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Abstract

The meridional variability of the Subtropical Front (STF) and the drivers of variability on interannual time scales in the New

Zealand region are analysed using a multi-decadal eddy-resolving ocean hindcast model, in comparison with Argo data. The

STF marks the water mass boundary between subtropical waters and subantarctic waters, and is defined as the southern-most

location of the 11 degree C isotherm and 34.8 isohaline between 100 m and 500 m. The STF shifts up to 650 km (6 degree)

meridionally on seasonal timescales. In addition to seasonal variability, shifts of around 200 km (2 degree) occur on interannual

time scales. These shifts are connected to local wind stress curl anomalies in the eastern Tasman Sea, which trigger Ekman

convergence/divergence and result in meridional transport of heat and salt into/out of the Tasman Sea. The net transports

across the northern boundary of the Tasman Sea show the largest sensitivity to these wind stress curl anomalies. During periods

of positive wind stress curl anomalies and Ekman convergence, the heat and salt content increases shifting the position of the

STF southward. The opposite tendency occurs during periods of negative wind stress curl anomalies. The migration of the

STF does not appear to be directly linked to regional climate oscillations.
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Key points:  13 

• The location of the Subtropical Front varies on seasonal to decadal time scales with larger 14 

meridional shifts away from shallow bathymetry 15 

• Over the Tasman Sea interannual variability is connected to upper ocean heat and freshwater 16 

content anomalies, driven by oceanic transports 17 

• These anomalous transports are a consequence of local wind stress curl anomalies in the 18 

eastern Tasman Sea 19 

 20 
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Abstract 22 

The meridional variability of the Subtropical Front (STF) and the drivers of variability on interannual 23 

time scales in the New Zealand region are analysed using a multi-decadal eddy-resolving ocean 24 

hindcast model, in comparison with Argo data. The STF marks the water mass boundary between 25 

subtropical waters and subantarctic waters, and is defined as the southern-most location of the 11°C 26 

isotherm and 34.8 isohaline between 100 m and 500 m. The STF shifts up to 650 km (6°) meridionally 27 

on seasonal timescales. In addition to seasonal variability, shifts of around 200 km (2°) occur on 28 

interannual time scales. These shifts are connected to local wind stress curl anomalies in the eastern 29 

Tasman Sea, which trigger Ekman convergence/divergence and result in meridional transport of heat 30 

and salt into/out of the Tasman Sea. The net transports across the northern boundary of the Tasman 31 

Sea show the largest sensitivity to these wind stress curl anomalies. During periods of positive wind 32 

stress curl anomalies and Ekman convergence, the heat and salt content increases shifting the position 33 

of the STF southward. The opposite tendency occurs during periods of negative wind stress curl 34 

anomalies. The migration of the STF does not appear to be directly linked to regional climate 35 

oscillations.  36 

 37 

Plain language summary: 38 

In this paper we investigate how the Subtropical Front around New Zealand varies in space and time. 39 

The Subtropical Front is a water mass boundary between subtropical and subantarctic waters and is a 40 

region of high biological production due to favourable oceanic conditions (e.g. nutrients and 41 

temperature). We observe large seasonal shifts of around 650 km in the open ocean, while reduced 42 

near the coast. During summertime the Subtropical Front is located further south than during winter. 43 

In addition to the seasonal shifts, interannual variability in the order of 200km is observed too. Large 44 

part of this long-term variability can be linked to heat and salinity changes within the Tasman Sea, 45 

mainly driven by changes in local wind pattern in the eastern Tasman Sea. 46 

 47 

1. Introduction 48 

The Subtropical Front (STF) defines the boundary between warm, salty subtropical waters and the 49 

cold, fresh and subantarctic water masses of the Southern Ocean (Deacon 1982; Orsi, Whitworth, and 50 

Nowlin 1995; Belkin and Gordon 1996; Sokolov and Rintoul 2009a). Due to the different water mass 51 

properties of the subtropical water and subantarctic water, large differences across the STF of about 52 

4-5°C in temperature and 1 psu in salinity occur over distances of ~200 km (Deacon 1982; Belkin and 53 

Gordon 1996). In some regions the STF is wider, but still characterised by temperature gradients 54 

>1°C/100 km (Smith et al. 2013). The mean position of the STF is around 40°S (Hamilton 2006), but 55 

large meridional variations of ±10° occur along its path around the Southern Hemisphere, also 56 

depending on the definition of the STF. The mean meridional location of the STF defies oceanographic 57 

theories, which suggest that the position the STF should be located at the latitude of zero wind stress 58 

curl at around 50°S (De Boer et al. 2013). This mismatch between theory and observations has drawn 59 

the attention of several modelling studies to improve our understanding about the position of the STF 60 

globally, and how it may respond to future climate change (Graham et al. 2012; De Boer et al. 2013). 61 

However, these climate change studies have used relatively coarse (1°×1°) ocean models e.g. (Graham 62 

et al. 2012; Meijers 2014), which do not resolve mesoscale processes. 63 



 64 

Figure 1a. Model grid sizes of the NZ20 configuration in km as colour shading. White contour line 65 

shows the 1000m iso-bath. Two sections have been defined to enclose the majority of the Tasman Sea 66 

(red dotted), the Tasman North (TN) and Tasman South (TS) section. The orange dots along the 67 

sections mark the segments which have been used to calculate transports. A meridional section at 68 

165°E (purple dotted line) has been defined to illustrate the temperature and salinity structure over 69 

the water column in the STF region. The Macquarie Ridge (MR), Campbell Plateau (CP), Chatham Rise 70 

(CR), Bounty Through (BT), and Tasman Sea (TAS) have been labelled. (b) Schematic of major ocean 71 



currents in the region: East Australian Current (EAC), East Australian Current Extension (EAC-Ext), 72 

Tasman Front (TF), East Auckland Current (EAUC), Fiordland Current (FC), Southland Current (SC), 73 

Antarctic Circumpolar Current (ACC). The Bass Strait (BS), Cook Strait (CS), East Cape Eddy (ECE), 74 

Wairarapa Eddy (WE) and Rekohu Eddy (RE) have been labelled. The location of the Subtropical Front 75 

(STF) has been indicated by the dashed red line. 76 

 77 

In this paper we compare the position of the STF on seasonal to interannual scales around New 78 

Zealand using Argo hydrographic data and a new high-resolution, eddy-resolving, ocean model for the 79 

New Zealand region and South West (SW) Pacific. This resolution is important as the ocean around 80 

New Zealand, including the STF region, is dominated by mesoscale eddies on various spatial and 81 

temporal scales (Oliver, O'Kane, and Holbrook 2015; Bull et al. 2017; Oke, Pilo, et al. 2019). Thus, high-82 

resolution ocean models, that can fully resolve the mesoscale processes, are critical to understanding 83 

the dominant processes and variability of the STF in this region.  84 

 85 

The paper is organised as follows. Section 1.1 and 1.2 summarise the previous issues with defining the 86 

STF and give an introduction into the regional oceanography of the SW Pacific. Section 2 describes the 87 

models which we use for this study, lays out the STF tracking algorithm and introduces the methods 88 

(e.g. section and regions) to investigate changes in the location of the STF. Section 3 contains the 89 

model validation. Section 4.1 presents the mean location of the STF, and section 4.2/4.3 the 90 

seasonal/interannual variability of the STF. Section 4.4 links the interannual variability of the STF in 91 

the Tasman Sea to meridional transport and local wind stress curl. Section 5 provides a discussion and 92 

conclusion. 93 

 94 

1.1 Definitions of the STF 95 

Previously, the STF has been defined by temperature and salinity criteria and/or their gradient 96 

depending on the specific focus and dataset used in the study (Belkin and Gordon 1996; Graham and 97 

De Boer 2013; Orsi, Whitworth, and Nowlin 1995). Depending on the definition of the STF, this has led 98 

to multiple distinct fronts (e.g. Northern STF and Southern STF) being identified at one longitude in 99 

the SW Pacific (Belkin and Gordon 1996; Burls and Reason 2006; Sutton and Roemmich 2001; 100 

