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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 influenced 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 timescales

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 where the STF migrates south.
However, this relationship breaks down in regions with strong eddy variability and western boundary current
systems. In these regions an increase in westerly winds lead to a southward shift in the STF. Observation data
from 2004 to 2019 display a southward shift of STF associated with the positive Southern Annular Mode.
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 marine ecosystems and the biological
pump in the Southern Ocean.

Plain Language Summary The Subtropical Front (STF) is an important water mass barrier,
between warm, salty, and nutrient-depleted Subtropical Waters of the subtropical gyre to its north, and cold,
fresh, but nutrient-rich Subantarctic Waters of the Southern Ocean to its south. The position of the STF is
thought to be influenced by the westerly winds. In this study we investigate if the STF shifts in relation to
changes in these westerly winds. Our model experiments show that over large parts of the Southern Ocean,

the changes in the location of the STF follow changes in the westerly winds, except in regions of strong
oceanic currents. The observations show that between 2004 and 2019 a small southward trend of the STF has
been detected over most parts of the Southern Ocean as a consequence of southward shift of the westerly winds
due to positive Southern Annular Mode (SAM). However, the shift in the STF has not been as large as the shift
in the winds, as it has been opposed by the strengthening of the westerly winds. The recent southward shift in
the STF has led to an increase in plankton growth south of the STF due to increased mixing of the Subtropical
and Subantarctic Waters.

1. Introduction

The Subtropical Front (STF) marks the water mass boundary between warm, salty and nutrient-depleted Subtrop-
ical Water in the subtropical gyre to its north, and cold, fresh, and nutrient-rich Subantarctic Waters in the Southern
Ocean to its south (Belkin, 2021; Belkin & Gordon, 1996; Chapman et al., 2020; Deacon, 1982; Orsi et al., 1995;
Sokolov & Rintoul, 2009). As such the STF is often used as the northern boundary of the Southern Ocean. Due
the mixing of these two water masses the STF is a hotspot for primary production seen by elevated levels of
chlorophyll-a (Chiswell et al., 2013; Pinkerton et al., 2005; Sullivan et al., 1993; Weeks & Shillington, 1994), and
therefore also important for carbon sequestration and fisheries.

The location of the STF is proposed to be influenced by the strength and location of the Southern Hemisphere
westerly winds. However, the exact position of the STF is still not fully understood, since its location does not
align with the theory that it should co-locate with the line of zero wind stress curl (De Boer et al., 2013; Tilburg
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et al., 2002). This knowledge gap motivated a range of research and has led to an alternative definition of the
Subtropical Front, the so called Dynamical Subtropical front, which links the STF to ocean dynamics rather than
to water mass properties (De Boer et al., 2013; Graham et al., 2012). Furthermore, recent research suggests that
the STF will show a poleward shift as a consequence of expanding subtropical gyres due to positive Southern
Annual Mode (SAM) trends shifting the southern hemisphere westerly winds south over multi-decadal timescales
(Yang et al., 2020). However, equatorward shifts of the STF have also been reported, challenging the potential
drivers of shorter, sub-decadal shifts (Yang et al., 2020). Recent results by Caneill et al. (2022) also suggest that
changes in the buoyancy forcing can alter the location of the boundary between subtropical and subantarctic gyre.

In this paper we investigate the drivers of STF variability on interannual to decadal timescales using a combi-
nation of Argo, satellite, and hindcast datasets. Here we define the STF by the 11°-isotherm at 100 m depth
following Orsi et al. (1995). In particular we test if changes in STF location can be attributed to local changes
in the Ekman transport, as a consequence of changes in the westerly winds (meridional shift, or changes in the
strength of the winds, Figure 1).

Based on Ekman theory (Knauss & Garfield, 2016) an increase in surface (zonal) winds would result in a stronger
local Ekman transport (Figure 1b), which carries more cold Subantarctic Waters northward and would trigger a
northward shift of the STF (Rintoul & England, 2002). The negative sea surface temperature (SST) anomalies
would cause a positive heat flux anomaly (into the ocean) trying to compensate for the advection of cold water
northward. Associated changes in the wind stress curl increase the Ekman pumping north of the STF and results
in steeper isotherms, but may not necessarily generate a shift in the STF at 100 m depth. Furthermore, these
negative SST anomalies would lead to negative chlorophyll-a (Chl-a) anomalies in Subantarctic Waters and an
increase in Subtropical Waters, relative to the time-mean location of the STF. In Subtropical waters a further
warming increases the stratification which reduces the nutrient supply and triggers a decline in Chl-a. In the
Subantarctic Waters deep mixed layers and/or mixing causes light to be the limiting factor for phytoplankton
growth. An increase in stratification and shallower mixed layers, due to warming, therefore leads to positive Chl-a
anomalies (Boyd, 2002; Bradford-Grieve et al., 1999). This concept follows previous work in the Southern Ocean
(Lovenduski & Gruber, 2005), but has been applied to the STF in this paper.

