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Abstract

The location of the Subtropical Front (STF), the boundary between Subtropical and Subantarctic Water in the Southern Ocean

is proposed to be controlled by the strength and location of the Southern Hemisphere westerly winds. We use a hydrodynamic

hindcast model and recent observations to test if changes in the westerly winds can cause meridional shifts in the STF over

interannual to decadal time scales by modulating local Ekman transport. We find that increased, or northward, shifted westerly

winds lead to an enhanced northward Ekman transport over large parts of the Southern Ocean, resulting in a northward shift

in the STF. Conversely for weaker or southward shifted westerly winds. Regions with strong eddy variability, such as western

boundary current systems of the Agulhas and East Australian Current behave differently, as the Sverdrup balance causes an

opposite shift. In these regions an increase in westerly winds lead to a southward shift in the STF. A southward shift of STF

has been observed between 2004-2019. However, the shift is smaller than the latitudinal shifts in the location of the zero wind

stress curl and maximum westerly winds (-0.4° latitude/decade). This discrepancy is due to positive Ekman trends resulting

from the intensification of the westerly winds, which oppose the southward migration. Changes in the Ekman transport and

the overall southward shift of the STF have also resulted in an observed positive trend in chlorophyll-a concentrations south of

the STF, which could have ramifications for the biological pump and carbon uptake in the Southern Ocean.
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Key points:  9 

• Stronger (Weaker) westerly winds shift the location of the Subtropical Front northward 10 

(southward), except in regions of strong currents. 11 

• The observed shift of the Subtropical Front (2004-2019) is smaller than the shift in the westerly 12 

winds, due to increased Ekman transport. 13 

• Satellites show that southward shifts of the STF trigger a positive (negative) chlorophyll-a 14 

response south (north) of the front. 15 

Abstract: 16 

The location of the Subtropical Front (STF), the boundary between Subtropical and Subantarctic Water 17 

in the Southern Ocean is proposed to be controlled by the strength and location of the Southern 18 

Hemisphere westerly winds. We use a hydrodynamic hindcast model and recent observations to test 19 

if changes in the westerly winds can cause meridional shifts in the STF over interannual to decadal 20 

time scales by modulating local Ekman transport. We find that increased, or northward, shifted 21 

westerly winds lead to an enhanced northward Ekman transport over large parts of the Southern 22 

Ocean, resulting in a northward shift in the STF. Conversely for weaker or southward shifted westerly 23 

winds. Regions with strong eddy variability, such as western boundary current systems of the Agulhas 24 

and East Australian Current behave differently, as the Sverdrup balance causes an opposite shift. In 25 

these regions an increase in westerly winds lead to a southward shift in the STF. A southward shift of 26 

STF has been observed between 2004-2019. However, the shift is smaller than the latitudinal shifts in 27 

the location of the zero wind stress curl and maximum westerly winds (-0.4° latitude/decade). This 28 

discrepancy is due to positive Ekman trends resulting from the intensification of the westerly winds, 29 

which oppose the southward migration. Changes in the Ekman transport and the overall southward 30 

shift of the STF have also resulted in an observed positive trend in chlorophyll-a concentrations south 31 

of the STF, which could have ramifications for the biological pump and carbon uptake in the Southern 32 

Ocean.  33 

 34 

Plain English Abstract: 35 

The Subtropical Front (STF) is an important water mass barrier, between warm, salty and nutrient-36 

depleted Subtropical Waters of the subtropical gyre to its north, and cold, fresh, but nutrient-rich 37 

Subantarctic Waters of the Southern Ocean to its south. The position of the STF is thought to be 38 

controlled by the westerly winds. In this study we investigate if the STF shifts with changes in these 39 

westerly winds. Our model experiments show that over large parts of the Southern Ocean, the 40 
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changes in the location of the STF follow changes in the westerly winds, except in regions of strong 41 

oceanic currents. The observations show that between 2004-2019 a small southward trend of the STF 42 

has been detected over most parts of the Southern Ocean as a consequence of southward shift of the 43 

westerly winds due to positive Southern Annular Mode (SAM). However, the shift in the STF has not 44 

been as large as the shift in the winds, as it has been opposed by the strengthening of the westerly 45 

winds. The recent southward shift in the STF has led to an increase in plankton growth south of the 46 

STF due to increased mixing of the Subtropical and Subantarctic Waters.  47 

1. Introduction 48 

The Subtropical Front (STF) marks the water mass boundary between warm, salty but nutrient-49 

depleted Subtropical Water in the subtropical gyre to its north, and cold, fresh, and nutrient-rich 50 

Subantarctic Waters in the Southern Ocean to its south (Belkin 2021; Belkin and Gordon 1996; 51 

Chapman et al. 2020; Deacon 1982; Orsi et al. 1995; Sokolov and Rintoul 2009). As such the STF is 52 

often used as the northern boundary of the Southern Ocean. Due the mixing of these two water 53 

masses the STF is a hotspot for primary production seen by elevated levels of chlorophyll-a (Chiswell 54 

et al. 2013; Pinkerton et al. 2005; Sullivan et al. 1993; Weeks and Shillington 1994), and therefore also 55 

important for carbon sequestration and fisheries.  56 

The location of the STF is proposed to be controlled by the strength and location of the Southern 57 

Hemisphere westerly winds. However, the exact position of the STF is still not fully understood, since 58 

its location does not align with the theory that it should co-locate with the line of zero wind stress curl 59 

