propagation across the Pacific. For comparison, baroclinic disturbances (at 200 m) from ACCESS-o are
averaged along 5� of latitude at each point on the same path (Figure 13, right). Here a 9 month digital filter

Figure 10. As for Figure 6 but for the South Pacific. The corresponding temporal amplitudes, phase, and phase portraits are shown in supporting information Figures S8 and S9.
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has been applied as well as time centering and standardization such that the scaling is the same. While
there are at times similarities between the propagation characteristics of the linear Rossby waves and baro-
clinic disturbances, in general the propagation of the baroclinic anomalies appears more complex than the
linear Rossby waves. This complexity, we will show later, arises from their multiscale nature. For the period
1948–1957 and longitudes between 160�W and the Chilean coast, we see some similarity in the propaga-
tion speeds of the respective positive and negative SSH and U0 anomalies. The period mid 1985–1992 are
dissimilar. For latitudes west of about 150�W, the amplitude of the baroclinic disturbances increases. More
specifically, we clearly see the amplification (resonance) locations of the Austral seamount chain at 150�W

Figure 11. Monthly mean U
0
200m at bimonthly intervals during 2002.
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and the EPR and Chile Rise 100�W–80�W. In the region west of 150�W, we can identify the significant El
Ni~no years: 1953, 1958, 1973, 1983, 1986–1987, 1997–1998, 2003, and 2007.

A 2-D-RT analysis (Figure 14) of the SWM identified a single peak corresponding to a phase speed for plane-
tary Rossby waves of 3:6cms21. A similar analysis of the U0 Hovmoller diagram revealed three distinct peaks
based on the standard deviation of the transform for any given projection path. The first, at � 6�, is not a
propagating signal but corresponds to resonant amplification of the baroclinically unstable waves with
topography. Inverse 2-D-RT (back projection) reveals that this mode is a topographically trapped disturb-
ance (Figure 14; Peak 1) located near the Austral seamount chain. The next broad peak between 42� and
75� corresponds to the slow propagation of the dominant baroclinically unstable modes. These features,
where several positive baroclinic anomalies appear to be coincident, persist for long periods and are ampli-
fied through resonant interaction with topography. For example, at month 500 (Figure 14; Peak 2), a strong
resonant interaction occurs with the Chile Rise. The last peak, centered around 82� reflects the fine-scale
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Figure 12. SWM model interface depth (m) after a 30 year spin-up. Circles indicate track for Hovmoller diagram in Figure 13. The total dis-
tance is 9925 km.
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Figure 13. Hovmoller diagrams in time and �W of longitude for (left) SSH (interface depth) from the SWM and (right) U0 from ACCESS-o.
Here U0 is averaged along 5� of latitude. In both cases, a 9 month digital filter has been applied then time centered and standardized
w.r.t., the standard deviation of the full time series.
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propagation of weak U0 disturbances (Figure 14; Peak 3) propagating at the speed of the planetary Rossby
waves (3–4 cm s21). An inverse 2-D-RT shows these features are more coherent across the basin with inter-
actions with the EPR (� 23800km) and the Austral seamount chain (� 28000 km). For the 3 peaks (two
slow and one fast fine scale), the corresponding phase speeds are 0.74, 1.2, and 3.67 cm s21, respectively,
where the along track distance is 9925 km. The propagation speed of the fine-scale disturbances are com-
parable but slightly slower than the planetary Rossby wave speeds estimated by Hill et al. [2000].

