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ABSTRACT

The deepest wintertime (Jul-Sep) mixed layers associated with Subantarctic

Mode Water (SAMW) formation develop in the Indian and Pacific sectors of

the Southern Ocean. In these two sectors the dominant interannual variabil-

ity of both deep wintertime mixed layers and SAMW volume is a east-west

dipole pattern in each basin. The variability of these dipoles are strongly cor-

related with the interannual variability of overlying winter quasi-stationary

mean sea level pressure (MSLP) anomalies. Anomalously strong positive

MSLP anomalies are found to result in the deepening of the wintertime mixed

layers and an increase in the SAMW formation in the eastern parts of the

dipoles in the Pacific and Indian sectors. These effects are due to enhanced

cold southerly meridional winds, strengthened zonal winds and increased sur-

face ocean heat loss. The opposite occurs in the western parts of the dipoles

in these sectors. Conversely, strong negative MSLP anomalies result in shoal-

ing (deepening) of the wintertime mixed layers and a decrease (increase) in

SAMW formation in the eastern (western) regions. The MSLP variability of

the Pacific and Indian basin anomalies are not always in phase, especially in

years with a strong El Niño, resulting in different patterns of SAMW forma-

tion in the western vs. eastern parts of the Indian and Pacific sectors. Strong

isopycnal depth and thickness anomalies develop in the SAMW density range

in years with strong MSLP anomalies. When advected eastward, they act to

precondition downstream SAMW formation in the subsequent winter.
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1. Introduction

Subantarctic Mode Water (SAMW) is a voluminous water mass formed in winter, predominantly

by atmospheric cooling and ocean heat loss, that triggers convection on the equatorward side of the

Subantarctic Front (SAF) on the northern flank of the Antarctic Circumpolar Current (ACC). This

forms deep, vertically well mixed surface layers that are subsequently advected away from their

ventilation regions into the ocean interior, forming SAMW (McCartney 1977, 1982), (Fig. 1a).

SAMW formation and export are part of the global overturning circulation, playing a fundamental

role in the oceanic uptake and global distribution of heat, freshwater, nutrients, and dissolved

gases such as oxygen and carbon dioxide (Wong 1999; Sarmiento 2004; Sabine et al. 2004). The

SAMWs are not homogeneous in space, but instead form modes of SAMW with distinct properties

(Koch-Larrouy et al. 2010; Sallée et al. 2010a; Herraiz-Borreguero and Rintoul 2011), becoming

progressively colder, fresher and denser from the western Indian Ocean to the southeast Pacific

(McCartney 1977, 1982). They subduct north of the SAF from formation ‘hotspots’, primarily in

the Indian and Pacific sectors and are subsequently exported to the subtropics following distinct

pathways influenced by topography (Koch-Larrouy et al. 2010; Herraiz-Borreguero and Rintoul

2011; Jones et al. 2016).

The global Argo program of profiling floats provided for the first time near-global coverage of

temperature and salinity in the upper 2000 m, revealing that the basin-wide spatial pattern of inter-

annual and decadal SAMW variability is not spatially uniform within the individual sectors of the

Southern Ocean (Sallée et al. 2010a; Gao et al. 2018; Cerovečki et al. 2019; Meijers et al. 2019;

Lu et al. 2019; Tamsitt et al. 2020; Portela et al. 2020). Using Argo profiling floats data, Sallée

et al. (2010a) showed that zonally-asymmetric, large-scale mixed layer depth (MLD) anomalies

develop in response to the dominant mode of atmospheric variability in the Southern Hemisphere,
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the Southern Annular Mode (SAM). During positive SAM (+SAM) events the MLD anomalies

form a roughly zonal wave 3 (ZW3) pattern with MLD deepening in the eastern Indian Ocean

(100◦–140◦E) and the central Pacific Ocean (100◦–140◦W), and with a MLD shoaling in the west-

ern Pacific Ocean (140◦E–140◦W). Conversely, negative SAM (-SAM) events drive an opposite

MLD response (Sallée et al. 2010a). During both positive and negative SAM events the MLD

variability can be up to ±100 m. However, due to relatively short time period of the available ob-

servations (2002-2009), Sallée et al. (2010a) did not obtain significant results for the effects of the

El Niño Southern Oscillation (ENSO) on the MLD distribution. Analyzing SAMW in the Pacific

sector using a longer Argo record, 2005-2018, Meijers et al. (2019) showed that both SAM and

ENSO have similar impacts on SAMW thickness, and that its variability is strongly influenced by

the relative phase of the SAM and ENSO. The SAMW thickness in the eastern (central) Pacific

is strongly positively (negatively) correlated with both the SAM and ENSO (Meijers et al. 2019).

Consequently the SAMW thickness in the eastern and central Pacific varies predominantly out of

phase with one another, with an interannual variability of up to ±150 m. This variability is not

only caused by the variability of local atmospheric forcing, but also by remote effects by advec-

tion, both of which are associated with the major climate modes of variability of the Southern

Ocean in the Pacific sector (Meijers et al. 2019).

Tamsitt et al. (2020) analyzed the interannual variability of wintertime air-sea heat loss and

MLDs using observations from two high latitude Southern Ocean moorings. The moorings were

located in key SAMW formation regions in the southeast Pacific and in the southeast Indian Ocean.

These observations revealed that the interannual variability of wintertime ocean heat loss and of

MLDs was often in phase between the two mooring locations, especially in years when wintertime

MLDs were anomalously deep. This covariability between the Pacific and Indian sectors was

shown to be associated with the global ZW3 pattern noted by Sallée et al. (2010a), resulting
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in strong zonal dipoles in wintertime surface ocean heat loss anomalies and MLD anomalies in

both the Indian and Pacific sectors. Using a gridded Argo product, Lu et al. (2019) showed that

such interannual variability of MLD and SAMW thickness is advected eastward by the ACC, re-

emerging the next winter in the next dipole center downstream where the air-sea fluxes make it

colder and denser. This provides a multi-year component to the variability superimposed on the

interannual changes due to air-sea fluxes.

