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ABSTRACT ARTICLE HISTORY
The mean, interannual variability, decadal variability, and longer- Received 28 March 2019
term trends in the across-track geostrophic velocity of the Accepted 5 June 2019
poleward-flowing boundary current along the Fiordland coast (the
Fiordland Current, FC) are examined over the altimeter record Fi .

. iordland Current; Southland
(September 1992—May 2017). Ir?' th'e mean, the FC is Current; Westland Current;
southwestward, with stronger velocities in an inner current near eastern boundary Current;
the coast and weaker velocities in an outer current further wind-driven ocean
offshore. Examination of the alongshore momentum balance circulation; ocean satellite
suggests that the mean flow is driven by a poleward downsloping altimetry
alongshore pressure gradient. At interannual time-scales,
variability in the FC was correlated with the alongshore wind
stress, indicating that an equatorward (poleward) wind stress
drives an equatorward (poleward) velocity anomaly. At decadal
time-scales, variability in the FC was correlated with the South
Pacific wind stress curl, indicating that as the wind stress curl
increases (decreases) the poleward flow in the FC weakens
(strengthens), consistent with the response of a traditional eastern
boundary current. Long-term trends show a weakening outer
current and strengthening inner current. Increasing flow in the
inner current may result in increased transport of subtropical
water around southern New Zealand.

KEYWORDS

Introduction

The boundary current off the west coast of Fiordland, southwest New Zealand, is a narrow,
poleward-flowing current located close to the coast (Heath 1973). It likely originates around
41-44’S, where the weak (c. 3 Sv, 1 Sv=10° m® s™") eastward geostrophic transport in the
vicinity of the Subtropical Front (STF) (Stramma et al. 1995) separates into a northward-
flowing current (the Westland Current, WC) and a southward-flowing current (Figure 1)
(Heath 1973, 1975; Stanton 1976; Heath 1982, 1985; Stanton and Moore 1992; Ridgway
and Dunn 2003; Chiswell et al. 2015). The current provides a pathway for the flow of sub-
tropical water (STW) out of the Tasman Sea, and is part of the anticlockwise flow around
southern New Zealand (Brodie 1960; Heath 1973, 1975; Chiswell et al. 2015).

The extent to which this current is connected to the Southland Current (SC) on the east
coast of the South Island is not entirely clear, as the SC has historically referred to two

CONTACT Mitchell Chandler 8 mcha867@aucklanduni.ac.nz
© 2019 The Royal Society of New Zealand
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Figure 1. Schematic of the main currents referred to in the text. Currents are; Leeuwin Current (LC),
East Australian Current (EAC), East Australian Current extension (EACx), Tasman Front (TF), Westland
Current (WC), Fiordland Current (FC), Southland Current (SC). Colours are the wind stress curl (WSC,
N m~3) of the mean wind between 1993-2017. Grey contours are the mean dynamic topography
for 1993-2012.

different geographic extents of flow. In earlier studies of New Zealand coastal currents, the
STW flowing southwestward along the Fiordland coast, eastwards around southern New
Zealand, and then northeastward up the east coast of the South Island was considered the
SC (Brodie 1960; Heath 1975). Stanton (1976), Butler et al. (1992), Stanton and Moore
(1992), and Hamilton (2006) also all referred to this southwestward flowing boundary
current off the Fiordland coast as the SC. However, in more recent literature, the SC is
usually considered to extend along the upper continental slope southeast of Stewart
Island and flow northeastwards up the east coast of the South Island (Figure 1) (Chiswell
1996; Sutton 2003; Cortese et al. 2013; Chiswell et al. 2015; Stevens et al. 2019). To further
complicate the region, a recent review (Stevens et al. 2019) appears to identify both the
equatorward and poleward flowing currents along the South Island west coast as the
WC. Therefore, to avoid any ambiguity in distinguishing between the current off the
Fiordland coast that is the focus of this study and both the WC and the SC, it is proposed
that the current off the Fiordland Coast be named the Fiordland Current (FC), and it will
be referred to as such in this study.

It is thought that the FC is driven by a poleward pressure gradient that opposes the pre-
vailing winds (Stanton 1976; Ridgway and Dunn 2003). Like the FC, the Leeuwin Current
(LC) off the west coast of Australia is also a poleward-flowing eastern boundary current
(EBC, Figure 1) driven by these same mechanisms (Godfrey and Ridgway 1985;
Morrow and Birol 1998; Feng et al. 2003; Ridgway and Condie 2004; Feng et al. 2005).
It has therefore been suggested that the FC may exhibit dynamics similar to the LC
(Ridgway and Dunn 2003). However, little work has been conducted examining variability
in the FC. Stanton (1976) believed that the component of the FC driven by the predomi-
nant westerly winds was not strong enough to reverse the southwestward flow of the geos-
trophic current. This was supported by Stanton and Moore (1992) who found that a
southwestward geostrophic current was always present, although a northeastward
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flowing coastal current developed under northeastward wind stress. Therefore the FC was
not always found up against the coast, with the northeastward coastal current likely
moving the core of the FC offshore. Cahill et al. (1991) also found, from moorings at
roughly 60 m depth, that while the flow was generally poleward, equatorward velocities
occasionally developed. Using one month of moored current meter data offshore of
Milford Sound, Chiswell (1996) found that the southwestward flow reversed and
became northeastward 36% of the time.