In the case of southward shifting winds (Figure 1c¢) local Ekman transport declines, which initiates a southward
shift of the STF. Consequently, that leads to negative heat flux anomalies (out of the ocean) and an increase in
Chl-a concentration to the south of the STF and a decline to its north. However, a reduction in Ekman pumping
north of the STF shoals the isotherms, but, again it may not impact the location of the STF at 100 m water depth.

In this paper we use hydrodynamic hindcast and idealized simulations with individual changes to the wind forcing
using the NZ20 model (Behrens et al., 2021) in combination with in-situ and remotely sensed observation data
from 2004 to 2019 to test these conceptual models (Figure 1).

The paper is organized as follows: Section 2 introduces the data sources and methods. Section 3.1 summaries
the results from sensitivity simulations where surface winds have been deliberately altered. Section 3.2 high-
lights where Ekman transports can be used to explain interannual variability of the STF in the Southern Ocean
between 2004 and 2019 and Section 3.3 provide insights into long-term trends. Section 4 provides a conclusion
and discussion.

2. Methods
2.1. Model Simulation

This study uses data from a global eddy permitting configuration, with a nominal resolution of % degree, which is
known as GOG6, and details of this configuration for this global setup can be found in Storkey et al. (2018). Ocean
physics are simulated by NEMO 3.6 (Madec et al., 2017), while CICE version 5.2.1 (Hunke & Lipscomb, 2010)
has been used for sea-ice. Vertical mixing in this configuration is simulated through a turbulent kinetic energy
scheme (Gaspar et al., 1990; Madec et al., 2017). In the southwest Pacific this model produces a cold and fresh
bias over the Tasman Sea, which has led to northward displacement of the STF in the model compared to the
observations (Behrens et al., 2021). By embedding a high-resolution (1/20°, NZ20) nested grid into the GO6
configuration this model bias was reduced and the STF better simulated (Behrens et al., 2021). The nested region
spans only the ocean around New Zealand from 142.8°E to 152°W and 59° to 22°S with a grid spacing of about
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Figure 1. This Schematic shows how changes in surface winds are expected to alter the location of the STF following the
Ekman theory. Panel (a) for the CONTROL, (b) for a southward shift of the westerly winds and (c) for an increase in westerly
winds in relation to CONTROL. The gray dashed lines mark the 11°-isotherm in CONTROL and the red dots showing the
location of the STF at 100 m depth (as defined by Orsi et al. (1995)) in the individual simulations. In (b and c) the gray dotted
lines, gray dots, and gray circles are the 11°C isotherm, STF location and winds from the CONTROL case. In (b) a southward
shift of the winds leads to negative Ekman transport anomalies, and a southward shift of the STF is accompanied by positive
temperature anomalies. These temperature anomalies trigger positive heat flux anomalies (HFLX, from the ocean to the
atmosphere) and cause a decline of Chl-a north of the STF,\rro. and an increase to its south. However, reduced Ekman
pumping shoals the isotherms, but may not impact the location of the STF. (c) An increase in the strength of the westerly
winds leads to positive Ekman transport anomalies, and a southward shift of the STF accompanied by negative temperature
anomalies and negative heat flux anomalies (from the atmosphere into the ocean). The negative SST anomalies result in
negative Chl-a anomalies south of the STF .y go. and positive anomalies to the north. An increase in Ekman pumping results
in a steepening of the isotherms, but may not shift the STF.

4 km to fully resolve mesoscale processes. NZ20 demonstrated a better performance for past variability in the
STF around New Zealand (Behrens et al., 2021). Even though the nested region only covers a small portion of
the circumpolar study area, the better performance of NZ20 over the stand alone GO6 configurations motivated
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the use for this study. Computational and human resources prevented us from expanding the nested domain to the
entire circumpolar study area. The nesting of NZ20 has been facilitated by a two-way nesting scheme based
on AGRIF (Debreu et al., 2008). The vertical dimension is discretized by 75-vertical z-levels, with a 1 m thick
surface layer which increases to about 200 m in the deep ocean. The model uses a non-linear free surface and
a partial cell approach to improve bottom flows (Barnier et al., 2006). This global nested NZ20 configuration
simulates boundary current transports (Table S1 in Supporting Information S1) and the STF in good agreement
to observations (Belkin, 2021).