(De Boer et al. 2013; Tilburg et al. 2002). This knowledge gap has motivated a range of research and 60 

has led to an alternative definition of the Subtropical Front, the so called Dynamical Subtropical front, 61 

which links the STF to ocean dynamics rather than water mass properties (De Boer et al. 2013; Graham 62 

et al. 2012). Furthermore, recent research suggests that the STF will show a poleward shift as a 63 

consequence of expanding subtropical gyres due to positive Southern Annual Mode (SAM) trends 64 

shifting the southern hemisphere westerly winds south over multi-decadal timescales (Yang et al. 65 

2020). However, equatorward shifts of the STF have also been reported, challenging the potential 66 

drivers of shorter, sub-decadal shifts (Yang et al. 2020). 67 

In this paper we investigate the drivers of STF variability on interannual to decadal timescales using a 68 

combination of Argo, satellite, and hindcast datasets. Here we define  the STF by the 11°-isotherm at 69 

100m depth following Orsi et al. (1995). In particular we test if changes in STF location can be 70 

attributed to local changes in the Ekman transport, as a consequence of changes in the westerly winds 71 

(meridional shift, or changes in the strength of the winds, Figure 1). 72 

In theory an increase in surface (zonal) winds would result in a stronger local Ekman transport (Figure 73 

1b), which carries more cold Subantarctic Waters northward and would trigger a northward shift of 74 

the STF. The negative sea surface temperature (SST) anomalies would cause a positive heat flux 75 

anomaly (into the ocean) trying to compensate for the advection of cold water northward. Associated 76 

changes in the wind stress curl increase the Ekman pumping north of the STF and results in steeper 77 

isotherms, but may not necessarily generate a shift in the STF at 100m depth. Furthermore, these 78 

negative SST anomalies would lead to negative chlorophyll-a (Chl-a) anomalies in Subantarctic Waters 79 

(temperature response) and an increase in Subtropical Waters (nutrient response), relative to the 80 

mean location of the STF. This concept follows previous work in the Southern Ocean (Lovenduski 81 

2005), but has been applied to the STF in this paper.  82 

In the case of southward shifting winds (Figure 1c) local Ekman transport declines, which initiates a 83 

southward shift of the STF. Consequently, that leads to negative heat flux anomalies (out of the ocean) 84 



and an increase in Chl-a concentration to the south of the STF and a decline to its north. However, a 85 

reduction in Ekman pumping north of the STF shoals the isotherms, however, again it may not impact 86 

the location of the STF at 100m water depth. 87 

In this paper we use hydrodynamic hindcast and idealized simulations with individual changes to the 88 

wind forcing using the NZ20 model (Behrens et al., 2021) in combination with in-situ and remote 89 

sensing observation data from 2004-2019 to test these conceptual models (Figure 1).  90 

The paper is organised as follows: Section 2 introduces the data sources and methods. Section 3.1 91 

summaries the results from sensitivity simulations where surface winds have been deliberately 92 

altered. Section 3.2 highlights where Ekman transports can be used to explain interannual variability 93 

of the STF in the Southern Ocean between 2004-2019 and section 3.3 provide insights into long-term 94 

trends. Section 4 provides a conclusion.  95 



 96 

Figure 1: This Schematic shows how changes in surface winds would alter the location of the STF. (a) 97 

for the CONTROL, (b) for a southward shift of the westerly winds and (c) for an increase in westerly 98 

winds in relation to CONTROL. The blue lines mark the 11°-isotherm and the red dots showing the 99 

location of the STF at 100 m depth (as defined by Orsi et al. (1995)). In b) and c) the grey dotted lines, 100 

grey dots, and grey circles are the 11° C isotherm, STF location and winds from the CONTROL case. In 101 

(b) a southward shift of the winds leads to negative Ekman transport anomalies, and a southward shift 102 

of the STF accompanied by positive temperature anomalies. These temperature anomalies trigger 103 

positive heat flux anomalies (HFLX, from the ocean to the atmosphere) and cause a decline of Chl-a 104 



north of the STFCONTROL and an increase to its south. However, reduced Ekman pumping shoals the 105 

isotherms, but may not impact the location of the STF. (c) An increase in the strength of the westerly 106 

winds leads to positive Ekman transport anomalies, and a southward shift of the STF accompanied by 107 

negative temperature anomalies and negative heat flux anomalies (from the atmosphere into the 108 

ocean). The negative SST anomalies results in negative Chl-a anomalies south of the STFCONTROL and 109 

positive anomalies to the north. An increase in Ekman pumping results in a steepening of the 110 

isotherms, but may not shift the STF. 111 

2. Methods 112 

2.1 Model simulation  113 

This study uses data from a high-resolution (1/20°) nested ocean - sea-ice hindcast (Behrens et al. 114 

2021). Ocean physics are simulated by NEMO 3.6 (Madec et al. 2017), while CICE version 5.2.1 (Hunke 115 

and Lipscomb 2010) has been used for sea-ice. The base for the nested model is a global eddy 116 

permitting configuration, with a nominal resolution of ¼° degree, which is known as GO6, and details 117 

of this configuration for this global setup can be found in Storkey et al. (2018). The nested region spans 118 

the ocean around New Zealand from 142.8°E to 152°W and 59°S to 22°S with a grid spacing of about 119 

4km to fully resolve mesoscale processes (and to partially resolve sub-mesoscale dynamics). This 120 

nested model setup has been used in a related study to investigate, past variability of the STF around 121 

