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ABSTRACT

The Southland Current is a western boundary current adjacent to the South 
Island of New Zealand and flows along a segment of the Southern Hemisphere 
subtropical front (STF). The physical mechanisms that govern the behavior of 
this current and other portions of the STF and subantarctic front (SAF) are 
investigated using one regional and three global ocean simulations. The three 
global ocean simulations used in this study are a 1½-layer reduced-gravity linear 
simulation, a six-layer nonlinear flat-bottom simulation, and a six-layer nonlinear 
simulation that incorporates vertically compressed, but otherwise realistic, 
bottom topography confined to the abyssal layer. All three simulations have 

horizontal spacings of ° and are forced with climatological-mean monthly 
wind stress data. The regional simulation has a horizontal spacing of ½° and 
contains two layers, with an idealized bottom topography. The only forcing is 
supplied by inflow and outflow ports. The pathway of the SAF is shown to be 
strongly influenced by a barotropic response of the associated flow to bottom 
topography. Currents associated with the SAF flow along the southern edge of 
the Campbell Plateau, a large submarine platform southeast of New Zealand. In 
contrast, the location of the Southland Current and the pathway of the STF east 
of New Zealand are due to remote forcing of upper-ocean currents by 
topographically constrained abyssal currents. Whereas most western boundary 
currents can be described as responses of the ocean to interior Sverdrup flow 
with some modification, analysis of the numerical simulations within this study 
shows that the Southland Current is due to a completely different formation 
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mechanism. The presence of the Southland Current and the STF east of New 
Zealand are instead due to a combination of northward topographic steering of 
surface-layer thickness gradients approximately 12° east of New Zealand and 
westward propagation of these perturbed gradients. A portion of the abyssal 
flow associated with the SAF is shown to form a topographically constrained 
deep western boundary current (DWBC). This DWBC follows the edge of the 
Campbell Plateau, eventually flowing generally northward. When the surface zonal flow associated with the STF 
southeast of New Zealand encounters this meridional abyssal flow, it is advected northward, creating an imbalance in 
the potential vorticity within the flow. In an attempt to conserve potential vorticity, the perturbed surface-layer 
thickness gradients propagate westward until they encounter New Zealand's South Island, at which point they form 
the observed Southland Current. Transport associated with the STF thus flows northward along South Island, 
eastward along the Chatham Rise, and southward once east of the rise. This formation mechanism and the 
downstream behavior of the STF are illustrated in a simplified regional simulation that reproduces the pathway of the 
STF and the location of the western boundary current extremely well.

1. Introduction  

The Southern Ocean is characterized by a series of circumpolar fronts or abrupt changes in temperature and/or salinity 
that are associated with strong flow (e.g., Gordon 1975; Rintoul and Bullister 1999; Philips and Rintoul 2000). For two of 
these fronts, the subtropical front (STF) and the subantarctic front (SAF), the dynamics governing their pathways near New 
Zealand are investigated using one regional and three global ocean simulations. A portion of the flow associated with the STF 
forms the Southland Current, a baroclinic western boundary current along the east coast of New Zealand's South Island. 
Although the location and direction of most western baroclinic boundary currents can be described as a result of Sverdrup 
(1947) flow in the interior or some modification of it, the Southland Current is an example of a western boundary current 
with a discretely different formation mechanism. The presence of the Southland Current along the coast of South Island is 
due to remote forcing from strong topographically constrained abyssal currents located approximately 12° east of New 
Zealand. The pathways of several fronts within the Southern Ocean (including the SAF) are steered by barotropic responses 
to bottom topography. In contrast, the northward migration of the baroclinic STF east of New Zealand and related formation 
of the Southland Current are due to a unique combination of northward advection of upper-layer thickness gradients by a 
topographically constrained abyssal current and westward propagation of these gradients.

A regional schematic of the flow field superimposed on the bottom topography (Fig. 1 ) depicts two primarily zonal 
fronts, the STF and the SAF, south of New Zealand along with a deep western boundary current (DWBC). The SAF (white 
line in Fig. 1 ) is associated with the 8°–8.5°C isotherms in an annual mean of sea surface temperature (SST; Fig. 2 ) 
compiled by Uddstrom and Oien (1999) and is located between 50° and 56°S, skirting the southern edge of the Campbell 
Plateau before continuing eastward. The STF (gray line in Fig. 1 ) extends northward along the east coast of South Island 
(Chiswell 1996; Stramma et al. 1995), eastward along the Chatham Rise, and southward to 47°S beyond 177°W (Uddstrom 
and Oien 1999). The Southland Current, the northeastward boundary current adjacent to New Zealand's South Island, is 
associated with the northward extension of the STF. The transport of relatively cold water by the Southland Current along 
the east coast of South Island has a profound effect on South Island, providing a significantly colder climate than that of 
North Island (Salinger 1979). The composition of the STF is more complex than the SAF and is not represented by a single 
set of observed isotherms. West of New Zealand, the STF is associated with the 12°–13°C isotherms while directly east of 
New Zealand the Southland Current contains a significant amount of 11°C water. The southward dip of the STF at 53°S, 
173°W is evident in the observed 9°–9.5°C isotherms. The DWBC (transparent line in Fig. 1 ) is associated with the SAF 
south of New Zealand and is constrained to follow f/h contours (see appendix for definitions of all variables) along the 
eastern edges of the Campbell Plateau, the Chatham Rise, and the Kermadec Ridge (Carter and Wilkin 1999; Warren 1981); 
however, a portion of the DWBC separates from the Campbell Plateau and continues eastward onto the abyssal plain.