Variability in other boundary currents around New Zealand has received some
attention. A model by Heath (1982) found that currents on the west coast continental
shelf were predominantly driven by boundary forcing and local winds. Cahill et al.
(1991) found that alongshore currents on the South Island west coast shelf were related
to the alongshore wind stress through Cook Strait, which they believed was producing
coastally trapped waves. They also found that alongshore wind stress along the west
coast was producing alongshore currents. Sutton and Bowen (2011) found that variability
in the flow offshore of the 1000 m isobath off the northwest coast of the North Island was
largely geostrophic, while inshore variability was correlated to changes in wind stress. On
the east coast of New Zealand, Chiswell (1996) found that, over seven months of data,
variability in the SC was mainly driven by local winds. Fernandez et al. (2018) concluded
that New Zealand’s western boundary currents (WBCs) were highly variable with no
significant trends over the 1993-2014 period. Little research has been carried out on El
Nino-Southern Oscillation (ENSO) driven variability in New Zealand boundary currents;
though studies have suggested ENSO can have an impact despite often inconsistent
boundary current responses (e.g. Stanton 2001; Hopkins et al. 2010; Fernandez et al. 2018).

Changes in the large-scale wind field also impact on boundary currents in the southwest
Pacific. Hill et al. (2011) found that decadal variability in the strength of the East
Australian Current extension (EACx) and Tasman Front (TF) were related to decadal
variability in the South Pacific wind stress curl (SPWSC), with maximum wind stress
curl (WSC) associated with maximum poleward transport in the EACx. Fernandez
et al. (2018) also found that the SPWSC showed a decadal signal over their 20-year
(1993-2013) study period. Longer-term trends in the FC related to long-term changes
in the SPWSC might also be expected. For example, the EACx extended further south
over the c. 60-year (1944-2002) period examined by Ridgway (2007), resulting in
increased sea-surface temperature (SST) and salinity to the east of Tasmania. This
increased southward penetration of the East Australian Current (EAC) is believed to
have been caused by a strengthening of the SPWSC over the last half century, which
shifts the South Pacific subtropical gyre south and favours transport in the EACx over
the TF (Cai 2006; Ridgway 2007; Roemmich et al. 2007; Hill et al. 2008, 2011; Shears
and Bowen 2017).

Increased transport of STW around southern New Zealand, as anticipated under
increased SPWSC, may lead to an increase in water temperatures to the south of New
Zealand (Cortese et al. 2013; Shears and Bowen 2017) and a change in the proportion
of STW being transported northward along the southeast coast of New Zealand via the
SC, which transports predominantly subantarctic water (Sutton 2003). Changes in the
southward transport of STW in the FC may also influence the position of the STF
around southern New Zealand (Hamilton 2006; Smith et al. 2013). These changes may
impact on the marine ecology of the region (Shears and Bowen 2017), as has been seen



4 M. CHANDLER ET AL.

to occur with increased southward penetration of the EAC (e.g. Ling et al. 2009; Fowler
et al. 2018).

Despite the possible importance of the FC to the oceanography and marine ecosystems
of southern New Zealand, little is known about its variability or long-term trends. Given
the influence of both local and large-scale winds on other boundary currents in the region,
it is expected that variability in the FC may be predominantly wind-driven. If the SPWSC
is a key driver, a decadal signal in the FC may be present.

This paper uses sea-level anomaly (SLA) data from the Copernicus Marine Environment
Monitoring Service (CMEMS) and mean dynamic topography (MDT) from Aviso+ to
identify the mean, variability, and longer-term trends in the geostrophic velocity of the
FC over the altimeter record (the last approximately 25 years). The across-track surface
geostrophic velocities are compared to both local and regional winds, to the alongshore
pressure gradient, and to the Southern Oscillation Index (SOI) to determine the extent to
which these are related to variability in the FC. Data products and analysis are outlined
in the Methods section, with the geostrophic velocities and outcomes of the analysis pre-
sented in the Results section. Relationships between these factors considered and the FC
are commented on and possible drivers of the mean, variability, and trends in the FC are
identified in the Discussion section. The Conclusion section summarises the main findings.

Methods
Sea-level anomaly (SLA) and mean dynamic topography

Data

Unfiltered, 1 Hz (6.19 km), along-track, delayed-time SLA data between 25 September
1992-15 May 2017, produced and distributed by CMEMS (http://www.marine.
copernicus.eu), were used in this study. Data were collected by the Topex/Poseidon,
Jason-1, OSTM/Jason-2, and Jason-3 satellite altimeters passing over the same track
every 9.9 days. SLAs are referenced to the 1993-2012 mean and the standard corrections
and quality control have been applied (Taburet 2018).

SLA measurements from track 36 (Figure 2) were used to study the FC. The closest alti-
meter measurement to the coast was approximately 11 km offshore along the altimeter
track, and the furthest altimeter measurement considered was approximately 92 km
offshore along the altimeter track (hereafter referred to as offshore). In total, 14 altimeter
measurement locations along the track were considered.

Approximately 10% of data points were missing. Missing values were infilled through
extrapolation and interpolation of smaller gaps in space, and interpolation of larger gaps in
time. For the spatial extrapolation, missing data at the inshore end of the pass were infilled
by repeating the nearest SLA measurement. This gave a conservative estimate of the result-
ing geostrophic velocity anomaly (Geostrophic Velocity section) as it meant there was no
across-track SLA gradient. For the spatial interpolation, missing data along the track were
linearly interpolated. Up to four missing data points (c. 30 km) were used for the spatial
infilling as the first baroclinic Rossby radius of deformation for the region is between 20-
30 km (Chelton et al. 1998) and therefore measurements over these spatial scales would be
expected to be correlated for geostrophic flows. After the spatial interpolation, any remain-
ing missing data were infilled by linear interpolation in time.
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Figure 2. Satellite altimeter tracks 36 and 112. The inner and outer altimeter measurements used in the
study are indicated by the red dots. Bathymetric contours are 2000m and 4000 m.