New Zealand (Behrens et al. 2021) and demonstrated a better performance than the global 122 

configuration without a nested region. The nesting has been facilitated by a two-way nesting scheme 123 

based on AGRIF (Debreu et al. 2008). The vertical dimension is discretized by 75-vertical z-levels, with 124 

a 1 m thick surface layer which increases to about 200 m in the deep ocean. The model uses a non-125 

linear free surface and a partial cell approach to improve bottom flows (Barnier et al. 2006). This model 126 

simulates boundary current transports (supplementary material, Table 1) and the STF (Belkin 2021) in 127 

good agreement to observations. 128 

In this nested setup a 62-year long model hindcast, from 1958 to 2019 has been conducted, using 129 

JRA55-DO v1.5 (Tsujino et al. 2018) atmospheric boundary conditions, hereafter CONTROL. The 130 

simulation has been started from rest with temperature and salinity fields based on the EN4 131 

climatology (Good et al. 2013). A coastal runoff climatology has been applied, and sea surface salinity 132 

has been restored to the EN4 climatology with time scales of 30 days for the 1 m thick surface layer. 133 

In addition to the CONTROL, two sensitivity simulations have been conducted where changes to the 134 

surface winds, between 70°S to 25°S, have been applied. These simulations cover the period from 135 

2000-2019 to test how changes in the surface winds impact the location of the STF. It is assumed that 136 

a period of 20 years is sufficient to detect a robust response in these sensitivity simulations in 137 

comparison to CONTROL.  138 

In the first simulation the winds (zonal and meridional) are shifted south by 1-degree latitude per 139 

decade, hereafter SHIFT. Applying the anomalies to zonal and meridional winds, reduces the distortion 140 

of storms, which can otherwise result in artificial wind-stress curl anomalies (Frankcombe et al. 2013). 141 

In the second simulation an increase in zonal and meridional winds, hereafter INCREASE, of 1% per 142 

year has been applied, which reflects an increase of wind speeds by 20% at the end of 2019. Applying 143 

trends instead of step changes to winds, as done in previous studies (Frankcombe et al. 2013; Spence 144 

et al. 2010; Spence et al. 2014), was motivated to avoid initial shocks and to reduce the likelihood of 145 

spurious deep convection in the Southern Ocean (Behrens et al. 2016), which could also influence the 146 

STF response to these wind perturbations. The JRA55-DO v1.5 winds show over the period 2000-2019 147 

in CONTROL an increasing trend in zonal winds between 0 to 0.6% per year, which varies by latitude 148 

(supplementary material, Figure S1). Over this period the location of the maximum of the zonal winds 149 



also shows a southward trend of 0.4 degrees latitude per decade. These JRA55-DO values are in-line 150 

with previous estimates (see Swart and Fyfe 2012). The imposed trends in the experiments SHIFT and 151 

INCREASE are larger than the observed trends between 2000 and 2019 and intended to simulate the 152 

general response to shifted or increased winds. However, there are some possible issues with forced 153 

models as the unavoidable thermal restoring (due to unchanged air temperatures) might limit the STF 154 

response to artificial wind changes. 155 

2.2 Additional data sources and metrics 156 

The Roemmich-Gilson Argo climatology (Roemmich and Gilson 2009), hereafter referred to as Argo, 157 

has been used for the comparison to model temperatures and model STF location. Furthermore, Chl-158 

a from MODIS satellite (Sathyendranath et al. 2019) mission has been used to link Chl-a anomalies to 159 

meridional shifts in the location of the STF. The monthly mean MODIS satellite data was linearly 160 

interpolated onto a regular 1°×1° grid to allow for a direct comparison to the Argo results, which are 161 

also provided on a regular 1°×1° grid. 162 

We apply the Orsi et al. (1995) definition to locate the STF, which uses the 11°C isotherm at 100m 163 

depth. By using temperatures at 100m depth to define the STF instead of using SSTs the seasonal 164 

variability is reduced (Orsi et al. 1995). Furthermore, temperature anomalies over the top 100m have 165 

been calculated to link them to Ekman transports and to meridional shifts of the STF. Using the top 166 

100m averaged temperature was motivated by Ekman depths of about 75m - 100m at this latitude 167 

(Lenn and Chereskin 2009; Wang and Huang 2004), and the STF defined as the 11°C isotherm at 100m. 168 

This choice also reduces the impact of the SST ‘restoring’ of ocean-only models. All data sources 169 

(model and observational data) are available as monthly means, but were annually averaged to 170 

investigate interannual variability between years. 171 

For the two wind perturbation sensitivity simulations, we have evaluated meridional shifts of the STF, 172 

Ekman transports, surface heat fluxes and Ekman pumping over the entire Southern Ocean. We focus 173 

on the data over the last 5 years of the simulation (2015-2019) relative to the CONTROL simulation to 174 

detect forcing related changes over intrinsic variability. 175 

To test the STF response, following Figure 1, anomalies for the top 100m temperatures, surface heat 176 

fluxes, Ekman transports, Ekman pumping, mixed layer depths (MLD), potential vorticity and 177 

meridional 100m temperature gradient have been computed over a latitudinal range of ±2.5° latitude 178 

over the mean STF location (2004-2019, hereafter STFCONTROL). MLDs have been identified as depths 179 

where the potential density difference exceeds 0.01 kg/m3 compared to the surface layer. Potential 180 

vorticity has been calculated using the local Coriolis parameter divided by the local water depth. Chl-181 

a anomalies have been computed for a 5° latitude band south of the mean STF location. In addition, 182 

we have zonally averaged all data sources in 5° longitude bands.  183 

3. Results and discussion  184 

3.1. Wind sensitivity simulations 185 

Both SHIFT and INCREASE simulations show changes in the location of the STF of ±2° in latitude over 186 

the last 5 years (2015-2019) in comparison to CONTROL (Figure 2a-b). In INCREASE (blue lines) the 187 

displacement of the STF is predominantly northward, in agreement with Figure 1. In SHIFT, the STF 188 

migrates predominantly southward, but considerably less than expected compared to the applied 2° 189 

degree shifted winds by the end of 2019. In both sensitivity simulations the STF response is not-190 

uniform with longitude (Figure 2b). Furthermore, the magnitude of meridional displacement in either 191 

