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Abstract A Mean Dynamic Topography (MDT) is required to estimate mean transport in the ocean, to
combine with altimetry to derive instantaneous geostrophic surface velocities, and to estimate transport
from shipboard hydrography. A number of MDTs are now available globally but differ most markedly in
boundary currents and the Antarctic Circumpolar Current. We evaluate several MDTs in two boundary cur-
rents off New Zealand (in the subtropical western boundary current system east of the country and in the
Subantarctic Front to the south) using satellite, hydrographic, and Argo observations near two altimeter
tracks. Argo float trajectories are combined with estimates of shear to produce new MDTs along both altim-
eter tracks: sufficiently high numbers of Argo floats travel in both boundary currents to allow a useful esti-
mate of the mean flow at 1000 m depth and conservation of potential vorticity is used to account for more
realistic flow paths. In finding a MDT, we show the uncertainties in the estimates of velocity differences
between 1000 m and the surface from density climatologies, while often not estimated, need to be consid-
ered. The MDT computed from the Argo trajectories is generally consistent with the CLS09 MDT in both
boundary currents and, in some locations, distinctly different from the MDT using a ‘‘level of no motion’’
assumption. The comparison suggests velocities from Argo trajectories can be usefully combined with other
observations to improve estimates of flows and MDT in boundary currents.

1. Introduction

An ocean mean dynamic topography (MDT) is necessary for estimating mean surface currents and for esti-
mating mean transport and currents at depth when combined with subsurface measurements. An MDT can
also be combined with sea level anomalies from satellite altimetry to provide estimates of instantaneous
total surface geostrophic currents. MDTs have traditionally been constructed from hydrographic climatolo-
gies, such as the World Ocean Atlas and CARS (CSIRO Atlas of Regional Seas), by finding the dynamic height
at the surface relative to a chosen ‘‘level of no motion’’ (LNM), or depth at which the pressure gradients are
assumed to be zero [Roemmich and Sutton, 1998; Ridgway and Dunn, 2003]. For simplicity, the LNM is held
constant in time and space, and these assumptions, in addition to considerations of sampling density and
interpolation techniques, contribute to the uncertainty of the MDT.

With the first satellite gravity measurements it became possible to create an MDT by subtracting the
geoid derived from gravity measurements from the mean sea surface measured by altimetry (how these
satellite measurements may be combined with subsurface measurements to find ocean circulation is
defined in Wunsch and Gasposchkin [1980] including error budgets and the role of time variability). Tapley
et al. [2003] create an MDT based solely on satellite gravity and altimetry measurements. This MDT shows
the broad features of the ocean circulation; however, the ocean boundary currents are largely missing
because the resolution of the gravity measurements is limited to scales larger than several hundred kilo-
meters. Combining surface drifting buoy velocities with this satellite-only MDT leads to an MDT with
faster, narrower currents, particularly along western boundaries and in the Antarctic Circumpolar Current
(ACC) [Maximenko et al., 2009].

Rio et al. [2011] create an MDT that combines most available ocean data: surface drifting buoy velocities,
temperature, and salinity profiles from Argo floats and CTD casts, and the mean sea surface derived from
satellite gravity and altimetry. They start with a ‘‘first guess’’ MDT consisting of the difference between the
satellite altimetry and gravity which is then improved by an optimal interpolation of hydrographic and
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drifting buoy data. Errors in the MDT are
estimated from the optimal interpola-
tion, incorporating estimated errors in
each of the components, and are maxi-
mum (usually over 8 cm) in western
boundary currents. Some of the bound-
ary currents double in speed in the
CNES-CLS09 MDT as compared to the
previous version, the RIO05 MDT [Rio
and Hernandez, 2004], suggesting
marked improvements in resolving the
narrow, fast flows in boundary currents.

MDTs can also be created by averaging
ocean model simulations [e.g., Bingham
and Haines, 2006]. These MDTs have the
advantage that they are dynamically
consistent with at least one realization of
ocean circulation. However, the differ-

ence between these models is largest in the western boundary currents and the ACC [Vossepoel, 2007].
MDTs have been created in boundary currents and the ACC using altimeter data alone by fitting sea surface
height variability to a model of a meandering jet [Gille, 1994; Qiu et al., 1991; Kelly and Gille, 1990].

Another type of MDT can be created by incorporating ocean observations into a temporally and spatially
varying ocean state estimate using inverse modeling or data assimilation and averaging the sea surface
over the time period of interest. The advantage of this method is that the resulting MDT comes from a
dynamically consistent estimate of the ocean state and therefore conserves mass and momentum. Several
ocean state estimates are available. Here we use the Southern Ocean State Estimate (SOSE), a version of the
global ECCO model that has been applied to latitudes south of 25�S [Mazloff et al., 2010].

As more MDTs have become available, a number of studies have investigated the differences between
them and potential sources of error. Stammer et al. [2007] caution that small-scale ridges and other bathy-
metric features leave an imprint on the geoid that affect MDTs calculated from gravity data. A number of
authors suggest the error budgets of all the MDTs may be dominated by residual errors in the time-varying
altimeter corrections [Stammer et al., 2007; Vossepoel, 2007; Griesel et al., 2012] and that attention should be
given to developing a more refined processing of the altimeter data [Griesel et al., 2012]. Boundary currents
are places where inadequacies in the observations are likely to be most apparent due to higher energy and
often shorter space and time scales [Stammer, 1997].

Trajectories from Argo floats are recent observations with the potential to resolve flows in boundary cur-
rents. Argo trajectories have not yet been incorporated into MDTs, but velocities derived from the trajecto-
ries have been compared to estimates of the subsurface flow from MDTs [Jayne, 2006; Rio et al., 2011].
When averaged, flow at 1000 m from Argo trajectories shows considerable fine-scale structure in the cur-
rents around the complex bathymetry of the Southwest Pacific [Dunn et al., 2009; Bostock et al., 2013; Cra-
vatte et al., 2012; Ollitrault and de Verdiere, 2014]. Willis and Fu [2008] demonstrate Argo mean velocities
may be used as a ‘‘level of known motion’’ at 1000 m and combined with Argo profiles for a completely
Argo-derived MDT. We examine a similar approach here but focus on the boundary currents, on assessing
the uncertainties given the number of measurements and their variability, and on an intercomparison of dif-
ferent MDTs.

