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Abstract

A detailed analysis of the Southland Front, a shelf-break system off the southeast coast
of South Island, New Zealand is presented. The position, temperature, temperature range
and width of the front are determined using a new statistical front detection algorithm
and 21 years worth of Advanced Very High Resolution Radiometer satellite sea surface
temperature (SST) data. Overall, the front is strongest (highest SST gradients) in the
summer and winter, and the across front gradient decreases northward in all seasons,
consistent with an equatorward decrease in stability and divergence of isobaths. The
surface expression of the front moves further offshore during the winter months and is
found closest inshore in the summer. Seasonality of the front is strongly controlled by
the annual cycle of subtropical and subantarctic water mass temperatures. Both the
temperature and strength of the front are interannually variable, and correlated with the
El Nino-Southern Oscillation (ENSO); they both decrease during El Nino, and increase
during La Nina events. ENSO indices lead changes in the fronts temperature by up to 6
months. Conversely, the gradient may change up to 6 months in advance of peak ENSO
indices. The strength and sign of correlations is seasonally dependent.
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1. Introduction

The Subtropical Front (STF) is the broad (400-500 km wide), near continuous hy-

drographic boundary between relatively warm, saline subtropical gyre waters and cooler,
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fresher subantarctic waters found at approximately 40°S in the Southern Ocean (Belkin
and Gordon, 1996). New Zealand and its continental shelf lie across the path of the STF,
the northern limit of the Antarctic Circumpolar Current system, and present a significant
barrier to the front and associated current (Fig. 1). Consequently, west of New Zealand
the STF is directed southward toward Snares Shelf (Brodie, 1960; Heath, 1985; Houtman,
1966; Jillett, 1969); it then swings northwards just east of South Island bounded on its
western side by an induced northward geostrophic flow of modified warm subtropical water
that forms part of the Southland Current (Heath, 1972, 1985; Jillett, 1969). The current
is topographically steered along the shelf-break as it flows equatorward up the southeast
coast of South Island (Chiswell, 1994; Heath, 1972; Shaw and Vennell, 2001). It then
turns eastwards along the Chatham Rise and flows out into the open Pacific Ocean. Fig.
2 is a hydrographic section across the continental shelf at Oamaru, taken on NIWA cruise
3006 in April 1993. The Southland Front is located by the strong horizontal gradients in
temperature, salinity and density.

Recent studies report that the Southland Current in fact transports 90% subantarctic
and 10% subtropical waters (Sutton, 2003). The current is unique in the sense that it
flows along a western boundary in the direction opposite to that demanded by Sverdrup
theory. Its location and direction are thought to be the result of two processes. First,
a westward barotropic current along the southern edge of Bounty Trough (marked in
Fig. 1), merging with shallower currents from the southwest to become the Southland
Current. Second, and to a lesser extent, remote forcing from the strong, topographically
constrained subantarctic abyssal currents to the east of New Zealand (Hurlburt et al.,
2008; Tilburg et al., 2002).

The Southland Front and Current are important oceanographic features. They trans-
port heat, salt and momentum into the subtropical convergence zone over the Chatham
Rise, a known carbon dioxide sink (Currie and Hunter, 1998, 1999; Murphy et al., 1991).
Subantarctic water transported within the Southland Current to the southern flank of the
Chatham Rise helps maintain the southern STF across the Pacific (Hurlburt et al., 2008;

Sutton, 2001). Elevated productivity along the front, where warm macronutrient-poor,



and relatively iron-rich subtropical waters mix with cold, macronutrient-rich, but iron and
silicate poor subantarctic waters (Boyd et al., 1999; Butler et al., 1992), supports a valu-
able deep water fish stock (Livingston, 2000; McClatchie et al., 2001). Furthermore, the
Southland Current system determines the local oceanographic conditions off the southeast
coast of South Island. The presence of cool subantarctic water immediately to the east
helps maintain a cooler climate than on North Island (Heath, 1972). Understanding the
variability in strength and position of the Southland Front is therefore important from
commercial, biological and climatic perspectives.

There is a wealth of literature describing characteristics of the Southland Front (Chiswell,
1994, 1996; Heath, 1972, 1985; Jillett, 1969; Shaw, 1998; Shaw and Vennell, 2001; Ud-
dstrom and Oien, 1999). However, there remains some debate as to its seasonal variability,
particularly its gradient. Chiswell (1996) and Shaw and Vennell (2001) found the South-
land Front to be strongest (highest gradients) and narrowest in the winter. In contrast,
Uddstrom and Oien (1999) found the Southland Front to be strongest in the spring and
autumn, and weakest in the winter. The first half of this paper therefore (Section 4) revis-
its the work of Shaw and Vennell (2001), using a much longer time series of satellite SST
images, 21 years as opposed to 3 years. Using a new front detection algorithm, verification
and further understanding of the seasonal and spatial variability of the fronts tempera-
ture, strength and position is presented, before extending the analysis to interannual time
scales.

In the second half of the paper (Section 5) we exploit the long time series to inves-
tigate interannual trends. In particular, whether low frequency variability is correlated
with the El Nino-Southern Oscillation (ENSO), a dominant mode of coupled interannual
ocean-atmosphere variability felt across the globe. It is well documented that air temper-
atures, SST anomalies and sea level around New Zealand are positively correlated with
the Southern Oscillation Index (Goring and Bell, 1999; Gordon, 1986; Mullan, 1998), a
measure of ENSO variability. Little is known however about how the strength of the
Southland Front may respond to El Nino and La Nina events. Using a front-following

algorithm (Shaw and Vennell, 2000a) similar to the method used here, Shaw and Vennell



(2001) record a decrease in gradient between April 1989 and March 1992, coincident with
a decrease in the SOI. Given the often direct relationship between SST gradients and
the velocity of geostrophic currents at large scale fronts they suggest that there was a
decrease in the velocity of the current associated with the Southland Front during the
1991 El Nino. With the much longer time series available here we investigate whether the

strength and temperature of the Southland Front are indeed correlated with ENSO.

2. Data

Monthly composite Pathfinder Version 5 AVHRR (Advanced Very High Resolution
Radiometer) sea surface temperature data between 1985 and 2005 were obtained through
NASA’s PO.DAAC POET data server (http://poet.jpl.nasa.gov/), at a spatial resolution
of 4 km. Only night-time overpasses were used so as to avoid, as far as possible, any
surface skin created by diurnal warming masking the true surface frontal structure. A 1°
by 2.8° window rotated to lie along the approximate orientation of the Southland Front
was extracted from each of the 252 monthly images for analysis (Fig. 3).