INCREASE or SHIFT simulations is not linked to changes in ocean bathymetry (black line here 192 



represented by potential vorticity). This differentiates the surface intensified STF from other fronts in 193 

the Southern Ocean, which are directly influenced by bottom topography due to their barotropic 194 

nature (Thompson and Sallée 2012). The regions where the sign of the STF anomaly aligns with the 195 

sign of the Ekman anomaly (Figure 1) are represented by the horizontal bars at the top of Figure 2b. 196 

In SHIFT the STF response follows the proposed Ekman transport (red horizontal bar in Figure 2b) over 197 

parts of the Agulhas region, the central Indian Ocean, south of Australia to 160°E, over small parts of 198 

the central Pacific Ocean (~130°W), the eastern Pacific Ocean and east of the Malvinas Current. In 199 

INCREASE, similar regions to SHIFT show an agreement between the STF response and the Ekman 200 

transport (blue horizontal bar), but not for the western boundary currents. The different behavior for 201 

the boundary currents can explained by the Sverdrup balance, with an increase in basin-wide wind 202 

stress curl in INCREASE (Figure S4c). That leads to an increase in the strength of the western boundary 203 

currents, which shifts the STF southward in these regions, against the local enhanced northward 204 

Ekman forcing (Figure S2c). In SHIFT the impact on western boundary currents and open ocean is the 205 

same and both tend to shift south. 206 

The surface heat flux anomalies (Figure 2c) over the STFCONTROL co-vary in most regions with the sign 207 

and magnitude of the STF displacement from Figure 2b in SHIFT (red horizontal bar). In INCREASE, 208 

exceptions occur in regions of high mesoscale activity, illustrated by sea surface height variance (black 209 

line in Figure 2c). Regions of high mesoscale activity are between 60°-70°E, part of the Agulhas Return 210 

Current, around 100°E where a branch of the Super Gyre crosses the STF, around 150°E where the 211 

East Australian Current Extension overshoots, around 180° where the STF detaches from the Chatham 212 

Rise, around 110°W in middle of the Pacific Ocean and at 30°W within the Malvinas Current. These 213 

regions of alignment with Figure 1 overlap with regions identified in Figure 2b.  214 

The sign of the induced Ekman transport anomalies aligns with Figure 1 (horizontal bars in Figure 2d 215 

and see Figure S2), while the magnitude varies zonally due to the actual strength of the zonal winds 216 

and the pathway of the STF. The magnitude of the Ekman transport anomalies does not correlate with 217 

the magnitude of meridional STF shift, locally. Nevertheless, the overall Ekman transport anomaly in 218 

INCREASE is larger in comparison to SHIFT and consequently a larger STF displacement is seen in 219 

INCREASE compared to SHIFT. Furthermore, the largest Ekman transport anomalies are located over 220 

the Indian Ocean in INCREASE and SHIFT, which is also the ocean basin showing the largest meridional 221 

STF shift. In addition, this is also the region with the deepest MLDs for the STF of about 130m (black 222 

curve). MLDs of about 100m or deeper would allow that surface heat flux anomalies and heat 223 

advection to directly influence the location of the STF, while shallower MLDs would prevent this direct 224 

impact. MLDs over the central Pacific and eastern Pacific Ocean are only 60m deep, which may explain 225 

the smaller STF changes in the Pacific Ocean. This would suggest that surface heat fluxes and heat 226 

advection alone cannot penetrate deep enough to impact the STF directly, and potentially limit the 227 

STF response in these regions. 228 

The Ekman pumping response aligns with Figure 1 for INCREASE for most longitudes, but less so for 229 

SHIFT (Figure 2e, see also Figures S4-S5). Reasons for the discrepancy in SHIFT might be due to an 230 

overall smaller applied perturbation in SHIFT, compared to INCREASE, which might not be large 231 

enough to overcome the intrinsic variability. The meridional temperature gradient (black line) is 232 

elevated in regions with higher mesoscale variability and restricts the meridional shift of the STF. A 233 

smaller meridional temperature gradient would allow for a larger meridional displacement of the STF 234 

with the same perturbation. 235 

Overall, these sensitivity tests suggest a link between STF displacement and local Ekman transport in 236 

regions away from energetic western boundary currents. While the direction of displacement follows 237 

the sign of the Ekman transport anomalies, the local magnitude of STF displacement cannot be directly 238 



attributed to the magnitude of Ekman transport anomaly. Here, the local oceanographic conditions, 239 

such as horizontal temperature gradient and presence of oceanic currents also impact the magnitude 240 

of the displacement. The applied wind anomalies are stronger than the observed natural trends and 241 

therefore the initiated response might be stronger than in the real world. Nevertheless, the actual 242 

modelled STF response to these wind anomalies was weaker than expected due to the dampening 243 

effect of the thermal restoring, by prescribing the same SSTs across all simulations. We have defined 244 

the STF by the 11°C isotherm at 100m depths (Orsi et al., 1995), which reduces the impact of the 245 

thermal restoring. However future studies could use fully coupled models to evaluate the STF 246 

response to these wind changes to eliminate this shortcoming.  247 

 248 

Figure 2: 2015-2019 anomalies for INCREASE and SHIFT relative to CONTROL: (a) STF location, (b) STF 249 

location anomaly and potential vorticity (f/h) from CONTROL, (c) surface heat flux anomaly and mean 250 

sea surface height (SSH) variance from CONTROL, (d) Ekman transport anomaly and mean mixed layer 251 

depth (MLD) from CONTROL, (e) Ekman pumping anomaly and meridional 100m temperature gradient 252 

from CONTROL. The anomalies are computed over the mean path (±2.5° latitude) of the STFCONTROL. 253 