5. Discussion

Maharaj et al. [2005] identified westward propagating South Pacific Rossby waves when considering the
energy variability from a 2-D-RT analysis of more than a decade of altimeter data from TOPEX/Poseidon and
ERS. They found evidence that long baroclinic Rossby waves interact with isolated bathymetric features
such as seamounts at various locations across the South Pacific basin resulting in anomalously slow Rossby

Figure 14. (a) The 2-D-RT analysis of the U0 Hovmoller diagram (Figure 13, right) identifies three energy peaks whose corresponding back
projections reconstruct Hovmoller diagrams of the component modes. Peak 1 (red line) corresponds to a near stationary topographically
trapped mode (back projection is shown in plot b). The green line in Figure 14a identifies the dominant unstable baroclinic modes (Peak
2—plot c) propagating at speeds � 122cms21. The blue line in Figure 14a identifies weak unstable baroclinic modes (Peak 3—plot d)
propagating at speeds of � 324cms21 in common with the planetary Rossby wave speed (black line Figure 14 a) calculated from a similar
analysis of the SWM interface depth (Figure 13, left). In Figures Figure 14b–14d, distance is kilometers from East to West along the track
identified in Figure 12 and the units have been standardized to fall within the range [2100:100] as indicated by the color bars.
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wave phase speeds. Further, Maharaj et al. [2007] showed that there is no first baroclinic mode present at
the Chile Rise 90�W38�S but that Rossby wave speed estimates in such locations can only be roughly
approximated by the extended linear theory baroclinic modes 2 and 3 of Killworth and Blundell [2005] (see
also Tailleux [2012] for a correction to the theory of Killworth and Blundell). In our Figure 14d (Peak 3), we
show no significant interactions at the Chile Rise (1800 km) for disturbances traveling at planetary wave
speeds but clear resonant interactions, in particular at month 500, for the slower baroclinically unstable
waves (Figure 14c; Peak 2) in this region. Our results are consistent with earlier studies [Killworth and Blun-
dell, 2005; Maharaj et al., 2007] showing that both the linear and extended Rossby wave theories fail to rep-
resent the observed energy spectra in the subtropical South Pacific Ocean at 24�S; 160�W and more
generally in the western South Pacific between 20�S and 30�S, postulating that this was due to strong non-
linear dynamics arising from high eddy variability. In general, where strong nonlinearities are present, differ-
entiating eddies from waves becomes difficult and both classical and extended linear Rossby wave theory
breaks down.

Our results show that westward propagation of large wave-like baroclinic disturbances characterized by U0

occur on the subtropical fronts in the South Pacific at about 30�S and that the dominant disturbances
recovered from a 2-D-RT analysis are large (>300km) multiscale features with three distinct phase speeds;
one at planetary Rossby wave speeds, one significantly slower, and one that is topographically trapped. The
significant size and slow propagation speeds of these disturbances necessarily implies that they are nonli-
nearly modified and exist in the eddy saturated wave number range. That is, their growth will necessarily
be slower than otherwise predicted assuming linear disturbance growth (exponential separation of initially
close trajectories [see O’Kane et al., 2011a, and references therein]) such as assumed by Gill et al. [1974].

We have shown that in the South Pacific between 24�S and 30�S low-frequency baroclinic disturbances
propagate westward in a waveguide determined by horizontal density gradients and amplify in regions
where significant topographic features are found. A 2-D-RT analysis has further shown that these nonlinear
baroclinically unstable waves may become trapped through resonant interaction where large horizontal
density gradients occur coincident with significant isolated topographic structure. Consistent with the line-
arized theory of Gill et al. [1974] there is evidence that some disturbances propagate at the speed of the first
baroclinic mode; however, these modes are subdominant and most of the energy of the propagating
modes are at the slower speeds as observed by altimetry.

Holbrook et al. [2011] demonstrated the relationship between observed estimates of EAC transport varia-
tions calculated from repeat XBT transect data [Ridgway et al., 2008] and sea-level observations from the
long Fort Denison tide-gauge record in Sydney Harbor. Using a similar configuration of the reduced-gravity
shallow water model as used in the present study, they further showed that the El Ni~no-Southern Oscillation
to decadal time scale variations and the multidecadal trend in observed sea level at Fort Denison are signifi-
cantly correlated with the model simulated modulations in EAC transports by incoming westward propagat-
ing (linear baroclinic) oceanic Rossby waves forced by NCEP reanalysis wind stresses over 45 years. Over the
period 1970–2003, Sasaki et al. [2008] found remotely forced Rossby waves account for the largest contribu-
tions to sea-level variances in the Tasman Sea and Tasman Front. Although primarily concerned with deep
water processes, Moore and Wilkin [1998] suggested that scattering of planetary waves as they pass over
the Kermadec ridge was unlikely to be the source of EAC variability. Our Figure 11 shows coherent and reg-
ular wave-like features in the EAC as well as some evidence of scattering by the Kermadec Ridge but that
the baroclinically unstable waves do propagate through to form coherent wave features in the EAC. In con-
trast to these earlier studies, we have calculated slow westward propagating disturbances as baroclinically
unstable waves and not planetary waves.