Kostianoy et al. 2004; Hamilton 2006). In regions away from bathymetry, it has been noted that the 101 

STF consists of a band of fronts, which is referred to as Subtropical Frontal Zone (STFZ), where the 102 

Northern and Southern STF mark its boundary. It has also been found that properties along the STF 103 

path evolve and change due to cross-frontal processes and interaction with the bathymetry (Graham 104 

et al. 2012). Unlike the Subantarctic Front (SAF) and Antarctic Polar Front, it is not possible to define 105 

the STF based on sea surface height (SSH) as the STF is density compensated and shows only relative 106 

weak flows in some regions (Sokolov and Rintoul 2002; Smith et al. 2013). A range of dynamical 107 

approaches have been developed to define the STF as the southern boundary between the subtropical 108 

Super Gyre and the Antarctic Circumpolar Current (ACC) (Smythe-Wright et al. 1998; Stramma 1992). 109 

The Super Gyre connects all three subtropical gyres in the Southern Hemisphere (Cai 2006). These 110 

studies aimed to link the STF directly to ocean dynamics, and have led to definitions of a dynamical 111 

STF, associated with the western boundary currents of the subtropical gyres (Graham and De Boer 112 

2013).  113 

 114 

1.2  Regional oceanography around New Zealand 115 



The New Zealand land mass, and associated bathymetry of the continent of Zealandia (Mitchell et al. 116 

2012; Seton et al. 2017) sits at the boundary between the subtropical water in the South Pacific 117 

subtropical gyre, and the subantarctic water in the Southern Ocean (Chiswell et al., 2015). This 118 

complex bathymetry has a strong influence on the position of the STF (Sutton, 2001; Uddstrom and 119 

Oien 1999) and other fronts and currents in this region such as the SAF and ACC (Morris et al., 2001; 120 

Sokolov and Rintoul, 2009; Chiswell et al., 2015). Previous work around New Zealand has used 121 

hydrographic and satellite data to define the position and the properties of the STF (Edwards and 122 

Emery 1982; Jeffrey 1986; Butler et al. 1992; Szymanska and Tomczak 1994; Uddstrom and Oien 1999; 123 

Morris, Stanton, and Neil 2001; Belkin and Cornillon 2003; Hamilton 2006; Smith et al. 2013). Some of 124 

these studies have suffered from distinguishing between local neritic fronts and issues with shallow 125 

bathymetry, placing the position of the STF in a wide range of locations, especially in the Tasman Sea 126 

and south of New Zealand (Belkin and Cornillon 2003; Hamilton 2006; Smith et al. 2013). Local 127 

hydrographic observations have also been used to investigate the fine scale structure and variability 128 

of the STF, both in the Tasman Sea and east of New Zealand (Sutton 2001; Chiswell 2001, 2002; Smith 129 

et al. 2013). They revealed that the STF can be separated into a northern and southern front. Low and 130 

medium resolution modelling studies have previously been used to investigate the response of the 131 

STF to changes in wind stress curl and the complex bottom topography in this region (Tilburg et al. 132 

2002). They found that the STF east of New Zealand is controlled by topography and by westward 133 

propagating surface layer thickness gradients. 134 

 135 

 136 

2. Methods 137 

 138 

2.1 Model description 139 

This modelling study is based on output from two forced ocean - sea-ice models, which use NEMO and 140 

CICE to simulate the ocean circulation and sea-ice physics respectively. A detailed description of the 141 

model setup, known as GO6, can be found in (Storkey et al. 2018). The first model for our study uses 142 

the global ¼° horizontal eORCA grid of ~20 km, hereafter eORCA025. eORCA025 is partially mesoscale 143 

resolving, also known as eddy-permitting. The second model is identical to eORCA025, but has a high-144 

resolution (1/20°) nested region embedded around New Zealand (Figure 1), in which the grid length 145 

is around 4 km, hereafter called NZ20, In this nested region, the model fully resolves mesoscale 146 

processes (and partially resolves sub-mesoscale dynamics). The two-way nesting between the global 147 

and high-resolution domain is accomplished by AGRIF (Debreu, Vouland, and Blayo 2008). The high-148 

resolution domain of NZ20 stretches from 142.8°E to 152°W and 59°S to 22°S, with 1304 and 1004 149 

grid cells in x and y direction. Both models use 75-vertical z-levels in combination with a partial cell 150 

approach (Barnier et al. 2006). Layer thickness varies between 1 m at the surface and 200 m in the 151 

deep ocean. 152 

 153 

In both models a hindcast simulation from 1958-2018 has been performed with atmospheric 154 

reanalysis conditions based on JRA-55-DO v1.3 (Tsujino et al. 2018). The simulations have been started 155 

from rest with temperature and salinity fields based on an EN4 climatology (Good, Martin, and Rayner 156 

2013). A coastal runoff climatology has been applied, and sea surface salinity has been restored to the 157 

EN4 climatology with time scales of 30 days for the 1 m depth surface layer. Due to the cold start of 158 

both simulations, timeseries in this paper are presented from 1980 onward to allow for potential spin-159 



up effects. Model data has been stored as 5 day means over the simulation period, but the bulk of 160 

diagnostics for this paper have been performed using monthly means.  161 

 162 

The model output is compared with the Roemmich-Gilson Argo climatology (Roemmich and Gilson 163 

2009), hereafter referred to as Argo, which provides monthly means for temperature and salinity on 164 

a 1° grid. SSH data of absolute dynamic topography from satellite has also been used, which is based 165 

on a multi-mission altimeter product (Ssalta/Duacs) from Archiving, Validation and Interpretation of 166 

Satellite Oceanography data (hereafter referred to as AVISO). 167 

 168 

2.2 Definition of the STF 169 

In this study we adopted the STF definition of Orsi et al. (1995) with fixed thresholds for temperature 170 

(11°C, STFTEMP) and salinity (34.8 psu, STFSALT) and their southernmost location between 100 m and 500 171 

m to identify the STF. The depth range is a slight variation of Orsi et al. (1995), who used the 172 

temperature and salinity values at 100 m water depth. This variation was motivated by the subsurface 173 

salinity maximum of subtropical waters, which is located deeper than 100 m in some regions due to 174 

changes in the mixed layer depth, resulting in minor regional differences between both approaches. 175 

Overall, using fixed water mass values below the surface reduces the seasonal variability in the STF 176 

(Orsi, Whitworth, and Nowlin 1995). The STF based on temperature and salinity is hereafter STFTEMP 177 

and STFSALT.  178 

 179 

To aid the comparison between data sources with different spatial scales, we apply the most generic 180 

and robust criteria (fixed discrete values) to track the STF. We note that the location of the STF 181 

depends highly on the selected values for temperature and salinity. Warmer and saltier values will 182 

result in a more northerly location of the STF, while cooler and fresher values will yield a more 183 

southward position of the STF. Following previous studies, the sensitivity to our choices has been 184 

tested by considering variations of ±1°C and ±0.2 psu around our selected values to provide a measure 185 

of uncertainty (Orsi, Whitworth, and Nowlin 1995). Results show a meridional shift of between 107 186 

km to 278 km for NZ20 (95 km to 277 km for Argo) per 1°C and 56km to 738 km (1 km to 1420 km) per 187 

0.2 psu over the region from 1980 to present. The regions with the largest shifts are in the open ocean, 188 

with less variation near the coast. 189 

 190 

2.3 Control cross sections and regions 191 

We used two control sections to evaluate modelled temperature, salinity and cross section velocity 192 

and transports. These control sections enclose a large part of the Tasman Sea (Figure 1; Table 1). The 193 

Tasman North section at 28°S, cuts through the East Australian Current (EAC) before the current 194 

bifurcates at ~32°S into an eastward flow along the Tasman Front and southward flow as part of the 195 