Significant changes of SAMW properties have also been observed on a longer time scale. Argo

data showed that between 2005 and 2015, SAMW thickened (3.6±0.3 m yr−1), deepened (2.4±0.2

m yr−1) and warmed (3.9±0.3 W m−2) (Gao et al. 2018). Much of the upper ocean heat content

increase observed during this time period was in the SAMW density range, primarily caused by

changes in SAMW thickness and volume, while changes of SAMW temperature played a much

smaller role (Gao et al. 2018). Similarly, Meijers et al. (2019) also showed that on interannual

timescales the net SAMW heat content in the south Pacific is governed by the variability in SAMW

thickness, rather than variability in its temperature.

This work builds on the results of these recent studies. We analyze the atmospheric processes

that play an important role in driving the strong interannual variability of deep wintertime (defined

here as Jul-Sep) MLDs in the Southern Ocean. We focus on the role of the interannual variability

of wintertime mean sea level pressure (MSLP) that has a large variance in the Southern Ocean

(Hobbs and Raphael 2010). Since the interannual variability of SAMW is driven not only by

local, but also advective processes (Meredith et al. 2008; Cerovečki et al. 2019; Meijers et al.

2019; Lu et al. 2019), we additionally consider the role of advection in setting the interannual

SAMW variability in the Indian and Pacific sectors.

Data used in this work is described in Section 2. Results are presented in Section 3 where we

define SAMW for this study and its four primary formation regions, and describe the interannual
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variability of SAMW and deep wintertime mixed layers. We describe the interannual variability of

monthly MSLP anomalies in Austral winter and contrast these with the atmospheric and oceanic

conditions in winters with strong positive and strong negative MSLP anomalies overlying SAMW

formation regions. We examine the relationship between SAM and ENSO and the wintertime

anomalies of MSLP, the net surface air-sea heat flux and the SAMW thickness. Furthermore, in

order to address the importance of advective processes in modifying the SAMW properties, we

consider the time-longitude diagrams of the isopycnal depth, thickness and temperature anomalies

in the SAMW density range. A discussion of the results and conclusions are given in Section 4.

2. Tools and Methods

We primarily analyse the gridded hydrography created by Roemmich and Gilson (2009)

by optimally interpolating quality-controlled Argo profiles. These data are available at

http://www.argo.ucsd.edu/Gridded fields.html, with a 1◦x1◦ horizontal resolution, 58 non-

uniformly spaced vertical levels, as monthly means. We focus on the time period 2005-2018,

as prior to this Argo data was too sparse to accurately capture water mass variability. The SAMW

representation in this dataset has already been thoroughly evaluated in Cerovečki et al. (2019)

where it has been shown to accurately reproduces the interannual SAMW variability in the Pacific

sector when compared to the ‘raw’ Argo profiles. The disadvantage of using this dataset for water

mass analysis is that mapping of Argo profiles has been done onto vertical (rather than pressure

or isopycnal) levels, potentially ’smearing’ water masses where isopcynals steeply slope. Also,

where insufficient Argo data were available for mapping, values at grid points were relaxed to

climatological values, potentially reducing the interannual variability.

In order to examine the drivers of variability within the gridded hydrographic products we also

use the atmospheric fields (MSLP, wind stress, air temperature and net air-sea heat flux) from the
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European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5 (Copernicus Cli-

mate Change Service (C3S) 2017), hereafter referred to as ERA5, for the same time period. These

atmospheric reanalysis fields also form the basis for similar analysis in Cerovečki et al. (2019) and

Meijers et al. (2019).

3. Results

a. Defining SAMW and the interannual variability of wintertime mixed layer depths

As a first step to examining MLD variability we carry out an empirical orthogonal function

(EOF) analysis of wintertime (Jul-Sep) MLDs in the Southern Ocean. The EOF analysis provides

maps of the time independent patterns of variability (Fig. 1b,c), while the principal components

describe the time variability of this pattern, in our case during the winter months Jul-Sep from

2005 to 2018 (Fig. 1d).

The EOF1 shows two regions of deep wintertime mixed layers that exhibit out of phase temporal

variability, forming one dipole in the Pacific sector and the other dipole in the Indian sector of the

Southern Ocean (Fig. 1b). In the Pacific sector, the two regions of the dipole are separated by the

Pacific Antarctic Ridge, located at approximately 115◦W, (Figs. 1b,d and 2). This pattern aligns

closely with the two pools of Pacific SAMW variability described by Meijers et al. (2019). As in

the Pacific sector, the location of deep wintertime mixed layers in the Indian sector is also strongly

influenced by topography (Herraiz-Borreguero and Rintoul 2011; Sallée et al. 2010b). The deep

mixed layers that extend from the Kerguelen Plateau (70◦E) to the Campbell Plateau (170◦E),

(Fig. 2), form another dipole similar in size and structure to that noted by Tamsitt et al. (2020)

and Lu et al. (2019). In both ocean sectors the deepest wintertime mixed layers are located in the

approximately 12◦ wide latitude band north of the SAF (Fig. 1b,c) and exhibit strong interannual
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variability of up to ±200 m (Fig. 1a-d). In the Atlantic sector, where wintertime mixed layers are

much shallower, the interannual variability is accordingly much smaller (Fig. 1a-d). EOF analyses

were also conducted for the Pacific and Indian sectors separately, and produced EOF1 patterns

very similar to the global pattern in Fig. 1b (not shown). Along with the agreement with previous

regional studies on centres of MLD variability this suggests a degree of covariance between the

basins (see later discussion).

A dominant feature of the EOF2 is the variability of deep winter mixed layers located south of

New Zealand, southwest of the Campbell Plateau (160◦-170◦E) (Fig. 1c). It is less clear that this is

as physically meaningful as EOF1 but may represent the uncorrelated component of overlapping

variability in the two basins or spatial viability from interaction with the Tasman Sea. This pool is

physically separate from the upstream pool in much the same way the Pacific Antarctic Ridge sep-

arates the Pacific pools so differing modes of variability are not physically unreasonable (Fig. 2).

We confine subsequent analysis to the regions highlighted by the EOF1 and previous studies.

Similar to Cerovečki et al. (2019) and Meijers et al. (2019) we next define the boxes encircling

the individual geographical regions with coherent deep wintertime mixed layer variability as the

following: the ‘central Pacific box’(CPB) 170◦-114◦W, the ‘southeast Pacific box’ (SEPB) 114◦-

75◦W, the ‘Indian west box’ (IWB) 70◦-110◦E, and the ‘Indian east box’ (IEB) 110◦-150◦E. All

four boxes are 12◦ in meridional extent, and located north of the SAF (Fig. 1c). Hereafter we refer

to these four regions as the ‘SAMW boxes’.