In this nested NZ20 setup a 62-year long model hindcast, from 1958 to 2019 has been conducted, using JRA55-DO
v1.5 (Tsujino et al., 2018) atmospheric boundary conditions, hereafter CONTROL. This product provides surface
winds (zonal and meridional), air temperature, humidity, short and long wave radiation, snow, and precipitation
as 3-hourly averages at the ocean surface. Bulk formula (Griffies et al., 2009) are used to generate surface fluxes,
which are then applied to force the ocean.

The simulation has been started from rest with temperature and salinity fields based on the EN4 climatology
(Good et al., 2013). A coastal runoff climatology has been applied, and sea surface salinity has been restored to
the EN4 climatology with timescales of 30 days for the 1 m thick surface layer. In addition to the CONTROL, two
sensitivity simulations have been conducted where changes to the surface southern hemisphere westerly winds,
have been applied. These simulations cover the period from 2000 to 2019 to test how changes in the surface winds
impact the location of the STF. It is assumed that a period of 20 years is sufficient to detect a robust response in
these sensitivity simulations in comparison to CONTROL.

In the first simulation a southward shift of the southern hemisphere westerly winds of 1-degree latitude per
decade has been applied uniformly to zonal and meridional winds, hereafter SHIFT (Figure S1 in Supporting
Information S1). This has been done by shifting winds between 70° and 25°S incrementally southward. To mini-
mize potential discontinuities at the northern and southern boundary a linear interpolation over 5° latitude has
been applied over the boundary. Adjusting zonal and meridional winds in the same way reduces the distortion
of storms, which can otherwise result in artificial wind-stress curl anomalies (Frankcombe et al., 2013). In the
second simulation a positive increase in wind strength of 1% per year has been applied uniformly to zonal and
meridional winds, hereafter INCREASE (Figure S1 in Supporting Information S1). This has been done by incre-
mentally increasing winds between 70° and 25°S according to their local wind speeds. While the relative change
is uniform across the latitude band, the absolute change of the wind speeds is spatially varying, where larger
winds in CONTROL lead to a larger absolute increase in INCREASE. A linear interpolation, identical to SHIFT,
has been applied at the northern and southern boundary over 5° latitude.

Applying incremental shifts and increases instead of step changes to winds, as done in previous studies
(Frankcombe et al., 2013; Spence et al., 2010, 2014), was motivated to avoid initial shocks and to reduce the
likelihood of spurious deep convection in the Southern Ocean (Behrens et al., 2016), which could also influence
the STF response to these wind perturbations. The JRA55-DO v1.5 winds show over the period 2000-2019 in
CONTROL an increase in zonal winds between 0% and 0.6% per year, which varies by latitude (Figure S2 in
Supporting Information S1). Over this period the location of the maximum of the zonal winds also shows a south-
ward trend of 0.4° latitude per decade. These JRAS55-DO values are in-line with previous estimates (see Swart &
Fyfe, 2012). The imposed trends in the experiments SHIFT and INCREASE are larger than the observed trends
between 2000 and 2019 and intended to understand the general response to shifted or increased winds. However,
there are some possible issues with forced models as the unavoidable thermal restoring (due to unchanged air
temperatures) might limit the STF response to artificial wind changes (see discussion).

2.2. Additional Data Sources and Metrics

The Roemmich-Gilson Argo climatology (Roemmich & Gilson, 2009), hereafter referred to as Argo, has been
used for the comparison to model temperatures and model STF location. Furthermore, Chl-a from MODIS satel-
lite (Sathyendranath et al., 2019) mission has been used to link Chl-a anomalies to meridional shifts in the loca-
tion of the STF. The monthly mean MODIS satellite data was linearly interpolated onto a regular 1° X 1° grid to
allow for a direct comparison to the Argo results, which are also provided on a regular 1° X 1° grid.

We apply the Orsi et al. (1995) water mass definition to locate the STF, which uses the 11°C isotherm at 100 m
depth. By using temperatures at 100 m depth to define the STF instead of using SSTs the seasonal variability is
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reduced (Orsi et al., 1995). Furthermore, temperature anomalies averaged over the top 100 m have been calcu-
lated to link them to Ekman transports and to meridional shifts of the STF. Using the averaged top 100 m temper-
ature was motivated by Ekman depths of about 75-100 m at this latitude (Lenn & Chereskin, 2009; Wang &
Huang, 2004), and the STF defined as the 11°C isotherm at 100 m (Orsi et al., 1995). This choice also reduces
the impact of the SST “restoring” of ocean-only models. All data sources (model and observational data) are
available as monthly means, but were annually averaged to investigate interannual variability between years.

For the two wind perturbation sensitivity simulations, we have evaluated meridional shifts of the STF, Ekman
transports, surface heat fluxes and Ekman pumping over the entire Southern Ocean. We focus on the data over the
last 5 years of the simulation (2015-2019) relative to the CONTROL simulation to detect forcing related changes
over intrinsic variability.