There have been several previous numerical studies of this region, including two comprehensive studies of the abyssal 
flow; however, these studies did not focus on the dynamics that govern the behavior of the two fronts and the Southland 
Current. Bye et al. (1979), using a diagnostic linear regional model driven by specified density, wind stress, and flow 
boundaries, obtained a steady-state flow field around New Zealand, reproducing the Southland Current. Semtner and Chervin 
(1992) briefly examined this region in the analysis of their ½° 20-level global model that incorporated realistic bottom 
topography and was driven by climatological monthly wind stress data. Examination of the mean flow fields southeast of 
New Zealand revealed barotropic currents associated with fronts that followed f/h contours, resulting in an unrealistic 
depiction of the STF. Moore and Wilkin (1998) examined the variability of the South Pacific DWBC using the 0.28° 20-level 
Los Alamos National Laboratories (LANL) global model forced with daily wind stresses and current-meter observations 
north of New Zealand and east of the Kermadec Ridge. Carter and Wilkin (1999) examined the abyssal circulation along the 
eastern edge of the Campbell Plateau, the Chatham Rise, and the Kermadec Ridge by comparing the DWBC simulated by the 
LANL model to a suite of hydrographic measurements and geological proxies. From limited observations, they were able to 
make estimates of the location, direction, and magnitude of the DWBC.

Tilburg et al. (2001), using a model identical to that used in this study, found that simulations incorporating bottom 
topography were able to reproduce the observed Southland Current and the pathways of the SAF and STF but flat-bottom 
simulations and reduced-gravity simulations were not. They concluded that the location of the Southland Current was 
governed by bottom topography but did not discuss the mechanism responsible.
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This earlier work is extended through the use of an isopycnal ocean model to examine the dynamics governing the 
Southland Current and the pathways of the Southern Hemisphere STF and the SAF near New Zealand. Because flow 
associated with the STF, SAF, and DWBC is situated in one of the most diverse and interconnected regions of the world's 
oceans and is influenced by the Antarctic Circumpolar Current (ACC), the Indo-Pacific Throughflow, and the global 
thermohaline circulation, global simulations are first used to capture the range of essential dynamics. The ocean model is 
used in three different global configurations to analyze the flow field: a reduced-gravity linear simulation, a flat-bottom 
nonlinear simulation, and a nonlinear simulation with realistic bottom topography. Next, an idealized configuration of the 
same model is used to produce a regional simulation to isolate and illustrate the dynamics governing the behavior of the 
Southland Current and the STF. The model used in this investigation is discussed in section 2. The results and dynamical 
interpretation of the different global simulations are discussed in section 3. The idealized two-layer simulation is discussed in 
section 4, followed by a summary and conclusions in section 5. 

2. The model  

The numerical model used for all simulations in this investigation is the Naval Research Laboratory Layered Ocean Model 
(NLOM), a primitive equation layered formulation whose equations have been integrated through each layer. This model is a 
descendent of the model initially described by Hurlburt and Thompson (1980) with greatly expanded capabilities (Wallcraft 
1991; Wallcraft and Moore 1997; Moore and Wallcraft 1998). The equations for the n-layer finite-depth, hydrodynamic 
model are given below for layers k = 1, … , n with k = 1 for the top layer (in places where k is used to index model 
interfaces, k = 0 is the surface and k = n is the bottom): 

 
(Click the equation graphic to enlarge/reduce size)

Although notation that is common in oceanography is used in the model equations, an explanation of the parameters and 
notation is given in the appendix. The model boundary conditions are kinematic and no slip.

Although thermodynamic versions of the model exist (Metzger et al. 1992; Heburn 1994; Metzger and Hurlburt 1996), 
including versions with a mixed layer and sea surface temperature (Rochford et al. 2000; Wallcraft et al. 2002, manuscript 
submitted to J. Atmos. Oceanic Technol.), the versions used in this investigation are hydrodynamic with constant density in 
each layer. As a result, thermal forcing and steric anomalies due to seasonal heating and cooling are excluded. The model 
does permit isopycnal outcropping via ventilation of model layer interfaces, allowing overturning circulations in the vertical, 
such as the thermohaline circulation and meridional overturning.

A modified version of the 1/12° “ETOP05”  bottom topography (National Oceanic and Atmospheric Administration 1986) 
is used in the simulation that requires realistic bottom topography. The topography is first interpolated to the model grid and 
then smoothed two times with a nine-point smoother to reduce energy generation at smaller scales that are poorly resolved 
by the model. The maximum depth of the model is set at 6500 m. The minimum depth, set at 200 m, is used as the model 
boundary with a few exceptions where shallower depths are needed to connect semienclosed seas. The bottom topography 
is confined to the lowest layer (Hurlburt and Thompson 1980) by multiplying all topography relative to 6500 m by 0.65. This 
compression prevents numerical difficulties that arise when moving layer interfaces intersect with sloping topography and 
greatly decreases the computer time/model year. The flow through shallow straits is constrained to small values below the 
sill depth. Two of the main reasons for including bottom topography, regulating baroclinic instabilities and forcing abyssal 
flow to follow f/h contours, are relatively unaffected by this modification of the bottom topography. 