The MDT used was MDT_CNES-CLS13, referenced to 1993-2012, produced by CLS
and distributed by Aviso+ with support from CNES (https://www.aviso.altimetry.fr/).
MDT was linearly interpolated to the altimeter measurement locations and both SLA
and MDT were re-referenced to 1993-2016. The SLA record was annually smoothed
using a cosine filter over 13 months (Emery and Thomson 2001) to remove higher fre-
quency variability, which was not of interest in the present study (Geostrophic Velocity
section).

Geostrophic velocity

The mean across-track surface geostrophic velocity (vy) for track 36 offshore of the
Fiordland coast was calculated using the MDT and time-averaged unsmoothed SLA,
similar to Fernandez et al. (2018). The MDT and average SLA at each location were
summed to get the average absolute dynamic topography (ADT). The geostrophic vel-
ocity was then calculated by v, = (¢/f)(0ADT/0x), where g is acceleration due to
gravity, f is the Coriolis parameter, and dADT/dx is the time-averaged along-track
ADT gradient. The gradient was calculated using the gradient function in MATLAB,
which takes the gradient over three points, except at the ends where the two adjacent
points are used.

The mean geostrophic velocity, v, was used to determine the offshore extent of the FC
by noting that the velocity changed sign after the 11th measurement point from the coast,
approximately 73.1 km offshore (Figure 3). Therefore the inshore 11 altimeter measure-
ments were used to define the FC. There was also some structure evident in v, with stron-
ger velocities closer to the coast and weaker velocities further offshore. Due to this
structure, an ‘inner current’ (the inner three altimeter measurements, 11.2-23.6 km
offshore) and ‘outer current’ (the inner 4-11 altimeter measurements, 29.8-73.1 km
offshore) were also examined.

A time-series of the across-track surface geostrophic velocity anomaly (v ) for track 36
was calculated using the unsmoothed SLAs. The geostrophic velocity anomaly, vg was cal-
culated for each data point from vg = (g/f)(0m/0x), where dm/dx is the along-track SLA
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Figure 3. Mean (referenced to 1993-2016) across-track surface geostrophic current for September
1992-May 2017 offshore of the Fiordland coast for altimeter tracks 36 and 112. The maximum velocity
is 0.13 m s~ southwestward across track 36 and 0.08 m s™' southwestward across track 112. A 0.1 m
s~ reference arrow is included in the top left.

gradient. A positive velocity was northeastward up the coast and a negative velocity south-
westward down the coast. The geostrophic velocity anomaly, v,, at each measurement
point was annually-smoothed using a cosine filter over 13 months. To calculate v:g over
the full FC, the annually-smoothed v:g was a\/feraged over the 11 inshore measurements
for each date. Similarly, annually-smoothed v, was averaged over the 3 inshore measure-
ments for the inner current, and over inshore measurements 4-11 for the outer current.
Annual smoothing was used as no clear seasonal cycles were evident (not shown) and
so only interannual and longer timescales were considered.

Decadal variability has been found in the EACx using five-year smoothed fields (e.g.
Ridgway 2007; Ridgway et al. 2008; Hill et al. 2011). Therefore a time-series was produced
to examine decadal variability in the FC by applying a five-year smoothing to the
unsmoothed V:g for the full FC using a cosine filter over 61 months.

Alongshore SLA gradient

To examine the influence of the alongshore pressure gradient on the FC, the alongshore
SLA gradient between track 36 and track 112 (an altimeter track to the north, Figure 2)
was calculated. SLA data for track 112 was processed using the same methods as for
track 36. Approximately 9% of SLA data was missing for track 112. The mean geostrophic
velocity, g, for track 112 was also calculated following the same methods as track 36. From
vg (Figure 3), it was evident that southwestward velocities extended out to approximately
61.0 km offshore (9 inshore measurements). The spatial structure was also evident at track
112, corresponding to the 3 inshore measurements and inshore measurements 4-9
respectively, though was not as obvious as at track 36.
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To calculate the alongshore SLA gradient, the annually-smoothed track 112 SLAs were
linearly interpolated to the same times as the annually-smoothed track 36 SLAs. Average
SLAs for the FC at track 36 were then calculated for each date by averaging over the
inshore 11 points, inshore 3 points, and inshore 4-11 points for the full, inner, and
outer current respectively. For track 112, the inshore 9 points, inshore 3 points, and
inshore 4-9 points were used. Alongshore SLA gradients for the full, inner, and outer
current were calculated by subtracting track 36 from track 112 and dividing this by the
distance between the tracks. A positive value for SLA gradient corresponds to a higher
SLA in the north (track 112) than the south (track 36), which would be expected to be
associated with a southwestward flow (negative v:g).

Winds and Southern Oscillation Index

Monthly zonal and meridional wind stress data for January 1958-May 2018 were down-
loaded from the Japanese 55-year Reanalysis (JRA-55) (Kobayashi et al. 2015). To examine
potential connections between the FC and the large-scale winds, the WSC was calculated
for the South Pacific region 20-50'S 180-280'E (e.g. Hill et al. 2008, 2011; Shears and
Bowen 2017). This SPWSC was annually-smoothed using a cosine filter over 13 months.