To test the STF response, following Figure 1, anomalies for the averaged top 100 m temperatures, surface heat
fluxes, Ekman transports, Ekman pumping, mixed layer depths (MLD), potential vorticity and meridional 100 m
temperature gradient have been computed over a latitudinal range of +2.5° latitude over the time mean STF loca-
tion for each longitude (2004-2019, hereafter STF 1oL, black line in Figure 2a). This has been performed for
model data for every zonal grid box on the global model grid (1,440 locations, ~20 km spacing), before averaging
the meridional means zonally over 5° longitude bands. For Argo and Chl-a the procedure was repeated, but using
a 1° grid (zonal 360 grid boxes). MLDs have been identified as depths where the potential density difference
exceeds 0.01 kg/m? compared to the surface layer. Potential vorticity has been calculated using the local Coriolis
parameter divided by the local water depth. Chl-a anomalies have been computed for a 5° latitude band south of
the mean STF location (see Figures S3 and S4 in Supporting Information S1).

3. Results and Discussion
3.1. Wind Sensitivity Simulations

Both SHIFT and INCREASE simulations show changes in the location of the STF of +2° in latitude over the
last 5 years of the simulation (2015-2019) in comparison to CONTROL (Figures 2a and 2b). In INCREASE
(blue lines/dots) the displacement of the STF is predominantly northward, in agreement with Figure 1. In SHIFT,
the STF migrates predominantly southward, but considerably less than expected compared to the applied 2°
degree shifted winds by the end of 2019. In both sensitivity simulations the STF response is not-uniform with
longitude (Figure 2b). Furthermore, the magnitude of meridional displacement in either INCREASE or SHIFT
simulations is not linked to changes in ocean bathymetry (gray shading, represented by potential vorticity). This
differentiates the surface intensified STF from other fronts in the Southern Ocean, which are directly influenced
by bottom topography due to their barotropic nature (Thompson & Sallée, 2012). The regions where the sign
of the STF anomaly aligns with the sign of the Ekman anomaly (Figure 1) are represented by filled circles in
Figure 2b. In SHIFT the STF response follows the proposed Ekman transport (red filled circles in Figure 2b)
over parts of the Agulhas region, the central Indian Ocean, south of Australia to 160°E, over small parts of the
central Pacific Ocean (~130°W), the eastern Pacific Ocean and east of the Malvinas Current. In INCREASE,
similar regions to SHIFT show an agreement between the STF response and the Ekman transport (blue filled
circles), but not for the regions influenced by western boundary currents. The different behavior for the boundary
currents can be explained by the Sverdrup balance, with an increase in basin-wide wind stress curl in INCREASE
(Figure S5c in Supporting Information S1 shows Ekman pumping which is based on wind stress curl). That leads
to an increase in the strength of the western boundary currents, which shifts the STF southward in these regions,
against the local enhanced northward Ekman forcing (Figure S6¢ in Supporting Information S1). In SHIFT the
impact on western boundary currents and open ocean currents is the same and both tend to shift south.

The surface heat flux anomalies (Figure 2¢ and see Figure S7 in Supporting Information S1) over the STF\rror
co-vary in most regions with the sign and magnitude of the STF displacement from Figure 2b in SHIFT (red
filled circles). In INCREASE, exceptions (blue circles) occur in regions of high mesoscale activity, illustrated
by sea surface height variance (gray shading in Figure 2c). Regions of high mesoscale activity are between 60°
and 70°E, part of the Agulhas Return Current, around 100°E where a branch of the Super Gyre crosses the STF,
around 150°E where the East Australian Current Extension overshoots, around 180° where the STF detaches from
the Chatham Rise, around 110°W in middle of the Pacific Ocean and at 30°W within the Malvinas Current. These
regions of alignment with Figure 1 overlap with regions identified in Figure 2b.
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Figure 2. 2015-2019 anomalies for INCREASE and SHIFT (southward) relative to CONTROL: (a) STF location, (b) STF
location anomaly and potential vorticity (f/h, gray shading) from CONTROL, (c) surface heat flux anomaly and mean sea
surface height (SSH) variance (gray shading) from CONTROL, (d) Ekman transport anomaly and mean mixed layer depth
(MLD, gray shading) from CONTROL, (e) Ekman pumping anomaly and meridional 100 m temperature gradient (gray
shading) from CONTROL. The anomalies are computed over the time mean path (+2.5° latitude) of the STF\rro; - Filled
circles indicate where the sign of anomalies aligns with Figure 1 schematic, open circles indicate the opposite behavior.
Results in (b—e) have been zonally averaged over 5° longitude bins. The two dashed vertical black lines show the eastern and
western boundary of nested region in NZ20, where model resolution has been refined around New Zealand.