EAC Extension (Oliver and Holbrook 2014). This section allows us to quantify volume transports of EAC 196 

and Tasman Front and compare them with previous studies. The Tasman South section at 43°S, runs 197 

from Tasmania to the West Coast of New Zealand and characterises the Tasman Outflow/Tasman 198 

Leakage and the net transport through the Tasman Sea. Both sections enclose the central Tasman Sea 199 

(labelled TAS) and only neglect the small transports through the Cook Strait (0.7 Sv) and Bass Strait 200 

(0.5 Sv). Transports through these shallow passages with water depths less than 300 m and 155 m, 201 

respectively, are considered too minor to affect large scale variability in the central Tasman Sea. The 202 

net transport of heat and freshwater across Tasman North and South sections have been used to 203 

compute heat and freshwater convergence/divergence and compare them to actual modelled 204 



changes, which allows an assessment of the importance of oceanic transports compared to surface 205 

fluxes. To compute freshwater a reference salinity of 34.8 psu has been used. In addition to these 206 

sections a meridional section along 165°E (marked in Figure 1a and 4), has been used to evaluate 207 

temperature and salinity, and to illustrate the location of the STF. Furthermore, two sub-regions in 208 

the Tasman Sea (147°E-173°E, 43°S-31°S and 160°E-173°E, 43°-35°S) have also been used to calculate 209 

area averages and show the temporal variability of SSH, sea surface temperature (SST) and wind stress 210 

curl.  211 

 212 

Name Longitudes Latitudes 

Tasman North (TN) 153.5°E, 156°E, 173°E, 173°E 28°S,28°S, 28°S, 34.4°S 

Tasman South (TS) 148°E, 150°E, 170.5°E 43°S, 43°S, 43°S 

Tasman Sea (TAS) 148°E, 173°E 28°S, 43°S 

165°E 165°E 52°S, 38°S 

Table 1. Geographic coordinates for the defined control cross sections and regions shown in Figure 213 

1. 214 

 215 

3 Model evaluation 216 

 217 

3.1 Mean SSH and SSH variance 218 

Mean SSH fields for AVISO, eORCA025 and NZ20 are shown in Figure 2 a-c to characterise the near 219 

surface circulation around New Zealand and evaluate how the models capture the observations. The 220 

SSH pattern from all sources shows a meridional gradient between subtropical water and subantarctic 221 

water, with higher SSH in the subtropics. Tight contour lines south of 50°S show the influence of the 222 

strong ACC. The higher SSH, compared to the broad zonal mean, along the east coast of Australia 223 

highlights the EAC and its extension, which is the western boundary current of the South Pacific. On 224 

the east coast of the North Island of New Zealand, elevated SSH indicates the East Auckland Current, 225 

also part of the western boundary current, and the permanent East Cape Eddy, Wairarapa Eddy and 226 

Rekohu Eddy (see also Figure 1b). The SSH contours associated with the SAF and ACC are displaced 227 

south by the Campbell Plateau. East of the Campbell Plateau the contours overshoot to the north into 228 

the Bounty Trough, before converging at around a latitude of 52°S. 229 



 230 

Figure 2. (a-c) Time mean SSH from AVISO, eORCA025 and NZ20 in meter for the period from 1993 to 231 

2018. (d-f) SSH variance for AVISO, eORCA025 and NZ20 in cm2. Contour interval is 10 cm in (a-c) and 232 

5cm2 in (d-f). 233 

 234 

Both models show good agreement with the observed SSH pattern. Therefore, we argue that the 235 

models adequately capture the near-surface oceanic circulation. Comparing the contours over the EAC 236 

Extension, Tasman Sea and Tasman Front we see a better match between NZ20 and AVISO than 237 

between eORCA025 and AVISO. In eORCA025 the EAC Extension reaches too far south (seen by the 238 

higher SSH along the Australian coast), implying an overestimated EAC Extension transport and a 239 

weaker zonal flow across the Tasman Sea compared with the AVISO pattern. 240 

 241 

To characterise the oceanic eddy field, we compute the SSH variance (Figure 2 d-f) from five-daily 242 

averages, which provides an indirect measure for eddy kinetic energy. AVISO shows high variability 243 

along the east coast of Australia as part of the EAC and EAC Extension system (Oke, Roughan, et al. 244 

2019). The highest variability is seen south of the EAC bifurcation region, where values reach 10 cm2. 245 

The eddy variability quickly decays with distance away from the coast, with the exception of the 246 

Tasman Front as it flows east, which is made up of a series of semi-permanent eddies caused by the 247 

interaction of the flow with the north-south bathymetry (Oke, Pilo, et al. 2019). eORCA025 248 

underestimates the eddy activity in both regions due to the coarser model mesh compared to NZ20. 249 

Both models, however, capture the variability within the ACC with strong similarities to the observed 250 

pattern of eddy variability. 251 

 252 

3.2 Mean temperature and salinity properties over the Tasman Sea 253 

In the following we compare the mean temperature and salinity profile over the Tasman Sea for both 254 

models against Argo (Figure 3). This diagnostic helps to identify model biases, which influence our STF 255 

detection based on temperature and salinity values. The STF is located south of this region, but model 256 

biases in this region in combination with ocean advection will impact the STF detection and hence the 257 

location of the STF. For example, when negative salinity anomalies, as a consequence of a fresh salinity 258 

bias, are advected by oceanic currents southward then the STF detection would place the STF 259 



erroneously further north. In addition, this region will also be used to evaluate freshwater and heat 260 

content changes, presented in Section 4.4.  261 

 262 

Figure 3: Time averaged temperature (a) and salinity (b) profile over the Tasman Sea are presented as 263 

solid lines for Argo, eORCA025 and NZ20 for the period from 2004 to 2018. The range is shown by the 264 

colour shading.  265 

 266 

The modelled temperature profile for the upper 250 m agrees well with Argo temperature data. Both 267 

the mean temperature and the overall range over the water column is well represented in the models. 268 

However, both models are up to 0.5°C (eORCA025) / 0.2°C (NZ20) too cold in the upper 50 m and 269 

underestimate the upper limit of the range by around 0.7°C. At depth the difference between 270 

eORCA025, NZ20 and Argo temperatures are smaller.  271 

 272 

Both models underestimate the salinity compared with Argo salinity data. Here, eORCA025 is around 273 

0.3 psu too fresh, while the bias in NZ20 is reduced to 0.2 psu. The Argo profiles show a monotonic 274 



freshening with depth, while both models present a local salinity maximum between 70 m and 150 m. 275 

Despite this general fresh bias, the modelled salinity range is generally comparable to Argo. 276 

 277 

3.3 Upper 200 m model biases 278 

In this section we investigate the spatial pattern of the average temperature and salinity biases from 279 

the models compared with Argo data for the surface 200 m (Figure 4). eORCA025 exhibits a large 280 

(>1°C) warm bias along the entire east coast of Australia. This bias can be attributed to the EAC 281 

Extension, which is too stable in eORCA025 carrying too much heat southward, rather than 282 

transporting this heat into the central Tasman Sea. The consequence is a cold bias (~-0.5°C) over most 283 

of the Tasman Sea in eORCA025. The Tasman Front, the EAUC and its continuation along the east coast 284 

of the New Zealand’s North Island and Chatham Rise, are characterised by a positive temperature bias 285 

in the order of about 0.5°C in both models. This warm bias is a consequence of an excessive heat 286 

transport of the Tasman Front in both models. In NZ20 this warm bias around the North Island of New 287 

Zealand is enhanced, and exceeds 0.6°C. However, there is no warm bias in the EAC Extension for 288 

NZ20. In addition, the Tasman Sea has turned from a cold bias in eORCA025 to a slight warm bias in 289 