The simulations used in this investigation are defined in Table 1 , and the model parameters are given in Tables 1  
and 2 . The density for each layer of the six-layer nonlinear simulations was obtained from the Levitus (1982) ocean 
climatology. The depths of the two upper layers were chosen to represent a surface layer and a layer containing the 
equatorial undercurrent, and the mean fifth interface depth was chosen to represent the boundary between intermediate and 

abyssal water. The global simulations have horizontal spacings of °, are forced by the Hellerman and Rosenstein (1983) 
monthly wind stress climatology to statistical equilibration, and are initialized from equilibrated lower-resolution simulations. 
All means shown are calculated from the last four years of the simulation. Numerous model–data comparisons have shown 
that five- and six-layer global and basin-scale simulations using NLOM are able to successfully reproduce the Gulf Stream 
(Hurlburt and Hogan 2000) and features in the Pacific Ocean such as the Kuroshio (e.g. Hurlburt et al. 1996; Mitchell et al. 
1996). Other studies have used variations of the model to investigate the effects of bottom topography on the flow north of 
New Zealand (Tilburg et al. 2001) and the Kuroshio bifurcation (Metzger and Hurlburt 1998), the effects of the Indo-Pacific 
Throughflow on the global thermohaline circulation (Shriver and Hurlburt 1997), and the role of Halmahera Island in the 
transport pathways of Pacific waters to the Indian Ocean (Morey et al. 1999). Although not the case for all applications and 
locations—for example, detailed examination of the bottom boundary layer or the vertical structure of the meridional 
overturning within that thick layer—representation of the abyssal layer as one vertically integrated layer has been shown to 
be effective in the analysis of abyssal flows and bottom steering of surface currents by those flows. Flow in the abyssal 
layer of five- and six-layer simulations using NLOM has been compared with observations of abyssal eddy kinetic energy 
(EKE) across the Kuroshio (Hurlburt et al. 1996) and abyssal transport and EKE in the subtropical Atlantic (Hurlburt and 
Hogan 2000), with generally favorable results. The current study uses a similar version of NLOM configured for a nearly 
global domain. Some of the earlier studies used lower resolution; others required higher resolution to represent certain 
phenomena. The regional two-layer simulation also uses NLOM but in an idealized representation of the South Pacific Ocean 
east of New Zealand. It has a horizontal spacing of ½° and consists of a rectangular domain with an inflow and outflow port 
in each layer to simulate the flow associated with the STF and the DWBC.

3. Topographic steering of the surface flow  

To determine which dynamics govern the behavior of the Southland Current and the pathways of the STF and the SAF, 
we examine three simulations: a linear 1½-layer reduced-gravity global simulation (hereinafter called RG), a six-layer 
nonlinear global simulation with a flat bottom (FB), and a six-layer nonlinear global simulation with realistic bottom 

topography (RBa). The three simulations have a horizontal grid spacing of ° and are forced by climatological-mean 
monthly wind stress. They represent a systematic increase in complexity and realism in the model. Because there are 
significant transports associated with the STF and SAF (e.g., Gille 1994; Philips and Rintoul 2000), hydrodynamic 
simulations are able to reproduce the flow patterns within our region of interest. However, the fronts are no longer identified 
by sharp gradients in temperature as shown in Fig. 2 , but instead as gradients in sea surface height (SSH) and layer 
interface depth. The following analysis shows that the pathways of the fronts are governed not by the Sverdrup (1947) 
response of the ocean to wind stress, but instead by the interaction of the bottom topography and the flow fields associated 
with the fronts.

The lowest-order estimate of the dynamics governing the flow southeast of New Zealand is the reduced-gravity linear 
simulation (RG) whose dynamics are essentially those of a Sverdrup (1947) interior with Munk (1950) western boundary 
layers and globally applied horizontal friction. The non-Sverdrup ACC in RG is constrained to realistic transport values by 
increased friction patches in the Drake Passage. A 4-yr mean of the SSH deviation field from RG (Fig. 3 ) reveals that 
while some large-scale features are adequately described by linear dynamics the Southland Current and the fronts are not. 
The East Australian Current separates from the coast of Australia at the observed latitude ( 32°–33°S), and the southern 
portion of the Southern Hemisphere subtropical gyre is realistically portrayed in the model. However, there is no evidence of 
a northward-flowing Southland Current along the east coast of South Island as seen in Fig. 2 ; instead linear dynamics 
dictate that there should be a southward flow along the coast. Also, there is no evidence of fronts within the Southern 
Ocean; instead it is characterized by a uniform zonal flow. It is clear that the Southland Current and the pathways of the 
STF and the SAF are not due to the direct linear response of the ocean to wind stress. A nonlinear modification of the 
Sverdrup (1947) response can also be dismissed. Tilburg et al. (2001), using simulations identical to this study, showed that 
the introduction of nonlinearities and vertical structure to the model results in strong southward flow along the eastern coast 
of North Island. A nonlinear modification of the linear flow field found in RG (Fig. 3 ) to incorporate these stronger 
southward flows would tend to intensify, not reverse, the unrealistic southward-flowing Southland Current, as demonstrated 
in Tilburg et al. (2001). 