The sign of the induced Ekman transport anomalies aligns with Figure 1 (filled circles in Figure 2d and see Figure
S6 in Supporting Information S1), while the magnitude varies zonally due to the actual strength of the zonal
winds and the pathway of the STF. The magnitude of the Ekman transport anomalies does not correlate with the
magnitude of meridional STF shift, locally. Nevertheless, the overall Ekman transport anomaly in INCREASE
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is larger in comparison to SHIFT and consequently a larger STF displacement is seen in INCREASE compared
to SHIFT. Furthermore, the largest Ekman transport anomalies are located over the Indian Ocean in INCREASE
and SHIFT, which is also the ocean basin showing the largest meridional STF shift. In addition, this is also the
region with the deepest MLDs for the STF of about 130 m (gray shading). MLDs of about 100 m or deeper would
allow that surface heat flux anomalies and heat advection to directly influence the location of the STF, while
shallower MLDs would prevent this direct impact. MLDs over the central Pacific and eastern Pacific Ocean are
only 60 m deep, which may explain the smaller STF changes in the Pacific Ocean. This would suggest that surface
heat fluxes and heat advection alone cannot penetrate deep enough to impact the STF directly, and potentially
limit the STF response in these regions.

The Ekman pumping response aligns with Figure 1 for INCREASE for most longitudes, but less so for SHIFT
(Figure 2e, see also Figures S5 and S8 in Supporting Information S1). Reasons for the discrepancy in SHIFT
might be due to an overall smaller applied perturbation in SHIFT, compared to INCREASE, which might not be
large enough to overcome the intrinsic variability. The meridional temperature gradient (gray shading) is elevated
in regions with higher mesoscale variability and restricts the meridional shift of the STF. A smaller meridional
temperature gradient would allow for a larger meridional displacement of the STF with the same perturbation
applied.

Overall, these sensitivity tests suggest a link between STF displacement and local Ekman transport in regions
away from energetic western boundary currents. While the direction of displacement follows the sign of the
Ekman transport anomalies, the local magnitude of STF displacement cannot be directly attributed to the magni-
tude of Ekman transport anomaly. Here, the local oceanographic conditions, such as horizontal temperature
gradient and presence of oceanic currents also impact the magnitude of the displacement. The applied wind
anomalies are stronger than the observed natural trends and therefore the initiated response might be stronger
than in the real world. Nevertheless, the actual modeled STF response to these wind anomalies was weaker
than expected due to the dampening effect of the thermal restoring, by prescribing the same SSTs across all
simulations. We have defined the STF by the 11°C isotherm at 100 m depths (Orsi et al., 1995), which reduces
the impact of the thermal restoring. However future studies could use fully coupled models to evaluate the STF
response to these wind changes to eliminate this shortcoming.

3.2. Drivers of Interannual Observed Variability of the STF

In this section we test if and where this above-described physical conceptual model can be applied to understand
the observed interannual variability of the STF between 2004 and 2019 using temperature from Argo floats (Argo
data only available from 2004 onwards), and the biological response through satellite observed Chl-a anomalies.
In doing so we aim to identify regions where Ekman transport can explain past STF variability, and regions where
other drivers are at play.

The observed averaged top 100 m temperature anomalies from Argo show interannual variations in the order of
+0.8°C and an overall positive trend over the period 2004 to 2019 (Figure 3a and see Section 3.3). The modeled
averaged top 100 m temperature anomalies align with the observed anomalies (Figure 3b) in time, space and
magnitude for most regions (see also Figure S9 in Supporting Information S1). Between 65% and 95% of all
times the sign of the anomaly between both data sources agrees with a root-mean square error of about 0.25°C.
This good match in the southwest Pacific suggests a good performance of NZ20 to simulate past STF variability
(Behrens et al., 2021). The exception is large fluctuations on spatial and interannual scales between 0 and 60°E,
which is the region impacted by the Agulhas Retroflection and Return Current, where the root-mean square error
is above 0.3°.

In particular, the larger modeled temperature anomalies (<—0.5°C, >0.5°C) co-align with the sign of the
model Ekman transport anomalies (nonwhite squared anomalies in Figures 3b and 3c) as expected from
Figure 1. In addition, the magnitude of the Ekman transport anomalies appears to be reflected in the magni-
tude of the temperature anomalies. The averaged top 100 m temperature anomalies consequently generate
a very similar pattern in the meridional displacement of the STF (Figures 4a and 4b) in Argo and in the
model. The modeled surface heat fluxes over the STF (Figure 4c) exhibit more variability in space and time
than the Ekman transports (Figure 3c). This suggests that the observed heat fluxes are not entirely driven by
Ekman transports alone as they are in both sensitivity simulations SHIFT and INCREASE. In the real-world
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Figure 3. (a) Averaged top 100 m Argo temperature anomaly relative to the period 2004-2019. (b) Same as (a) but for NZ20. (c) NZ20 Ekman transport anomaly. White
squares in (b and c) indicate where the sign of averaged top 100 m temperature and Ekman transport anomalies does not align with the concept in Figure 1. All anomalies
(a—c) are extracted over the time mean STF location at each longitude (£2.5° latitude band, 2004—2019). Observations and model results have been binned to 5° longitude bins.
The two purple diamonds in (b and c) indicate the eastern and western boundary of nested region in NZ20, where model resolution has been refined around New Zealand.