The straight coloured bars at the top indicate where the sign of anomalies align with the Figure 1 254 

schematic. Results in (b)-(e) have been binned to 5° longitude bins. 255 

3.2. Drivers of interannual observed variability of the STF  256 

In this section we test if and where this above-described physical conceptual model can be applied to 257 

understand the observed interannual variability of the STF between 2004-2019 using temperature 258 

from Argo floats (Argo data only available from 2004 onwards), and the biological response through 259 



satellite observed Chl-a anomalies. In doing so we aim to identify regions where Ekman transport can 260 

explain past STF variability, and regions where other drivers are at play. 261 

The observed top 100m temperature anomalies from Argo show interannual variations in the order 262 

of ± 0.8°C and an overall positive trend over the period 2004 to 2019 (Figure 2a and see section 3.3). 263 

The modelled top 100m temperature anomalies align with the observed anomalies (Figure 2b) in time, 264 

space and magnitude for most regions. This good match suggests a good performance of NZ20 to 265 

simulate past STF variability. The exception is large fluctuations on spatial and interannual scales 266 

between 0 and 60°E, which is the region impacted by the Agulhas Retroflection and Return Current.  267 

In particular, the larger modelled temperature anomalies (<-0.5°C, >0.5°C) co-align with the sign of 268 

the model Ekman transport anomalies (non-hatched anomalies in Figure 2b and 2c) as expected from 269 

Figure 1. In addition, the magnitude of the Ekman transport anomalies appears to be reflected in the 270 

magnitude of the temperature anomalies. The top 100m temperature anomalies consequently 271 

generate a very similar pattern in the meridional displacement of the STF (Figure 2d-e) in Argo and in 272 

the model. The modelled surface heat fluxes over the STF (Figure 3f) exhibit more variability in space 273 

and time than the Ekman transports (Figure 3c). This suggests that the observed heat fluxes are not 274 

entirely driven by Ekman transports alone as they are in both sensitivity simulations SHIFT and 275 

INCREASE. In the real-world wind changes also influence surface air temperature anomalies via 276 

advection and impact heat flux anomalies. Despite the larger variability, the sign of surface heat flux 277 

anomalies and modelled STF displacement aligns with what is expected in Figure 1 in many regions, 278 

as shown in Figure 3e,f by the non-hatched anomalies. 279 

Now we assess the biological response in relation to shifts of the STF, by analyzing Chl-a anomalies up 280 

to 5° south of the mean location of the STF (Figure 2g). For most longitudes there is a positive Chl-a 281 

trend, which corresponds to the positive temperature trend (Figure 2a and section 3.3) and an overall 282 

southward shift of the STF (Figure 2d) between 2004-2019. The sign of Chl-a and STF anomalies on 283 

shorter, interannual timescales aligns in many cases with the concept in Figure 1 (non-hatched 284 

anomalies in Figure 2d,g). This is particularly true for strong (<-0.5 or >0.5 mg/m3) Chl-a anomalies. 285 

To assess the overall robustness of the concept in Figure 1 a simple counting of anomalies which follow 286 

the concepts in Figure 1 has been performed over the Southern Ocean for the observed and modelled 287 

data between 2004 and 2019 (Figure 2g). The small sample size (16 annual values from 2004 to 2019) 288 

restricted more sophisticated methods to be deployed to measure its robustness. Neither, a Pearson 289 

nor a Spearman correlation produced significant (>95% significant level) relationships for any of the 290 

parameters. Nevertheless, the counting suggest that the concepts of Figure 1 apply between 60-80% 291 

of the time over large parts of the Southern Ocean. Regions where the physical concept follows the 292 

concept in Figure 1 (likelihood ≥ 50% for both physical criteria) are shown by the blue horizonal bar 293 

and account for about 75% of the ocean. Regions where the physical concept fails align with regions 294 

identified in Figure 2c (black line), where mesoscale eddy variability is elevated, for example at around 295 

60°E and 120°E where the STF interacts with the Agulhas Return Current and the southern boundary 296 

of the Super Gyre, respectively. The Syper Gyre is the combination of the three subtropical gyres in 297 

the Southern Hemisphere, diagnosed by the zero line of the barotropic streamfunction, which 298 

spearates the subtropics from the Antarctic Circumpolar Current. 299 

If we include Chl-a in the assessment criteria with the physical criteria (orange bars, likelihood ≥ 50% 300 

for all three criteria), the concept still applies to about 50% of the ocean. We acknowledge that the 301 

50% cut-off threshold is an arbitrary choice to prove that the concept applies since an independent 302 

normal distributed process should center around 50%. Nevertheless, since these processes are 303 

biophysically linked, the probability that they randomly co-occur are unlikely. The geographical 304 



coherence of this agreement and disagreement provides further evidence that the concept applies in 305 

many regions. This concept fails in regions where the STF interacts with strong western boundary 306 

currents and subsequent elevated eddy activity. 307 

 308 

Figure 3. (a) Top 100m Argo temperature anomaly relative to the period 2004-2019 (b) Same as (a) 309 

but for NZ20. (c) NZ20 Ekman transport anomaly. Hatching in (b) and (c) indicates where the sign of 310 

top 100m temperature and Ekman transport anomalies does not align with the concept in Figure 1. 311 