NZ20, which can be attributed to stronger transport of heat from EAC Extension into the Tasman Sea 290 

in NZ20. The overall temperature bias does not show a clear separation between subtropical and 291 

subantarctic waters as is seen in salinity. 292 

 293 

Figure 4. Upper 200m temperature (a-b) and salt (c-d) bias of eORCA025 (left panels) and NZ20 (right 294 

panels) against Argo over the period from 2004 to 2018. The purple line (165°E) marks the section 295 

used to investigate the impact of model biases on the STF detection (Figure 7).  296 

As shown in Figure 3, both models experience a large-scale fresh bias in the Tasman Sea, which 297 

extends further north into the subtropics. In particular, the eastern Tasman Sea is too fresh (>-0.3 psu) 298 

in eORCA025 (Figure 4c), while the bias is more widely distributed over the Tasman Sea in NZ20. In 299 



contrast to the subtropical region, the subantarctic region, south of 50°S, is characterised by a weak 300 

positive salinity bias in both models.  301 

 302 

As a consequence of the mesoscale eddies in NZ20, the transport of heat in eORCA025 and NZ20 303 

differs, contributing to variations in the biases. The heat transport associated with the EAC is around 304 

15% larger in NZ20 (Table 2). On the other hand, eORCA025 carries around 10% more heat in the EAC 305 

Extension to the south than NZ20, while NZ20 transports 4% more heat to the east in the Tasman 306 

Front. These numbers reflect differing heat pathways between NZ20 and eORCA025. The larger heat 307 

transport of the EAC and Tasman Front in NZ20 compared with eORCA025 contribute to the larger 308 

warm biases around the North Island of New Zealand in NZ20. Despite this enhanced bias in NZ20, the 309 

bias in the STF region is smaller; in particular, the cold bias over the Tasman Sea is reduced, which 310 

leads to a better representation of the STF location in NZ20 (see Section 4.1). This improvement is the 311 

result of larger heat transport into the Tasman Sea in NZ20, when comparing net heat transport across 312 

Tasman North and South sections (see section below). 313 

 314 

3.4 Control sections  315 

The following paragraph describes the model performance along 3 control sections within the high-316 

resolution domain. The first two sections enclose the Tasman Sea (Tasman North and South sections) 317 

and are used to compare the transport of heat and freshwater into the Tasman Sea, which will be later 318 

linked to variability in the STF. The 3rd section, a meridional section at 165°E across the STF where the 319 

biases are largest, is used to illustrate the location of the STF and assess the model performance 320 

against Argo. 321 

3.4.1 Tasman North section  322 

Within the surface 500 m the modelled temperatures show a horizontal gradient, with warmer 323 

temperatures near the Australian coast and colder temperatures near New Zealand (Figure 5). The 324 

upper 100 m between 500 km and 2500 km are about 0.1°C warmer in NZ20 than in eORCA025 (Figure 325 

5g), while the layer down to 250 m is about 0.1°C colder. Below 250 m the temperature difference 326 

between NZ20 and eORCA025 is at a maximum, with temperatures more than 0.5°C warmer in NZ20 327 

near both continental slopes. This warm anomaly in NZ20 can be explained by the 15% heat transport 328 

increase in the EAC compared with eORCA025, carrying more warm water into the Tasman Sea. The 329 

heat transport across the Tasman North and South sections does not compensate for this enhanced 330 

inflow of heat into the Tasman Sea in NZ20 (Table 2). The salinity distribution of both models shows a 331 

similar horizontal temperature gradient, with high salinity near the Australian Coast (Figure 5h). The 332 

salinity minimum of Antarctic Intermediate Water can be seen in both models at around 1000 m 333 

depth. The upper 250 m in NZ20 appear to be fresher than in eORCA025, while the layer between 250 334 

m to 1000 m is saltier (Figure 5h), similar to the temperature, and related to the different transports 335 

of freshwater within the EAC by the different models. 336 



 337 

Figure 5. Time mean modelled temperature, salinity, cross section velocity along the Tasman North 338 

section for eORCA025 (top panels), NZ20 (middle panels) and NZ20 minus eORCA025 (bottom panels) 339 

for the period 1980 to 2018. The section starts at the Australian coast (0km) and ends at the northern 340 

tip of New Zealand (2700km). Black contour shows the 11°C/34.8 psu contour. The dashed line marks 341 

the where the zonal section turns to a meridional section.  342 

 343 

The velocity structure is similar in both models (Figure 5c,f). The EAC occupies the upper 1500 m near 344 

the Australian coast, with velocities exceeding 20 cm/s in this long-term average. Observations have 345 

reported velocities up to 130 cm/s on subinertial time scales (Roughan and Middleton 2004). The 346 

remaining section is mainly characterised by outflow from the Tasman Sea, with a peak near New 347 

Zealand where the Tasman Front leaves the domain. The difference in cross section velocities shows 348 

a stronger EAC and larger outflow from the Tasman Sea until 2100 km in NZ20 (Figure 5j). The 349 

representation of the Tasman Front near New Zealand differs between the models. In eORCA025 it 350 

appears that the Tasman Front has one offshore branch at around 2400 km and a strong boundary 351 

current at the shelf of New Zealand and clear separation between both transport branches. In NZ20 352 

the Tasman Front appears more concentrated towards New Zealand with increasing flows toward the 353 

coast, as suggested by the difference plot. 354 

 355 

Mean transports of volume, heat and freshwater are in the range of observed estimates and other 356 

modelling studies (Table 2). The net volume transport is -6.3 Sv and -6.1 Sv in eORCA025 and NZ20, 357 

respectively; and the net heat transport is calculated to be -0.318 to -0.305 PW (1 PW = 1015 W). Thus, 358 

southward heat transport through the Tasman Sea in eORCA025 is stronger despite NZ20 showing a 359 



larger heat transport in the EAC. These differences suggest that the stronger EAC heat transport in 360 

NZ20 is overcompensated for by the enhanced recirculation east of the EAC and the Tasman Front 361 

back to the Pacific Ocean, which leads to a lower net heat transport in NZ20 compared to eORCA025 362 

through the Tasman North section.  363 

 364 

 Volume [Sv] Heat transport [PW] (1 

PW = 1015 W) 

Freshwater 

transport [Sv] 

Tasman North 

eORCA025 

-6.3  -0.3184 -0.061 

Tasman North NZ20 -6.1 -0.3059 -0.058 

Tasman South 

eORCA025 

-5.8 -0.1964 -0.023 

Tasman South NZ20 -5.7 -0.1731 -0.029 

EAC Observation -25 to -37 Sv (Ridgway 

and Dunn 2003) 

 -22 (Mata et al. 2000) 

-22 (Sloyan et al. 2016) 

  

EAC eORCA025 -19.3 -1.2593 0.145 

EAC NZ20 -19.8 -1.4868 0.197 

Tasman Front 

Observation  

13 Sv (Ridgway and 

Dunn 2003) 

8 (Stanton 2010) 

  

Tasman Front 

eORCA025 

11.3 0.6218 -0.10 

Tasman Front NZ20 9.7 0.644 -0.13 

STG eORCA025 1.6 0.319 -0.09 

STG NZ20  3.9 0.536 -0.11 

EAC Extension 

Observation 

-19 Sv (Ridgway and 

Dunn 2003) 

  

EAC Extension 

eORCA025 

-9.4 -0.3245 -0.051 

EAC Extension NZ20 -8.6 -0.2931 -0.047 

Table 2: Time mean model transports (1980-2018) and observational estimates for Tasman North 365 

section, Tasman South section, East Australian Current (EAC), Tasman Front, subtropical gyre (STG) 366 

and East Australian Extension. 367 

 368 

3.4.2 Tasman South section  369 

The Tasman South section runs in the zonal direction along 43°S across the Tasman Sea. Like the 370 

Tasman North section, a horizontal gradient in temperatures is present within the upper 250 m (Figure 371 

6 a,d). eORCA025 is > 0.5 °C warmer than NZ20 in the EAC Extension region, up to 200 km offshore 372 