In this study, we analyze two sets of observations near altimeter lines that cross two boundary currents off
New Zealand (Figure 1) to evaluate the differences in MDTs. The first boundary current we examine is the
East Auckland Current, a western boundary current of the South Pacific subtropical gyre that flows south-
ward along the northeast coast of New Zealand. The second boundary current is the Subantarctic Front, the
northern front of the Antarctic Circumpolar Current, that flows north along Campbell Plateau into the New
Zealand region. For each boundary current we first examine the MDT created by the standard LNM assump-
tion and quantify the limitations of this method. We then create a new MDT with the observations and
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Figure 1. The CNES-CLS09 MDT in the South Pacific at 10 cm contour intervals.
The East Auckland Current and Subantarctic Front study regions are shown by
the two rectangles off New Zealand with the lines marking the two altimeter
tracks through each region.
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assess the uncertainty in the contribu-
tions of Argo data, altimetry, and hydro-
graphic observations. A new method of
correcting for Argo float trajectories
based on potential vorticity is also pre-
sented. We compare the two new MDTs
to six other MDTs available in each
region.

2. Observations

Observations from a number of different
sources are used to create the MDTs in
the subtropical and subantarctic bound-
ary currents. Altimeter sea level anoma-
lies on two tracks through the East
Auckland Current and the Subantarctic
Front off Campbell Plateau are combined
with hydrography from shipboard sur-
veys and trajectories of Argo floats (Fig-
ures 2 and 3). The MDTs derived from the
data are compared with MDTs from a
number of other sources.

2.1. Altimeter Data
Altimeter sea level anomalies (SLA) along
the tracks across the East Auckland cur-
rent and the Subantarctic Front were
extracted from the AVISO data archive for
the Topex/Poseidon, Jason-1 and Jason-2
missions. The anomalies are on the stand-
ard 6.2 km grid sampled every 9.96 days
and have the standard corrections
applied (wet troposphere, dry tropo-
sphere, ionosphere, and orbit corrections
and tidal and barotropic fluctuations
removed using the GOT4.7 and MOG2D
models, respectively [AVISO, 2012]). The
AVISO SLA from 1993 through 2011 were
re-referenced to the 19 year mean (1993–
2011) from a standard 6 year mean
(1993–1999) by subtracting the time
mean of the anomalies at each location.

The data were smoothed in space to
reduce the noise in the data using the
along-track covariance functions (Figures
4a and 4b) to assess both the noise and
the length scales in the currents. The zero
crossings of the covariance functions are
about 75 km for the subtropical current
and 50 km for the subantarctic current.
Repeating the covariance functions after
smoothing the SLAs with a three point
(18.5 km) along-track filter shows the
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Figure 2. The East Auckland Current region off the northeast coast of New Zea-
land with the bathymetry, satellite altimeter track (dashed line), hydrographic sta-
tions (dots), and current meter deployments (diamonds). The arrows show the
velocities at 1000 m derived from the start and ending surface fixes of the Argo
trajectories in the region with the arrow located at the mid-point between the
two fixes. The lower figure shows the times the observations were collected with
each Argo float point corresponding to a velocity estimate within the region.
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Figure 3. The Subantarctic Front region off the Campbell Plateau southeast of
New Zealand with the bathymetry, satellite altimeter track (dashed line), hydro-
graphic stations (dots), and current meter deployments (diamonds). The arrows
show the velocities at 1000 m derived from the start and ending surface fixes of
the Argo trajectories in the region with arrow located at the mid-point between
the two fixes. The lower panel shows the times the observations were collected
with each Argo float point corresponding to a velocity estimate within the
region.
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dominant scales in the currents are
unchanged and the uncorrelated along-
track noise (evident as a ‘‘jump’’ of 2 cm
rms in the covariance functions at the ori-
gin) is reduced. Noise that is correlated
along the track, such as long wavelengths
associated with orbit errors and errors in
removing tidal and barotropic signals,
cannot be quantified in the covariance
functions or removed by spatial smooth-
ing and will be considered later. Integral
length scales were derived for smoothing
data along each track by integrating to
the first zero crossing and dividing by the
value of the covariance function at the
origin [Emery and Thomson, 2001] which
resulted in length scales of 50 and 35 km
for the subtropical and subantarctic
boundary currents, respectively.

Smoothing in time could potentially
reduce the noise, however covariance
functions in time are approximately expo-
nential in shape with an e-folding time of
about 60 and 15 days for the East Auck-
land Current and Subantarctic Front,
respectively (Figures 4c and 4d), and

even a three-point (30 day) filter would remove much of the variance in the data. After spatial smoothing,
the altimeter sea level anomalies were interpolated to the times of the hydrographic surveys in order to
combine them with the dynamic heights from the hydrographic data.

The mapped sea level anomalies (MSLA) from AVISO were projected onto the track to combine with the
hydrographic data in order to evaluate the difference between using MSLA and SLA altimeter products. The
MSLA are created by optimally interpolating along-track sea level anomalies to a 1

4
�

3 1
4
� grid [Ducet et al.,

2000]. The mapping should reduce some of the errors present in the along-track data, but it may also intro-
duce other errors due to the choice of covariance functions and smoothing by the interpolation. Covariance
functions of the mapped data show it has similar length and time scales to the along-track data, but lower
variance (Figure 4).

2.2. Hydrographic and Current Meter Data
Dynamic heights in the East Auckland Current and the Subantarctic Front were calculated from temperature
and salinity profiles collected on hydrographic surveys along both altimeter tracks. Ten hydrographic sur-
veys were collected along the East Auckland satellite altimeter track between 1994 and 2004.