The SAMW density range in each of the four SAMW boxes was obtained by considering the

density distribution of the volume of low potential vorticity (PV) water (PV<40×10−12 m−1 s−1)

in each box (Fig. 3). Hereafter, ‘low PV’ refers to PV<40×10−12 (m s)−1, where PV is defined

as PV= f/ρ0
∂σθ

∂ z . Here f is the Coriolis parameter, ρ0 is the density of seawater, and σθ is the

potential density (taken here to be defined relative to the surface). The SAMW is thus defined as
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the ‘low PV’ water in the following σθ range: 26.6 - 26.85 kg m−3 in the IWB , 26.7 - 26.9 kg m−3

in the IEB , 26.825 - 26.975 kg m−3 in the CPB and 26.925 - 27.05 kg m−3 in the SEPB (Fig. 3a,b).

The results that are shown here are robust and insensitive to small variations in density or PV limits.

Using this SAMW definition, we consider the interannual variability of the volume of newly

formed SAMW in each of the four SAMW boxes. Following Davis et al. (2011), the volume of

newly formed SAMW in year i was approximated by the difference between the volume maximum

at the end of the Austral winter-spring formation season in year i and the volume minimum in the

previous year (Fig. 3c,d). In agreement with the zonal dipole pattern of the wintertime MLD

variability (Fig. 1b), in years when the volume of the newly formed SAMW is large in one of the

two boxes in the Indian (or Pacific) sector, the volume of newly formed SAMW in the other box

of the same ocean sector tends to be small (Fig. 3c,d). The correlation coefficient between the

volume of the newly formed SAMW in the IWB and IEB is -0.59, while the correlation coefficient

between the volume of the newly formed SAMW in the CPB and SEPB is -0.34. The correlations

are relatively weak because it is only in some years (with strong MSLP anomalies) that there are

notable opposite signals.

Meijers et al. (2019) attributed such out-of phase variability of the SAMW thickness in the

Pacific sector to the change in conditions associated with changes in SAM and ENSO. During

the time periods 2005–2008 and 2012–2017 the difference in the SAMW thickness in the two

SAMW boxes in the Pacific sector was large, due to in-phase reinforcing conditions associated

with the SAM and ENSO modes. In contrast, between 2008 and 2012 out of phase SAM and

ENSO resulted in less coherent patterns of SAMW variability in these two boxes (Meijers et al.

2019). The same temporal variability is evident in the time series of the volume of newly formed

water. In the CPB and SEPB the variability of the volume of newly formed water tends to be out

of phase in 2005–2008 and 2012–2017, and generally in phase in 2008-2012 (Fig. 3d). Similarly,
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in the IWB and IEB the variability of the volume of the newly formed SAMW tends to be out of

phase in 2005–2008 and 2010–2017, and in phase in 2008-2010 (Fig. 3c).

In order to quantify the interannual variability of the volume of the newly formed water for

each region considered in Fig. 3c-e we estimate its time average (over years 2006-2018) and the

standard deviation. We additionally express the variability (represented by a standard deviation)

as a percentage of the time mean volume of the newly formed water in each region. In the IWB

the volume of the newly formed water was (7.7857 ± 1.2623) × 1014 m3, (16.2% variability),

slightly higher than in the IEB (6.5970 ± 1.4181) × 1014 m3, (21.5% variability). Variability is

even stronger in the CPB (5.1305 ± 1.3313) × 1014 m3, (25.9% variability), while the variability

during this time period was the strongest in the SEPB, (3.0422 ±1.3156) × 1014 m3, (43.24%).

Considering the entire Indian sector (70◦E-160◦E) and the Pacific sector (160◦E-75◦W, both in

the latitude range south of 30◦S), the variability was much smaller: (15.4385±1.6073) × 1014 m3

(10.4%) in the Indian sector and (12.527 ± 1.8525) × 1014 m3 (14.8%) in the Pacific sector. Thus,

the interannual variability of the net volume of the newly formed SAMW, summed over the two

boxes of the same ocean sector (Indian or Pacific), is much weaker (Fig. 3e), masking much of the

dipole variability within each sector.

The interannual variability of the SAMW volume in the two dipoles in the Indian and Pacific

sector is often, but not always, in phase between basins. This is illustrated in Fig. 1e showing the

difference between the SAMW volume in the two boxes in the Indian and Pacific sectors (shown

as the SAMW volume in the east box minus the SAMW volume in the west box of the same

sector) (Fig. 1e). The most notable departure occurs at the end of 2016 and during 2017 and is

likely influenced by the strong ENSO during that time (Meijers et al. 2019).
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b. The interannual variability of the monthly mean sea level pressure (MSLP) anomalies in the

Southern Ocean

Here we examine the role of MSLP variability in driving variability in the SAMW formation

regions, and examine its relationship to atmospheric modes such as the SAM and ENSO. Although

the extratropical circulation in the Southern Hemisphere is strongly zonally symmetric, there are

also significant asymmetries, mostly associated with quasi-stationary zonal waves. The long term

mean zonal pressure anomalies are very successfully represented as a superposition of the zonal

wave numbers (ZW) 1 (ZW1) and ZW3 (Van Loon and Jenne 1972). Although the ZW1 is the

dominant wave, the variation of ZW3 is important because of its potential impact on the regional

meridional circulation and northward (southward) transport of colder (warmer) air (Raphael 2004)

and its subsequent impact on surface ocean properties. Unlike the situation at these multi-annual

time scales, at shorter time scales, such as monthly, the zonal wave pattern is not as well defined.

Instead, the monthly mean pressure field is dominated by two quasi-stationary anticyclones, whose

strength seems to be related to ZW1, and whose longitude seems to be related to ZW3 (Hobbs and

Raphael 2010).