(d) Argo meridional STF location anomaly in ° latitude. (e) same as (d) but for NZ20. (f) surface heat 312 

flux anomalies from NZ20 where positive anomalies indicate a heat flux into the ocean. Hatching in 313 

(e) and (f) indicates where the sign of STF location and surface heat fluxes anomalies does not align 314 

with the concept in Figure 1. (g) MODIS chlorophyll-a anomaly. Hatching in d) and (g) indicates where 315 

the sign of chlorophyll-a and Argo STF anomalies does not align with the concept in Figure 1. (h) How 316 

often anomalies align between Ekman transport versus top 100m temperature in NZ20 (black), heat 317 

flux anomalies versus STF anomalies from NZ20 (red) and Argo STF anomalies and Chl-a anomalies 318 



(green) with the concept from Figure 1. Blue (orange) bar indicates where the black and red (and 319 

green) line shows at least an agreement of ≥ 50% over time. All anomalies (a) - (f) are extracted over 320 

the mean STF location (±2.5° latitude band, 2004-2019). Chl-a anomalies are extract between the 321 

mean Argo STF location and 5° south of it. Observations and model results have been binned to 5° 322 

longitude bins. 323 

3.3. Observed trends in STF location from Argo SST and Chl-a between 2004 to 2019 324 

Based on the concept outlined above, a southward shift of the westerly winds would promote a 325 

southward shift of the STF, while stronger westerly winds will increase the northward Ekman transport 326 

and initiate a northward shift of the STF (see Figure 1 and section 3.1). The consequence of these 327 

factors combined could be that the STF does not shift if both factors balance each other. 328 

The Argo STF trends are mostly small (<0.25° latitude per decade, black line in Figure 4a), but show a 329 

predominantly southward directed trend following the southward shifted westerly winds. Larger 330 

southwards trends (>0.5° latitude per decade) are seen between 70°E to 105°E, 130°E-160°W and 331 

between 180 and 160°E. The southward shift of the STF goes along with positive Chl-a trends south of 332 

the mean location of the Argo STF (green line), as expected with the concept proposed in Figure 1 (red 333 

bar in Figure 4a). Nevertheless, the actual Argo STF trends are smaller than the expected STF trend, 334 

based on the changes in the position of the zero wind stress curl (Qu et al. 2018) and the location of 335 

the maximum westerly winds (Figure S1d), which both show a southward trend of ~0.4° 336 

latitude/decade. We argue that this mis-match, between expected and actual STF trends, is related to 337 

changes in local winds (i.e. zonal wind, blue line) and the consequential Ekman forcing. In regions 338 

where the zonal wind trend is positive over the STF, the observed STF trend is smaller than the 339 

expected STF trend (-0.4° latitude/decade) and conversely for negative zonal wind trends. Regions 340 

which follow this concept are shown by the purple bar in Figure 4a and align with regions of alignment 341 

identified in the previous sections. Exceptions from the concept again match with regions of elevated 342 

eddy variability, where the STF encounters currents.  343 

 344 

Figure 4. (a) Trends in the meridional location of the STF based on Argo SST data from 2004-2019 345 

(black line) and trends in Chl-a concentrations (green line). Zonal wind trends are extracted over the 346 

mean location of the STF (±2.5° latitude band, 2004-2019), while the Chl-a trends are the average Chl-347 

a anomaly over a 5° latitude band south of the mean STF location. The red bar at the top indicates 348 

regions where the STF trend and Chl-a trend have the opposite sign. The purple bar indicates regions 349 

where zonal wind trends can explain the observed STF trend in relation to the expected STF trend (-350 

0.4° latitude/decade, indicate by the grey dashed line). (b) Zonal wind trend from JRA-55-DO from 351 

2004-2019 is shown by the color shading and Argo mean STF location by the black line. The blue line 352 

in 4a is based on this trend over the STF. 353 



The observed southward trend of the STF goes in hand with a poleward habitat expansion of 354 

subtropical species (Law et al. 2017; Shears and Bowen 2017) and is related to the observed poleward 355 

expansion of the subtropical gyres (Yang et al. 2020). In this context accelerated warming over the 356 

western boundary currents has been observed (Wu et al. 2012) and had cascading effects on the 357 

marine ecosystems via marine heatwaves (Smale et al. 2019). Our results together with others (e.g. 358 

Del Castillo et al. (2019), Carranza and Gille (2015); Montie et al. (2020)) suggest an increase in 359 

biological productivity in the Southern Ocean over the past decades, based on increasing Chl-a 360 

concentrations and a positive link to temperature. This increase has implications for the foodweb, and 361 

the fisheries of the STF. However, how these Chl-a trends will impact fish, fisheries, and the biological 362 

carbon pump is complex and not well understood. Nevertheless, future climate projections suggest 363 

that southernmost western boundary currents will further intensify (Qu et al. 2019; Sen Gupta et al. 364 

2021), subtropical gyres will continue to expand poleward (Yang et al. 2020) and marine heatwaves 365 

will become more intense and frequent and impact the STF (Behrens et al. 2022; Oliver et al. 2019). 366 

More research is needed to robustly quantify the impacts of these physical changes on the biology 367 

and the ecosystems associated with the STF. 368 

4. Conclusions 369 

This paper explores how changes in surface winds can alter the location of the STF. We have tested 370 

how a southerly shift, or an increase of the westerly winds over the Southern Ocean can impact the 371 

meridional location of the STF. We tested if and where Ekman dynamics can be applied to explain the 372 

meridional shift in the STF and in which regions other drivers control the response. 373 