Baroclinic disturbances can propagate from the southwest Western Australian coast via one of two path-
ways to the central south Indian Ocean and a second pathway that connects the Western Australian coast
to Madagascar. These results agree with those of Palastanga et al. [2007] that local baroclinic instabilities
are the source of Rossby wave variability in the subtropical Indian Ocean and the origin of the eddy variabil-
ity around 25�S. Palastanga et al. [2007] used a linear two-layer quasi-geostrophic model without friction or
bottom topography to calculate the Phillips criterion and analyze combined hydrographic and altimetric
data in the South Indian Ocean over the period 1992–2004. They estimate the unstable frequencies corre-
sponding to periods of 3.5–6 years and wavelengths of about 290–470 km between 24�S and 31�S with the
largest growth rates (e-folding time scales of � 80 days) occurring near 280�W in the region corresponding
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to the lower branch we describe here. We find considerable variability evident in the propagation of the U0

disturbances across the Indian Ocean with particular branches dominating at particular times. For example,
the upper branch propagates along the western Australian coast to about Exmouth (21:85�S;� 246�W)
before separating to cross the Indian Ocean toward the Seychelles. This branch is dominant at 300 m
throughout 1974 and near the end of 1998, for example. The lower branch separates from the coast near
Geraldton (28:46�S;� 246�W) traversing the Indian Ocean toward Mauritius. This branch is also evident in
1974 at 300 m and is dominant at 200 m from 2002 through 2006 (not shown).

Having established pathways, subsequent work focusing on the Indian Ocean is required to determine
whether our results are consistent with those of Schouten et al. [2002] who suggested that the arrival of
Rossby waves at 12�S and 27�S modulates eddy variability around Madagascar with a dominant subannual
frequency of 4–5 times per year. Trenary and Han [2013] revealed decadal variability in terms of vertical dis-
placements of the tropical southwestern Indian Ocean thermocline, between 5�S and 17�S and at a depth
of about 200 m, examining the respective roles of changes in wind stress curl and the trade winds. They fur-
ther examined the role of the internal ocean dynamics on decadal thermocline variability in the region
between 20�S and 30�S. Such vertical displacements of the thermocline may indicate the internal stability
of the waveguide. As we have already discussed, there is a strong relationship between the amplitude of U0

and sea surface height. In Figure 3c, we can see a large positive height anomaly in the central Indian Ocean.
Significant height anomalies in this region often occur coincident with the arrival of large amplitude distur-
bances that have propagated along the upper U0 branch extending to the southwestern coast of Australia
(Figures 4a and 6).

The other main regions of large baroclinic disturbances are the tropics and the ACC and, although not the
focus of this study, we will mention them briefly for completeness. O’Kane et al. [2013] showed that east-
ward propagation of baroclinically unstable waves occurs along the edge of the Sub-Antarctic Front and
within the ACC (Pacific) where Rossby wave propagation is known to be eastward and nonlinear. They
showed that amplification occurs primarily through interactions with topography and that the largest
amplification occurs coincident with topographic slowing (trapping) of Rossby waves and stochastic forcing
due to synoptic weather. They describe in detail the respective roles of baroclinic and barotropic instability
in the formation and life time of large-scale wave-like disturbances in the Pacific sector of the ACC.