A combination of atmospheric and oceanic indices are used as a measure of ENSO vari-
ability. The Southern Oscillation Index (SOI), an atmospheric measure of ENSO, is de-
fined as the anomalous sea level pressure in the eastern Pacific at Tahiti minus the sea level
pressure in the western Pacific at Darwin, Australia. The oceanic component of ENSO
is measured by the Nino 3, Nifio 3.4 and Ninio 4 SST indices. These consist of the area
averaged SST anomalies over the eastern (5°N-5°S,90-150°W), east central (5°N-5°S,120-
170°W) and central (5°N-5°S,160°E-150°W) tropical Pacific. A negative SOI and positive
regional Nino SST anomaly correspond to an El Nino event, and vice versa for a La Nina.
Monthly values of the SOI and regional Nino SST anomalies were downloaded from the
NOAA Climate Prediction Center (http://www.cpc.ncep.noaa.gov/data/indices/, Septem-
ber 2007). SOI anomalies are departures from the 1951-1980 base period.



3. Methods and data analysis

3.1. Front detection

Estimates of the Southland Front’s position, mean temperature, its width and the
temperature difference between the subtropical and subantarctic water masses on either
side were made from each extracted SST window using a new, weighted local likelihood
approach to front detection (Hopkins et al., 2010).

Cross sections of SST observations, Z (Fig. 3), are modelled using an S-shaped func-

tion:
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Z ={zM ... »Miga vector of independently observed temperatures at right angles
across the front taken at known distances Y = {y™, ¢y ... 41 0, is the front’s mean

temperature; 26, and 203 define the temperature difference and width respectively; 6,
is a translation parameter determining the position of the front within an equiangle arc
degree grid. The noise, ¢, is assumed to be normally distributed where € ~ ¢(0, 0?). Fig.
3 illustrates the selection of vectors Z at each point 5 along the front, and provides a more
physical interpretation of the model parameters.

The probability of observations Z being drawn from a given model front can be ex-
pressed in terms of a likelihood function. The unknown model parameters @ = {0y, 6,,03,0,,0}
at each point j are determined by maximising a weighted sum of likelihood functions, each
corresponding to a different cross section of SST along the extraction window. A Gaussian
(normal) function assigns weights to each likelihood contribution based on the distance
of observations from the point of estimation j. Solving each local likelihood problem at
positions z; results in a series of fitted temperature profiles and spatially smooth esti-
mates of frontal position, mean temperature, width and temperature difference along the
front. The standard deviation of the Gaussian function controls the spatial smoothness
of parameter estimates and is determined automatically using likelihood cross validation

(Silverman, 1986).



Standard errors (SE) are obtained by constructing the variance-covariance matrix of
estimates at each position ;. This measure of estimation uncertainty is used to calculate:
monthly, seasonal and spatial weighted means; the standard error of each weighted mean;
and weighted standard deviations. Each estimate is weighted by the inverse of its own
variance (1/SFE?). The thermal gradient, a measure of the fronts strength, is then 6y, /63,
where subscript w indicates a weighted mean estimate. Error propagation is subsequently
used to calculate the variance associated with the resulting gradient.

Southern hemisphere seasons are used throughout the results and discussion. Summer
is taken to be December-February, autumn as March-May, winter as June-August and
spring as September-November. Only those estimates receiving a quality flag of 1 were

used (see Hopkins (2008) and Hopkins et al. (2010)).

3.2. Time series analysis

Spatially averaged monthly anomaly time series of each parameter were created. The
annual cycle was removed by subtraction of the 1985-2005 monthly means from the
weighted spatial mean of each month. Any linear trend was also removed in order to
make each time series stationary. Only very weak linear trends were found suggesting
that no global warming signal was present.

An autoregressive model was fitted to each anomaly time series (Priestley, 1992),
leaving behind only white noise residuals, in order to remove any autocorrelation and
make each point statistically independent. This prewhitening results in correlations that
are generally smaller in magnitude than those produced from the original series but, since
the residuals have near zero-persistence, the full number of data points is used to estimate
significance levels from a Student’s ¢-test.

Cross correlation and wavelet analysis are used to investigate interannual variabil-
ity and possible ENSO teleconnections at the Southland Front. Wavelet analysis is a
technique that expands a time series into time-frequency space and provides localised es-
timates of the amplitude and phase of each spectral component in the data set (Emery and
Thomson, 1998; Torrence and Compo, 1998). This is an ideal approach when dealing with

atmospheric and oceanic signals where the power within different harmonic constituents



may change over time. We calculate the wavelet coherence between time series of frontal
characteristics and ENSO indices. This can be thought of as a localised cross correlation
coefficient in time and frequency space. Regions with high coherence and a consistent
phase relationship suggest causality between the two time series and a potential oceanic
or atmospheric teleconnection. The statistical significance of any relationship is estimated
using Monte Carlo methods. The coherence of 10 000 artificially generated data pairs of
white noise is used to calculate the significance at each level (Grinsted et al., 2004).
Each finite length time series is zero padded before wavelet analysis to reduce errors
introduced at the beginning and end of time series because of the Fourier Transform
assumption that the data is cyclic. These discontinuities decrease the amplitude near the
edges as more zeros are included in the analysis. The region of the wavelet spectrum in
which these edge effects become important is known as the Cone of Influence (COI).
Cross correlation is performed on seasonally averaged and stratified versions of the
monthly data. A seasonally stratified summer correlation at zero lag refers to correlations
resulting from only summer estimates and indices. A seasonally stratified one season lead
reported for the summer represents the correlation between spring ENSO indices and
summer frontal characteristics. Likewise, a summer one season lag is for summer frontal

estimates correlated with autumn ENSO indices.

4. Seasonal and spatial variability

The front detection algorithm allows us to build up a detailed picture of the seasonal
and spatial variability of the Southland Front (Figures 4-5 and Table 1). Note that the
standard errors of the estimates in Table 1 are all significantly below both the spatial
resolution of the data set (4 km) and the median value of the residual of the Pathfinder
SST and match-up buoy measurements (0.1+0.5°C) considered per latitudinal band (Kil-
patrick et al., 2001). This indicates that the main source of uncertainty is the quality and
resolution of data processed rather than estimation errors introduced by the algorithm
itself.