The first four surveys were combined to estimate an along-track MDT by Laing and Challenor [1999], and we
partially follow their approach here. In this region, 2000 m is typically used as a level of no motion [Roem-
mich and Sutton, 1998] but due to slightly shallower depths along the transect, 1800 m is used here. Only
dynamic heights from stations with depths 1800 m or greater were used, corresponding to latitudes along
the track north of 34:05�S. Most of the stations were within a few kilometers of the altimeter ground track;
larger separations of up to 19 km occurred during the first survey but given the much larger length scales
of sea surface height across the current (Figure 4a) errors due to these separations along the current should
be small. Therefore, the stations were all treated as coincident with the nearest point on the altimeter track.

Dynamic heights in the Subantarctic Front along the Campbell Plateau were calculated from temperatures
and salinities collected on three hydrographic surveys along the satellite altimeter track in 1997 and 1998
with the bottom used as a level of no motion [Stanton and Morris, 2004]. Stations with depth of 1500 m or
greater were used to find the dynamic height.
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Figure 4. (a, c) Covariances of the along-track sea level anomalies along altime-
ter tracks across the East Auckland Current and (b, d) the Subantarctic Front
along Campbell Plateau. Covariances are in units of cm2. Figures 4a and 4b
show the spatial covariances of the sea level anomalies and Figures 4c and 4d
show the temporal covariances. The thin lines show the covariances using
along-track data. Covariances from data with three point spatial smoothing are
nearly identical to covariances from the full data but start slightly lower at the
origin. The thick dashed lines show the covariances using the mapped sea level
anomaly product.
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2.3. Argo Trajectories and Profiles
Velocities derived from Argo float trajectories were also used to estimate mean dynamic height along both
the subtropical and subantarctic altimeter tracks. Argo float positions and profiles were obtained from the
USGODAE Argo site (http://www.usgodae.org/argo/argo.html). Velocities of the Argo floats at depth were
estimated by dividing the distance between the first and last surface fixes of each cycle by the time
between the fixes. The float velocity was assigned a location midway between the start and end locations.
Velocities located within 50 km of each track were selected and the component of the velocity perpendicu-
lar to the track computed. Velocity observations from floats with parking depths between 1000 and 1100
dbar were retained and treated as representative of flow at 1000 m depth along the altimeter tracks. The
Argo floats produced 82 velocity estimates for the subtropical current and 93 velocity estimates for the sub-
antarctic current.

Biases or errors in the estimates of velocity at 1000 m from the Argo float trajectories can occur due to
errors in positioning, unknown surface drift between the last surface fix and submerging and between sur-
facing and the first position fix, and unknown drifts during ascent and descent. The first two error terms
have been estimated as 0.2 and <0.5 cm/s by Bostock et al. [2013]. Ollitrault and Rannou [2013] also find
<0.5 cm/s for the errors due to time on the surface. The last source of error, a bias due to the drifts during
ascent and descent, was estimated at 0.06 cm/s in the direction of the surface current for the subtropical
boundary current and negligible in the subantarctic current based on the profiles of shear from the hydro-
graphic sections, an ascent and descent speed of 10 cm/s, and the usual Argo cycle (descent to 1000 m,
drift for approximately 10 days, further descent to 2000 m followed by ascent to the surface).

A much larger source of error in the velocity estimates from the Argo trajectories, and of particular concern in
boundary current regions, is the uncertainty in the actual path of the float at depth. The straight line distance
between the starting and ending locations is the minimum distance a float travels and the mean speed is
therefore biased low, with a greater bias the more the actual trajectory deviates from a straight line. In the
subtropical boundary current the utility of using potential vorticity at 1000 m (from fN2 using the Coriolis
parameter, f, and the buoyancy frequency, N2, calculated from the CARS2009 climatology) as a method for
estimating float trajectories was assessed. In the less stratified subantarctic boundary current, the large varia-
tion of depth in the fast flows along the slope provided a means of reconstructing the trajectories using baro-
tropic potential vorticity (f=H, where H is the water depth) as will be explained in detail later.

Once the velocities were located to positions along the altimeter tracks, the across-track components were
found and the velocities were smoothed with a running mean of 50 km for the subtropical current and
35 km for the subantarctic current, based on the integral length scales calculated from the altimeter data.
Surface velocities were estimated from the velocities at 1000 m using an estimate of shear. A number of
shear estimates are available including shear from the shipboard hydrography, shear from an existing clima-
tology, and shear derived from Argo profiles around the altimeter track (described below). As will be noted
in the results, the error estimates were the basis of choosing which shear to add to the velocities at 1000 m.

The shear from Argo profiles was found by differencing geopotential height over the along-track length
scales in each current (derived from the altimeter as explained above). Geopotential height was created
from the mean density with depth along the altimeter track using all Argo float profiles within 50 km of the
track (115 profiles in each current). To assess the use of the altimeter to remove variability in the density
profiles and improve the uncertainty in the mean density, a depth-dependent regression coefficient
between the density anomalies and the coincident altimeter sea level anomalies was calculated as was
done by Willis and Fu [2008]. Each profile was assigned to the closest position along the track and the den-
sities were averaged over depth bins of 25 m (surface > z > 2100 m), 50 m (2100 m > z > 2500 m) and
100 m (2500 m > z > 21400 m). Densities at each depth bin were then smoothed along the track using
running means to match the smoothing of the Argo velocities. Standard errors of the mean shear were esti-
mated using propagation of errors with the uncertainty in geopotential height (G) between the surface and
1000 m calculated from the variance of the density using r2

G5gr2
qgT (where r2

q is the covariance matrix of
the density and g is the dependence of the geopotential height on the density at each depth g5 @G

@q).

As an alternative Argo-derived shear, the Roemmich and Gilson climatology, which uses the nearest hun-
dred Argo profiles to create a mean salinity and temperature on a 1� by 1� grid [Roemmich and Gilson, 2009;
http://sio-argo.ucsd.edu/RG_Climatology.html, referred to as ‘‘RG Climatology’’ hereafter], was used to find a
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velocity difference between the surface and 1000 m for the subantarctic line. The temperature and salinity
from the 10 year climatology (2004–2013) were projected on to the altimeter track and the geopotential
anomaly and shear calculated.