In two sensitivity simulations a trend pattern to surface winds was applied over a 20-year period to 374 

investigate the transient response to these wind anomalies. The results from the sensitivity 375 

simulations and analyses of the past observed STF variability over the last 20 years have demonstrated 376 

that STF shifts, away from ocean currents, can be explained in the first-instance by changes in the 377 

Ekman transports as a consequence of the zonal wind stress anomalies over the STF (±2.5° longitude). 378 

Stronger westerly winds increase the northward Ekman transport and cause the STF to shift 379 

northward. Southward shifted winds, which results in locally reduced westerly winds reduces the 380 

Ekman transport and the STF shifts southward. However, the actual magnitude of the meridional 381 

displacement depends strongly on the local conditions (e.g., oceanic currents, stratification, and 382 

meridional temperature gradient). Nevertheless, regions where Ekman transport anomalies are 383 

largest tend to show the larger meridional displacements. The STF does not follow the Ekman response 384 

in regions where it interacts with ocean boundary currents. In these boundary current regions the STF 385 

is dominated by the Sverdrup balance and increases in westerly winds push the STF southward despite 386 

positive Ekman anomalies, as the strength of the boundary currents increases and offsets the Ekman 387 

forces. Other exceptions are regions where mesoscale eddy activity is high. In these regions the STF 388 

does not show robust links with Ekman transport anomalies. 389 

Over the period 2004-2019 the observed southward trend of the STF is less than the expected 390 

southward trend in most regions, based on the overall southward shift of the zero wind stress curl and 391 

maximum in zonal winds, which both show a southward trend of 0.4° latitude per decade. We argue 392 

that the discrepancy between expected and actual shift of the STF can be explained by trends in the 393 

Ekman forcing, which are asymmetric and oppose the southward trend caused by the shift in some 394 

regions. The regions where local Ekman transports cannot explain the actual shift of the STF are very 395 

consistent between interannual and decade timescales and align with regions of mesoscale variability 396 

and strong oceanic currents such as in the vicinity of western boundary currents. 397 



Changes in the location of the STF have profound implications on Chl-a concentrations, which provides 398 

motivation to improve our understanding about the physical driver of these STF shifts. A southward 399 

shifted STF generates negative Chl-a anomalies north of its previous STF position and negative Chl-a 400 

anomalies to its north, with implications on the local ecosystem and carbon fluxes. While the sign of 401 

the Chl-a anomalies follows the direction of the STF shift, the magnitude of the Chl-a anomalies does 402 

not necessarily correspond to the magnitude of the STF shift. Here, the local conditions (e.g., nutrient 403 

concentrations) are important. Nevertheless, the impact on boundary current transports and Chl-a 404 

might be more nuanced due to the asymmetry of wind trends over the Southern Ocean (Beal and 405 

Elipot 2016; Goyal et al. 2021; Noh et al. 2021; Sallée et al. 2010; Waugh et al. 2020), which results in 406 

regional variations. Here more regional studies are needed to understand the local response. 407 
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The modelled volume transports of CONTROL over the nested region are in close agreement with 

observational estimates. That applies to the East Australian Current, East Auckland Current and 

Tasman Leakage. Transports for Malvinas and Agulhas Currents are over and underestimated by 

roughly 10 Sv compared to observations, respectively. In SHIFT with exception of the East Auckland 

Current and Tasman Leakage, all transports show a decline in comparison to CONTROL. In INCREASE 

all transports with exception of the Tasman Leakage increases in comparison to CONTROL. The 

increasing transports in INCREASE are in agreement with the Sverdrup balance and more negative 

wind stress curl over the subtropical gyres. The weakening in SHIFT also aligns with changes in the 

large-scale wind stress curl pattern, which suggest an increase (see Figure S3). It is interesting to note 

that in SHIFT both the East Auckland Current and Tasman Leakage show an increase, while all previous 

studies found a seesaw behaviour (Behrens et al. 2019; Hill et al. 2008).  

Table T1. Mean volume transports for the CONTROL, SHIFT and INCREASE simulation. Values are 

averaged over the period 2015-2019 for East Australian Current, Malvinas Current, Agulhas Current, 

East Auckland Current and Tasman Leakage. Sv = 1×106 m3/s.  

  

 Observations CONTROL SHIFT  INCREASE 

East Australian Current (30°S) 
(southward) 

22.1 Sv (Mata et al. 2000) 22.5 Sv 20.1 Sv 24.2 Sv 

Malvinas Current (40°S) 
(northward) 

41 Sv (Spadone and Provost 
2009) 

51.1 Sv 37 Sv 50 Sv 

Agulhas Current (32°S) 
(southward) 

73 Sv - 84 (Beal and Bryden 
1999), (Beal and Elipot 
2016) 

58 Sv 53.8 Sv 67.8 Sv 

East Auckland Current 
(eastward) 

9 Sv (Stanton and Sutton 
2003) 

10.6 Sv 12.9 Sv 13.3 Sv 

Tasman Leakage 
(westward) 

10 Sv (Oliver and Holbrook 
2014) 8-  

11.3 Sv 16.3 Sv 8.5 Sv 



Figure S1a indicates that large interannual variability in Southern Ocean wind speed is present (zonal 

+ meridional), without a meridional coherence between years. Figure S1b and S1c show how the zonal 

winds intensify over the period 2000-2019. North of ~42°S zonal winds are decreasing in strength 

(Figure S1c), while between 56°S to 60°S they intensify the largest by about 0.6% per year. Figure S1d 

shows that the maximum of the westerly winds shifts southward by 0.4° latitude per decade over the 

period 2000-2019.  