Performing one-way ANOVA (Analysis of Variance) tests, using unweighted estimates,



reveals that there are significant differences in the mean temperature, temperature range,
width and position between all seasons at the 99% confidence interval. The F-statistics

are, respectively, 12 439, 521, 325 and 17 (dfy,up=3, dfipu=12 412).

4.1. Temperature

Over the 21 years, the mean temperature (¢;) and temperature range (265) of 10.38°C
and 1.75°C respectively, estimated within the extraction window (Fig. 3), are consistent
with previous findings (Uddstrom and Oien, 1999; Jillett, 1969; Shaw and Vennell, 2001).
With the exception of the summer months an overall decrease in temperature difference
across the Southland Front is recorded as it flows northwards (Fig. 5b). There are a
number of possible contributing factors to this trend. Firstly, the temperature of sub-
tropical waters within the Southland Current is modified as they flow northwards; they
become diluted as a result of mixing at the frontal boundary with cool subantarctic water
that is brought to the surface (Butler et al., 1992). Evidence for a northward increase in
mixing and instability may be found in the greater number of plumes observed further
north (Shaw, 1998). Secondly, subantarctic waters during the spring, summer and au-
tumn may warm more than the subtropical waters as they move equatorward along the
continental slope (Shaw and Vennell, 2001). This would promote a northward decrease in
temperature difference. Thirdly, entrainment of fresher neritic water into the Southland
Current with temperatures generally higher in summer and lower in winter than water
immediately offshore, owing to the limited water depth and seasonal temperature varia-
tion of river discharge, may also have a role to play. The greatest source of fresh water is
from the Clutha River (Murdoch et al., 1990), approximately 60 km south of the Otago
Peninsula, near the start of our measurements and where the Southland Front is closest
to the shore. Over this inner shelf region the salinity of Southland Current water can
become diluted by Clutha discharge (Jillett, 1969). Entrainment of warm inshore waters
into the current could potentially enhance the temperature difference across the front in
the summer. Conversely, during the winter, when inshore waters are colder than the sub-
tropical Southland Current waters immediately offshore, the temperature difference may

be decreased. Further investigation is needed to establish whether warming/cooling of
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subtropical current waters through mixing with river discharge is a localised event around
the Otago Peninsula, or whether outflow from smaller rivers further north is sufficient to
have an impact.

During the summer there is a high degree of variability in the temperature difference
along the front (Fig. 5b), and the gradual northward decrease seen in other months is
not apparent. Notably, there is a sharp increase north of 45°S, reaching 2.6°C at 44.5°S.
Consideration of the differences in the seasonal range and phase of regional surface water

mass temperatures helps further explain these trends.

4.2. Annual SST cycle

An annual SST cycle using all data for the full period (1985-2005) is fitted at each
grid cell. To form this, at least ten data points, including eight different months and at
least one point in each season were required. Cells that did not meet these criterion were
rejected. The amplitude (half the seasonal range) and phase of the fitted annual cycle
is shown in Fig. 6a-b. The absolute gradient of the amplitude and the direction of this
gradient are presented in Fig. 6¢-d. There are a number of noteworthy features.

A tongue of water with a minimum amplitude (< 3°C) and maximum phase lag (> 34
days) extends northeast along the shelf-break. Fig. 2 reveals that this is predominantly
the cold tongue of subantarctic water previously described by Heath (1972, 1985) and
Shaw and Vennell (2000b). The doming upwards of isotherms and isopycnals in this
region suggests that it is the result of upwelling of cold, deep subantarctic water. As
described in Section 1 the location and direction of the Southland Current is thought to
be due to deep subantarctic flows impinging on the east coast of South Island. Upwelling
of water that has been isolated at depth for a long time will have a much smaller annual
range in SST, and take longer to respond to seasonal heating and cooling. The Southland
Current transports more subantarctic than subtropical water (Sutton, 2003); it is fitting
therefore that the mean 21-year position of the Southland Front (41 standard deviation)
lies directly along the centre of the cold subantarctic tongue. This supports the fact
that front detection using surface SST data is picking out the structure correctly, both

horizontally and with depth.



To the east of the cold tongue lies a water mass with a higher seasonal amplitude
in SST (3.5-4.8°C). This region corresponds to the warm water mass described by Shaw
(1998), extending down to 100db (Fig. 2a). The low salinities (Fig. 2b) indicate that it
is of subantarctic origin. An isolated surface layer will have a larger annual amplitude in
SST than less stratified waters. The origin of this warm water mass is unclear.

Inshore subtropical waters (north of 45°S) have a large annual SST range (> 4°C),
and in the summer they heat up earlier and much more than the already cool subantarctic
water further offshore (range 2-4°C). The wide range may be explained by considering
the limited water depth (< 100 m in Canterbury Bight). During the summer, turbulence
vertically mixes the heat provided by increased insolation down through the mixed layer,
depressing the depth of the thermocline. In limited water depths, where the mixed layer
may occupy the entire water column, high temperatures are reached. Offshore, where
additional heating may be taken up by further expansion of the mixed layer, temperatures
remain lower. In the winter, when surface waters experience intense cooling, convective
overturning cells replace the colder, denser surface waters with warmer water from depth.
In shallower regions this overturning is interrupted, resulting in cooler surface waters
compared to those further offshore.

North of 45°S, during the summer, the large range of the annual SST cycle results in
maximal temperature differences between bordering subtropical and subantarctic water.
During the winter, more dramatic cooling of inshore waters brings the two temperatures
closer together (Fig. 5b), and there is a gradual decrease in an already narrow temper-
ature range. A phase lag of the order 4-6 days between subtropical water and the cold
tongue of subantarctic water further contributes to the observed trends, exaggerating the
temperature difference in the summer and dampening it in the winter.