2.4. Mean Dynamic Heights
The mean dynamic heights derived from hydrography, altimetry, and Argo data in this study are compared
to a number of other previously published mean dynamic topographies. The dynamic topography derived
from the combined satellite altimetry and GRACE gravity measurements [Tapley et al., 2003] was obtained
from NASA (http://grace.jpl.nasa.gov/data/dot) and a dynamic topography from altimetry, GRACE gravity,
and surface drifter measurements [Maximenko et al., 2009] was obtained from the University of Hawaii
(http://apdrc.soest.hawaii.edu/projects/DOT). The CNES-CLS09 mean dynamic topography [Rio et al., 2011]
was obtained from AVISO (http://www.aviso.oceanobs.com) and is a blend of altimetry, gravity, surface
drifter velocities and dynamic height from hydrography.

Another purely satellite-derived mean dynamic topography was also extracted from the GOCE gravity mis-
sion using the GUT software (version 2.1) available from the European Space Agency (http://www.esa.int). A
MDT was extracted from the difference between the geoid calculated using the GOCE-model second
release direct approach [Bruinsma et al., 2010] with 18 months of data and the CNES CLS 2011 Mean Sea
Surface derived from altimeter sea surface height (http://www.aviso.oceanobs.com). The fields were spa-
tially filtered with a Hanning filter of 1� in both latitude and longitude.

An MDT was also created by averaging together 6 years (2005–2010) of the sea surface height variable from
the Southern Ocean State Estimate [Mazloff et al., 2010]. The SOSE constrains an ocean general circulation
model with observations and provides state estimates every 5 days that are both dynamically consistent
and consistent with ocean observations (http://sose.ucsd.edu).

3. Subtropical Boundary Current

3.1. MDT From Repeat Hydrography and Altimetry
An MDT is first created using the dynamic height from the repeat hydrography along the altimeter line, the
along-track altimeter sea level anomalies and the assumption of a level of no motion. Following Laing and
Challenor [1999], the mean surface dynamic topography at any point in space (s) is the difference between
the instantaneous dynamic topography at that location (H(s, t)) and the anomaly:

HmeanðsÞ5Hðs; tÞ2Hanomðs; tÞ: (1)

For the purposes of this study, the mean is defined as the mean over the altimeter period (1993–2011). The
mean dynamic height can be estimated by subtracting the altimeter sea level anomaly at the time of a
hydrographic survey (Halt) from the dynamic height of the survey (Hdyn0=1800). The difference between the
observed mean dynamic height and the actual dynamic height can be represented by an error term (N)
that is due to uncertainties in the measurements, sampling differences between the measurements, errors
in the assumed level of no motion when calculating dynamic height from hydrography, or signals in one
measurement not found in the other (such as barotropic or tidal fluctuations in the altimeter anomalies).

HmeanðsÞ5Hdyn0=1800ðs; tÞ2Haltðs; tÞ1Nðs; tÞ: (2)

If N(s, t) is small (i.e., the level of no motion assumption is reasonably accurate, the measurements contain
the same signals, and have little uncertainty), one hydrographic survey and the corresponding altimeter
measurement of sea level anomaly would provide an accurate mean dynamic height. Averaging several
repeat hydrographic surveys and coincident altimeter sea level anomalies should improve the estimate of
the mean (~Hmean) if contributions to N(s, t) are uncorrelated and without bias:

~HmeanðsÞ5E½Hdyn0=1800ðs; tÞ2Haltðs; tÞ�: (3)

Dynamic heights relative to 1800 m (Hdyn0=1800) from the 10 hydrographic surveys across the East Auckland
Current show considerable variation both in time and space (Figure 5a). Subtracting the altimeter anomalies
from the dynamic height produces 10 estimates of the mean dynamic topography (Figure 5b) with much
more similar shapes than the profiles of dynamic height alone. As a result, the average of the 10 estimates
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of the mean using the altimeter anoma-
lies (~Hmean) has more difference in height
across the current (Figure 5c, solid line)
than the mean from averaging the 10
dynamic heights from the hydrography
alone (Figure 5c, dashed line).

The improvement in the estimate of the
mean can be quantified using the var-
iance in the estimates of the mean calcu-
lated at each location and then averaged
over the entire track. This total measure
of variance is reduced by 80% when the
altimeter anomalies are removed from
the dynamic height (variance reduces
from 116 to 27 cm2). Repeatedly selecting
random permutations of the 10 hydro-
graphic surveys (and subtracting the
associated altimeter sea level anomaly)
and calculating the variance as each suc-
cessive section is added shows that var-
iance decreases as surveys are added up
to the eighth survey (Figure 6). Adding

further surveys does not decrease the variance, suggesting that assumptions and biases in the method and
observations prevent any further improvement in the estimate of the mean.

To investigate what assumptions and biases may be limiting the method, it is first noted that differences
between the 10 estimates of the mean can be largely reduced by adding a constant value to each estimate,
A(t), to bring the along-track average (shown by angle brackets) of each estimate of the mean equal to the
along-track average of the mean.

< Hdyn0=1800ðs; tÞ2Hanomðs; tÞ > 1AðtÞ5 < E½HmeanðsÞ� > : (4)

When the offsets, A(t), are added to each estimate (Figure 5d), the total variance from combining the 10 sec-
tions is reduced by a further 50–10% of the original value (from 27 to 14 cm2).

The biases and errors may show up as an offset for a variety of reasons. The offsets (A(t)) range between 5.5
and 28.0 cm, with a rms magnitude of 3.5 cm, and have no apparent seasonal signal or trend with time.
Barotropic fluctuations, tidal signals, and long-wavelength errors in the altimeter corrections could all result
in an offset in the sea level anomaly measured by the satellite altimeter.