 

Figure S1. (a) Annual anomalies of zonally averaged (zonal + meridional) wind speeds in JRA55-DO 

relative to 2000-2019. (b) Zonal averaged zonal winds for the periods 2000-2009 (black) and 2010-

2019 (red). (c) Percentage change per year between both periods in (b). (d) Location of maximum 

zonal winds (black) and linear trend (red). Red label provides the trend figure.  

  



Figure S2a shows the northward Ekman transport over the Southern Ocean in CONTROL, which varies 

zonally and meridionally. Largest Ekman transports are found south of the STF. In SHIFT (Figure S2b) 

Ekman transports decrease, shown by the negative anomalies, over the STF. In INCREASE (Figure 2c) 

Ekman transports increase, shown by the positive anomalies, over the STF. Anomalies over the STF in 

INCREASE are largen than in SHIFT. (see also Figure 1) 

 

Figure S2. Ekman transport and anomalies averaged over the period 2015-2019. (a) CONTROL, (b) 

SHIFT-CONTROL, (c) INCREASE-CONTROL. The black line shows the mean location of the STF from 

CONTROL. Positive Ekman transports reflect a northward transport. 

 

Figure S3a shows that heat fluxes over the western boundary currents (negative fluxes) and their 

extensions are directed from the ocean to the atmosphere in CONTROL. South of the STF heat fluxes 

are directed predominantly from the atmosphere into the ocean (positive fluxes). In SHIFT (Figure S3b) 

heat flux anomalies over the STF are mainly negative, which indicates a heat flux towards the 

atmosphere as this region warms. In INCREASE (Figure S3c) the response is more variable than in SHIFT 

over the STF. Over the boundary currents heat flux anomalies are negative as they intensify. Away 

from these currents heat fluxes are predominantly negative due to increased northward Ekman 

transports of cold water (Figure S2c). (see also Figure 1) 

 

Figure S3. Surface heat flux and anomalies averaged over the period 2015-2019. (a) CONTROL, (b) 

SHIFT-CONTROL, (c) INCREASE-CONTROL. The black line shows the mean location of the STF from 

CONTROL. Positive surface heat fluxes indicate fluxes from the atmosphere into the ocean. 

  



Figure S4a shows Ekman downwelling (negative values) over the subtropical regions and over the STF. 

In SHIFT (Figure S4b) Ekman pumping anomalies over the STF are mainly positive, which indicates less 

downwelling as the STF shifts south. In INCREASE (Figure S4c) Ekman pumping anomalies over the STF 

are mainly negative, which suggest more downwelling. (see also Figure 1) 

 

Figure S4. Ekman pumping and anomalies averaged over the period 2015-2019. (a) CONTROL, (b) 

SHIFT-CONTROL, (c) INCREASE-CONTROL. The black line shows the mean location of the STF from 

CONTROL. Negative Ekman pumping indicates a downward motion.  

  



The temperature anomalies in SHIFT (Figure S5b) are positive over most parts of water column due to 

decreased Ekman transports. The location of the STF does not vary for this particular longitude. In 

INCREASE (Figure S5c) negative temperature anomalies are present over the upper water column due 

to increased Ekman transports. In INCREASE the STF shift northward over this longitude band. 

 

 

Figure S5. Temperature section and anomalies averaged between 180° to 160°W over the period 

2015-2019. (a) CONTROL, (b) SHIFT-CONTROL and (c) INCREASE—CONTROL. Black contour lines in (a) 

mark the 10°C, 11°C (bold) and 12°C isotherm. The red dot marks the location of the STF (11°C 

isotherm at 100m depth). The blue and green lines in (b) and (c) mark the 11°C isotherm in SHIFT and 

INCREASE in relation to CONTROL (black line). The blue dots in (b,c) is the location of the STF from 

CONTROL, and the red dots represent the actual STF location in SHIFT and INCREASE, respectively. 

  



Negative correlations over large parts of the STF in Figure S6a indicate that increased Ekman 

transports are associated with a decline in the top 100m temperatures. That is also reflected by the 

positive correlations in Figure S6b over the STF, which indicates that a northward shift of the STF, due 

a decline in temperatures causes additional heat fluxes from the atmosphere into the ocean. 

 

Figure S6. Pearson correlation coefficient between annual anomalies from NZ20 of (a) Ekman 

transport over the STF (±2.5° latitude) and top 100m averaged temperature, (b) meridional shifts of 

the STF and heat flux. The solid black line shows the mean location of STF from NZ20 for the period 

2004-2019 and the dashed lines the ±2.5° latitude band over which the anomalies have been averaged 

for Figure 3b-c, 3e-f and 3h. Positive surface heat fluxes represent a heat flux from the atmosphere 

into the ocean. 

The positive correlations south of the STF over large parts of the Southern Ocean in Figure S7a indicate 

that Chl-a concentration increase if top 100m temperatures increase in these regions, while they are 

negatively correlated north of the STF. This relation can then be linked to shifts in the STF (Figure S7b) 

where a southward shift of the STF is associated with a decline in Chl-a concentrations, south of the 

STF. 

 

Figure S7. Pearson correlation coefficient between annual anomalies from Argo of (a) Chl-a and top 

100m averaged temperature anomaly, (b) Chl-a and meridional shifts of the STF. The solid black line 

shows the mean location of STF from Argo for the period 2004-2019 and the dashed line the 5° 

southern boundary over which the anomalies have been averaged for Figure 3g and 3h. Note in (b) 

the colour scale has been inverted. 
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