To examine the influence of a more local WSC, the southeast Tasman WSC was calcu-
lated for the region 40-45S 155-165 E. This WSC was annually-smoothed using a cosine
filter over 13 months.

To examine the influence of local winds, the wind stress was averaged offshore of the
Fiordland coast in a region between 44-46 S and 165-166.45 E in the south and 165-
168.53°E in the north. The wind stress vector was then projected at a bearing of 33.69°
onto a straight-line estimate of the Fiordland coast (between 45.6767'S 166.5038 E and
44.9529°S 167.1900°E) to obtain the alongshore wind stress. Similarly, the wind stress
vector was projected at a bearing of 123.69°, normal to the coastline estimate, to obtain
the cross-shore wind stress. The alongshore wind stress and cross-shore wind stress
were both annually-smoothed using a cosine filter over 13 months.

Decadal variability has been found to occur in the SPWSC (e.g. Hill et al. 2011; Fernan-
dez et al. 2018). Therefore, to examine decadal variability in the SPWSC, a time-series was
calculated with a five-year smoothing using a cosine filter over 61 months.

Monthly SOI values for January 1866-April 2018 were downloaded from https://www.
esrl.noaa.gov/psd/gcos_wgsp/Timeseries/SOI/, which is based on the methodology given
by Ropelewski and Jones (1987). The SOI was annually-smoothed using a cosine filter
over 13 months.

Correlations

Correlations were calculated between v:g, and potential drivers of the current (alongshore
SLA gradient, SPWSC, southeast Tasman WSC, alongshore wind stress, and cross-shore
wind stress). The SOI was also correlated with vig to determine if there was any correspon-
dence between the FC and ENSO. All correlations were performed on detrended,
annually-smoothed time-series.

To evaluate the statistical significance of the correlations, an Effective Degrees of
Freedom (EDOF) was calculated for each detrended, annually-smoothed time-series by
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auto-correlating the time-series and finding the time lag of the first zero crossing of the
correlation coefficient (7). The area under the curve to this zero crossing was calculated
and the integral time scale, i.e. the time for a curve with perfect correlation (r=1) to
have the same area, was found (Emery and Thomson 2001). The EDOF was then calcu-
lated by dividing the length of the time-series by the integral time scale. The smallest
EDOF of the two time-series being correlated was used, along with the correlation coeffi-
cient (r) between the time series, to calculate the p-value of the correlation using a two-
tailed t-test from Soper (2018).

Correlations and significance were also calculated between the detrended five-year
smoothed v:g and the detrended five-year smoothed SPWSC.

Significance of linear trends

To assess the significance of the linear trends, 95% confidence intervals were calculated.
Confidence intervals were calculated by

TIPS R
\/Z(Xi—ﬁ_f)z

where ¢ is the t-value corresponding to the Degrees of Freedom (DOF), x; are the x values
(in this case time), and X is the mean of the x values (Draper and Smith 1998). The stan-

dard error, s, was calculated by
| e
s=
DOF — 2

where e; are the residuals. t-values were obtained by referencing a t-table (http://
davidmlane.com/hyperstat/t_table.html). For each variable, the DOF was the EDOF esti-
mated previously (Correlations section). A linear trend was considered significant if it did
not include 0 within its 95% confidence interval (Draper and Smith 1998; Emery and
Thomson 2001).

Relative magnitudes of alongshore forcing

Godfrey and Ridgway (1985) used the depth integral of the alongshore momentum
equation to compare the roles of the alongshore pressure gradient and alongshore wind
stress in driving the LC, and a similar approach is used here. Following their notation,
the depth-averaged alongshore momentum equation can be expressed as

Dv S T
— dz—R =—g—+—
th Lo RAfU g3y+po

Where Dv/Dt is the Lagrangian derivative (total derivative) of the alongshore velocity v, R
is the depth integral of all Reynolds stress terms due to bottom stress, interfacial stress,
lateral friction, and mesoscale eddy effects, fis the Coriolis parameter, U is the depth inte-
gral of the cross-shore velocity u, g is acceleration due to gravity, S is the depth-integrated
steric height, y is the alongshore distance, 7 is the alongshore wind stress, and p; is a refer-
ence density (Godfrey and Ridgway 1985). The forcing function of the alongshore flow can
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be written as —g(3S/dy) + (7/p,) (i.e. the right-hand side of the equation). The left-hand
side of the equation is not as straightforward, with the alongshore flow contributing to
both the acceleration and the integral of the stress, and therefore was not evaluated.
The time derivative of the geostrophic flows were calculated and found to be small and
weakly correlated with all drivers considered. In the current study 1028 kg m™ was
used as the reference density, and depths of both 100 m (for the surface ocean) and
2000m (for the full ocean) were used for the depth-integrated steric height. Only
surface height data was used for the depth-integrated steric height calculations (due to
a lack of in situ data) and it is therefore assumed that the flow is barotropic. The
2000m depth was chosen because the measurements for track 112 lay approximately
along the 2000m depth contour (Figure 2). Furthermore, Heath (1972) found the reference
level in the Tasman Basin to be 2300 dbars but noted that weak sub-surface flows mean
that a shallower reference level should not have a significant effect on surface geostrophic
current calculations.