The gradient in SST amplitude is low locally around the mean path of the Southland
Front (Fig. 6¢). It is high on the eastern side of the front where the water depths are
minimal and the SST range reaches a maximum. On the western side, there is a narrow
band of higher gradients running along the edge of the cold tongue. This feature starts to

fade out north of 45°S where the front starts to turn eastward. The front follows exactly
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the abrupt change in the direction of the gradient along the centre of the low range tongue
(Fig. 6d). To the east, in subtropical and coastal waters, maximum gradients (from high
to low) run south-southeast. To the west, in subantarctic waters, the gradient is oriented
north-northwest. This gives confidence that our estimate is a true reflection of a boundary

where there is a change in processes.

4.3. Width and gradient

On average, over the extraction window, the Southland Front is widest (max 263) dur-
ing the spring (23.88 km), and narrowest during the winter (15.12 km) and summer (15.02
km). Fig. 5c reveals a northward widening. The most pronounced increase takes place
during the autumn from 14 to 38 km between 45.5°S and 44.5°S when warm subtropical
plumes, with a mean length and width of 484+-23km and 184+10km respectively, extending
from the Canterbury Bight are most prevalent (Shaw, 1998). These events will promote
cross frontal mixing and weaken gradients. Additionally, plumes may not always be well
defined in 4 km resolution images; this results in smoothing and widening of the observed
cross front profile. In the winter, northward widening is weaker and is interrupted by a
pronounced decrease in width between 45.8°S and 45.4°S.

The only other previous estimates of the Southland Front’s width that we are aware
of were made by Shaw and Vennell (2001). Their mean three year estimate of 8.36 km
is much narrower than the 18 km reported here, or the equivalent 19.2 km three year
average. This contrast is primarily a consequence of temporal and spatial blurring that
limits the length scale and clarity of features that can be resolved. Shaw and Vennell
(2001) analysed daily 1 km SST images, whereas this study was limited to monthly 4
km composites which did not resolve many of the finer structures and sharp gradients.
Although overestimated, the relative changes in the width remain valid.

The importance of the resolution of data used to estimate frontal characteristics is
further demonstrated when the mean gradient is considered. A gradient of 0.097°C km ™!
is an order of magnitude greater than estimates made by Chiswell (1994) with 46 km
resolution images (max of 0.04°C km™! within the Southland Front), but two to three

times weaker than those of Shaw and Vennell (2001) based on a 1 km data set (0.28°C
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km™1). As for the width therefore, absolute values of the gradient should be considered
as relative to a 4 km resolution data set.

Overall the gradient of the Southland Front decreases northward (Fig. 5d). Averaged
over the extraction window it is strongest during the summer (0.132°C km™') and winter
(0.103°C km™1), and weakest during the spring (0.079°C km~'). This contradicts the
strong spring and autumn gradients, and weak winter structure reported by Uddstrom and
Oien (1999). The seasonal variability seen here is most in agreement with Chiswell (1994,
1996) and Shaw and Vennell (2001) who found gradients at the Southland Front to be
strongest during the winter months. One-way ANOVA tests reveal the mean (unweighted)
gradients during the spring, summer and winter to all be significantly different from one
another at the 99% confidence interval. There was no significant difference between mean
autumn and winter gradients.

There is a change in the character of the front near Oamaru, at approximately 45.5°S.
To the south, the temperature range is not dramatically different between the seasons;
the high southerly summer gradients therefore are due to the front being narrowest at this
time. North of Oamaru, summer and winter gradients are comparable. Strength in the
winter, to the north, is due to the front being narrowest compared to the other seasons.
The high southerly summer gradients are not maintained beyond 45.5°S, and become
similar to the winter structure, despite a sharp increase in the temperature difference,
because of the overall increase in width northward.

The majority of previous studies of the Southland Front’s gradient (Chiswell, 1994;
Uddstrom and Oien, 1999) interpret results based only on the variability of subtropical and
subantarctic water temperatures. They have not examined spatial and temporal changes
in the width of the front that we find here to play an important role. Chiswell (1994,
1996) attributes higher winter gradients to greater annual SST variability of subantarctic
water within the Southland Current, and the subsequent enhanced cooling offshore during
the winter. We find, however, that the subantarctic waters directly to the east of the
Southland Front, and within the cold tongue, have a smaller amplitude than subtropical

waters on the shoreward side. We conclude that although the thermal gradient across the
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Southland Front is modulated by the seasonal SST cycle of surrounding water masses,

the stability and width of the front introduce important variability.

4.4. Frontal position and stability

In support of previous observations (Heath, 1972; Jillett, 1969; Shaw and Vennell,
2001), the front is bathymetrically locked to the shelf-break (between 200 and 1000 m),
over a median water depth of 560 m. This topographic control is maintained throughout
all four seasons. It is located furthest inshore during the summer and moves furthest
offshore in the winter (Fig. 4). The seasonal variation in water masses present in the
Mernoo Saddle coincides with the annual cycle in frontal position. A wisp of subantarctic
water extending northward through the Mernoo Saddle from the cool subantarctic tongue
(seen in Fig. 6) pushes furthest west during the summer months. In the winter and
early spring a southward extension of subtropical water through the saddle prevents the
northward intrusion of subantarctic water (Greig and Gilmour, 1992; Shaw and Vennell,
2000Db), and the surface expression of the Southland Front is found furthest offshore (Fig.
4b).

Seasonal variability in the distribution of surface water masses is an important factor to
consider when interpreting the front’s position and seasonal characteristics. For example,
during the spring and autumn the Southland Current can often be hidden around the
Otago Peninsula (Jillett, 1969; Murdoch et al., 1990). Warming and dilution lowers
the density of inshore water so that it spreads seawards above the denser subtropical
Southland Current water mass. At the same time, surface warming of subantarctic water
can lead to a decrease in density and movement shoreward over the top of subtropical
water. Southland Current waters extend inshore beneath the neritic water, and offshore
under the subantarctic water but can not be seen at the surface (Fig. 7b). The potential
masking of Southland Current waters introduces some uncertainty into how well the
estimated positions represent the subsurface signature of the Southland Front and the
core of the current during these episodes. It may also result in a mis-representation of
the strength of the front.

More confidence can be placed in estimates made during the summer and winter
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months. According to Jillett (1969) the subtropical waters of the Southland Current are
more visible during the summer; they cover the continental slope and extend seawards
beneath the less saline subantarctic water. Note however, that strong stratification and
intense patchy warming of the surface mixed layer will introduce a higher degree of vari-
ability in parameter estimates. In the winter, isothermal and isohaline conditions mean
that all surface water masses are visible (Fig. 7a). Lower weighted standard deviations for
parameter estimates made during the winter as opposed to any other season is evidence
for more stable and reliable winter results (Table 1).