The flow field is next examined using the two nonlinear configurations (FB and RBa) of the model, which differ only in 
their choice of bottom topography and small deviations in the initial stratification. Comparison of the two simulations allows 
the direct examination of the impact of bottom topography on the surface flow field. Four-year means of SSH deviations 
from FB (Fig. 4a ) and RBa (Fig. 4b ) reveal that the addition of nonlinearities and vertical structure does result in 
fronts within the Southern Ocean. (Again, because the simulations are hydrodynamic, the simulated fronts corresponding to 
the STF and SAF identified in Fig. 2  are characterized by sharp gradients in SSH, not temperature.) SSH deviation 
contours that are representative of the examined fronts are marked in red (STF) and green (SAF) in Fig. 4 . Examination 
of these fields reveals that, although the flat-bottom simulation, FB, does contain fronts southeast of New Zealand, it fails to 
reproduce the observed Southland Current or the observed meridional deviations of the fronts and instead produces nearly 
zonal flow at all latitudes southeast of New Zealand. RBa, however, produces realistic portrayals of the Southland Current, 
the STF, and the SAF.

Observations of the abyssal and surface currents associated with the STF and SAF indicate that the flow fields within the 
two fronts contain extremely different vertical profiles. Rintoul and Bullister (1999), examining a hydrographic section 



between Tasmania and Antarctica, found that sloping isopycnals associated with the STF corresponding to eastward flow 
were limited to the upper 600 dbar, whereas those of the SAF extended to the ocean floor. Philips and Rintoul (2000), 
examining current meters near 50.5°S, 143°E, also observed relatively strong abyssal flow associated with the SAF. In a 
much earlier study, Gordon (1975), using current meters placed 100 meters above the seafloor, recorded an eastward 

velocity of 29 cm s−1 at approximately 5000 m at 56°S, 170°E, directly south of the Campbell Plateau. This observed 
vertical structure of the flow associated with these fronts is represented well in both simulations. The baroclinic nature of 
the STF appears within FB as an eastward surface flow (red line in Fig. 5a ) and a westward abyssal flow (red line in 
Fig. 5b ) west of New Zealand. Within RBa, there are strong eastward surface currents (red line in Fig. 6a ) but no 
significant abyssal currents (red line in Fig. 6b ) associated with the STF directly east or west of New Zealand. Both 
simulations reproduce flow associated with the SAF (green lines in Figs. 5  and 6 ) that extends to the abyssal layer. 

The physical mechanism responsible for the pathway of the SAF is relatively straightforward, and we begin with its 
discussion. The pathway is governed by conservation of potential vorticity, a sufficient constraint to allow even deep low-
amplitude topographic features to steer the abyssal flow. The high vertical coherence of the flow within this front results in 
abyssal and surface currents that closely follow topographic features south of New Zealand. In the simulation with a flat 
bottom, the surface currents (Fig. 5a ) and abyssal currents (Fig. 5b ) associated with the SAF are zonal south of 
New Zealand. However, with the addition of realistic bottom topography, the abyssal currents are constrained to follow f/h 
contours dictated by the topography. Within RBa, abyssal currents (Fig. 6b ) associated with the SAF flow eastward 
along a complicated pathway over the relatively flat southern edge of the Tasman Sea, but at 160°E they encounter the 
Macquarie Ridge. The abyssal flow enters the Emerald Basin through gaps in the Ridge (Fig. 2 ) and flows along the 
eastern edge of the ridge until it encounters the Campbell Plateau. There, it turns southward and then northward following 
the edge of the plateau, forming the DWBC (Fig. 6b ) described by Moore and Wilkin (1998) and Carter and Wilkin 
(1999). The barotropic nature of the flow results in a similar pathway for the surface currents evident in both the simulation 
(Fig. 6a , green line) and in observations of SST (Fig. 2 , 8°–8.5°C isotherms). The surface flow associated with the 
SAF follows a southward meander at 148°E (also seen in the abyssal flow) before it continues eastward to 160°E, 
where it turns northward upon encountering the Macquarie Ridge and follows the edge of the Campbell Plateau. This 
barotropic behavior of Southern Ocean fronts has been noted before (e.g. Gille 1994; Uddstrom and Oien 1999). When the 
flow reaches the same latitude as before it encountered Macquarie Ridge ( 52°–54°S, 180°), the surface flow separates 
from the plateau and continues along an eastward path. The abyssal flow bifurcates at this point. One portion of the abyssal 
flow separates from the plateau and continues eastward while the other portion proceeds northeastward along the eastern 
edge of the Campbell Plateau. In essence, the vertically coherent flow associated with the SAF encounters a change in 
bottom topography and flows around the obstacle to conserve potential vorticity.