In the tropical Pacific the major amplification of disturbances occurs due to ENSO and in the region near 5�

N is consistent with the instability study of Hoffman et al. [2009]. El Ni~no events generated by Rossby-Kelvin
wave resonant interactions cause large influxes of anomalously warm water to the Indian Ocean which are
coincident with large baroclinic instabilities. Ogata and Masumoto [2010] discuss the link between distur-
bances propagating from the equatorial Pacific into the Indian Ocean and the Indian Ocean Dipole events
of 1994 and 1997–1998 [see also Wijffels and Meyers, 2004]. ENSO is very evident in U0 in the tropics where
major El Ni~no events can be shown to push large disturbances into the Indian Ocean via the Indonesian
Throughflow. In the tropics, the significant El Ni~no events of 1972–1973, 1982–1983, 1997–1998, and 2006–
2007 and the changing character of the Central Pacific ENSO or Modoki events (for example, 1979–1980,
1991, 1992, 2002, and 2004 [Ashok et al., 2007]) are also associated with tropical instability waves. It remains
to be understood how disturbances from the South East Indian Ocean traversing the upper waveguide to
the central Indian Ocean might interact with those entering via the Indonesian throughflow. This is the sub-
ject of further study.

6. Conclusions

In the subtropics, low-frequency wave-like baroclinic disturbances are observed in regions characterized by
relatively fast Eady growth periods (20–50 days). Much work has tried to establish the cause of the observed
subtropical SSH variability from altimetry and planetary waves using linear Rossby wave theory. We have
proposed an alternate view that remains consistent with the studies of the Sargasso Sea by Gill et al. [1974]
and Halliwell et al. [1994] and the three-dimensional instability theory of Frederiksen [1982]. The mechanism
by which the disturbances we have described are coherent, propagate along clearly defined pathways and
amplify via resonant interaction with topography may be summarized thus:

1. Potential energy of the large-scale mean ocean circulation is generated by the action of the large-scale
mean wind field.
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2. This energy is converted into eddy energy by baroclinic instability in the regions where subtropical mode
water forms.

3. Although these baroclinic disturbances superficially have similar propagation characteristics to planetary
Rossby waves they are inherently nonlinear and multiscale and are amplified through resonant interaction
with topography.

4. The large spatial scales and wave-like structures suggests eddy energy is projected onto the large scales
via the inverse energy cascade according to quasi-geostrophic turbulence theory, much like the way coher-
ent structures form in the atmosphere.

5. These structures are associated with quasi-equilibrium states that develop after the eddy wave number
spectrum becomes saturated and long-wavelength coherent structures form. That they are strongly nonlin-
ear and inherently multiscale makes distinguishing them from linear Rossby waves in observations, such as
altimetry, an exceedingly difficult task.

More generally, the mechanisms described here offer a further interesting analogue to the midlatitude
storm tracks of the atmosphere and oceans. Importantly, they provide a mechanism to communicate infor-
mation on longer time scales from the midlatitude into the tropical oceans. In order for the baroclinic distur-
bances we have described to reach the spatiotemporal scales observed by altimetry requires them to have
undergone an extended period of nonlinear modification which can only occur as eddy energy saturates
[O’Kane et al., 2011b]. This is a significant departure from what commonly occurs in atmospheric phenom-
ena such as midlatitude blocking [O’Kane and Frederiksen, 2008] whereby disturbances typically have an
extended period of linear growth and a relatively short range of scales where eddy saturation can occur.
Thus, the wave-like structures we have considered are inherently and strongly nonlinear and require, in
order for their growth and decay rates to be calculated accurately, characterization using fundamentally
nonlinear dynamical vectors (for example, bred vectors O’Kane and Frederiksen [2008], Hoffman et al. [2009],
and O’Kane et al. [2011a]). The application of such nonlinearly modified vectors to characterize disturbance
growth is the subject of our current research. It is our hope that such an approach may provide suitable
choices to initialize ensemble prediction schemes for decadal prediction in a coupled ocean-atmosphere-
ice framework such that we can understand how these disturbances influence atmospheric phenomena.
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