Individual forcing terms (alongshore pressure gradient, —g(dS/dy), and alongshore wind
stress, 7/p,) and the combined forcing term (sum of the two individual terms,
—g(0S/9y) + (7/p,)) were calculated for both the mean and the altimeter time-series. To
calculate the pressure gradient in the mean, the ADT (Geostrophic Velocity section) was mul-
tiplied by the depth (100 m or 2000 m) and averaged over the appropriate extent of the
current. The mean depth-integrated alongshore ADT gradient was then calculated as
track 112 minus track 36 divided by the distance between the tracks for the full, inner,
and outer current and this was multiplied by —g to obtain the pressure gradient. Similarly,
to calculate the time-varying pressure gradient, the annually-smoothed SLAs along both
track 36 and 112 were multiplied by the depth (100 m or 2000m) and averaged over the
appropriate extent of the current at each date. The gradient of the depth-integrated SLA
between track 112 and track 36 was calculated for the full, inner, and outer current at
each date as track 112 minus track 36 divided by the distance between the tracks and mul-
tiplied by —g to obtain the pressure gradient. Forcing terms were calculated so that a positive
alongshore forcing was equatorward and a negative forcing was poleward.

Results
Mean state

The mean geostrophic velocity, ¥, for the FC was found to be southwestward (poleward)
along the Fiordland coast (Figure 3). The current extended approximately 73.1 km
offshore, with an average velocity (from 11.2-73.1km offshore) of 0.06m s™'. A
maximum velocity of 0.13 m s~ was found approximately 17.4 km offshore. Spatial struc-
ture was evident within the current, with stronger poleward velocities 11.2-23.6 km offshore.
This area was therefore considered the inner current, with the current from approximately
29.8-73.1 km offshore considered the outer current. The mean flow in the inner current was
0.11 m s~ poleward and the mean flow in the outer current was 0.05 m s~' poleward.

Interannual variability

The annually-smoothed time-series of v, were dominated by interannual variability
(Figure 4). Large interannual variability was also evident in possible drivers of the
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Figure 4. Annually-smoothed, across-track, surface geostrophic velocity anomalies (m s™") for the full
Fiordland Current (top), inner Fiordland Current (middle), and outer Fiordland Current (bottom) over
the altimeter record (April 1993-November 2016). Linear trends are shown as dashed lines where sig-
nificant at the 95% confidence interval (full current=0.33+1.11 x 102 m s~ decade™, inner current
=-359+231 %1072 m s decade™, outer current=1.79 + 1.24 x 102 m s~ decade™"). Negative
values represent a poleward anomaly.

current (Figures 5 and 6). In general, v; was weakly correlated (|| < 0.3) with the drivers
examined, including the SOI (Table 1). However, statistically significant (P < 0.05) corre-
lations were found between v‘;, over the inner current and the alongshore SLA gradient for
the inner current (r = 0.33), and between v; over the full current and the alongshore wind
stress (r = 0.30). The signs of these correlations indicate that when the alongshore SLA gra-
dient slopes downward to the northeast (southwest) the poleward geostrophic velocity
increases (decreases), and when the alongshore wind stress is poleward (equatorward)
the poleward geostrophic velocity increases (decreases).

Alongshore forcing

In the mean, the alongshore pressure gradient was the dominant forcing term for both
depths of integration considered (100 m and 2000 m, Table 2). The negative values for the
alongshore pressure gradient indicate a poleward alongshore pressure gradient (sloping
downward to the southwest) while the positive values for the alongshore wind correspond
to an equatorward alongshore wind. As the combined forcing is negative, the combination
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Figure 5. Annually-smoothed South Pacific (180-280'E 20-50°S) wind stress curl (WSC, N m~, top),
southeast Tasman (155-165E 40-45'S) WSC (N m~3, middle), and alongshore and cross-shore wind
stresses (N m~2, calculated over the region 44-46'S and 165-166.45E in the south and 165-
168.53°E in the north, bottom) over the altimeter record (April 1993-November 2016). Linear trends
are not significant at the 95% confidence interval (South Pacific WSC=2.19 £4.69 x 107° N m™3
decade™, southeast Tasman WSC =2.65+7.25 x 107> N m™> decade™', alongshore wind stress =
1.31+3.33 x 1073 N m™2 decade™, cross-shore wind stress =0.47 = 4.71 x 107> N m~2 decade™).
A positive alongshore wind stress is equatorward. A positive cross-shore wind stress is toward the coast.

of these two terms drives a poleward flow. This is in agreement with the mean poleward geos-
trophic flow observed for the FC (Figure 3). At interannual time-scales, the pressure gradient
forcing again dominated for both depths of integration (100 m, Figure 7, and 2000 m, not
shown). Correlations were not carried out between the combined forcing time-series and
Viz as the alongshore forcing was dominated by the alongshore pressure gradient, and the
alongshore SLA gradient had already been correlated with v, (Table 1).

Decadal variability

Decadal variability was evident in the FC, with maximum equatorward v"g in 2001 and
2010 and maximum poleward v‘; in 1997, 2004, and 2014 (Figure 8). A statistically
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Figure 6. Annually-smoothed alongshore sea-level anomaly (SLA) gradient between the northern alti-
meter track (112) and the southern altimeter track (36) for the full Fiordland Current (top), inner Fiord-
land Current (middle), and outer Fiordland Current (bottom) over the altimeter record (April 1993—
November 2016). Linear trends are shown as dashed lines where significant at the 95% confidence

interval (full current=2.92+1.41 x 1078 decade™, inner current=0.23+1.63 x 10~% decade™’,

outer current=4.38+1.76 x 1078 decade™). A positive value corresponds to a SLA gradient with
higher SLA in the northeast than the southwest.

significant correlation was found between v‘;, and the SPWSC (r = 0.62, P < 0.05). The posi-
tive correlation suggests that when the SPWSC increases, the poleward geostrophic vel-
ocity in the FC weakens. The variability appeared to be in phase in the recent time-
series, but slightly out-of-phase earlier in the time-series (maximums in the five-year
smoothed SPWSC in 1999 and 2010, and minimums in 1992 (not shown), 2004, and
2015) (Figure 8).