The location of the Southland Current and the STF east of New Zealand are due to a unique interaction between the 
surface flow and the DWBC formed by the abyssal flow associated with the SAF. Inspection of the surface currents from 
FB (Fig. 5a ) shows no indication of a realistic western boundary current or realistic pathway of the STF; instead the 
simulated STF is zonal, as is the SAF. However, examination of the surface currents associated with the STF in RBa (Fig. 
6a ) reveals an eastward baroclinic flow south of New Zealand that turns northeastward along the east coast of South 
Island, eastward near the Chatham Rise, and southward near 175°W. The pathways of the Southland Current and the STF 
within RBa (Fig. 6a , red line) agree well with observations (Fig. 2 ). The simulated transport of the Southland Current 
also agrees well with the limited observations. Chiswell (1996) estimated the geostrophic transport of the Southland Current 

relative to 1000 dbar to be 10.4 Sv (1 Sv  106 m3 s−1). Although he states that this value could be subject to large errors, 
the simulated mean transport from RBa at the same location is 11.0 Sv relative to 1100 m, providing remarkably good 
agreement between the model and observations. In contrast, the DWBC is underestimated by RBa, which has a simulated 
mean transport of 12.4 Sv, somewhat less than the 20 Sv observed by Warren (1973, 1976). 

Comparison of results from RBa and FB demonstrates that the location and direction of the Southland Current and the 
STF are strongly influenced by the bottom topography. However, the Southland Current and flow within the entire STF are 
strongly baroclinic, with no indication of a corresponding abyssal flow (Fig. 6b ). The formation of both the western 
boundary current and the downstream path of the STF is not due to a barotropic response of the flow to bottom topography 
as is the SAF but is instead due to remote forcing resulting from the interaction of the surface flow with the DWBC along 
the Campbell Plateau. Topographically constrained abyssal currents like the DWBC have been shown to influence surface 
currents, such as those associated with the STF, that do not directly impinge on the topography. Hurlburt and Metzger 
(1998) found indications that the abyssal flow associated with the Shatsky Rise topography affects the bifurcation of the 
Kuroshio, and Tilburg et al. (2001) found evidence that the meridional abyssal flow associated with ridges and troughs 
creates meanders in the zonal Tasman Front. Hurlburt and Thompson (1980, 1982, 1984) used the continuity equation to 
explain the mechanism responsible for the influence of abyssal flow on surface currents. An abbreviated version of their 
explanation is presented here. In a layered model, the continuity equation for layer k can be written as 

 

For a two-layer system, the geostrophic component of the advection term within the layer-1 continuity equation can be 
linked to the layer-2 velocity by 

v1g · h1 = v2g · h1 = (g/f)J( 1, 2), (5)
 

where vkg is the geostrophic velocity in layer k, J is the Jacobian operator, 1 is the deviation of the free surface from its 



initial value, and 2 is the deviation of the interface between the two layers from its initial value. In physical terms, Eq. (5) 

states that, in a two-layer model, geostrophically balanced upper- and lower-layer currents advect upper-layer thickness 
gradients ( h1) in the same manner because v1g − v2g is parallel to h1. This advection can be very large when a strongly 

tilted thermocline (such as that associated with the STF) intersects an intense deep flow (such as the DWBC). The ability of 
abyssal currents to advect surface currents can be seen by considering the geostrophic balance of the internal mode in the 
two-layer model: 

k  × f(v1g − v2g) = −g′ h1, (6)
 

where g′ = g(ρ2 − ρ1)/ρ0. When the surface currents are much larger than the abyssal currents (|v1g|  |v2g|), which is 

typically the case in a two-layer model (and is the case for the currents associated with the STF and the DWBC), Eq. (6) 
indicates that h1 can be used as an approximate measure of v1g. From this observation and consideration of Eqs. (5) and 

(6), we see that the abyssal currents can advect upper-layer thickness gradients and, therefore, steer upper-layer currents. 
Hurlburt et al. (1996) showed that, although this theory formally breaks down in the multilayer case, this steering effect 
remains when the first baroclinic and barotropic modes dominate the flow regime. Tilburg (2000) performed a normal mode 
analysis of selected flow fields associated with the STF east of New Zealand and south of the Chatham Rise. As discussed 
in Tilburg (2000) and Tilburg et al. (2001), this analysis showed that the barotropic and first baroclinic modes do indeed 
dominate the flow fields and that the steering mechanism is possible in this region.

Comparison of simulations RBa and FB allows the direct examination of the effect of the presence and absence of the 
DWBC on the location of the STF. The flat-bottom simulation (no DWBC) shows an STF position east of New Zealand 
consistent with the dictates of the wind stress curl field. This can be seen by comparing simulations FB (Fig. 4a ) and RG 
(Fig. 3 ). The topographically constrained meridional DWBC in RBa (Fig. 6b ) provides the necessary northward 
advection for an STF that would otherwise be nearly zonal. However, the surface flow field of RBa (Fig. 6a ) reveals that 
the northward current segment associated with the STF is not adjacent to the DWBC but instead has propagated westward 
to form a western boundary current, the Southland Current, along the east coast of New Zealand. The evolution of the STF 
can be explained as a two-part process: first meridional advection and then westward propagation of the front. As the 
surface zonal flow associated with the STF encounters the meridional abyssal flow of the DWBC at about 178°E, the 
surface flow is advected northward by the steering mechanism just discussed. The northward displacement of the flow 
associated with the STF creates an imbalance in potential vorticity. Because there is nothing to constrain the now meridional 
STF, the surface layer thickness gradients associated with it propagate westward in an attempt to conserve potential 
vorticity via the beta effect. This propagation continues until they encounter the east coast of South Island where they 
generate a western boundary current. Once the STF passes east of this meridional DWBC, it returns southward past the 
latitude seen in FB because of southward abyssal flow, including flow near 173°W (Fig. 6b ), which occurs along the 
western side of a topographic depression (Fig. 1 ). 