Masking of subtropical water highlights the importance of using in situ vertical profiles
to complement remotely sensed SST data. The mean 21-year position of the Southland
Front and its estimated position during April 1993 are marked in Fig. 2. The position of
the subsurface structure is well represented by estimates using the surface SST expression
of the front.

Stability of the front’s position was quantified by the root-mean squared spatial dis-
placement (RMSSD) from the overall mean and seasonal paths (Fig. 8). This may be
interpreted as a measure of the meandering intensity (Lee and Cornillon, 1995). Meander-
ing intensity increases as the front flows northward, confirming that topographic control
weakens across the Canterbury Bight where isobaths start to diverge. A decrease in sta-
bility is supported by an observed increase in plume formation (Shaw, 1998), divergence
of flow (Shaw and Vennell, 2001) and intermittent throughflow from the Mernoo Saddle
(Greig and Gilmour, 1992; Shaw and Vennell, 2000b). The northward increase in width
and decrease in gradient is consistent with greater instability and mixing.

There is little difference in the mean meandering intensity between the spring, summer
and autumn. The lowest RMSSD value is observed during the winter and the northward
increase does not persist beyond 45.6°S. Instead, there is a sudden decrease in meandering
intensity after which a relatively constant value of 0.07° is maintained. This increase in
stability is coincident with a decrease in width and an increase in gradient at this location

(Fig. 5c-d), features that we are unable to explain.
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5. Interannual variability: ENSO teleconnections

There is evidence to suggest that remote forcing plays a significant role in the in-
terannual variability of the strength of the Southland Front. Chiswell (1994) finds that
the annual modulation in the strength of the front accounts for only 20% of its variance,
and Shaw and Vennell (2001) record a decrease in the gradient and temperature between
April 1989 and March 1992, coincident with a decrease in the SOI. Given the often direct
relationship between SST gradients and velocity, it was suggested that far field effects on
velocity, related to ENSO, might be affecting the front. With a much longer time series
the response of the Southland Front to ENSO variability can be further investigated.

Note that only data poleward of 45.5°S is used to construct the 21-year time series of
frontal gradient. This is to reduce, as far as possible, bias from potential overestimation
of the width (Hopkins et al., 2010) over the northern half of the study area where the

front starts to swing eastward.

5.1. ENSO correlations

Consistent with wider studies of the SST field around New Zealand (Greig et al., 1988;
Mullan, 1998; Shaw et al., 1999; Sutton and Roemmich, 2001), Fig. 9a confirms that El
Nino episodes are associated with cooling at the Southland Front, and La Nina events
with warm anomalies of the order +1°C.

There is also strong interannual variability in the gradient of the Southland Front,
trends that have to date not been observed. Fig. 9b shows a decrease from 0.12 to
0.07°C km~! between early 1990 and mid 1991, coincident with a drop in the SOI. This
is comparable to the decrease of 0.1°C km™' reported by Shaw and Vennell (2001). A
weakening of the gradient is also observed during the 1986-87 El Nino, and local gradient
minima occur in both 1992 and 1994 during the prolonged period of weak but persistent El
Nino events. The pattern of decreasing gradients during negative SOI episodes is broken
in 1997-98 when a strong El Nifo is accompanied by a sharp increase in strength. There is
also some evidence for increased gradients during La Nina events. The front strengthens

from mid 1998 to 2001 during a period of persistently positive SOI values.
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Changes in the temperature difference across the front appear to be the main driving
force behind interannual variability of the gradient (Fig. 9c). Visual inspection of the
time series suggests that interannual changes in the temperature difference, rather than
the width are better correlated with gradient variability at this time scale. The main
exception occurs between mid 1998 and 2001 when the pronounced increase in gradient
is driven by a decrease in the frontal width. The temperature range at this time is
high (>2.3°C) following a rapid increase during the previous El Nino, and then starts to
decrease from mid 1999 onwards.

Wavelet coherence analysis supports the existence of a teleconnection between the
Southland Front and ENSO. There are bands of significant coherence at periods between
8 and 32 months for all ENSO indices used in this study. Coherence between the SOI
and Nino 3.4 SST region are shown in Fig. 10. The scale averaged wavelet power spectra
(not shown) over the 8-32 month period band for the SOI, Nifo 4, Nino 3.4 and Nino 3
regions are all significantly positively correlated (95% confidence) with the corresponding
power spectra for the gradient (0.70, 0.67, 0.73 and 0.74 respectively). This correlation
increases (>0.8) when the frequency band is narrowed to 16-32 months.

With the exception of a disruption around 1994, the relative phase between the gra-
dient and ENSO indices, over regions of significant coherence, is consistent. The mean
negative relative phase relationships (+1 sd) with the Nino SST regions 4, 3.4 and 3 (-
1394+1.5°, -149.7£1.2° and -134.8+1.1° respectively), for all correlations outside the COI
and above the 95% confidence interval, suggest that the gradient leads changes in the
equatorial SST by 6-12 months. The SOI-gradient phase relationship however is positive
(77.6+£1.4°) indicating the SOI leading gradient variability by 3-7 months. There is a
marked change in the phase relationships between ENSO indices and the temperature at
the front pre- and post-1994 (Figs. 10a-b). Note that, the phase relationships can always
be interpreted in the opposite sense. Therefore, further evidence, provided here using
cross correlations, is required to reinforce confidence in any lead or lag relationships.

The cross correlation results for seasonally averaged estimates of the Southland Front’s

mean temperature, gradient and temperature difference with the corresponding SOI and
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Nino 3.4 SST indices are shown in Fig. 11. The gradient and temperature difference are
both significantly positively correlated at the 95% level with the SOI (Fig. 11lc and e),
and negatively correlated with the Nino 3.4 SST (Fig. 11d and f) when the ENSO indices
lag changes at the front by 1-2 seasons (3-6 months). This implies that a weakening
(strengthening) of the gradient is followed 3-6 months later by a decrease (increase) in the
SOI and warming (cooling) across the equatorial Pacific. Changes in the gradient leading
Pacific SST anomalies is consistent with the negative phase relationships shown by the
wavelet analysis. The opposite lag response is observed for the mean frontal temperature;
ENSO variability and the temperature are most highly correlated when the SOI and Nino
SST anomalies lead by two seasons (Fig. 1la and b). This result in not clearly shown
in Fig. 10. The same lag being significant for all examples reinforces confidence that
these are real physical connections rather than anomalous, chance results. No significant
lagged correlations for seasonally averaged width estimates are observed supporting the
conclusion that changes in the tempeature range primariliy control interannual variability
in frontal strength.