Longer-term trends

No significant trend was evident in the annually-smoothed v:g for the full extent of the FC.
However, statistically significant trends were evident within the current, with a negative
trend in the inner current and a positive trend in the outer current (Table 3, Figure 4).
As the FC has a mean poleward geostrophic flow (negative velocity, Figure 3), these
trends indicate that the inner current has strengthened and the outer current weakened
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Table 1. Correlation coefficients (r), p-values (P), and Effective Degrees of Freedom (EDOF) for
correlations between the detrended, annually-smoothed, across-track, surface geostrophic velocity
anomaly (for the full, inner, and outer current) and the alongshore sea-level anomaly gradient (SLA
gradient), the South Pacific wind stress curl (SPWSC), the southeast Tasman wind stress curl (SE Tas
WSQ), the alongshore wind stress (Along WS), the cross-shore wind stress (Cross WS), and the
Southern Oscillation Index (SOI).

Driver Current r P EDOF
SLA gradient Full —-0.05 0.750 51
Inner* 0.33 0.015 55
Outer —0.22 0.155 43
SPWSC Full 0.21 0.255 30
Inner 0.00 0.990 30
Outer 0.29 0.122 30
SE Tas WSC Full 0.20 0.168 51
Inner 0.16 0.256 55
Outer 0.14 0.366 43
Along WS Full* 0.30 0.030 51
Inner 0.20 0.138 55
Outer 0.25 0.106 43
Cross WS Full 0.06 0.678 51
Inner 0.16 0.250 52
Outer —0.05 0.756 43
Nell Full 0.12 0.480 37
Inner —0.04 0.816 37
Outer 0.19 0.250 37

Starred (¥) drivers indicate statistically significant correlations.

Table 2. Mean pressure gradient forcing (—g(35/dy), m? s™2), alongshore wind stress forcing (7/p,, m*
s7?), and the sum of the two (—g(dS/dy) + (1/p,), m?> s~2) for the full, inner, and outer Fiordland
Current over the altimeter record (April 1993-November 2016).

Current  Depth Integration (m)  Pressure Gradient (m? s~  Alongshore Wind (m? s™%)  Combined Forcing (m? s~2)

Full 100 -1.08 x 107* 1.53 x 107° -931x 107
2000 —217x 1073 —215%x 1073
Inner 100 —775x107° 153 x 107° —622x107°
2000 —-155x 1073 -153x 1073
Outer 100 -1.14x 107 1.53 x 107° —9.84 x 107
2000 —227 x 1073 —226x 1073

Negative (positive) values represent a poleward (equatorward) forcing.

over the altimeter record, with the net result being no significant change in the strength of
the overall current. Significant positive trends were only identified in the alongshore SLA
gradient for both the full and outer FC, whilst linear trends in all other drivers were not
statistically significant (Table 3, Figures 5 and 6).

Discussion

The mean geostrophic flow in the FC was found to be poleward (Figure 3), agreeing with
previous studies (Brodie 1960; Heath 1973; Stanton 1976; Stanton and Moore 1992; Moore
and Murdoch 1993). This mean flow is consistent with the mean poleward alongshore
pressure gradient, which is substantially larger than the mean equatorward alongshore
wind stress (Table 2). This result agrees with Ridgway and Dunn (2003), who hypothesised
that the FC was driven by the alongshore pressure gradient which opposes the alongshore
wind stress, and also suggests that the mean flow in the FC is primarily driven by the same
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Figure 7. Annually-smoothed alongshore pressure gradient anomaly (—g(dS/dy), red dashed line),
alongshore wind stress (7/p,, blue dashed line), and combined (—g(dS/dy) + (7/p,), solid black
line) forcing terms (m* s™2) integrated over the upper ocean (100 m) for the full (top), inner
(middle), and outer (bottom) Fiordland Current over the altimeter record (April 1993-November
2016). Negative values represent a poleward forcing.

Table 3. Linear trends in the geostrophic velocity of the Fiordland Current and its potential drivers over
the altimeter record (April 1993—November 2016) with 95% confidence intervals (95% Cl).

Variable Trend 95% CI

Full geostrophic velocity 033 x 1072 111 x 1072
Inner geostrophic velocity* —359x 1072 +231x 1072
Outer geostrophic velocity* 179 x 1072 +1.24 x 1072
SPWSC 219 x 1077 +4.69 x 107°
SE Tas WSC 265 % 107° £7.25 % 107°
Alongshore WS 131x 1073 +333 x 1073
Cross-shore WS 0.47 x 1073 471 x 1073
Full SLA gradient* 292 x 1078 +141 x 1078
Inner SLA gradient 0.23 x 1078 +1.63 x 1078
Outer SLA gradient* 438 x 1078 +1.76 x 1078