The eastern anticyclone is centered somewhat to the east of the Drake Passage, and the western

anticyclone is located south of the New Zealand (Hobbs and Raphael 2010) (Fig. 4a). The standard

deviation of the wintertime monthly averages of the MSLP reveals several centers of enhanced

variability in the latitude range encompassing the SAMW formation regions and immediately

to their south (Fig. 4b). The variability is particularly strong in the Amundsen, Bellingshausen

and the Ross Sea, which is the West Antarctic pole of interannual MSLP variability (Connolley

1997). However, because this region of strong variability is located further poleward than the

southern boundary of the RG-Argo dataset (our primary dataset) in what follows we focus only on
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the centers of the enhanced MSLP variability located equatorward of the SAF, but note that this

poleward variability can influence SAMW formation in the southeast Pacific (Close et al. 2013;

Naveira Garabato et al. 2009; Cerovečki et al. 2019).

There are three centers of enhanced MSLP variability in the SAMW formation latitude range,

one in each of the three ocean sectors. The region in the central Pacific (approximately 160◦W-

123◦W, 50◦-59◦S) overlaps with the CPB, while the MSLP variability in the SEPB is much smaller,

except along its southern and western edges (Fig. 4b). In the Indian sector, the MSLP variability

is strong southwest of Australia (approximately 77◦-118◦E, 42◦-50◦S), in the region that overlaps

with both the IWB and IEB. In the Atlantic sector, the monthly MSLP variability is slightly en-

hanced in the region approximately 44◦W-21◦W, 47◦-53◦S, but this variability is much weaker

than in the Indian and Pacific sector (Fig. 4b). The interannual variability of wintertime MSLP in

the three centers of enhanced variability is not necessarily in phase (Fig. 4c).

Hobbs and Raphael (2010) showed that although there is some covariance between the SAM and

the two anticyclones that they identified, a significant percentage of the monthly MSLP variability

that is unrelated to the SAM can be explained by the anticyclone time series. Here we explore

the relationship between MSLP and the SAM and ENSO and their impact on the regions of high

MSLP variability identified above in more detail.

The linear regression of the wintertime monthly mean MSLP on the SAM index (Marshall 2003)

shows that in the +SAM phase, the MSLP is anomalously high on the equatorward side of the SAF,

and anomalously low almost everywhere south of 60◦S, with an intrusion of low pressure in the

eastern Pacific (Figs. 5a), (Sallée et al. 2010a). One center of enhanced MSLP variability is located

in each of the three ocean sectors (Figs. 5a) and will introduce the meridional wind anomalies of

the opposite sign on the two flanks of each MSLP anomaly. In a +SAM phase, the positive MSLP

anomaly will strengthen northerly (southerly) winds in the western (eastern) part of each ocean
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sector, while also strengthening the circumpolar zonal winds poleward of the SAMW formation

regions. The strongest MSLP anomaly is in the Indian sector, southwest of Australia, where the

overall MSLP variance is also particularly strong (Fig.4b), suggesting that a large fraction of the

MSLP variability at this location co-varies with SAM. However, the MSLP variability associated

with the wintertime SAM is weaker in the Pacific sector, where it is significant only over the

CPB (Fig. 5a). Although still statistically significant, the MSLP anomaly associated with SAM

is even weaker in the Atlantic sector. The correlation coefficient between the wintertime monthly

mean MSLP averaged over the region of strongest MSLP variability in the Indian sector (shown

as a green box in Fig. 4b) and the SAM index is 0.58 (Fig. 5e). The corresponding correlation

coefficients in the Pacific (0.27, Fig. 5c) and Atlantic sector (not shown) are much smaller. As

expected, the linear regression of the wintertime monthly MSLP on the NINO3.4 index is strongest

in the southeast Pacific, where positive ENSO (+ENSO) events are associated with a positive

wintertime MSLP anomaly centered between the two SAMW formation regions (Figs. 5b). Wind

anomalies during a +ENSO will thus enhance wind anomalies associated with a positive +SAM,

strengthening southerly (northerly) winds in the SEPB (CPB) (Meijers et al. 2019). However, the

infrequent nature of ENSO means that its overall correlation with the peak MSLP variability in

the Pacific (shown as a green box in Fig. 4b) is quite low (r=0.28).

Overall we find that while the SAM and ENSO likely contribute to the overall MSLP variability,

significantly so in the case of SAM in the Indian sector, they do not explain all variability.

We now demonstrate the importance of these regional wintertime monthly MSLP anomalies in

driving the wintertime MLD variability. Fig. 6 shows the correlation maps between the wintertime

monthly mean MSLP anomalies, averaged over each of the three regions of enhanced MSLP

variability (shown as green boxes in Fig. 4b), and the monthly mean MLD anomalies. In all

three correlation maps the dominant features are strong zonal dipoles evident in each of the three
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ocean sectors (Fig. 6). The zonal dipole pattern in the Indian and in the Pacific sector closely

resemble the dipole pattern identified by the EOF1 of wintertime MLDs, (Fig. 1b), indicating that

the dipole pattern of wintertime MLDs is atmospherically driven. The high degree of similarity of

the correlation pattern between the MLD anomalies and the MSLP anomalies in each of the three

high variance regions in Fig. 6 is indicative of co-variance in the three MSLP boxes shown in

Fig. 4b. Thus, although the MLDs in the Indian and Pacific sectors are controlled by the regional

atmospheric anomalies, the MSLP anomalies themselves in the three ocean sectors tend to be in

phase in years with strong MSLP anomalies, resulting in a more circumpolar (rather than regional)

response. This also accounts for the high degree of similarity between circumpolar EOFs of MLD

and EOFs of individual basins discussed earlier. Although the EOF1 of the wintertime MLDs does

not show a dipole pattern in the Atlantic sector, such a pattern is evident in the correlation map

between the MSLP anomaly spatially averaged over the region of high variance (’green box‘) in the

Atlantic sector (Figs. 6c) and the wintertime MLD. This is likely to be because the climatological

mean wintertime MLDs in the Atlantic sector are much shallower than these in the Indian and

Pacific sectors.

c. Composites of wintertime atmospheric and oceanic conditions

Despite the importance of the MSLP anomalies in driving the co-variability of the wintertime

MLD dipoles in all three ocean sectors, numerous other sources of variability, such as advection of

heat and salt by the ACC, will weaken the explanatory power of the EOF1. We therefore compare

composites of the atmospheric and oceanic conditions in winters with anomalously strong positive