Correlation between the temperature and strength of the Southland Front, and ENSO
is seasonally dependent. Once data has been seasonally stratified, the temperature is
significantly positively correlated with the SOI, and negatively correlated with the Nino
SST regional anomalies during the summer (Table 2). Although correlations during the
spring, autumn and winter are, for the majority of cases, of the same sign, only a few
were significant at the 95% level and for clarity have not been shown. Notably, correlation
between the temperature and the SOI is weakest during the winter; -0.01 at zero lag and
0.07 at a one season lead. This is consistent with Mullan (1998) who found correlations
between the SST and atmospheric circulation to be markedly weaker during the winter.

When spring ENSO indices are compared with the following summers mean frontal
temperature the correlations remain high and significant (Table 2), reinforcing the sea-
sonally averaged cross correlations in Fig. 11. There is a notable increase in correlation
with the SOI, from 0.48 (95% significance) to 0.63 (99% significance), when a one season

lead is introduced.

17



Seasonally stratified gradient correlations reveal differences between the summer and
winter (Table 3), suggesting that the relationship between ENSO and the strength of the
Southland Front is dependent upon the season in which an event occurs. Temporarily
ignoring the summer, the strongest correlations between the SOI and gradient (positive),
and the Nino SST regions and gradient (negative), occur in the winter. During an El
Nino therefore, when warm SST anomalies are observed across the central equatorial
Pacific, the gradient at the front is weaker than normal (vice versa during La Nina).
These winter correlations increase when a 1-2 season lag is introduced, i.e. when winter
gradients are compared to equatorial SSTs or the SOI the following spring and summer.
This is consistent with Fig. 1lc-f. Again, repetition of the same lead-lag relationship
increases confidence in the findings.

Interestingly, during the summer, the sign of ENSO-gradient correlations is reversed,
suggesting that an El Nino event should result in a strengthening of the front between
December and February. For equatorial SST regions 3 and 3.4 these positive correlations
are significant when spring anomalies in the Pacific are correlated with the fronts gradient
the following summer (a one season lead in Table 3). Spring and autumn are not shown
since no significant correlations appear.

Interannual variability in the position of the front (not shown) is small owing to the
strong topographic control of the continental slope. Fluctuations in the stability are more

pronounced but are not correlated with El Nino or La Nina events.

5.2. Potential physical mechanisms

Positive correlation between the SOI and SST anomalies around New Zealand has been
observed in previous studies (Greig et al., 1988; Gordon, 1986; Mullan, 1998) and can be
explained in terms of the atmospheric circulation, through a combination of advection
and heat fluxes. More northerly sector airflow during positive SOI events advects warm
surface water and air southward. Heat fluxes from the ocean to the atmosphere are
reduced because of the warm overlying air and generally lighter winds, resulting in higher
SSTs. Conversely, during El Nino stronger and colder southerly winds blow cold water

into the region and ocean to atmosphere heat fluxes increase (Basher and Thompson,
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1996).

From a seasonal perspective, like the temperature of the Southland Front (Table 2),
mean sea level pressure around New Zealand is significantly positively correlated with
the SOI during the summer (Gordon, 1986). For a negative SOI index a low pressure
anomaly with clockwise rotating winds lies across South Island, under which skies will
be cloudier and less radiation will reach the sea surface, promoting cooling. A positive
summer SOI would lead to an anticyclonic anomaly, clearer skies, increased radiation
and warming. Additionally, summer stratification results in surface waters being more
sensitive to anomalous winds and heat fluxes.

Significant correlations where ENSO indices lead the temperature at the front by 3-6
months (Table 2 and Fig. 11) is suggestive of a slower, oceanic connection, in addition to
the more rapid heat fluxes driven by atmospheric changes. The Coral and northern Tas-
man Sea experience the greatest ENSO related SST anomalies (Mullan, 1998). Assuming
a conservative southerly current speed across the Tasman Sea of 0.2 m.s™' (Mullan, 1998)
it would take approximately 3-4 months for strong ENSO related SST anomalies in the
Coral Sea to be advected to the southern tip of South Island, and into the northward
flowing Southland Current. This advection time is the right order of magnitude to fit
with the observed one season lead-lag times.

Identification of key mechanisms driving changes in the gradient of the front is less
certain. Interannual variability is predominantly driven by changes in the temperature
difference across the front. Advection and entrainment of warm (La Nina) and cold (El
Nino) anomalies from the Tasman Sea, as described above, would lead to increases and
decreases respectively in the temperature difference and therefore also the gradient.

SST gradients at large scale fronts can be used as a proxy for zonal velocity (Dong
et al., 2006), therefore a weakening of the gradient during El Nino is suggestive of reduced
velocity. Evidence of reduced flow following an El Ninio has been found for other major
currents in the Australasian and Indonesian region. In 1992 reduced southward flow and
transport in the East Australian Current between Brisbane and Fiji coincided with an

El Nino event (Sprintall et al., 1995). Maximum and minimum geostrophic transports,

19



representative of the Indonesian Throughflow, were also recorded during the La Nina of
1988-1989, and the El Ninos of 1986-1987 and 1991-1994 respectively (Meyers, 1996).

The anomalous increase in gradient during the 1997/1998 El Nino (Fig. 9b) can not
be explained by the advection of amomalous cold subtropical water from the Tasman
Sea and is inconsistent with a reduction in flow. A rapid divergence in the temperature
of subantarctic and subtropical waters (Fig. 9c) implies that, contrary to the expected
cooling, subtropical waters along the east coast of South Island were anomalously warm.
Globally, the development and decay of the very strong and sudden 1997/1998 El Nino
was not well predicted (McPhaden, 1999), and in fact warmer than usual conditions
were recorded around the north-east coast of New Zealand (Basher and Thompson, 1996;
Goring and Bell, 1999; Sutton and Roemmich, 2001). The 1998 ‘warm pool’ described by
Sutton and Roemmich (2001) was thought to be the result of the East Australian Current
advecting more warm water into the region than the East Auckland Current was able to
remove. These conditions are opposite to those described by Sprintall et al. (1995) that
explain the 1992 cooling which suggests that this signal is likely not to be ENSO related.
A warm anomaly would, though advection, result in the gradient increase that we observe
here.