4. A two-layer illustration  

The dynamics behind the formation of the Southland Current and the pathway of the STF are not immediately evident in 
the equilibrated simulation described above. However, they can be illustrated by examining a two-layer regional simulation 
(RBb) consisting of an initially zonal surface flow (representing the STF and the Southland Current) and an abyssal 
meridional flow (representing the DWBC). The domain of the simulation is rectangular with zonal (165°E–105°W) and 
meridional (55°–15°S) dimensions that roughly correspond to the South Pacific Ocean east of New Zealand. The horizontal 
spacing is ½°, and the boundary conditions are no slip and closed on all sides except for two ports in each layer. There is no 
wind forcing. Instead, the surface flow is forced by 2°-wide meridional ports in layer 1 centered at 45°S on the east and 
west boundaries. These ports correspond to flow south of New Zealand (western inflow port) and flow through the Drake 
Passage (eastern outflow port). The transport through the surface ports is specified to be 5 Sv, producing velocities (0.075 

m s−1) similar to the depth-averaged velocity of the top two layers of RBa (0.068 m s−1). The abyssal currents are 
constrained to flow northward by a sharp gradient in bottom topography representing the eastern edge of the Campbell 
Plateau (Fig. 7 ) and are generated by 2°-wide zonal ports in layer 2 centered at 177°E on the northern (outflow) and 
southern (inflow) boundaries. The transport through the abyssal ports is specified to be 20 Sv, corresponding to estimated 
values of the DWBC at 28° and 43°S (Warren 1973, 1976). Although this transport is larger than that of RBa, it produces 

abyssal velocities (0.027 m s−1) similar to those of RBa (0.029 m s−1). Although the flow field has reached a statistical 
equilibrium in the global simulations, a transient simulation, in which a previously zonal surface flow is suddenly subjected to 
a meridional abyssal flow, is instructive in the illustration of the formation of the Southland Current and thus the nature of its 
equilibrated dynamics in the global simulations and real ocean. Several snapshots of the STF during the transient simulation 
illustrate the evolution from an initially zonal front through its meridional advection and westward propagation to its final 
observed location with the Southland Current along the western boundary.

The two-layer simulation consists of two parts: the spinup run and the temporal formation of the STF. First, the 
simulation is allowed to run until equilibrium (100 years) with a zonal surface flow but no abyssal flow (Fig. 8a ). 
Because of the baroclinic nature of the flow, the surface flow field is unaffected by the change in topography and proceeds 
throughout the domain as a zonal flow. This equilibrium state is designated as T = 0 yr. At T = 0 yr, the meridional abyssal 
flow is turned on, which produces a meridional displacement of the surface flow, shown here at T = 3 yr (Fig. 8b ). A 
snapshot of the flow field at T = 7 yr (Fig. 8c ) shows the meridional structure has begun to propagate westward in an 
attempt to conserve potential vorticity. When this meridional flow encounters the western boundary, it forms a northward 
boundary current. At T = 80 yr, the end of the simulation, the surface flow has formed a strong western boundary current 



(Fig. 8d ) caused solely by the meridional abyssal flow 12° to the east. As the surface flow passes directly over the 
abyssal flow, it returns to its previous latitude because of the location of the outflow port, creating a pathway corresponding 
to that observed by Uddstrom and Oien (1999). 

5. Summary and conclusions  

Earlier studies have investigated the impact of topographically constrained abyssal currents on the pathways of upper-
ocean currents that did not impinge on the topography (Hurlburt et al. 1996; Hurlburt and Metzger 1998; Hogan and Hurlburt 
2000; Tilburg et al. 2001). In these studies, the impact was local to specific topographic features, and the abyssal currents 
were generally driven by mixed baroclinic–barotropic flow instabilities (which are not required for the DWBC in the present 
study). The present study differs in that the abyssal current (DWBC) has a remote impact that explains the existence and 
direction of a northward baroclinic western boundary current about 12° to the west: the Southland Current along the east 
coast of South Island, New Zealand. It also explains the northward displacement of the subtropical front east of New 
Zealand. It is noteworthy that the Southland Current is a western boundary current, which flows opposite to the direction 
predicted by Sverdrup flow and opposite to a second mechanism for southward flow along the east coast of New Zealand 
outlined by Tilburg et al. (2001). 