MSLP (+MSLP) and anomalously strong negative MSLP (-MSLP) to investigate the mechanisms

linking MSLP variability to MLD change. All averages shown in this section are wintertime (Jul-

Sep) averages.
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A scatter plot of the normalized MLD anomalies (averaged over the SAMW boxes under con-

sideration) versus normalized MSLP anomalies (spatially averaged over the region of highest vari-

ability in the ocean sector under consideration) shows that anomalous +MSLP drives anomalously

deep mixed layers in both the SEPB and IEB, and mostly anomalously shallow mixed layers in the

CPB and IWB. The opposite occurs under anomalously -MSLP (Fig. 7). In all boxes the corre-

lation between the MLD anomaly and MSLP anomaly is strong and statistically significant. This

out-of-phase MLD variability forming zonal dipoles in both the Indian and Pacific sectors in win-

ters with strong MSLP anomalies is also evident in the time series of wintertime MLD anomalies

averaged over the individual SAMW boxes (Fig. 8). This also shows that while there are some

differences (e.g. 2010, 2013), on the whole the MSLP anomalies in the Pacific and Indian sectors

tend to vary in phase with one another (Fig. 8c,d). This allows us to construct composites of the

winters with the strongest anomalies and to examine the spatial structure of MSLP, MLD, wind

and Ekman transport anomalies. The three winters chosen with strong +MSLP anomalies in both

basins were in 2008, 2015, 2017, and the three winters with the strongest -MSLP anomalies were

in 2007, 2011, 2016 (Figs. 7, 8d).

The main feature of the MSLP anomaly maps in years with both strong positive and negative

MSLP anomalies are the three centers of strong MSLP anomaly already identified, one in each

ocean sector (Fig. 9a,b), with opposite signed anomalies over the Antarctic continent and penin-

sula. In the regions of SAMW formation the the strong +MSLP anomalies are associated with

deep (shallow) MLs in the eastern (western) parts of the individual ocean sectors (Fig. 9a,c). The

opposite holds for the strong -MSLP anomalies (Fig. 9b,d). In both cases the mean wintertime

MLD anomalies for these composite years can exceed 100 m. The meridional wind velocity

anomalies have the opposite sign on the two flanks of strong MLSP anomalies (Fig. 9e,f). On

the eastern flanks of the MSLP anomalies there are strengthened southerly winds (or weakened
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northerly winds) while on their western flanks there are strengthened northerly winds. While

the wind anomalies noted here are unlikely to directly drive a deeper winter MLD (Marshall and

Schott 1999), they are associated with changes in the overlying air temperatures (Fig. 11a-b) and

the instantaneous winter heat flux (Fig. 10c,d). Additionally we find that winters with strong sur-

face heat loss are typically preceded by April-September entertainment periods with cumulative

surface ocean heat loss stronger than on average, especially over the IWB and SEPB where the

cumulative heat flux is significantly different from May onwards (Fig. 11g-j).

The zonal wind velocity anomalies are strongest poleward of the SAMW formation regions

(Figs. 9g,h) and +MSLP anomalies strengthen the westerlies in both the Pacific and Indian sectors.

As with the meridional winds, these do not nessecarily direclty drive deeper mixed layers, but

instead increase (or decrease for -MSLP) the cross-isopycnal Ekman transport of cold water in the

SAMW formation regions (Figs. 9i,j). This Ekman transport has been identified as an important

mechanism influencing SAMW formation and properties (Rintoul and England 2002) and may

contribute, alongside the surface heat fluxes, to the observed changes in ocean surface temperature

anomalies (Fig. 11c-d).

All these changes strongly impact the wintertime surface ocean heat flux in all SAMW formation

regions. In each of the three ocean sectors, a +MSLP (-MSLP) anomaly is associated with an

increased (decreased) surface ocean heat loss in the eastern part, and decreased (increased) surface

ocean heat loss in the western part of the ocean sector (Fig. 10 c,d). This pattern closely resembles

wintertime surface ocean heat flux anomalies that develop during +SAM (-SAM) events (Fig. 10a).

In the Pacific sector and western Atlantic, a very similar pattern of wintertime surface ocean heat

flux develops during positive (negative) ENSO events (Fig. 10b).

The +MSLP anomalies are associated with the near surface (at 5 m depth) salinity increase in

the Indian sector, and salinity decrease in the Central Pacific (Fig. 11e,f). The near surface salinity
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anomalies tend to have the opposite sign in the case of +MSLP and -MSLP anomalies (Fig. 11f).

These anomalies generally display less spatial coherence and do not exhibit the clear cross-basin

dipole pattern seen in the air temperature, and to a lesser extent the near surface ocean temperature.

This suggests that while Ekman transport may contribute to the SAMW regional properties it is

probably not as significant as surface heat fluxes in driving the dipole patterns.

Analyzing the Pacific SAMW formation regions Meijers et al. (2019) showed that advective

processes were more important in modifying SAMW temperature and salinity than in modifying

the SAMW thickness. This may also account for the weaker temperature and salinity responses to

MSLP anomalies seen here. We examine this further in the following section.

d. Interannual variability of SAMW properties

In order to gain further insight into the importance and time scale of advective processes that

modify the SAMW properties in their formation regions, we consider Hovmuller diagrams of the

isopycnal depth anomalies in the SAMW density range (with the time-mean and seasonal signal

removed), averaged meridionally over the 12◦ wide band located equatorward of their respective

monthly mean outcrop positions (Fig. 12). Particularly large isopycnal depth anomalies were

observed for σθ = 26.8 kg m−3 (hereafter σ26.8) in the Indian sector and for σθ =26.95 kg m−3

(hereafter σ26.95) in the Pacific sector. For both isopycnals, depth anomalies can exceed ±100 m in

some years. The strongest anomalies developed around approximately 120◦E in the Indian sector,

and 120◦W in the Pacific sector (Fig. 12); the locations where the wintertime MLD anomalies are

strongly correlated with the MSLP anomalies (Fig. 6). Both σ26.8 (in the Indian sector) and σ26.95

(in the Pacific sector) isopycnal depth anomalies were anomalously shallow in the early Argo

period, followed by the isopycnal deepening that was especially strong between 2014 and 2017

in the Pacific sector (Fig. 12a,b). In some cases strong isopycnal depth anomalies are advected
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eastward by the ACC. In the Indian Ocean, a weak propagating signal of σ26.8 depth anomalies

is evident between the Kerguelen Plateau (70◦E) and the South Tasman Rise (150◦E) over much

of the time series. At the latter location complex topography and strong advection of warm and

salty subtropical water from the Tasman Sea (Herraiz-Borreguero and Rintoul 2011) likely both

contribute to the abrupt termination of the propagating signal.