Wavelet analysis, cross correlation and an examination of the raw time series all show
that changes in the gradient lead ENSO indices by 3-12 months. Why the gradient of the
front should change so far in advance of El Nino and La Nina events is unclear. A possible
explanation may lie in the mid-latitude pressure changes during austral winter and spring
in the southwest Pacific that lead extremes in the Southern Oscillation and equatorial
Pacific warming by six months (Stephens et al., 2007; Van Loon and Shea, 1985). During
the winter six months before an El Nino the South Pacific trough in surface westerlies
centered over Australia is enhanced. Anomalous high pressure and anomalous south-
westerly wind stress drives colder water through the Tasman Sea towards the western
Equatorial Pacific. This could result in a cooling of subtropical waters feeding into the
Southland Current, a subsequent reduction in temperature difference across the front, and

therefore a weakened gradient six months in advance of the summer El Nino. The opposite
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is true during the winter six months preceding La Nina; the trough is depressed and
anomalous north-easterly winds push warm water into the Tasman Sea helping to increase
temperature gradients across the Southland Front six months in advance of extremes in

ENSO indices.

6. Conclusions

A new front detection algorithm has allowed us to examine in detail, from a 4 km
resolution AVHRR SST data set, the seasonal, spatial and interannual changes in the
position, temperature and strength of the Southland Front.

Interaction between a number of possible driving mechanisms determines variability:
the magnitude and phase of the seasonal cycle in water mass temperatures; the entrain-
ment of inshore subtropical waters whose thermohaline properties are modified by the
shallow water depth, riverine input and local climatic effects; stability and mixing along
the front; seasonal stratification and divergence of flow northwards. The seasonal distri-
bution of surface water masses and the potential masking of subtropical current waters
should also be considered.

The strength of the front decreases northward as it approaches the Chatham Rise
driven by a general increase in width and decrease in temperature range. This is consistent
with an increase in meandering intensity as the isobaths diverge and topographic control
weakens. Over the extraction window selected for this study, the front was strongest in
the winter and summer. These strong gradients suggest that the velocity of the Southland
Current would also be increased. Considering that subantarctic waters transported within
the current help maintain the STF across the Chatham Rise and western Pacific (Hurlburt
et al., 2008; Sutton, 2001), it would seem reasonable that this feature is stronger and more
stable during these months of increased flow.

The subtropical front and convergence are highly productive regions (Bradford-Grieve
et al., 1997), they are a barrier to the distribution of marine species (Jackson et al., 2000),
and a carbon dioxide sink on seasonal timescales (Currie and Hunter, 1998). Changes to

the frontal structure, such as a northward increase in meandering intensity, that promote
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cross frontal mixing and the exchange of nutrients will increase biological activity, species
distribution and carbon dioxide drawdown. On the other hand, where horizontal gradients
are strongest, the exchange of nutrients and species such as squid across the front becomes
more difficult.

The strength of the Southland Current has been shown to vary on interannual timescales,
and is correlated to ENSO variability. Responses however appear to be seasonally de-
pendent, just as there is marked seasonal variation in the pattern of other geophysical
responses to ENSO (Gordon, 1986; Mullan, 1998). Broadly speaking, SST gradients de-
crease during El Nino and increase with La Nina. This is primarily thought to be the
result of changes in the temperature of subtropical waters advected into the region from
the Tasman Sea. Changes in frontal gradient are seen to take place up to 6 months in
advance on peak ENSO indices. Conversely, maximum and minimum mean frontal tem-
perature anomalies tend to lag maximum ENSO variability by 3-6 months. The physical
mechanisms driving these changes are unclear and presented speculatively here.

The exact response of the Southland Front to ENSO is always going to be difficult to
predict. Each event is different: they develop at different speeds and times, are initiated
by different triggers and decay at different rates. The magnitude and distribution of
SST anomalies across the equatorial Pacific also vary between events and do not always
coincide with peak SOI values (McPhaden, 1999; Trenberth and Tepaniak, 2001; Wang
et al., 2001). The season within which ENSO events develop may also play a determining
role in the timing and magnitude of ocean-atmosphere responses. Furthermore, other
modes of climate variability such as the Pacific Decadal Oscillation and the Antarctic
Oscillation may modify the timing and magnitude of any response (Folland et al., 2002;
Gershunov and Barnett, 1998; Power et al., 1999).
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deep subantarctic currents (light grey) around South and North Islands, New Zealand. Sea surface
temperatures (°C) are for June 2004. (b) Location of the Southland Front off South Island. Black
contours show the bathymetry (m). Black stars mk the CTD casts from NIWA cruise 3006 in April

1993.

152° 156° 160° 164° 168° 172° 176° 180° 184° 188°
(’)rr;h Is, “‘ i J-'--r
S »
N !
2es T
i }J‘ 4 Botnsy Trough . | i\ *IW :
vTiE i
£ i’;»*/)’t
- Subantarctic Water /¢ % "‘“.D
RC NT 5 3 1’.
Ny UBANTARGEFIC #
B 2y JCURRE
—
5 6 9 10 11 12 13 14
SST (°C)
168° 170° 172° 174° 176°

(f

\
N
%\ Ba eninsul;
o

2
N\

b

Southland Front 0
-0
Otago Peri X, ? QQWV\/\//
AR N
Duy L x 7
*
Clutha River
<2 Bounty Trough

Deep, sy

T~

bantarctic flow




a. Potential Temperature

mean 21-yr position

T
L3 —
=

Pressure (db)

0
b. Salinity

Pressure (db)
rve

0 20 40 60 80 100 120 140 160

Pressure (db)

DY Dmcdongmeet oy
Figure 2: Hydrographic section off Oamaru from NIWA cruise 3006 April 1993. (a) Potential temperature
(°C), (b) Salinity and (c) Potential density. * mark the position of CTD casts taken over 10-11 April
1993. The mean 21-year position of the Southland Front is shown by the vertical, downward pointing
arrow. The width of the arrow head represents 1 standard deviation either side of the mean. The double

horizontal arrow marks the position of the Southland Front calculated from the April 1993 monthly SST
composite. 31



169° 170° 171° 172° 173° 174°

43°
44°
45°
46° |
47° |
b.
i=n 11 v
x  SST observations z(*)
. . R : . ) " | == Model functi Y;6
1051 - Width 20 (are®) - g 5 - - < - ‘ odel function m(Y; 6)
17
=)
2
=
2
QO ~
2=
S
H
wn
»n
x |
' | Position 6, (arc®)
i=1 8 ; N .