If the mapped AVISO sea surface height anomaly (MSLA) is projected along the track and used instead of
the along-track sea surface height, the offsets decrease to 2 cm rms most of which is due to a seasonal
cycle of about 4 cm amplitude. The seasonal cycle in the offsets is likely coming from a seasonal cycle in
mass [e.g., Willis et al., 2008], as calculating dynamic height from 1800 m accounts for almost the entire

water depth up to about 33�S where the line crosses the
2000 m isobath. The mapped product would reduce other long
wave errors that are associated with a single track (tides, baro-
tropic fluctuations, long-wave corrections) that are contributing
to the offsets calculated from the along-track data. Despite the
interpolation in the mapped product, it does retain the length
scales of the current seen in the along-track data (Figure 4a)
and results in a very similar mean dynamic height (Figure 5c,
dotted line).

If there is a flow at 1800 m, rather than no motion, it would
appear as a difference in dynamic height along the section, rather
than a shift. As Figure 5d shows, removing an offset reduces
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Figure 5. (a) Dynamic height from the 10 hydrographic surveys assuming a level
of no motion at 1800 m; (b) the dynamic height with the altimeter sea level
anomaly subtracted; (c) the mean dynamic topography from the average of the
hydrographic dynamic heights and altimeter sea level anomalies (solid line), the
same mean created using the mapped altimeter sea level anomalies (dotted
line), and the mean of just the dynamic heights from hydrography (dashed line);
(d) same as the upper right but with an offset removed from each profile.
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much of the variability, but there are
remaining differences in slope along the
section, for one survey in particular.
Direct measurements of currents at
1800 m along this section show fluctuat-
ing currents of 5 cm s21 magnitude
[Stanton and Sutton, 2004] and flows at
2000 m are estimated to occasionally be
30–40 cm s21 [Sutton and Chereskin,
2002]. Currents of this magnitude at
1800 m would correspond to changes of
dynamic height of 5 cm over 125 km for
5 cm s21 flows to 40 cm over 125 km for
40 cm flows. The changes in slope about
the mean slope over 125 km are gener-
ally about 5 cm with one section showing
the more extreme case close to 40 cm
difference (Figure 5d). Thus, there are
times when 1800 m is not the LNM, the
LNM varies in depth along the track, or
there is no LNM at all, and this contrib-
utes to the remaining variance in the

mean after an offset has been removed. Long wavelength errors in the altimeter sea level anomalies may
also contribute to the variability in the slope.

3.2. Mean Velocities Using Argo Trajectories
A mean dynamic height was created using the 82 Argo trajectories located within 50 km of the altimeter
track between 31�S and the shelf. First, the velocities were located to the nearest point along the track and
the component perpendicular to the track was found (Figure 7). The velocities show a distinct southward
flow near the slope that becomes generally northward further offshore. A velocity profile along the track
was created by smoothing with a 50 km running average along the track.

Using potential vorticity to constrain the float trajectories at 1000 m showed only small changes in the
velocity estimates. The potential vorticity (fN2) of the starting and ending locations were similar (on average
within 5% of each other, while the regional variations of fN2 are more than 20%). When trajectories were
reconstructed for each float (by assigning the trajectory to the contour of average fN2 with starting and end-
ing points on the contour chosen to be the points closest to the surface fixes) the average velocities were
overall only 2 cm s21 different than the velocities using the straight line distances between the surface fixes.
Several trajectories near the slope were the most consistent with following potential vorticity contours (sur-
face fixes within 10 km of a vorticity contour and with an overall length over 60 km). However, when aver-
aged along the track, the mean Argo velocities, although faster, were still within the standard error of the
mean velocities using the straight-line distances estimate. Therefore, the straight line distances between
the floats are used.

The surface velocity anomalies from the altimeter were also used to investigate whether the variance in the
velocities at 1000 m might be reduced by accounting for time variability and therefore improve the estimate
of the mean flow. The across-track surface geostrophic velocity anomalies from the sea surface height anoma-
lies (relative to the mean over the Argo period) were found for the same time and location as each float trajec-
tory and various fractions of these velocities were subtracted from the across-track Argo velocities and the
mean and variance of the Argo velocities were recalculated. The minimum variance is when 10% of the sur-
face velocity anomalies are subtracted and the reduction in variance is very small (<5%); thus, the altimeter
velocities are able to account for little of the variability in the Argo float trajectories at 1000 m.

To examine this further, the velocity anomalies were also compared directly with each other: the surface
velocity anomalies from the altimeter at the time of each Argo trajectory are not significantly correlated
with the Argo anomaly velocities (created by subtracting the Argo mean calculated previously)
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(r50:2; p50:1). In contrast, Willis and Fu [2008] find a 24% reduction in variance of the 1000 m velocities
over the Atlantic basin as a whole from the Argo trajectories by subtracting a fraction of the estimated sur-
face displacements using the altimeter. In the Gulf Stream region, however, they do find similarly low corre-
lation coefficients between the altimeter displacements and the Argo float displacements (their correlations
are significant, unlike the correlation here, see their Figure 9) which suggests there is much less correspon-
dence between the surface and 1000 m velocities in boundary currents compared to other regions, and cor-
respondingly less skill in using the altimeter to reduce 1000 m variability.

The mean velocity at 1000 m from the Argo trajectories is distinctly different from the mean velocity at
1000 m from the hydrography over the first 150 km of the section (Figure 7). The velocities from hydrogra-
phy are found by combining the mean dynamic height (Figure 5c, solid line) and the mean shear from the
10 hydrographic sections. The velocities at 1000 m from the hydrography are around zero on the inshore
end of the section and change to southward flows of up to 20 cm s21 near 33:5�S. The mean velocities
from the Argo trajectories are southward and at their maximum at the inshore end of the section and grad-
ually decrease moving offshore. Offshore of 32:5�S, both estimates of the mean velocities show similar mag-
nitudes with a distinct northward return flow at 32�S that decreases moving further north. The greatest
differences in the velocities at 1000 m are in the strong southward velocities over the 150 km nearest the
slope, which has consequences for the estimates of transport (shown in the next section). As the estimates
of error show, there are clearly enough Argo trajectories at 1000 m to directly calculate a mean flow in com-
bination with hydrography as an alternative to the LNM method. Mean velocities over 5 months from a cur-
rent meter array show some similarity to the LNM velocities: 500 and 1500 m depths show weak southward
flows of only 324 cm s21 at 33:85�S, with increasing southward speeds of 11 and 7 cm s21 at 500 and
650 m depths further offshore (33:5�S and 33:1�S, respectively) [Stanton and Sutton, 2003].