One regional and three global ocean simulations are used to examine and illustrate the dynamics responsible for the 
formation of the Southland Current, as well as the pathways of the subtropical front and the subantarctic front, particularly 
east of New Zealand. The Southland Current flows along a segment of the STF. Although not all fronts are directly 
associated with strong flows, observations and numerical simulations have shown that both the STF and SAF are collocated 
with strong currents, allowing the use of hydrodynamic models in their examination. The global simulations used in this 

study have horizontal grid spacings of ° and range in dynamical complexity from a linear 1½-layer reduced-gravity 
simulation to a nonlinear six-layer flat-bottom simulation to a nonlinear six-layer simulation that contains realistic bottom 
topography. All three global simulations are forced by the Hellerman and Rosenstein (1983) climatological-mean monthly 

wind stress and were spun up to statistical equilibrium at ½° and ¼° spacings before continuing at °. The regional 
simulation has a horizontal grid spacing of ½° and comprises two layers with an idealized bottom topography representing 
the Campbell Plateau. It is forced by flow through ports in the model boundaries rather than wind stress. Its role is to isolate 
and illustrate the dynamics responsible for the formation of the Southland Current and the northward displacement of the 
STF east of New Zealand.

Although most western boundary currents (such as the Gulf Stream, the Kuroshio, and the East Australian Current) can 
be described as modified results of the Sverdrup (1947) response of the ocean to the wind stress curl, the Southland Current 
is shown to be an example of a new formation mechanism for a baroclinic western boundary current: a unique combination 
of topographic steering and westward propagation. The linear reduced-gravity simulation produces a southward “Southland 
Current,”  opposite to that observed. It also fails to produce a realistic STF or SAF east of New Zealand, demonstrating that 
the formation of this western boundary current and the pathways of the two fronts are not due to Sverdrup (1947) 
dynamics. A six-layer flat-bottom nonlinear simulation reproduces fronts that contain vertical flow structure similar to that 
of the observed SAF and STF but shows no evidence of their observed meridional structure. The flat-bottom simulation 
produces a baroclinic flow directly south of New Zealand (corresponding to the STF) and a more barotropic flow slightly 
farther south (corresponding to the SAF), but the flat bottom eliminates the observed northward DWBC, and the simulated 
surface flows are nearly zonal. A nonlinear simulation that incorporates realistic bottom topography reproduces the observed 
northward DWBC and meridional structure of the fronts, revealing that the behavior of the Southland Current and the 
pathways of the STF and the SAF are influenced by the presence of bottom topography.

The pathway of the SAF is shown to be influenced by a barotropic response of the associated flow field to bottom 
topography. Examination of the pathway shows that the flow is deflected northward along the Macquarie Ridge and then 
follows the southern edge of the Campbell Plateau. After a portion of the flow separates from the Plateau, it returns to the 
same latitude as before encountering the Macquarie Ridge. In essence, the vertically coherent flow associated with the SAF 
follows f/h contours around an obstacle in an attempt to conserve potential vorticity. 

The physical mechanisms responsible for the location of the STF are considerably more complex, consisting of a 
combination of bottom steering of surface-layer thickness gradients by a strong DWBC and westward propagation of these 
perturbed gradients. The abyssal flow associated with the SAF bifurcates when the surface flow separates from the eastern 
edge of the Campbell Plateau, with a portion flowing eastward with the surface currents and a portion continuing northward 
along the eastern edge of the plateau as a DWBC. This meridional abyssal current advects surface-layer thickness gradients 
in the STF northward, which then propagate westward in an attempt to conserve potential vorticity. When they encounter 
the east coast of New Zealand, they form a baroclinic western boundary current, the Southland Current. The equilibrated 
result of this combination is a front with an accompanying flow field that proceeds northward along the eastern coast of 
South Island as a strongly baroclinic western boundary current, continues eastward along the Chatham Rise, and then 
returns southward east of the northward-flowing DWBC. 

Because bottom steering is dominated by the first baroclinic mode, a simulation with only two layers, one representing 
surface flow and one representing abyssal flow, is able to reproduce the observed conditions. We use an idealized two-layer 
regional simulation to illustrate the evolution of a strictly zonal flow to that observed, solely as a result of the introduction of 
topographically constrained abyssal currents and westward propagation. An equilibrated eastward zonal surface-layer 
current (representing flow associated with the STF) is perturbed by introducing a northward abyssal flow (representing the 
DWBC) along a topographic slope (representing the eastern edge of the Campbell Plateau), which lies 12° east of the 
western boundary. A sequence of flow-field snapshots is used to illustrate this evolution. These demonstrate that when the 



surface-layer thickness gradients associated with the zonal surface flow encounter the meridional abyssal flow, they are 
advected northward in the vicinity of the DWBC. This northward perturbation creates an imbalance in potential vorticity on 
the west side of the perturbation. The now meridional gradients propagate westward in an attempt to conserve potential 
vorticity until they encounter the western boundary of the domain. After a considerable adjustment time, the resulting 
steady-state flow agrees very well with both observations and the more complex global simulation, consisting of a 
northward flow along the western boundary, an eastward flow that crosses above the DWBC farther to the east, and a 
return flow to the original latitude east of the DWBC.
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APPENDIX  

6. Explanation of Symbols and Notations  



  

A Coefficient of isopycnal eddy viscosity 

a Radius of the earth (6371 km) 

Cb Coefficient of bottom friction

 

Ck Coefficient of interfacial friction

 