In the Pacific sector two episodes of eastward propagation of σ26.95 isopycnal depth anomaly

stand out. A particularly strong σ26.95 depth anomaly developed in 2015, when the isopycnal

deepened in the CPB, and this anomaly propagated eastward, reaching the SEPB in 2016, and two

years later it was advected east of Drake Passage (Fig. 12b). The deepening of the σ26.95 isopycnal

occurred at the time when the wintertime MSLP in the central Pacific was anomalously negative

(Fig. 8c,d), the volume of the newly formed water in the CPB was anomalously large (Fig. 3d),

the wintertime ML in the CPB was anomalously deep (Fig. 8b) and the SAMW layer in the CPB

was anomalously thick (Fig. 14b). This strong isopycnal depth anomaly was also associated with

a strong positive temperature anomaly and in 2015-2016 the SAMW in the CPB and SEPB was

anomalously warm, likely associated with a very strong El Niño event (Fig.13). This positive tem-

perature anomaly was advected eastward in the SAMW density range (σθ =26.8-27.0 kg m−3), so

that in years 2015-2017 it reached the SEPB (Fig.13). The advective time scale for this anomaly

from the central to the southeast Pacific SAMW formation region is approximately one year, a

value consistent with Cerovečki et al. (2019) and Meijers et al. (2019). Such strong eastward

propagating isopycnal depth and temperature anomalies in the SAMW density range may precon-

dition the SAMW formation in the subsequent winter in the formation regions located further east

by changing the upper ocean stratification. The σ26.95 depth anomaly averaged over the SEPB

longitude range is strongly correlated (r=0.75) with the anomaly averaged over the CPB longi-

tude range one year earlier. In constrast, the correlation between the σ26.8 depth anomaly in the
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IWB and in the IEB one year later is much weaker (0.41), in agreement with the much weaker

propagating signal shown in Fig. 12a.

The other episode of the eastward propagating σ26.95 isopycnal depth anomaly in the Pacific

shows a shoaling that started in 2007 in the CPB, intensified in 2008, and arrived at the SEPB in

2009 (Fig. 12b). Shoaling was associated with a negative temperature anomaly (Fig.13b). Note

that these temperature anomalies are within an isopycnal range, and so should not be interpreted

as change at a depth level. In 2007/08, for example, there is surface warming associated with the

shoaling, which on an isopycnal in this region will appear as a cooling under a ’pure warming’

type scenario in the framework of Bindoff and Mcdougall (1994).

4. Conclusions

The interannual variability of deep wintertime mixed layers and SAMW volume has been ana-

lyzed using a gridded Argo product (RG-Argo) and contextualised using ERA5 reanalysis atmo-

spheric fields, for the years 2005-2018. The dominant pattern of interannual variability of both

deep wintertime mixed layers and SAMW volume is a dipole that develops in each of the three

Southern Ocean sectors in winters with anomalously strong MSLP anomalies. In winter, one

quasi-stationary center of strong monthly MSLP variability develops north of the SAF in each of

the three ocean sectors and we find a strong relationship between the MSLP variability and the for-

mation of dipoles in MLD in SAMW formation sites in the Indian and Pacific sectors. The MSLP

variability is much stronger in the Indian and Pacific sectors (centered at approximately 100◦E

and 150◦W) than in the Atlantic sector (centered at approximately 25◦W). While the year to year

variability of the MSLP in these three centers does not necessarily co-vary with one another, in

years with strong MSLP anomalies they do tend to be of the same sign in all three ocean sectors.
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The meridional wind anomalies introduced by these MSLP anomalies are of the opposite sign

on the two flanks of the each center of the MSLP anomaly. Thus, strong positive wintertime MSLP

anomalies strengthen the southerly winds in the eastern part of each ocean sector, decreasing the

air temperature, increasing the surface ocean heat loss, deepening the wintertime mixed layers and

increasing the formation of SAMW. In contrast, on the western flank of the positive wintertime

MSLP anomalies northerly winds increase the air temperature, weaken the surface ocean heat loss,

shoal the wintertime mixed layers and decrease SAMW formation rates. The positive wintertime

MSLP anomalies also increase zonal winds immediately poleward of the SAMW formation re-

gions in all three ocean sectors, especially in the eastern parts of the Indian and Pacific sectors.

This will increase equatorward Ekman transport of cold water, driving convection in SAMW for-

mation regions, which is an important processes of SAMW formation (Rintoul and England 2002),

further augmenting SAMW formation by cooling the eastern parts of each ocean basin. The effects

of the strong negative wintertime pressure anomalies are largely opposite to these associated with

the positive wintertime pressure anomalies. In this way, both strong positive and strong negative

wintertime MSLP anomalies drive a dipole pattern in deep wintertime mixed layer distribution and

the SAMW formation in each of the three ocean sectors (although the one in the Atlantic is much

weaker than in the Pacific and Indian ocean sectors). This dipole pattern implies that in years with

the preferential formation of colder and denser varieties of SAMW in the eastern parts of the In-

dian and Pacific dipole, the formation of warmer and lighter varieties of SAMW in the western part

of both dipoles is anomalously weak, amplifying the net cooling and densification in each ocean

sector. Conditions reverse in years with the preferential formation of warmer and lighter varieties

of SAMW. When integrated over the whole basin the dipoles tend to cancel one another, leading

basin wide SAMW formation interannual variability to be lower than that of the two formation

pools in each basin. Given the zonal property gradient of SAMW formation across each basin this
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may mean that considering the basin formation of either the Indian or Pacific sectors as a whole

masks considerable interannual property variability.