A mean surface velocity was created from the 1000 m velocities by adding the velocity difference between
1000 m and the surface. Several different methods were used to estimate the velocity difference. First, the
time mean velocity difference between 1000 m and the surface was calculated from the 10 hydrographic
sections and added to the mean velocities from the Argo trajectories (Figure 8). Uncertainties in the mean
surface velocity were estimated using the variance of the float velocities and the hydrographic velocity dif-
ferences and the number of observations of each.

Second, the mean densities from Argo profiles within 50 km of the altimeter track were also used to esti-
mate the velocity difference between the surface and 1000 m (as outlined in section 2.3). For most of the
section, the resulting uncertainty in the shear is so large that it is not distinctly different from zero. In order
for the uncertainty in the shear to be reduced to a level where the mean is useful, about one hundred Argo

profiles would be required within a
covariance length scale along the track
rather than the present 5–20 profiles.
Thus, for these comparisons we use the
velocity differences derived from the
hydrographic surveys.

3.3. Comparisons of Mean Surface
Velocity, Transport, and MDT
Three estimates of mean surface flows,
the mean using the LNM, the mean
derived from Argo float trajectories, and
the mean flow from the CNES-CLS09
MDT, show the same basic shape across
the subtropical boundary current (Figure
8). The shapes of the mean surface veloc-
ities differ most markedly in the speed of
the southward flow along the slope. Here
the Argo-derived velocities show higher
flows near the coast, dropping sharply to
northward flows about 150 km from
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34�S. The velocities from the CLS mean have a
smaller variation over the same distance. The
velocities from the LNM method have peak
southward flow about 75 km from 34�S. The
other two velocity estimates are smaller in this
region and differ by more than the estimates of
uncertainty.

Differences due to the different time spans of the observations are difficult to quantify. An assessment was
made by comparing the time mean and variance of the altimeter SLA over the total time series to those
during the Argo era and before Argo. The three surface velocities combine measurements from both before
and after the Argo era; however, the CLS09 should reflect the greater sampling during the Argo era while
the LNM mean includes the altimeter adjustment in order to be more representative of the total altimeter
time period. The mean slope in the SLA shows increased velocities during the Argo time period relative to
the total altimeter time of about 4 cm/s in the southward flow and 2 cm/s in the northward return flow.
These differences are a sizable fraction of the speed of the mean surface flows; however, it is the CLS09 and
Argo velocities that are slower than the LNM, not faster. Possibly, the methods lead to greater differences
than the different time spans of the observations. The are no significant differences in variance between
any of the time periods which suggests variability in the current has the same characteristics with time.

The different estimates of surface mean flow produce different transports when added to the shear from
the mean of the 10 hydrographic sections (Table 1). Transport in the inshore southward-flowing current
(transport integrated to 33�S) is 50% larger using the LNM assumption than the Argo or CLS09 mean flows.
Transport including the return flow (integrating to 31:75�S on the section) shows factor of two differences
between the transport derived from the Argo trajectories and LNM compared to that derived using the
CLS09 mean. The differences show that even though surface flows are within error over much of the sec-
tion, the resulting estimates of mean transport vary considerably.

Seven MDTs along the altimeter track across the subtropical boundary current are shown in Figure 9, all
with an arbitrary constant added to bring each to zero at 31:75�S. An MDT was derived from the Argo tra-
jectories and hydrographic shear by integrating those mean surface velocities along the track. The four
MDTs that include hydrographic data (Argo-derived, LNM, CNES-CLS09, SOSE) show more height variation
across the current than the three MDTs that do not include hydrography (the satellite-only MDTs and the
MDT from the combination of satellite and surface drifters). The MDTs from the GOCE and altimeter meas-
urements and the MDT from the combination of GRACE, altimeter, and surface drifters show more height
variation than the mean based on the GRACE gravity and altimeter measurements. The small number of sur-
face drifters in the region (only about 30 in total) limit the information they can add to the gravity data and

the narrow width of the East Auckland
Current limits how well the GOCE gravity
measurements can improve a satellite-
only MDT.

The four MDTs that use hydrographic
data produce similar variations in height
across the current as well as similar
widths of the flow. The MDT from the
combined hydrography and altimetry has
the greatest height variation across the
section, followed by the Argo-derived
MDT and the CLS09 MDT, with the SOSE
MDT showing the least variation. Similar-
ities between the CLS09 and SOSE MDTs
are likely due to both relying on the Argo
profiles, however the shipboard hydrog-
raphy used in the LNM and Argo-derived
MDTs is not included in the other MDTs.
As noted earlier, there is an increase in

Table 1. Transport Across the East Auckland Line (Negative Values
Are Flows Toward the Southeast)

33�S 31:75�S

Argo 215 28
CLS09 216 221
LNM 223 210
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the slope of the SLA between the pre-
Argo and Argo era of about 4 cm that
may explain some of the differences
between the MDTs. However, the new
MDT created by the Argo trajectories is
independent of the CLS09 and SOSE
MDTs. The similarity of the Argo MDT to
the CLS09 and SOSE MDTs suggest Argo
trajectories could be used to improve the
other MDTs.

4. Subantarctic Boundary
Current

4.1. MDT From Repeat Hydrography
and Altimetry
An MDT was created from the three
repeat sections along the subantarctic
altimeter track using the bottom as a
level of no motion, as has been assumed
previously [Stanton and Morris, 2004] (Fig-
ure 10a). Subtracting the altimeter
heights from the dynamic heights

reduces the height difference across the current in all three sections (Figure 10b) indicating that all three
sections were taken during times of higher than average flow. However, accounting for time variability with
the altimeter does little to reduce the differences between the sections and does not improve the estimate
of a mean. The mapped altimeter product was also used to find a mean dynamic height (dotted line). The
mapped anomalies have similar structure to the along-track altimeter data but with lower values of the
anomalies, which results in a mean that is between the average of the dynamic heights and the mean with
the along-track altimeter data. Choosing fixed reference levels other than the bottom does not decrease
the differences in dynamic height between the sections.