(Figure 6g). In contrast NZ20 is about 0.2-0.4 °C warmer in the upper 500 m from 200 km onwards 373 

across the entire Tasman Sea, but colder until 1250 m.  374 

 375 

Figure 6. Time mean modelled temperature, salinity, cross section velocity along the Tasman South 376 

section for eORCA025 (top panels), NZ20 (middle panels) and NZ20 minus eORCA025 (bottom panels) 377 

for the period 1980 to 2018. Black contour shows the 11°C/34.8 psu contour. 378 

 379 

The salinity distribution shows saltier regions on both continental shelves (Figure 6 b,e). The maxima 380 

near New Zealand is attributed to the flow associated with the STF as part of the localised Fiordland 381 

Current along the New Zealand’s west coast of the South Island (Chandler, Bowen, and Smith 2019). 382 

eORCA025 has higher salinity in the EAC Extension, similar to the temperature signal, while salinity is 383 

higher elsewhere in NZ20 (Figure 6h). The negative difference in temperature and salinity within the 384 

EAC Extension can be linked to the overly stable EAC Extension in eORCA025. In NZ20 the EAC 385 

Extension is dominated by eddies, resulting in stronger transport of heat and salt into the interior of 386 

the Tasman Sea, producing a positive difference in temperature and salinity compared to eORCA025. 387 

This difference is also evident in the meridional velocities in both models, where the EAC Extension is 388 

concentrated close to the coast of Tasmania in eORCA025 compared with NZ20. Over most of the 389 

Tasman South section velocities in eORCA025 are uniformly northward, while NZ20 exhibits more 390 

zonal structures, and bands due to meandering currents. At the New Zealand coast, a weak southward 391 

transport can be seen, which is associated with the Fiordland Current flowing south feeding the 392 

Southland Current on the east coast of the New Zealand’s South Island (Figure 6 c,f).  393 

 394 



The imbalance of volume transports between Tasman North and South section varies between 1.5 – 395 

3% relative to the transport across the Tasman North section due evaporation and transports through 396 

Brass and Cook Strait (Table 2). For heat transport it varies between 38 to 43% for eORCA025 and 397 

NZ20, respectively. Despite the lower net heat transports in NZ20 its imbalance is larger and leads to 398 

a reduction of the cold bias compared to eORCA025 over the Tasman Sea. 399 

 400 

3.4.3 165° E section 401 

This meridional section is used as an example to illustrate the location of the STFTEMP and STFSALT in the 402 

Tasman Sea from Argo and both models (Figure 7). This location also allows us to measure the impact 403 

of the model bias, since the salinity bias in this region is large (Figure 4). The time-mean 11°C isotherms 404 

of Argo, eORCA025 and NZ20 are shown in Figure 7a, with the ±1°C range shaded. Over the upper 200 405 

m there is a good agreement between all data sets. The location of the STFTEMP based on the 11°C 406 

isotherm (hexagons) in NZ20 and Argo are nearly a perfect match, while the STFTEMP in eORCA025 is 407 

shifted slightly north, since eORCA025 is slightly colder.  408 

 409 

Figure 7. Meridional section along 165°E through the Tasman Sea. (a) Time mean (2004-2018) 11°C 410 

isotherm shown by the solid lines and ±1°C deviation by the color shading. (b) Time mean (2004-2018) 411 

34.8 psu isohaline shown by the solid lines and ±0.2 psu deviation by the color shading. The hexagons 412 

show the location of the STF according to the isotherms and isohalines. 413 

 414 



The salinity discrepancy between Argo and the models is larger. As seen in the salinity biases (Figure 415 

4a-b), both models show a fresh bias in the subtropical waters over the surface 200 m of the Tasman 416 

Sea. The same behaviour is seen along this meridional section and the 34.8 psu isohaline is shifted 417 

around 4°-5° to the north in both models. Conversely, the vertical structure, and particularly the 418 

presence of a subsurface maxima, is consistent between Argo and both models. Argo and NZ20 show 419 

this subsurface maximum between 100 m and 150 m depth, while it is found around 220 m depth in 420 

eORCA025. This difference causes the STFSALT to be slightly further south in eORCA025 compared with 421 

NZ20. 422 

 423 

The model evaluation has demonstrated that NZ20 performs better in several STF-related diagnostics 424 

than eORCA025 (e.g. reduced model biases in the STF region). The main shortfall of eORCA025 is the 425 

overly stable EAC Extension, which contributes to temperature and salinity biases over the Tasman 426 

Sea and impacts the location of the STF in the model. In the remainder of this paper, we will therefore 427 

only present NZ20 results, which arguably performs better in simulating the STF. 428 

 429 

4 Characterisation of the STF in space and time 430 

In the following section we present the mean modelled STF location over our target region and 431 

compare it against observations. In addition, we also investigate the meridional variability from 432 

seasonal to interannual timescales of the STF and propose potential drivers of STF variability on 433 

interannual time scales. 434 

 435 

4.1. Mean location of the STF 436 

The mean location for the STFTEMP and STFSALT from Argo and NZ20 is shown over our target region in 437 

Figure 8. Since we use fixed temperature and salinity values over the entire domain, the STF detection 438 

around New Zealand comes with some caveats. Horizontal and vertical mixing within the boundary 439 

currents and freshwater input from rivers change the temperature and salinity structure along the 440 

coast. This issue becomes more relevant with increasing model resolution, when the boundary 441 

currents are better resolved. Consequently, the detection algorithm indicates that the STF passes 442 

through Cook Strait, which is an unrealistic consequence of our STF detection technique. Therefore, 443 

we discard the STF locations within 60 km of the New Zealand coast. Despite this limitation, there is 444 

agreement in the mean location of the STFTEMP and STFSALT between Argo and NZ20 and encourages us 445 

to accept this shortcoming for the sake of comparability of the results. 446 

 447 

Figure 8. Time mean STF locations for Argo (a) and NZ20 (b) shown as solid lines for the period from 448 

2004 to 2018. Colour shading in (a-c) shows the range in STF location with small deviation from 449 

temperature (±1 °C) and salinity (±0.2 psu) STF thresholds. 450 



 451 

The STFTEMP (red line and shading in Figure 8a-b) runs south of Tasmania across the Tasman Sea and 452 

south of New Zealand with little change in its latitudinal position. To the east of New Zealand, the 453 

STFTEMP follows the Chatham Rise, then veers southeast by ~ 3-4° degrees in latitude, before veering 454 

northwards again. There is a good agreement between Argo and NZ20 for the location of the 11°C 455 

isotherm and the ±1°C range. Therefore, the location of the STFTEMP is not sensitive to changes in the 456 

temperature values, indicated by a relative narrow band of the ±1° temperature envelope in most 457 

regions of the SW Pacific.  458 

 459 

In Argo the STFSALT is located about the same latitude as STFTEMP over the Tasman Sea until 170°W, east 460 

of New Zealand (Figure 8a). Further to the east the salinity and temperature estimates of the STF 461 

diverge from each other and STFSALT shifts northward, reaching latitudes of about 38°S at 160°W. The 462 

salinity envelope highlights several regions where the STFSALT position is sensitive to the choice of the 463 

reference salinity. Over the Tasman Sea the envelope is around 5° wide. To the east of the New 464 

Zealand the corridor is initially very narrow (2°), but exceeds 15° east of the Chatham Rise at around 465 

160°W. This large range at 160°W is caused by a split in the flow of subtropical waters downstream 466 

from the Chatham Rise, and the subsurface maxima in salinity. A southern branch continues slightly 467 

north of 50°S, while a northern branch follows the 4000m depth contour north, until this contour turns 468 

northwest around 170°W (not shown). The envelope is larger to the south of the mean STFSALT location 469 

(34.8 psu), which reflects a weaker salinity gradient within the subantarctic water than in the 470 

subtropical water. NZ20 is able to simulate the position of STFSALT which is seen in Argo but displays a 471 

northward shift of the STFSALT of up to 4° latitude in some regions (e.g. near Fiordland and east of the 472 

Chatham Rise, Figure 8b). These differences increase to the east, away from bathymetric constraints. 473 