Trends are in units of m s™' decade™ for the full, inner, and outer geostrophic velocity; N m~ decade™ for the South
Pacific wind stress curl (SPWSC) and southeast Tasman wind stress curl (SE Tas WSC); N m~2 decade™" for the alongshore
and cross-shore wind stress (WS); and decade™" for the full, inner, and outer alongshore sea-level anomaly gradient (SLA
gradient). A negative velocity trend represents increased poleward flow, a positive wind stress curl trend represents
increased wind stress curl, a positive alongshore WS trend represents increased equatorward wind stress, a positive
cross-shore WS trend represents increased wind stress toward the coast, a positive SLA gradient trend represents
increased higher SLA in the northeast compared to the southwest. Starred (*) variables indicate trends significant at
the 95% Cl.
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Figure 8. Detrended, five-year smoothed, across-track, surface geostrophic velocity anomaly (m s™') for
the full Fiordland Current (blue) and detrended, five-year smoothed South Pacific (180-280°E 20-50°S)
wind stress curl (N m™, red) over the altimeter record (April 1995-November 2014). Negative velocities
represent a poleward anomaly. The correlation between the time-series is r = 0.62, P=0.032, EDOF =
12.

factors as the mean flow in the LC (Godfrey and Ridgway 1985; Morrow and Birol 1998;
Feng et al. 2003; Ridgway and Condie 2004). The mean geostrophic velocity structure in
the FC, with the strongest velocities near the coast and a general decrease in velocity
offshore, is consistent with earlier hydrographic surveys (Heath 1973; Stanton 1976).

Although the mean geostrophic flow in the FC is consistent with the alongshore
pressure gradient, at interannual time-scales, variability in the geostrophic velocity was
only weakly correlated with the alongshore SLA gradient (Table 1). However, a significant
correlation was found between interannual variability in the FC and the alongshore wind
stress. This correlation was positive, indicating that an equatorward alongshore wind
stress leads to a decreased poleward geostrophic velocity in the FC. Chiswell (1996) also
found that variability in the inshore portion of the SC, which transports mainly STW
(Sutton 2003), was strongly correlated to the winds over southern New Zealand. These
results therefore suggest that local winds may be important in driving variability in
STW transport around southern New Zealand.

A significant correlation was also found between interannual variability in the inner
current and the alongshore SLA gradient (Table 1). However, this correlation was posi-
tive, indicating that as the southwestward downsloping SLA gradient weakens, the pole-
ward geostrophic velocity increases. This result is unexpected, with no clear dynamical
explanation. Although it is possible that errors have been introduced by the extrapol-
ation of missing data near the coast, this extrapolation is unlikely to have reversed
the tendency of the geostrophic flow on interannual time scales. It is also noted that
the alongshore gradient was calculated between two altimeter tracks, and these tracks
may be further apart than the scale of the alongshore pressure gradients that drive inter-
annual variability in the flow at track 36. Stanton (1976) found that the FC strengthens
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where the continental slope steepens around 44’S (which is roughly the location of the
northern altimeter track used here, Figure 2), whereas it is fully developed further south
along the Fiordland coast. This location (44°S) is also the approximate location where
STW bifurcates into equatorward and poleward flows on the West Coast (Heath
1975; Stevens et al. 2019), although the latitudinal range varies in the literature
(Heath 1973, 1975; Stanton and Moore 1992). Overall, the large interannual variability
evident in the FC is consistent with the high interannual variability found by Fernandez
et al. (2018) in New Zealand WBCs.

Decadal variability was evident in the FC and was found to be significantly correlated
with decadal variability in the SPWSC (Figure 8). This correlation was positive, indicat-
ing that as the SPWSC increases, the poleward geostrophic velocity decreases, which is
consistent with the response of a traditional EBC (i.e. increased equatorward transport
under stronger WSC) (Sverdrup 1947). However, the short time-series means that there
are only two quasi-decadal cycles present. Quasi-decadal variability has also been found
in the EACx (Ridgway 2007; Hill et al. 2008; Ridgway et al. 2008). Ridgway (2007)
reported that temperature and salinity at Maria Island, Tasmania had a minimum in
the mid-1990s then increased to the early 2000s, suggesting a decrease and increase
in EACx transport respectively. Consistent with this, Ridgway et al. (2008) observed a
weakening of transport in the mid-1990s and a maximum in 2000/2001. In comparison,
decadal variability in the FC demonstrated an increased poleward geostrophic velocity in
1997 and a weaker poleward geostrophic velocity in 2001, roughly opposing the changes
in the EACx. Fernandez et al. (2018) also found that, in general, weaker surface trans-
ports were observed in New Zealand’s subtropical WBCs at times of larger SPWSC, con-
sistent with the FC. In the case of the New Zealand subtropical WBCs, this weaker
transport may be related to reduced transport through the TF (Hill et al. 2011).
However, changes in the transport of the TF would not be expected to directly
influence the FC as there is no clear pathway between the two (Figure 1) (Ridgway
and Dunn 2003).

Significant trends were evident in the inner and outer FC, with the outer current
demonstrating a weakening trend and the inner current demonstrating a strengthening
trend (Figure 4). No significant trend was found in the full FC, consistent with Fernandez
et al. (2018) who found no significant trends in the transport of New Zealand WBCs over
the altimeter record. Of the possible drivers considered, significant trends were only
present in the alongshore SLA gradient for the full and outer current (Table 3). These
trends indicate that the poleward alongshore gradient has increased, which would be
expected to be associated with increased poleward flow, yet a weakening trend is seen
in the outer FC. As has been discussed earlier, this may be because the distance
between the altimeter tracks used to calculate the alongshore gradient is at a larger
scale than the alongshore pressure gradient that drives variability at the altimeter line con-
sidered here.