It is not meaningful to estimate error in the MDT from only three hydrographic sections. The mean is shown
in subsequent figures for a comparison of a mean derived from the LNM. Transport has been estimated
using these hydrographic sections and altimeter data by Stanton and Morris [2004]. They use a ‘‘canonical’’
velocity section from a subset of the hydrography and weight the section by the altimeter surface flow to
find a transport more representative of 8 years than the three hydrographic sections alone. We compare
the transport, previously derived from the combined hydrographic and altimeter data, with other estimates
of transport in section 4.3.

4.2. Mean Surface Velocities From Argo Data
An MDT is estimated from both the Argo float trajectories and the float profiles. Float trajectories with mid-
points (the middle of the straight line distance between the start and end locations) within 50 km of the
altimeter line were selected (93 trajectories in total) and the velocities assigned to the nearest location on
the track. For a number of floats near the steep edge of the Campbell Plateau, the midpoint locates the tra-
jectory over depths shallower than 1000 m. To correct for the curvature of the path and reassign the float
to a more realistic place along the altimeter track, the trajectories of the floats along the slope were
assumed to follow paths that conserve shallow-water potential vorticity, f=H. While this neglects stratifica-
tion, relative vorticity, and friction, all of which may be influential along a float trajectory in a boundary cur-
rent, it is a first step in accounting for a more realistic path.

To assess which float trajectories could be reconstructed, the potential vorticity (f=H) was calculated at the
start and end fixes of every float and compared to change in f=H in the region. Background potential vortic-
ity changes rapidly over the steep slope at the edge of the Campbell Plateau with a sharp transition to flat-
ter bathymetry at f=H522:6 � 1028 m21s21. Twenty-seven floats with an average potential vorticity of
f=H < 22:6 � 1028 m21s21 were assigned trajectories on the slope along the contour of the mean f=H.
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Start and ending values of f=H were on aver-
age within 20% of the mean value (and con-
siderably less than the total change in f=H
between 1000 and 4000 m depths on the
slope). Starting and ending locations along
the contour were assigned by finding the
points on the contour closest to the original
start and end locations (Figure 11). The longer
path lengths of the reconstructed trajectories
on the slope resulted in an average increase
in speed of 20%. In addition, eight floats
whose average f=H > 22:6 � 1028 m21s21,
but whose midpoint placed them on the
slope where f=H is much lower, were assigned
to a new location along the track that
matched their average f=H.

The reconstructed trajectories change both
the speed and direction of the floats and the
location along the altimeter track. The loca-
tion was assigned by finding the shortest dis-
tance between the points on the altimeter
track and those on the trajectory. The closest

point on the altimeter track was the new location of the float velocity along the track and the velocity in
the across-track direction was found using the direction of the trajectory at the location closest to the altim-
eter track. The new across-track velocities show an increase of 9 cm s21 rms or about 16% (Figure 12). The
surface geostrophic across-track velocities from the altimeter were also compared to the Argo float trajec-
tory anomalies to assess whether the altimeter observations could be used to remove time variability; how-
ever, there was little correspondence between the velocity anomalies from the Argo floats and surface
velocity anomalies from the altimeter.

Mean across-track velocities at 1000 m
along the track were created by averaging
along the track using a running mean of
35 km (Figure 12). The mean velocities
from the Argo trajectories are similar to
the mean velocities at 1000 m from the
dynamic height of the three hydrographic
sections using the bottom as the LNM.
Current meters deployed on a mooring at
52:9�S for 7 months show mean velocities
of 25 and 23 cm s21 at 1500 and 500 m
depth, respectively [Stanton and Morris,
2004; values from their Table 1 with
speeds projected into the cross track
direction], which bracket the mean values
from the Argo trajectories at 1000 m.
Mean flows from the current meters are
stronger at 53:4�S (11 and 28 cm s21 at
1500 and 500 m, respectively) than the
mean Argo velocities.

Mean surface velocities were created by
averaging along the track using a run-
ning mean of 35 km and adding the
velocity difference between the surface
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Figure 11. Trajectories of 27 Argo floats along the subantarctic slope
(black lines) are reconstructed by assuming the floats follow contours of
f=H. The thick lines indicate the shallow and deep boundaries of the slope
and the dashed line shows the location of the altimeter track.
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and 1000 m from climatology. Shear
derived from the Argo profiles near the
altimeter line (as outlined in the methods)
was not significantly different from zero.
The shear derived from the RG climatol-
ogy was used instead to estimate the
velocity difference between 1000 m and
the surface (Figure 13), although the val-
ues are expected to be overly smoothed
and therefore lower than the real shear.
The surface velocities were then inte-
grated along the altimeter track to create
an MDT derived solely from Argo float
profiles and trajectories (Figure 14).

4.3. Comparisons of Mean Surface
Velocity, Transport, and MDT
The Argo-derived velocities show similar
magnitudes and variations in the surface
velocities as the CNES-CLS09 surface
velocities (Figure 13). The surface veloc-

ities from the mean of the hydrographic surveys with a LNM at the bottom show a much stronger flow,
even with the altimeter sea level anomalies correcting for the higher than average surface flow along the
subantarctic slope, but the range of surface velocities from the three sections is large. All three hydro-
graphic sections also show a narrower current (Figure 10) than either the CLS09 or Argo means (Figure 13).

Stanton and Morris [2004] estimate the mean transport at this section of the subantarctic front at 50 Sv using
the altimeter SLA from 1993 to 2000 and some of the hydrographic data. The estimate is therefore from the
pre-Argo era, but differences in surface slope measured by the altimeter along the line before and during the
Argo-era are very small (1 Sv if integrated over depth) suggesting the two time periods have comparable
means. Transport estimates from the Argo era can be made using the RG Climatology for shear from 2000 m
to the surface and the average of the hydrographic sections for shear below 2000 m. Integrating the veloc-
ities over depth and between 52�S and 53:5�S along the altimeter track (the same distance as Stanton and
Morris [2004]) produces a transport of 56 Sv if the velocities from the Argo trajectories are used as a level of
known motion at 1000 m and 36 Sv if the CLS09 surface velocities are used. Thus, a difference only in refer-
ence velocity creates about a 50% difference in transport. The 50 Sv transport from the LNM and pre-Argo

era observations is between the other
two estimates of transport.