The SAMW thickness anomalies associated with both the wintertime SAM and ENSO also have

a dipole pattern in the Indian and Pacific sectors, although ENSO is only significant in the Pacific

formation regions. A strong wintertime positive (negative) SAM increases (decreases) the MSLP

in all three centers of high variability, giving rise to a dipole pattern in zonal distribution of win-

tertime MLs in each of the three ocean sectors. Meijers et al. (2019) showed that when wintertime

SAM and ENSO are in phase in the Pacific, the wind anomalies that develop in response to each

of them enhance each other, but when out of phase they tend to cancel. Since this does not apply

in the Indian sector, it will tend to reduce the degree of covariability between the centres of MSLP.

During the Argo time period, the largest difference between the SAMW formation in the Indian

and Pacific sector occurred in 2016. The difference can at least in part be attributed to the extreme

El Niño event in 2015/2016 (Stuecker et al. 2017), since ENSO has a strong teleconnection to

the atmospheric and surface ocean conditions in the Pacific, but not in the Indian sector (Turner

2004; Fogt and Bromwich 2006; Meijers et al. 2019; Naveira Garabato et al. 2009; Vivier et al.

2010). Overall we find that while the SAM and ENSO contribute significantly to the MSLP vari-

ability driving the variance in SAMW MLD and properties, but do not entirely explain the MSLP

variability by themselves.

The eastward propagation of temperature, salinity and volume anomalies in the SAMW density

range also act to weaken the SAMW co-variability in the Indian and Pacific sectors. The easward

propagating anomalies act to precondition SAMW formation downstream, adding a degree of

’memory’ to the system. The strong isopycnal depth variability in the SAMW density range

develops in the longitude ranges where the wintertime MLD anomalies are well correlated with the

wintertime MSLP anomalies. While the eastward propagation was generally weak in the Indian
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sector, two episodes of eastward propagation of the σθ =26.95 kg m−3 isopycnal were observed in

the Pacific sector. Isopycnal deepening that developed in the Central Pacific during the extreme El

Niño event in 2015/2016 was advected to the SEPSAMW formation region a year later, and east of

the Drake Passage two years later. It was associated with a strong positive temperature anomaly.

A strong shoaling of the σ26.95 isopycnal that developed in 2008 in the CPB propagated eastward

to the SEPB in 2009. Both events illustrate the importance of advective effects in governing the

interannual variability of SAMW volume and properties. However, the degree to which such

propagation and preconditioning acts to influence subsequent downstream formation versus the

impact of local forcing remains to be quantified and should be a focus for future research.

Finally, the strong interannual variability of SAMW volume and properties that we show are

important as they strongly modify the upper ocean heat and carbon content. In recent decades,

regional shifts in MSLP and the related changes in surface winds were shown to play a very

important role in the interannual to decadal variability of the Southern Ocean carbon sink (Kep-

pler and Landschützer 2019). The degree to which such large scale shifts in the MSLP impact

the mechanism linking them to SAMW formation should be closely examined. Changes to this

coupling have the potential to significantly alter the ocean uptake of heat and carbon. Therefore

understanding the mechanisms that govern the variability of SAMW volume and properties is also

necessary to understanding how they may change in the future under climate forcing scenarios.
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LIST OF FIGURES
Fig. 1. a) Wintertime (Jul-Sep) SAMW thickness (σθ =26.6 - 27.1 kg m−3, with PV<40×10−12 (m

s)−1), time averaged over years 2005-2018. Thick black dash-dot contour shows September
monthly mean mixed layer depth (MLD) of 300 m. MLD has been computed as the depth
at which the potential density has increased by 0.03 kg m−3 from its surface value; b) the
normalized spatial variance map of the first (EOF1) and c) the second EOF (EOF2) mode
of wintertime MLD that has been detrended, with the seasonal signal removed; d) the asso-
ciated monthly mean principal components (PCs); EOF1 (EOF2) explains 20.2 % (11.0 %)
of the variance. e) The difference between the monthly mean SAMW volume in the (gray)
IEB minus IWB and (black) SEPB minus CPB with the time mean volume difference of
IEB minus IWB and SEPB minus CPB removed. SAMW density range considered in each
box is given in the text and Fig. 3. All from the RG-Argo. In panels b) and c) the con-
tour interval is 0.25, and the black boxes encompass the main SAMW formation regions:
‘Indian west box’ (IWB) 70◦-110◦E, ‘Indian east box’ (IEB) 110◦-150◦E, ‘central Pacific
box’(CPB) 170◦-114◦W and ‘southeast Pacific box’ (SEPB) 114◦-75◦W, all in the latitude
band 12◦ north of the Subantarctic Front (SAF) as defined by Orsi (1995). Gray lines show
the SAF and Subtropical Front (STF) defined by Orsi (1995). . . . . . . . . . 30

Fig. 2. Southern Ocean topography: Kerguelen Plateau (KP), Southeast Indian Ridge (SEIR), Tas-
man Basin (TB), South Tasman Rise (STR), Campbell Plateau (CP), Macquarie Ridge (MR),
Pacific Antarctic Ridge (PAR). Thick gray lines show the SAF and the Polar Front (PF) de-
fined by Orsi (1995). . . . . . . . . . . . . . . . . . . . . 31

Fig. 3. SAMW properties, considering the low PV (PV<40×10−12 (m s)−1) water: a) density dis-
tribution of 2005-2018 time mean volume in the IWB and the IEB; b) as a) except for the
CPB and SEPB; c) volume of newly formed SAMW each year separately in each of the
two boxes in the Indian sector considering the σθ range 26.6-26.85 kg m−3 in the IWB, and
26.7-26.9 kg m−3 in the IEB; d) as c), except for the two boxes in the Pacific sector consider-
ing the σθ range 26.825-26.975 kg m−3 in the CPB, and 26.925-27.05 kg m−3 in the SEPB;
e) as c), except (solid line) considering SAMW volume in both boxes in the (black) Indian
sector, in the σθ 26.6-26.9 kg m−3 range and (magenta) Pacific sector, in the σθ 26.825-
27.05 kg m−3 range; dashed lines as solid lines, except considering the latitude range south
of 30◦S, and longitude range 70-160◦E for the Indian sector and 160◦E-75◦W for the Pacific
sector. Following Davis et al. (2011), the volume of newly formed low PV water in year
i was estimated as the difference between the volume maximum at the end of the Austral
winter-spring formation season in year i and the volume minimum in the previous year. All
from RG-Argo. . . . . . . . . . . . . . . . . . . . . . . 32