wind changes also influence surface air temperature anomalies via advection and impact heat flux anomalies.
Despite the larger variability, the sign of surface heat flux anomalies and modeled STF displacement aligns
with what is expected in Figure 1 in many regions, as shown in Figures 4b and 4c by the nonwhite squared

anomalies.
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Figure 4. (a) Argo meridional STF location anomaly in ° latitude relative to the period 2004-2019. (b) Same as (a) but for NZ20. (c) Surface heat flux anomalies from
NZ20 where positive anomalies indicate a heat flux into the ocean. White triangles in (a) indicate where the sign of STF location and Chl-a anomalies (Figure 5a) does
not align with the concept in Figure 1. White squares in (b and c) indicate where the sign of STF location and surface heat fluxes anomalies does not align with the
concept in Figure 1. All anomalies (a—c) are extracted over the time mean STF location at each longitude (+2.5° latitude band, 2004-2019). Observations and model
results have been binned to 5° longitude bins. The two purple diamonds in (b and c) indicate the eastern and western boundary of nested region in NZ20, where model

resolution has been refined around New Zealand.
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We also assessed the biological response in relation to shifts of the STF, by analyzing Chl-a anomalies up to 5°
south of the time mean location of the STF (Figure 5a). For most longitudes there is a positive Chl-a trend, which
corresponds to the positive temperature trend (Figure 3a and Section 3.3) and an overall southward shift of the
STF (Figure 4a) between 2004 and 2019. The sign of Chl-a and STF anomalies on shorter, interannual timescales
aligns in many cases with the concept in Figure 1 (nonwhite triangled anomalies in Figures 4a and 5a). This is
particularly true for strong (<—0.5 or >0.5 mg/m?) Chl-a anomalies.

To assess the overall robustness of the concept in Figure 1 a simple counting of anomalies, which follow the
concepts in Figure 1, has been performed over the Southern Ocean for the observed and modeled data between
2004 and 2019 (Figure 5b). The small sample size (16 annual values from 2004 to 2019) restricted more sophis-
ticated methods to be deployed to measure its robustness. Neither parametric nor non-parametric correlation
produced significant (>95% significant level) relationships for any of the parameters. Nevertheless, the counting
suggest that the concepts of Figure 1 apply between 60% and 80% of the time over large parts of the Southern
Ocean. Regions where the physical concept follows the concept in Figure 1 (likelihood >50% for both physical
criteria) are shown by the blue horizonal bar and account for about 70% of the ocean. Regions where the phys-
ical concept fails align with regions identified in Figure 2c (gray shading), where mesoscale eddy variability is
elevated, for example, at around 60° and 120°E where the STF interacts with the Agulhas Return Current and the
southern boundary of the Super Gyre, respectively. The Syper Gyre is the combination of the three subtropical
gyres in the Southern Hemisphere, diagnosed by the zero line of the barotropic streamfunction, which separates
the subtropics from the Antarctic Circumpolar Current.

If we include Chl-a in the assessment criteria together with the physical criteria (orange bars, likelihood >50%
for all three criteria), the concept still applies to about 55% of the ocean. We acknowledge that the 50% cut-off
threshold is an arbitrary choice to prove that the concept applies since an independent normal distributed process
should center around 50%. Nevertheless, since these processes are biophysically linked, the probability that they
randomly co-occur are unlikely. The geographical coherence of this agreement and disagreement provides further
evidence that the concept applies in many regions. However, again his concept fails in regions where the STF
interacts with strong western boundary currents and subsequent elevated eddy activity.

3.3. Observed Trends in STF Location From Argo SST and Chl-a Between 2004 and 2019

Based on the concept outlined above, a southward shift of the westerly winds would promote a southward shift
of the STF, while stronger westerly winds will increase the northward Ekman transport and initiate a northward
shift of the STF (see Figure 1 and Section 3.1). The consequence of these factors combined could be that the STF
does not shift if both factors balance each other.