In eORCA025 these differences are larger, due to the larger model salinity biases in these regions (not 474 

shown). 475 

 476 

4.2. Seasonal variability of the STF 477 

In the following section we investigate the seasonal meridional variability using Hovmöller plots 478 

(Figure 9). The seasonal variability for STFTEMP is very coherent between Argo and NZ20 (Figure 9a-b). 479 

Argo and NZ20 both show a more northward location of STFTEMP during austral winter months (July-480 

October) reaching its most northern limit in September, indicated by the positive anomalies during 481 

this period. The southern-most STFTEMP extent occurs during late austral summer, between February 482 

and May. The timing does not vary zonally, since this seasonal variability is dominated by surface 483 

radiative heating. On the other hand, the meridional range does vary zonally with a seasonal range of 484 

up to 4° latitude over the Tasman Sea, around 2° over Chatham Rise, and 6° further to the east in the 485 

South Pacific. 486 



 487 

Figure 9. Seasonal meridional variation of the STF for Argo (left panels) and NZ20 (right panels) over 488 

the period 2004 to 2018. STFTEMP (a, b) and STFSALT (c, d). The zonal range of Australia (AUS), Tasman 489 

Sea (TAS) and Chatham Rise (CR) are shown by the respective labels on the top. 490 

 491 

The Argo climatology for STFSALT shows an overall seasonal range of about 2° over the Tasman Sea 492 

(Figure 9c-d), with a southward maximum during late austral summer (March-April). Over the 493 

Chatham Rise the range is reduced to 0.5°. East of Chatham Rise, in the South Pacific, the seasonal 494 

range increases to 3-4° in latitude until 160°W. NZ20 displays a smaller meridional seasonal range than 495 

Argo climatology, barely exceeding 1°. The model bias, the sea surface salinity restoring, and 496 

differences in the horizontal and vertical resolution between Argo and the model are likely 497 

contributing to this difference. Despite the weaker seasonal cycle in NZ20, both observations and 498 

models show a delay of the summer-time southward migration of 2-3 months near the west coast of 499 

New Zealand due to larger freshwater input during this time of the year from rivers and glacier melt. 500 

In this region, the southward maximum extent of STFSALT occurs during June. This is when river flows 501 

are at their minimum, due to snow accumulation on the Southern Alps (Kerr 2013). East of the 502 

Chatham Rise we also observe a delayed southward STFSALT maximum during late austral autumn in 503 

Argo and in NZ20 (although weaker). The delay increases when moving east. Results from STFTEMP and 504 

STFSALT suggest that the seasonal range is largest in the open ocean and is reduced near regions where 505 

the STF encounters shallow bathymetry. 506 

 507 

4.3. Interannual variability of the STF 508 

On interannual time scales, based on de-seasonalised annual means, we observe meridional shifts of 509 

the STFTEMP and STFSALT of about 2-4° from its mean location in Argo (Figure 10 a,c). The comparison of 510 

the model results to the Argo climatology is hampered by the short length of the Argo observational 511 

record which only starts in 2004. Over the Tasman Sea the Argo climatology shows a southward shift 512 

of the STFTEMP of about 1-2° since 2004, but this is not zonally uniform. A similar tendency is present 513 



in STFSALT in this region, which suggests saltier and warmer subtropical waters flowing into this region, 514 

perhaps as a result of an southward expanding Super-Gyre (Yang et al. 2020). East of New Zealand the 515 

interannual variability is enhanced, and STFTEMP and STFSALT also show an overall southward tendency.  516 

 517 

Figure 10 Interannual meridional variation of the STF for Argo (left panels) and NZ20 (right panels). 518 

over the period 1980 (2004, Argo) to 2018. STFTEMP (a, b) and STFSALT (c, d). The zonal range of Australia 519 

(AUS), Tasman Sea (TAS) and Chatham Rise (CR) are shown by the respective labels on the top. 520 

 521 

NZ20 shows a similar southward tendency for the STFTEMP over this period (from 2004 to present) in 522 

the Tasman Sea, but no southward trend for STFSALT (Figure 10 b,d). Moreover, the longer STF 523 

timeseries from NZ20 suggests considerable variability on timescales of 5-10 years (Figure 10 b,d). For 524 

example, NZ20 simulates a northward shift of STFTEMP and STFSALT from 1994 to 2000 of about 1° over 525 

the entire Tasman Sea with a reversed southward shift from 2000 to 2004 of about -0.75 to -1° in 526 

STFTEMP and STFSALT. Observations along the SR3 hydrographic section, south of Tasmania, also found 527 

a northward shift of the STF during 1996 (Sokolov and Rintoul 2002). These large signals are also visible 528 

east of New Zealand, but with a delay of up to two years. The coherence of these shifts of the STF, 529 

temporally and spatially east and west of New Zealand, suggest basin-wide changes in the subtropical 530 

gyre circulation and the meridional transport and extent of subtropical water, which is investigated in 531 

the next section. The large interannual variability in the model hindcast suggest that caution is 532 

required to identify trends in the relatively short observational records. 533 

 534 

4.4. Upper 500 m Heat and FW content changes 535 

In the following section we investigate the drivers of the meridional shifts of the STF, linking them to 536 

dynamical changes in the transport of heat and freshwater into the Tasman Sea (the enclosed region 537 

of Tasman North and South sections) and changes in the South Pacific subtropical gyre circulation. We 538 

focus on the NZ20 model results, as we cannot directly estimate transports from the observations. 539 

Figure 11a shows the freshwater transport anomalies across both control sections, Tasman North and 540 



South. The timeseries show large interannual variability, exceeding ±0.05 Sv. With a few exceptions, 541 

Tasman North section shows the largest freshwater transport anomalies. The period from 1986 to 542 

1995 is significant, because freshwater transport anomalies of the Tasman North section are large and 543 

persistently southward (with the exception of 1992 and 1993). The opposite is true for the period 544 

1996-1999. A second period with strong southward freshwater anomalies in the Tasman North 545 

transports is the period 2005 to 2011. In comparison, the Tasman South freshwater transport 546 

anomalies are lower and therefore do not compensate for the Tasman North transport anomalies.  547 

 548 

Figure 11. Time series of annual integrated 0 – 500m mean (a) freshwater transport across TN and 549 

TS, (b) estimated freshwater content based on freshwater transports (color shading), true 550 

freshwater content anomaly (FWCA, Sref=34.8) from NZ20 (teal) and Argo (dark blue). The color-551 

coded dots show the meridional anomaly of the STF locations over the Tasman Sea. (c) and (d) the 552 

same diagnostic but for heat transport and heat content anomaly (HCA).  553 

 554 

We estimate the freshwater content anomaly in NZ20 based on the 0 – 500m freshwater transport 555 

anomalies over the Tasman Sea (enclosed region of Tasman North and South), assuming a constant 556 

surface flux. We compare this estimate (color shading) against the true modelled (solid teal line) 0 – 557 

500m freshwater content anomalies in Figure 11b. The estimated freshwater content anomaly can 558 



reproduce most interannual to decadal signals of the modelled freshwater content anomalies, which 559 

indicates that interannual variability of surface fluxes are of minor importance for the overall budget. 560 

Between 1986-1995 the freshwater content anomaly becomes progressively more positive and 561 

reaches a maximum in 1995 of about 1.2×1012m3, before turning negative with a minimum of around 562 

-2×1012m3 in 1999 (note the reversed y-axis). Over the period from 2005 to 2011 the freshwater 563 

content increases constantly until 2011, reaching similar values as in 1995. Over the last few years 564 

(2015-2017) freshwater content was nearly neutral with a positive anomaly in 2018. The Argo 565 

freshwater content anomaly (blue line) shows the same decadal signals, but with a lower freshwater 566 

content over the past few years (2015-2018). Freshwater content anomaly is correlated with the 567 

STFSALT over the Tasman sector, as indicated by color-coded dots in the freshwater content timeseries.  568 