A comparison of seven MDTs along the
altimeter line shows changes of dynamic
height are smallest for the MDTs that do
not include hydrographic data (the
GRACE, GOCE and Maximenko MDTs) as
was found in the subtropical boundary
current. Not surprisingly, these MDTs also
show the widest currents. Of the four
MDTs that do include subsurface profiles,
the Argo MDT and the CLS09 MDT have
the least height change across the cur-
rent. The average of the hydrographic
sections shows the narrowest width, with
all of the change in height occurring over
about 100 km between the plateau and
53�S. The SOSE MDT has the largest
height difference across the current of all
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the MDTs (more than 60 cm), indicating a much faster flow along the subantarctic slope on average in
SOSE, and a current width similar to that in the CLS09 MDT. The differences are not likely due to the differ-
ent time periods: the altimeter SLA shows differences of less than 2 cm across the current between the
SOSE and Argo time periods and the variance of the SLA in the SOSE, Argo and altimeter time periods are
not significantly different from one another.

The Argo-derived MDT and the CLS09 MDT are very similar in shape and magnitude. Both rely on a collec-
tion of Argo profiles for shear; however, the Argo-derived MDT uses the velocities at 1000 m as a measure
of absolute velocity, while the CLS09 MDT uses a combination of the World Ocean Atlas and satellite gravity
and altimetry [Rio et al., 2011]. The similarity between these is promising and suggests velocities from trajec-
tories may be used to improve the MDTs such as the CLS09 in boundary currents.

5. Summary Discussion

We have compared several estimates of mean velocity and MDT in two boundary currents to compare differ-
ent approaches and to assess the use of Argo trajectories. The results show that Argo trajectories can already
provide statistically meaningful estimates of mean velocity at 1000 m: in both the subtropical and subantarctic
boundary currents off New Zealand the numbers of trajectories are high enough and the variability in the
velocities low enough that estimates of the mean flow are distinctly different from zero. In the subtropical
boundary current, the mean flow at 1000 m from the Argo trajectories is distinctly different from the flow at
1000 m derived from hydrography in the main southward flow near the continental slope. The different struc-
ture of the southward flow is also apparent in the estimates of surface velocities: the LNM assumption creates
a much stronger flow further offshore and a higher southward transport than either the CLS09 or Argo-
derived mean velocities. The subsequent differences in transport of 50–100% illustrate that even on a section
that has been repeatedly sampled mean transport is constrained only within a factor of two.

We have also shown in the analysis of the subtropical sections that the MDT created using a LNM is limited
by the errors and assumptions in the method and that the variance in the MDT is not decreasing as more
hydrographic sections are added. Given the higher variability in boundary currents compared to other loca-
tions in the ocean, the limitations of the LNM are not surprising, but it does emphasize the need to find
other estimates of a mean sea surface in boundary currents and highlights the potential for Argo trajecto-
ries to provide a mean. In general, the comparisons show consistency between the Argo trajectories and
the CLS09 MDT, which suggests the trajectories could be used to improve means based on interpolation of
observations, as well as incorporated into ocean state estimates and data-assimilating ocean reanalyses.

There was little skill in using the altimeter velocity anomalies to reduce the variability in the velocities derived
from Argo trajectories and improve the mean flow estimate at 1000 m. The correlations between the altimeter
and trajectory velocity anomalies were low and insignificant. This result appears to contradict the conclusion of
Willis and Fu [2008] who found altimeter velocities did reduce the variability in Argo trajectories over the North
Atlantic. However, Willis and Fu [2008] do show correlation coefficients between altimeter and Argo trajectory
velocity anomalies in the Gulf Stream region of similar values to those found in this study (although their correla-
tions are significant), while regions away from the boundary have much higher correlations. Our results and
those of Willis and Fu [2008] are consistent in showing the altimeter velocities are of limited use in removing vari-
ability from Argo trajectory velocities in boundary current regions. Thus, boundary current regions will require
greater number of trajectories for statistical significance of the mean flow than would be required if the altimeter
velocities could be used to remove variability. The lack of correlation could be due to higher variability in the ver-
tical structure of velocity in boundary currents compared to the open ocean, although mismatch of time and
spatial scales of the altimeter and the Argo trajectories may be a factor.

The increase of 20% in velocities from Argo trajectories when accounting for flow around complex bathym-
etry in the subantarctic boundary current highlights the need to develop techniques to realistically adjust
trajectories near boundaries. These techniques are likely to be required in most boundary currents due to
the fast flows and the adjacent, often complex, bathymetry. The method presented here is one way of esti-
mating more realistic paths by using conservation of potential vorticity for trajectories along the steep slope
in the relatively unstratified subantarctic current. Trajectories in the subtropical boundary current were also
close to contours of fN2, suggesting that mean stratified potential vorticity may be a useful technique in
some more stratified regions. The utility of potential vorticity constraints to reconstruct float trajectories will
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vary by region; however, adjustments for each trajectory can be automatically assessed and incorporated to
take these differences into account.

The analysis also shows that the uncertainty in the density climatologies is an important factor when deriv-
ing the surface flow or transport (as has been known for some time, e.g., Wunsch and Gaposchkin [1980]).
Although the shear computed across each current using densities from Argo profiles was not statistically
different from zero, the choice of length scales needs further consideration. Length scales in boundary cur-
rents should be investigated with the available density profiles to assess how well sampled these region
are. In addition, the uncertainty in the density highlights the need to report the number of observations in
a climatology (such as done by Roemmich and Gilson [2009]) as well as the variance in the observations.
From these statistics it is possible to gauge uncertainty in the mean shear and the number of additional
measurements needed to resolve it.
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