The Argo STF trends are mostly small (<0.25° latitude per decade, black circles in Figure 6a), but show a
predominantly southward directed trend following the southward shifted westerly winds. Larger southwards
trends (>0.5° latitude per decade) are seen between 70°-105°E, 130°E—160°W and between 180° and 160°E.
The southward shift of the STF goes along with positive Chl-a trends south of the time mean location of the Argo
STF at each longitude (green filled circles), as expected with the concept proposed in Figure 1. Nevertheless, the
actual Argo STF trends are smaller than the expected STF trend (gray dashed line), based on the changes in the
position of the zero wind stress curl (Qu et al., 2019) and the location of the maximum westerly winds (Figure
S2d in Supporting Information S1), which both show a southward trend of ~0.4° latitude/decade. We argue that
this mis-match, between expected and actual STF trends, is related to changes in local winds (i.e., zonal wind,
blue shading) and the consequential Ekman forcing. In regions where the zonal wind trend is positive over the
STF, the observed STF trend is smaller than the expected STF trend (—0.4° latitude/decade) and conversely for
negative zonal wind trends. Regions which follow this concept are shown by black filled circles and align with
regions of alignment identified in the previous sections. Exceptions (black circles) from the concept again match
with regions of elevated eddy variability, or where the STF encounters currents.

The observed southward trend of the STF goes hand in hand with a poleward habitat expansion of subtropical
species (Law et al., 2017; Shears & Bowen, 2017) and is related to the observed poleward expansion of the
subtropical gyres (Yang et al., 2020). In this context accelerated warming over the western boundary currents has
been observed (Li et al., 2022; Wu et al., 2012) and had cascading effects on the marine ecosystems via marine
heatwaves (Smale et al., 2019). Our results together with others (e.g., Carranza & Gille, 2015; Del Castillo
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Figure 5. (a) MODIS chlorophyll-a anomaly relative to the period 2004-2019. White triangles in (a) indicate where the sign of Chl-a and Argo STF (Figure 4a)

anomalies does not align with the concept in Figure 1. (b) How often anomalies align (in %) between Ekman transport versus averaged top 100 m temperature in NZ20
(black +, see Figure 3), heat flux anomalies versus STF anomalies from NZ20 (red squares, see Figure 4) and Argo STF anomalies versus Chl-a anomalies (green dots,
see Figures 4a and 5a) with the concept from Figure 1. Blue (orange) horizontal bar indicates where the black and red (and green) markers show at least an agreement
of >50% over time at this longitude. Chl-a anomalies are extracted between the time mean Argo STF location (2004-2019) and 5° south of it. Observations and model
results have been binned to 5° longitude bins. The two purple diamonds in (b) indicate the eastern and western boundary of nested region in NZ20, where model
resolution has been refined around New Zealand.
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Figure 6. (a) Trends in the meridional location of the STF based on Argo temperature data from 2004 to 2019 (black circles), trends in Chl-a concentrations (green
circles) and trends in the zonal winds (blue shading). Zonal wind trends are extracted over the mean location of the STF (£2.5° latitude band, 2004-2019), while the
Chl-a trends are the average Chl-a anomaly over a 5° latitude band south of the mean STF location. Filled black circles indicate where the sign of zonal wind trends can
explain the deviation of the actual STF trend from the expected trend (—0.4° per decade, gray dashed line). Open black circles indicate the opposite. Filled green circles
indicate where the sign of the actual STF trend aligns with the Chl-a trend with Figure 1, where a southward trend of the STF should result in positive Chl-a to the south
of the STF. The blue shading is the zonal wind trend over the STF (see Figure 4b). (b) Zonal wind trend from JRA-55-DO from 2004 to 2019 is shown by the color
shading and Argo mean STF location by the black line.

et al., 2019; Montie et al., 2020) suggest an increase in biological productivity in the Southern Ocean over the
past decades, based on increasing Chl-a concentrations and a positive link to temperature. This increase has
implications for the foodweb, and the fisheries of the STF. However, how these Chl-a trends will impact fish, fish-
eries, and the biological carbon pump is complex and not well understood. Nevertheless, future climate projec-
tions suggest that southernmost western boundary currents will further intensify (Qu et al., 2019; Sen Gupta
et al., 2021), subtropical gyres will continue to expand poleward (Li et al., 2022; Yang et al., 2020) and marine
heatwaves will become more intense and frequent and impact the STF (Behrens et al., 2022; Li et al., 2022; Oliver
et al., 2019). More research is needed to robustly quantify the impacts of these physical changes on the biology
and the ecosystems associated with the STF.

4. Conclusions and Discussion

This paper explores how changes in surface winds can alter the location of the STF. We have tested how a south-
erly shift, or an increase of the westerly winds over the Southern Ocean can impact the meridional location of the
STF. We tested if and where Ekman dynamics can be applied to explain the meridional shift in the STF and in
which regions other drivers control the response.