 569 

Similar to the freshwater transports, the Tasman North heat transports are larger than the Tasman 570 

South, which highlights their importance as a driver for variability, and indicates that the Tasman Sea 571 

loses heat to the atmosphere (Figure 11c). We find co-variability between freshwater and heat content 572 

transport. The period from 1990 to 1996 can be identified as period with persistent northward heat 573 

transport anomalies, with the opposite phase from 1997 to 2000, and 2012 to 2016. The remaining 574 

timeseries shows larger year to year variability, compared with the freshwater transports.  575 

 576 

The NZ20 estimated heat content anomalies (color shading Figure 11d), based on the heat transport 577 

in the upper 500 m layer, captures the true modelled heat content anomalies (orange curve). The Argo 578 

timeseries (red curve) is very similar to the modelled heat content changes. We can identify a 579 

persistent cold period from 1990-1998, with mainly northward heat transport anomalies and Tasman 580 

North exceeding Tasman South, causing the heat content in the Tasman Sea to drop. Some of this cold 581 

period can be linked to the eruption of Pinatubo in 1991, which led to a widespread cool. The heat 582 

content anomaly minimum is reached in 1995 with -3×1021 J, but rebounds rapidly to a positive heat 583 

content anomaly with a maximum of around 2×1021 J in 2000. Since 2000 the heat content displays a 584 

negative trend until 2012, when it reversed and displays elevated positive anomalies for the period 585 

2015 and 2016. Some of this negative heat content trend from 2000-2012 might be linked to a 586 

negative Interdecadal Oscillation and positive phase since 2011. For 2017 and 2018 the estimated heat 587 

content has declined to similar values as seen in 1995, with the true modelled heat content (solid 588 

lines) also following this trend.  589 

 590 

The NZ20 model simulations demonstrate that heat and freshwater transports through the northern 591 

boundary of the Tasman Sea co-vary. Furthermore, heat and freshwater content over the region show 592 

similar long-term variability, as does the position of both STFTEMP and STFSALT. This result is consistent 593 

with the hypothesis that warm and saline anomalies are advected into the Tasman Sea, and thereby 594 

act to shift the STF southwards, and conversely cool and fresh anomalies result in a northward shift in 595 

the STF in this region. 596 

 597 

4.5. Local wind-stress curl as driver for variability  598 

Estimated annual heat content anomalies in the upper 500 m display a positive relationship with SST 599 

over most of the SW Pacific; this relationship is most significant over the Tasman Sea (Figure 12a). 600 

Local correlation exceeds 0.6 and extends to the south of the Tasman Sea and Australia towards the 601 

Indian Ocean. Positive correlations are also obtained between the heat content and SSH (Figure 12b). 602 

Large, significant correlations are obtained over the central and eastern Tasman Sea and extend into 603 



the Southern Ocean. This positive correlation over the Tasman Sea is a result of enhanced wind stress 604 

curl and subsequent Ekman convergence (Figure 12c), particularly in the eastern Tasman Sea. 605 

However, correlations in other regions are not significant. 606 

 607 



Figure 12. Correlation between integrated 0 – 500m Tasman Sea heat content proxy and SST (a), SSH 608 

(b) and wind stress curl (c) over the period from 1980 to 2018. Blue boxes mark regions for area 609 

averages for Figure 13. Hashed regions show not significant correlations. 610 

 611 

The area-averaged timeseries of SST, SSH and wind stress curl over the highlighted regions in Figure 612 

12 are shown in Figure 13. SST and SSH anomalies follow the estimated heat content anomalies in the 613 

upper 500m. Wind stress curl (purple bars) exhibits larger variability than SST and SSH, but strong 614 

and/or persistent heat content anomalies can be linked to them. Cold periods are characterised by 615 

negative wind stress curl anomalies, when Ekman divergence causes heat content to decrease, while 616 

warm periods are characterised by positive wind stress curl anomalies, when Ekman convergence 617 

increase the heat content.  618 

 619 

Figure 13. Estimated 0 – 500m Tasman Sea heat content anomaly (HCA) represented by the color 620 

shading. Area averaged SSH (green line, first right y-axis), SST (orange, second right y-axis) and winds 621 

stress curl (purple bars, left y axis). Regions over which the quantities have been averaged are shown 622 

in Figure 12. 623 

 624 

5 Discussion and conclusion 625 

We have demonstrated that the high-resolution (1/20°) two-way nested model (NZ20) captures the 626 

oceanic circulation around New Zealand better than a global ¼° model (eORCA025) which leads to 627 

reduced model biases of temperature and salinity (Figure 4). We further showed that NZ20 is capable 628 

of simulating STF variability on seasonal to interannual timescales in agreement with Argo and other 629 

observations (Figure 10). For example, the reported northward shift of the STFTEMP along the SR3 630 

hydrographic section south of Tasmania in 1996 (Sokolov and Rintoul 2002) is well represented in 631 

NZ20. This result suggests that simulating the boundary current dynamics and mesoscale eddies is 632 

important to capture the temporal variation. Other modelling studies from this region have come to 633 

similar conclusions, with improved performance of models with higher model resolution (Bull et al. 634 

2017; Oliver, O'Kane, and Holbrook 2015; Kiss et al. 2020). 635 

The data from Argo and the NZ20 model show that the STF around New Zealand varies not only on 636 

seasonal time scales, but also on interannual to decadal time scales. However, the seasonal cycle 637 

dominates the meridional shift of the STF, which can reach up to 6° (650 km) in the open ocean as a 638 



result of seasonal atmospheric heating. In terms of STF seasonal variability, our results are consistent 639 

with previous studies, which suggest seasonal shifts between 1-4° in the Southern Ocean (Graham et 640 

al. 2012; Sallée, Speer, and Morrow 2008; Sokolov and Rintoul 2009b; Kim and Orsi 2014). These shifts 641 

in the STF are significantly reduced in regions where the STF encounters bathymetry, such as the 642 

Chatham Rise (Figure 9 and 10). Along the Chatham Rise we observe large transports of adjacent 643 

subtropical and subantarctic water masses, which cause large persistent gradients in water mass 644 

properties. The cause appears to be the focusing effect of bathymetry on currents along the Chatham 645 

Rise to lock the STF to this feature (Sutton 2001). To the east of Chatham Rise the bathymetry drops 646 

and the flow forms eddies and meanders, which increase the variability of the STF and potentially 647 

make the STF more susceptible to external climate forcing and trends (Figure 8). This finding is 648 

consistent with previous studies showing larger variability of fronts in the open ocean compared with 649 

fronts closer to steep topography (Sallée, Speer, and Morrow 2008; Sokolov and Rintoul 2009b, 2007; 650 

Graham et al. 2012; Fernandez, Bowen, and Carter 2014). 651 

 652 

The Argo data show a southward trend of the STF position since 2004 in the Tasman Sea and east of 653 

the Chatham Rise. However, the long hindcast of NZ20 exhibits large meridional shifts of the STF in 654 

these open ocean regions on interannual to decadal time scales and raises the question of how much 655 

of the observed southward STF trend in Argo from 2004 onward, is part of interannual to decadal 656 

variability. The model results indicate that these trends in the position of the STF south of the Tasman 657 

Sea are influenced by heat and freshwater content anomalies in the Tasman Sea. Modulations in the 658 

Tasman Sea heat and freshwater content impact the location of the 11° isotherm and the 34.8 psu 659 

isohaline, which have been used to define the STF, following earlier studies (Orsi, Whitworth, and 660 

Nowlin 1995). Although heat and freshwater content are linked with isotherms and isohalines, the 661 

relationship is indirect, since the STF is located south of the Tasman Sea and changes in isotherms and 662 

isohalines do not necessarily imply heat and freshwater content changes. 663 

 664 

The modelling results suggest that the heat and freshwater anomalies are dominated by oceanic 665 

transport and are a consequence of wind stress curl anomalies in the eastern Tasman Sea, which drive 666 