The weakening poleward trend in the outer current is consistent with the response of a
traditional EBC to gyre spin-up due to increased WSC, as has been seen in the South
Pacific subtropical gyre (Roemmich et al. 2007, 2016). However, no significant trend in
the SPWSC was found over the altimeter record (Table 3). Other studies (e.g. Hill et al.
2008; Shears and Bowen 2017) have found increasing trends in the SPWSC since the
1950s and a significant positive trend in the SPWSC was also found in the present
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study for July 1958-November 2017, suggesting that the non-significant trend may be due
to the short time-series and reduced EDOF. A possible relationship between an increasing
SPWSC and weakening poleward flow is supported by the correlation between decadal
variability in the FC and decadal variability in the SPWSC (Figure 8).

The inner current demonstrates a strengthening poleward trend, opposite to the weak-
ening trend in the outer FC. This suggests that different dynamics may be impacting on
the inshore section of the current. Freshwater inflow along the Fiordland coast could
establish a poleward flowing EBC through buoyancy forcing (Gill 1982), as the Fiordland
region experiences high rainfall and freshwater run-off (Stanton and Pickard 1981), with
Stanton (1976), Butler et al. (1992), and Smith et al. (2013) finding low salinities close to
the coast and strong salinity gradients moving offshore. To briefly examine the relation-
ship between freshwater inflow and the inner FC, monthly rainfall data for Puysegur
Point (46.156'S 166.613E, January 1991-June 2018) and Secretary Island (45.221°S
166.886 E, January 1994-January 2018) were downloaded from the New Zealand National
Climate Database (https://cliflo.niwa.co.nz/). Rainfall demonstrated a significant decreas-
ing trend at Secretary Island and a non-significant trend at Puysegur Point (Figure 9),
suggesting that changes in freshwater inflow are unlikely to be driving the long-term
changes in the inner current. No significant correlations were found between interannual
variability in the inner current and Puysegur Point rainfall (r = —0.05, P = 0.716) or Sec-
retary Island rainfall (r=—0.13, P=0.388). Input from rivers and the Manapouri power
station tail-race at Doubtful Sound are also significant freshwater inputs, with input
from the tail-race controlled by electricity generating requirements rather than rainfall
in the Fiordland region (Stanton and Pickard 1981). However, an estimate of the total
freshwater input over the region is beyond the scope of this study.
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Figure 9. Annually-smoothed rainfall (mm month™") for Puysegur Point (April 1993-November 2016,
top) and Secretary Island (July 1994-November 2016, bottom). Linear trends are shown as dashed lines
where significant at the 95% confidence interval (Puysegur Point=—7.87 +8.78 mm month™
decade™, Secretary Island = —25.85 + 19.85 mm month™' decade™"). Note the different time-scales
on the x-axis.
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Conclusions

This study has demonstrated that the mean alongshore geostrophic flow in the FC is
poleward, with the mean current extending approximately 73.1 km offshore. Spatial
structure has led to an inner current (11.2-23.6 km offshore) and outer current
(29.8-73.1 km offshore) being considered. In the mean, the alongshore momentum
equation is dominated by the poleward alongshore pressure gradient, which is substan-
tially larger than the equatorward alongshore wind stress. It is therefore suggested that
the mean poleward flow in the FC is driven by the mean poleward alongshore pressure
gradient.

Large interannual variability was seen in the geostrophic velocity of the FC, however
correlations with interannual variability in most of the drivers considered were not stat-
istically significant. A significant correlation was found between the alongshore wind
stress and the FC, suggesting that an equatorward (poleward) alongshore wind stress
results in reduced (increased) poleward geostrophic velocity. However, as none of the cor-
relations were strong, the FC may be influenced by a number of factors, with no single
driver dominant at interannual time-scales.

Decadal variability was also seen in the geostrophic velocity of the FC, and this was sig-
nificantly correlated with decadal variability in the SPWSC. This correlation indicates that
as the SPWSC increases (decreases) the poleward geostrophic velocity in the FC decreases
(increases), which is consistent with the response of a traditional EBC.

Longer-term trends in the geostrophic velocity of the FC were found to be statistically
significant, with the inner current strengthening and the outer current weakening. The net
result was a non-significant trend in the full FC. Trends in the SPWSC, southeast Tasman
WSC, cross-shore wind stress, and alongshore wind stress were found to be non-signifi-
cant, although the SPWSC demonstrates a significant increasing trend over longer
time-periods.

The correlation between decadal variability in the FC and the SPWSC, and the trend in
the outer FC, are consistent with the dynamics of a traditional EBC and suggest that, on
decadal and longer time-scales, a stronger SPWSC may lead to reduced poleward flow in
the FC. The trend in the inner FC opposes that of the outer FC, suggesting that the inner
current may be controlled by different dynamics.

Future work could compare variability in the FC with that in the EAC/EACx as it is
possible that some of the STW transported in the EAC exits the Tasman Sea along the
southwest coast of New Zealand (Ridgway and Dunn 2003). It would also be of interest
to examine where water transported in the FC ends up to highlight areas affected by
changes in the FC. Increased transport in the inner FC could lead to warming and ‘tropi-
calisation’ (i.e. increased proportion of tropical species) (Ling et al. 2009; Shears and
Bowen 2017; Fowler et al. 2018), with Sutton and Bowen (2019) finding SST warming
trends of around 0.16-0.18°C decade™' along the Fiordland Coast, and trends as large
as 0.22°C decade™" around Southern New Zealand. Furthermore, an array of current
meters could be located along the altimeter track to compare in situ observations with
the geostrophic velocities calculated from the altimeter data. This would be useful to vali-
date the altimeter-derived velocities as well as the interpolation and extrapolation methods
used in the present study and, if measurements were also taken at depth, transport in the
FC could be estimated.
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