In two sensitivity simulations a trend pattern to surface winds was applied over a 20-year period to investigate
the transient response to these wind anomalies. The results from the sensitivity simulations and analyses of the
past observed STF variability over the last 20 years have demonstrated that STF shifts, away from strong ocean
currents, can be explained in the first-instance by changes in the Ekman transports as a consequence of the zonal
wind stress anomalies over the STF (+2.5° longitude). Stronger westerly winds increase the northward Ekman
transport and cause the STF to shift northward. Southward shifted winds, which results in locally reduced westerly
winds reduces the Ekman transport and the STF shifts southward. However, the actual magnitude of the meridi-
onal displacement depends strongly on the local conditions (e.g., oceanic currents, stratification, and meridional
temperature gradient). Nevertheless, regions where Ekman transport anomalies are largest tend to show the larger
meridional displacements, than regions with weaker Ekman anomalies. However, the STF does not follow the
Ekman response in regions where it interacts with ocean boundary currents. In these boundary current regions
the STF is dominated by the Sverdrup balance, due to changes in the basin scale wind stress curl which offsets
the positive Ekman anomalies. The intensification of the boundary current transports as a consequence of the
Sverdrup changes leads to a southward shift of the STF while positive Ekman transport anomalies should result
in the opposite northward shift. Other exceptions are regions where mesoscale eddy activity is high such as in the
Agulhas Return Current. In these regions the STF does not show robust links with Ekman transport anomalies.
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While the responses in the sensitivity simulations align with the expected response following Ekman theory the
actual magnitude of anomalies might be compromised by using ocean-only simulations, with prescribed atmos-
pheric boundary conditions. Using air temperatures and bulk formula to generate heat fluxes leads to a tight
coupling between surface ocean and surface atmosphere temperatures (Griffies et al., 2009). It also limits the
response to wind changes in the sensitivity simulations since the atmospheric temperatures remained unchanged
in these sensitivity simulations compared to CONTROL. Consequently, the sensitivity simulations neglect
atmospheric feedbacks, which dominate long-term (>decadal) response while the ocean memory controls the
short-term response (Hewitt et al., 2017). A recent study has also demonstrated that changes in the buoyancy forc-
ing can also impact the location of the boundary between subtropical and subantarctic gyre (Caneill et al., 2022).
Coupled models are one way to include these feedbacks, but come with challenges of conducting these kind of
sensitivity simulations without introducing artificial feedbacks.

Previous work has shown that model resolution has an impact on how realistic the STF can be modeled (Behrens
et al., 2021). While the NZ20 nested configuration improved the STF representation in the southwest Pacific, it
is likely that increased model resolution will improve the representation of the STF in other circumpolar regions.

Over the period 2004-2019 the observed southward trend of the STF is less than the expected southward trend
in most regions, based on the overall southward shift of the zero wind stress curl and maximum in zonal winds,
which both show a southward trend of 0.4° latitude per decade. We argue that the discrepancy between expected
and actual shift of the STF could be explained by trends in the zonal winds, which are asymmetric and oppose the
southward trend caused by the shift in some regions. The regions where local Ekman transports cannot explain
the actual shift of the STF are very consistent between interannual and decade timescales and align with regions
of mesoscale variability and strong oceanic currents such as in the vicinity of western boundary currents.

Changes in the location of the STF have profound implications on Chl-a concentrations, which provides moti-
vation to improve our understanding about the physical driver of these STF shifts. A southward shifted STF
generates negative Chl-a anomalies north of its previous STF position and negative Chl-a anomalies to its north,
with implications on the local ecosystem and biological pump. A southward shift of the STF and the correspond-
ing warmer water is the cause for the dipole response. A further warming of the Subtropical Water increases the
stratification and reduces the nutrient supply, which goes along with decline in Chl-a. In Subantarctic Waters
the deep mixed layers and/or strong vertical mixing causes light to be the limiting factor for phytoplankton
growth (Boyd, 2002; Bradford-Grieve et al., 1999). Consequently, an increase in stratification and shallower
mixed layers, due to warming in these waters leads to increases in Chl-a concentrations. While the sign of the
Chl-a anomalies follows the direction of the STF shift, the magnitude of the Chl-a anomalies does not necessar-
ily correspond to the magnitude of the STF shift. Here, the local conditions (e.g., nutrient concentrations) are
important. Nevertheless, the impact on boundary current transports and Chl-a might be more nuanced due to the
asymmetry of wind trends over the Southern Ocean (Beal & Elipot, 2016; Goyal et al., 2021; Noh et al., 2021;
Sallée et al., 2010; Waugh et al., 2020), which results in regional variations. Here more regional and atmospheric
coupled studies are needed to understand the local response.

Data Availability Statement
Data used for this study can be freely accessed through: https://doi.org/10.5281/zenodo.6837010.
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