CM Coefficient of additional interfacial friction associated with entrainment

 

D( , θ) Total depth of the ocean at rest 

ek Angular deformation tensor 

 

1 Deviation of free surface from its initial value

 

2 Deviation of the interface between two layers from its initial value

 

f Coriolis parameter = 2Ω sinθ  

g Acceleration due to gravity (9.8 m s−2)

 

h Local depth 

hk kth-layer thickness

 

h+
k kth-layer thickness at which entrainment starts

 

h−k kth-layer thickness at which detrainment starts

 

Longitude 

ρ0 Constant reference density

 

ρk kth-layer density, constant in space and time

 

τw Wind stress 

 

t Time 



θ Latitude 

vgk Geostrophic velocity in layer k

 

Vk hkvk = e Uk + e
θ
Vk

 

vk kth-layer velocity = e uk + e
θ k

 

Ω Angular rotation rate of the earth (7.292 205 × 10−5 s−1) 

 

ω+
k k[max(0, h+

k − hk)/h+
k]2

 

ω−k k[max(0, hk − h−k)/h+
k]2

 

k (ω+
k − ω−k)/Wk

 

k kth interface reference diapycnal mixing velocity

 

Wk( , θ) kth interface weighting factor for global diapycnal mixing designed to conserve mass within a layer in 

compensation for explicit diapycnal mixing due to hk < h+
k (i.e., ω+

k − ω−k), and net transport through the lateral 

boundaries of layer k. 
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FIG. 1. Seafloor topography (m) surrounding New Zealand and schematic diagram of the Southern Hemisphere subtropical front 
(gray line), the subantarctic front (white line), and the Deep Western Boundary Current (transparent line). The locations of the 



fronts are based on SST observations (Uddstrom and Oien 1999) and simulations from this numerical study. The location of the 
DWBC is based on a similar figure by Carter and Wilkin (1999) 
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FIG. 2. Annual mean of sea surface temperature (°C) computed over 5 yr, Jan 1993–Dec 1997, compiled by Uddstrom and Oien 
(1999). The path of the SAF generally follows the 8°–8.5°C isotherms. The STF is more complex. It is associated with the 12°–13°
C isotherms west and the 11°–13°C isotherms directly east of New Zealand, but its southward dip near 53°S, 173°W is evident in 
the slightly colder 9°–9.5°C isotherms 
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FIG. 3. Mean sea surface height deviations (cm) from the 1½-layer reduced-gravity simulation, RG. Note the contour interval 
changes from 5 to 50 cm south of New Zealand. The linear simulation contains extremely highly transport within the Southern 
Ocean. Note the western boundary current corresponding to the Southland Current is southward, not northward as observed 
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FIG. 4. Mean sea surface height deviations (cm, contour interval is 5 cm) from (a) the flat-bottom simulation (FB) and (b) the 
realistic-bottom-topography simulation (RBa). Sea surface deviation contours that are representative of the STF (red line) and 
SAF (green line) are highlighted. Note the similarities in the far field (i.e., both simulations exhibit strong zonal flow at 34° and 

47°S). However, RBa produces a realistic STF and SAF and FB does not. Note the southward dip in the STF at 53°S, 173°W 
corresponding to the 9°–9.5°C isotherms in the observations 
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FIG. 5. (a) Location of the STF (red line) and SAF (green line) superimposed on the mean surface currents (m s−1) from FB. The 
highlighted fronts are identical to those in Fig. 4a . Note the nearly zonal flow associated with the two fronts. (b) Location of 

the STF (red line) and SAF (green line) superimposed on the mean abyssal currents (m s−1) from FB. Note the lack of a DWBC 
southeast of New Zealand
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FIG. 6. (a) Mean surface currents (m s−1) and location of the STF (red line) and SAF (green line) from RBa superimposed on 
bottom topography (m). The highlighted fronts are identical to those from Fig. 4b . The position of the simulated STF is 
coincident with a strong Southland Current flowing northeastward along the coast of South Island, a zonal flow south of 
Chatham Rise, and a return to the original latitude at 172°W. The position of the simulated SAF is coincident with the surface 
flow along the southern edge of the Campbell Plateau. (b) Location of the simulated STF (red line) and SAF (green line) from RBa 

superimposed on the mean abyssal currents (m s−1) and bottom topography (m). Note the lack of an abyssal current underneath 
the Southland Current but a strong DWBC along the eastern edge of the Campbell Plateau
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FIG. 7. Domain and bottom topography (color in meters) of the two-layer experiment, RBb. The red arrows represent flow 
through ports in the lower layer, simulating the DWBC. The blue arrows represent flow through ports in the upper layer, 
simulating flow associated with the STF. The blue rectangular outline represents the region displayed in Fig. 8  
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FIG. 8. Surface transport streamfunctions (1 Sv  106 m3 s−1, contour interval is 0.4 Sv) from the two-layer simulation RBb at 
(a) T = 0 yr (no abyssal flow), (b) T = 3 yr (note the initial advection of the streamfunctions), (c) T = 7 yr (note the westward 
propagation of the stream functions), and (d) T = 80 yr (note the formation of a western boundary current solely due to a 
topographically constrained DWBC)
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