Ekman convergence or divergence. During phases of positive wind stress curl, the Ekman transport 667 

converges, causing heat content to increase and the STF to move southward. The opposite behaviour 668 

has been found for periods with negative wind stress curl with increased freshwater content, due to 669 

Ekman divergences, shifting the STF northward. The anomalous transports within the EAC and across 670 

the northern boundary of the Tasman Sea are therefore the major driver of the STF shifts, while the 671 

magnitude of transport variability across the southern boundary is much smaller. Since the STF 672 

variability is forced by local drivers, it is imperative that ocean models can capture the local and 673 

regional scales realistically. There is no apparent relationship between the STF variability and large-674 

scale climate drivers such as El Nino Southern Oscillation, Interdecadal Pacific Oscillation and Pacific 675 

Decadal Oscillation. The limited influence of large-scale climate drivers on Tasman Sea variability (e.g. 676 

variability of the EAC and heat content) agrees with earlier studies (Ridgway and Dunn 2007; Behrens, 677 

Fernandez, and Sutton 2019). Further work is required to determine the origin of the local wind stress 678 

curl anomalies, which drive anomalous oceanic transports.  679 

In conclusion we have shown that a high-resolution ocean model is able to capture observed STF 680 

variability in the Tasman Sea and around New Zealand. The STF variability is largest on seasonal time 681 

scales and in regions away from shallow bathymetry. The interannual to decadal STF variability south 682 



of the Tasman Sea is linked to fluctuations of heat and freshwater content within the Tasman Sea as 683 

a consequence of local wind stress curl anomalies and Ekman transport. 684 

 685 

Connecting the meridional shifts of the STF to basin scale changes in heat and freshwater allows for a 686 

more robust understanding of the drivers of variability, such as wind stress curl, on longer time scales. 687 

Furthermore, this improved understanding may provide a new paleo proxy for STF changes, using 688 

paleo SST from the northern Tasman Sea (e.g. from corals or marine sediment cores) to estimate 689 

potential changes in the paleo-STF. A better knowledge of how the STF responds to external drivers is 690 

also vital for gauging future changes in the position of the STF. 691 
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8. Figure and table captions 873 

 874 

Figure 1a. Model grid sizes of the NZ20 configuration in km as colour shading. White contour line 875 

shows the 1000m iso-bath. Two sections have been defined to enclose the majority of the Tasman Sea 876 

(red dotted), the Tasman North (TN) and Tasman South (TS) section. The orange dots along the 877 

sections mark the segments which have been used to calculate transports. A meridional section at 878 

165°E (purple dotted line) has been defined to illustrate the temperature and salinity structure over 879 

the water column in the STF region. The Macquarie Ridge (MR), Campbell Plateau (CP), Chatham Rise 880 

(CR), Bounty Through (BT), and Tasman Sea (TAS) have been labelled. (b) Schematic of major ocean 881 

currents in the region: East Australian Current (EAC), East Australian Current Extension (EAC-Ext), 882 

Tasman Front (TF), East Auckland Current (EAUC), Fiordland Current (FC), Southland Current (SC), 883 

Antarctic Circumpolar Current (ACC). The Bass Strait (BS), Cook Strait (CS), East Cape Eddy (ECE), 884 

Wairarapa Eddy (WE) and Rekohu Eddy (RE) have been labelled. The location of the Subtropical Front 885 

(STF) has been indicated by the dashed red line. 886 

 887 

Figure 2. (a-c) Time mean SSH from AVISO, eORCA025 and NZ20 in meter for the period from 1993 to 888 

2018. (d-f) SSH variance for AVISO, eORCA025 and NZ20 in cm2. Contour interval is 10 cm in (a-c) and 889 

5cm2 in (d-f). 890 

 891 

Figure 3: Time averaged temperature (a) and salinity (b) profile over the Tasman Sea are presented as 892 

solid lines for Argo, eORCA025 and NZ20 for the period from 2004 to 2018. The range is shown by the 893 

colour shading.  894 

 895 

Figure 4. Upper 200m temperature (a-b) and salt (c-d) bias of eORCA025 (left panels) and NZ20 (right 896 

panels) against Argo over the period from 2004 to 2018. The purple line (165°E) marks the section 897 

used to investigate the impact of model biases on the STF detection (Figure 7).  898 

 899 

Figure 5. Time mean modelled temperature, salinity, cross section velocity along the Tasman North 900 

section for eORCA025 (top panels), NZ20 (middle panels) and NZ20 minus eORCA025 (bottom panels) 901 

for the period 1980 to 2018. The section starts at the Australian coast (0km) and ends at the northern 902 

tip of New Zealand (2700km). Black contour shows the 11°C/34.8 psu contour. The dashed line marks 903 

the where the zonal section turns to a meridional section.  904 

 905 

Figure 6. Time mean modelled temperature, salinity, cross section velocity along the Tasman South 906 

section for eORCA025 (top panels), NZ20 (middle panels) and NZ20 minus eORCA025 (bottom panels) 907 

for the period 1980 to 2018. Black contour shows the 11°C/34.8 psu contour. 908 

 909 

Figure 7. Meridional section along 165°E through the Tasman Sea. (a) Time mean (2004-2018) 11°C 910 

isotherm shown by the solid lines and ±1°C deviation by the color shading. (b) Time mean (2004-2018) 911 



34.8 psu isohaline shown by the solid lines and ±0.2 psu deviation by the color shading. The hexagons 912 

show the location of the STF according to the isotherms and isohalines. 913 

 914 

Figure 8. Time mean STF locations for Argo (a) and NZ20 (b) shown as solid lines for the period from 915 

2004 to 2018. Colour shading in (a-c) shows the range in STF location with small deviation from 916 

temperature (±1 °C) and salinity (±0.2 psu) STF thresholds. 917 

 918 

Figure 9. Seasonal meridional variation of the STF for Argo (left panels) and NZ20 (right panels) over 919 

the period 2004 to 2018. STFTEMP (a, b) and STFSALT (c, d). The zonal range of Australia (AUS), Tasman 920 

Sea (TAS) and Chatham Rise (CR) are shown by the respective labels on the top. 921 

 922 

Figure 10 Interannual meridional variation of the STF for Argo (left panels) and NZ20 (right panels). 923 

over the period 1980 (2004, Argo) to 2018. STFTEMP (a, b) and STFSALT (c, d). The zonal range of Australia 924 

(AUS), Tasman Sea (TAS) and Chatham Rise (CR) are shown by the respective labels on the top. 925 

 926 

Figure 11. Time series of annual integrated 0 – 500m mean (a) freshwater transport across TN and 927 

TS, (b) estimated freshwater content based on freshwater transports (color shading), true 928 

freshwater content anomaly (FWCA, Sref=34.8) from NZ20 (teal) and Argo (dark blue). The color-929 

coded dots show the meridional anomaly of the STF locations over the Tasman Sea. (c) and (d) the 930 

same diagnostic but for heat transport and heat content anomaly (HCA).  931 

 932 

Figure 12. Correlation between integrated 0 – 500m Tasman Sea heat content proxy and SST (a), SSH 933 

(b) and wind stress curl (c) over the period from 1980 to 2018. Blue boxes mark regions for area 934 

averages for Figure 13. Hashed regions show not significant correlations. 935 

 936 

Figure 13. Estimated 0 – 500m Tasman Sea heat content anomaly represented by the color shading. 937 

Area averaged SSH (green line, first right y-axis), SST (orange, second right y-axis) and winds stress curl 938 

(purple bars, left y axis). Regions over which the quantities have been averaged are shown in Figure 939 

12. 940 

 941 

Table 1. Geographic coordinates for the defined control cross sections and regions shown in Figure 1. 942 

 943 

Table 2: Time mean model transports (1980-2018) and observational estimates for Tasman North 944 

section, Tasman South section, East Australian Current (EAC), Tasman Front, subtropical gyre (STG) 945 

and East Australian Extension. 946 
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