0 01 02 03 04 05 06 07 08 09
y=1 y=n
Distance across-front (%)
Figure 3: (a) 1° x 2.8° extraction window, rotated by 45° to lie along the 500m isobath, the approximate
location of the Southland Front. The dashed line marks an example cross section of SST observations

(Z;) at position z; along the front. (b) Physical interpretation of the model parameters @ fitted to the

SST observations Z;.

32



170° 171° 172° 173° 170° 171° 172° 173°
a. % Christchurch % b. Christchurch %
- f% f%
K . | K M |
-44° Fj anks Peninsula— —44° Fj Banks Peninsula—
Jf@é ﬂoﬁ
A o 0 b o f
. ﬂ N ﬂ
uo/éw_\ uo/éw_\
—45° —45°
a
Dunedin W Dunedin
«® o
B ()O
—46° —-46° Summer
ﬁ/\j Autumn
Mean position (1985-2005) Winter
1 standard deviation - 0 Spring
\ \ \

Figure 4: (a) Mean and (b) seasonal positions of the Southland Front between 1985 and 2005.

33




Latitude
-46.4  -462  -46 -458 -45.6 -454 -452 -45 -448 -44.6

14 a. e
13'/ - - = - -7 N b
12k oo W-

Temperature (°C)

Temperature Range (°C)

40 T T T T T
35
30
&
E 25
S
B 20
15
10
0 50 100 150 200 250
0.2
g 015
~4
O
_
=
L
3
£ 0.1
@]
0.05 =
0 50 100 150 200 250
Distance along front (km)
& Spring  — — — Symmer —e—— Autumn —— Winter
34

Figure 5: Seasonal and spatial variability of the (a) temperature, (b) temperature range, (c¢) width and

(d) gradient of the Southland Front.
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Figure 6: (a) Amplitude of the annual SST cycle. (b) Phase, expressed as the lag of the peak in days
relative to 15¢ January. (c) Absolute gradient of the amplitude (°C 12 km~1). (d) Direction of gradient,
from high to low values of the SST range. Solid white line marks the mean 21-year position of the

Southland Front +£1 standard deviation (dashed lines).
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Figure 7:

Peninsula during the winter. To the east the Southland Front separates modified subtropical shelf waters
flowing northwards in the Southland Current from fresher, offshore subantarctic waters. All water masses
are visible at the surface. (b) Salinity section during the autumn where Southland Current waters are

hidden beneath a superficial layer of coastal and subantarctic waters. Based on vertical sections of salinity

presented by Jillett (1969).
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(a) Schematic of a vertical salinity section across the continental shelf and slope at Otago
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Figure 8: Seasonal and spatial variability of the meandering intensity (RMSSD) of the Southland Front.

Seasonal means are enclosed between brackets in the legend.
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Figure 9: Twelve month running mean time series of (a) temperature (solid line), (b) gradient (solid

line), (c) temperature difference (solid line) and width (dashed line) relative to a 4 km resolution data

set. The shaded regions in each plot (a-c) are the SOI. The dashed line in (a) is a 6 month running mean

of the temperature anomaly.
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Figure 10: Wavelet squared coherence between

(¢) SOI and gradient, (d)
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a white noise background spectrum. Arrows indicate the relative phase relationship. In phase pointing
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(
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Figure 11: Cross correlations of seasonally averaged time series. SOI vs (a) temperature, (c¢) temperature
difference and (e) gradient. Nifio 3.4 SST vs (b) temperature, (d) temperature difference and (f) gradient.

Lead and lag times are for seasons. Dashed lines mark the 95% confidence levels.
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Table 1: Overall (1985-2005) and seasonal mean characteristics of the Southland Front. Weighted mean

(0) £ 2xstandard error of the mean (205 ). Weighted standard deviation (7,) given in brackets.

O, 20'§w (a'w)

Temperature Temperature Range Width Gradient

(°C) (°C) (km) (°C.km~1)
1985-2005  10.38+0.001 (1.80) 1.7540.001 (0.51) 18.004+0.044 (10.70)  0.097+0.003
Spring 9.36+0.002 (0.89) 1.894+0.002 (0.51) 23.884+0.089 (11.79)  0.07940.004
Summer 13.2740.003 (1.08) 1.9940.003 (0.54) 15.024+0.101 (10.23)  0.132+0.007
Autumn 11.8740.002 (1.14) 1.7440.002 (0.52) 18.02+0.086 (10.89)  0.097+0.005
Winter 9.124+0.002 (0.68) 1.5540.002 (0.39) 15.124+0.079 (7.51)  0.10340.005
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Table 2: Correlations between the temperature of the Southland Front, the SOI and Nino SST region
3.4 for seasonally stratified data. Only correlations significant at the 95% level and above are shown.

indicates significance at the 99% level. Seasonal leads are for the ENSO indices leading temperature at

the front.

SOI1 Nino 3.4 SST

0 Lag 1 Season Lead 0 Lag 1 Season Lead

Spring

Summer | 0.48 0.63 1 -0.67 1 -0.617
Autumn -0.5 -0.607
Winter
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Table 3: Seasonally stratified correlations between the gradient of the Southland Front, the SOI and
regional Nino SST anomalies. Bold face indicates significance at the 95% level. One season leads are for

ENSO indices leading the gradient. One and two season lags are for ENSO indices lagging the gradient.

1lead 0lag 1 lag 2 lag

SOI

Summer -0.34 -0.43 -0.01 0.32
Winter 0.49 0.44 0.58 0.50

Nino 3.4 SST

Summer 0.48 0.44 0.21 -0.35
Winter -0.37 -0.48 -0.57 -0.60

Nino 3 SST

Summer 0.46 0.56 0.37 -0.12

Winter -0.28 -0.37 -0.51 -0.60
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