Fig. 4. a) The zonal anomaly of the monthly averages of the mean sea level pressure (MSLP) in
winter (Jul-Sep) and b) the standard deviation of the individual monthly averages of MSLP
in winter (Jul-Sep), with the seasonal signal removed; both a) and b) considering the time
period 2005-2018. The three green boxes encircling regions with enhanced MSLP variabil-
ity north of the SAF with coordinates 77◦-118◦E, 42◦-50◦S; 160◦W-123◦W, 50◦-59◦S and
44◦W-21◦W, 47◦-53◦S. Heavy black lines in panels a and b show the position of the four
SAMW boxes shown in Fig. 1, (in mbar); c) three point averaged monthly mean MSLP
anomaly (with the seasonal signal and 2005-2018 time mean removed), averaged over the
region of the three boxes shown in panel b), where heavy lines indicate wintertime (Jul-Sep)
monthly mean values. Gray lines in panels a) and b) show the Subantarctic Front (SAF),
Polar Front (PF) and the Southern Antarctic Circumpolar Current Front (SACCF) defined
by Orsi (1995). Thick black lines show the four main SAMW formation regions: ‘Indian
west box’ (IWB), ‘Indian east box’ (IEB), ‘central Pacific box’(CPB) and ‘southeast Pacific
box’ (SEPB). . . . . . . . . . . . . . . . . . . . . . . 33
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Fig. 5. The linear regression coefficients of the detrended MSLP (in mbar), with the seasonal signal
removed, in winter (Jul-Sep) on a) the SAM index, and b) NINO3.4 index. The time series
of monthly mean wintertime (Jul-Sep) MSLP averaged over the box of high variability in
the Pacific sector and c) the SAM index and d) the NINO3.4 index, with the corresponding
correlation coefficients indicated in the title; panels e) and f) as panels c) and d), except con-
sidering the MSLP averaged over the box of high variability in the Indian sector. Stippling
indicates a statistically significant correlation at the 95 % level. . . . . . . . . . 34

Fig. 6. Correlation between monthly mean MLD anomaly and MSLP anomalies in winter (Jul-Sep),
where both anomalies were obtained as a deviation from 2005-2018 winter time mean. The
MSLP was averaged over the box of high variance located in: a) the Indian sector, b) the
Pacific sector and c) Atlantic sector (location of the boxes is shown in Fig. 4). For both
MLD and MSLP trend and seasonal signal were removed. Stippling indicates a correlation
significant at the 95% level. Thick black lines show the four main SAMW formation regions:
‘Indian west box’ (IWB), ‘Indian east box’ (IEB), ‘central Pacific box’(CPB) and ‘southeast
Pacific box’ (SEPB). Gray lines show the STF and SAF defined by Orsi (1995). . . . . . 35

Fig. 7. The scatter plot of wintertime MLD anomalies averaged separately over each of the four
SAMW formation boxes and normalized by its maximum value in each box, plotted ver-
sus wintertime MSLP anomalies averaged over the region of strongest variance in a,b) the
Indian sector, and c,d) Pacific sector, where both MSLP anomalies were normalized by the
maximum of its absolute value in that sector. . . . . . . . . . . . . . . 36

Fig. 8. Wintertime (Jul-Sep) MLD anomalies averaged over the a) (blue) IWB, (red) IEB and b)
(blue) CPB and (red) SEPB (in m); c) wintertime (Jul-Sep) MSLP anomalies averaged over
the regions of strongest variance in the Indian and Pacific sector; d) as c) except for winter-
time averages of each year (c, d in mbar). . . . . . . . . . . . . . . . 37

Fig. 9. Composites of wintertime anomalies averaged over (left column) years with strong positive
Jul-Sep MSLP anomalies 2008, 2015, 2017 and (right column) years with strong nega-
tive Jul-Sep MSLP anomalies 2007, 2011, 2016, for a,b) MSLP (mb), c,d) MLD (m), e,f)
meridional and g,h) zonal component of wind velocity (both ms−1), i,j) meridional Ekman
transport anomaly from ERA5 (m2 s−1). . . . . . . . . . . . . . . . 38

Fig. 10. The linear regression coefficients of the net air-sea heat flux in winter (Jul-Sep) on a) the
SAM index, b) NINO3.4 index, c) the MSLP averaged over the box of strong pressure vari-
ability in the Pacific sector and d) the MSLP averaged over the box of strong pressure vari-
ability in the Indian sector, all with the trend and the seasonal signal removed, (in W m−2).
Stippling indicates a statistically significant correlation at the 95 % level. Negative values
indicate ocean heat loss. . . . . . . . . . . . . . . . . . . . 39

Fig. 11. As Fig. 9, except for a,b) 2 m air temperature anomaly (◦C), c,d) ocean near surface temper-
ature anomaly from the top layer of RG-Argo at 5 m depth (◦C), and e,f) near surface salinity
anomaly from the top layer of RG-Argo at 5 m depth (psu). Cumulative monthly mean sur-
face ocean heat flux from April to September subsequently time averaged over years with
strong positive (shown as a thick black line) and strong negative wintertime MSLP anoma-
lies (shown as a thick gray line, while years are given in Fig. 9), spatially averaged over the
g) IWB, h) IEB, i) CPB and j) SEPB. Negative values indicate surface ocean heat loss (in
W m−2). . . . . . . . . . . . . . . . . . . . . . . . 40

Fig. 12. Time-longitude diagram of the monthly mean isopycnal depth anomaly (with the time-mean
and seasonal signal removed) averaged meridionally over 12◦ wide band located north of
the position of monthly mean isopycnal outcrop, for isopycnals within the SAMW density
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range a) in the Indian Ocean (σθ =26.8 kg m−3) and b) in the Pacific Ocean (26.95 kg m−3),
where the latter is shown only east of the Kerguelen Plateau. Vertical blue lines indicate the
longitudinal range of each of the four SAMW boxes shown in Fig. 1. From RG-Argo. In m,
with a contour interval of 30 m, and zero contour omitted. . . . . . . . . . . . 41

Fig. 13. As Fig. 12, except for the potential temperature vertically averaged over the low PV
(PV<40×10−12 (m s)−1) layer in the σθ range a) 26.7-26.9 kg m−3 and b) 26.8-
27.0 kg m−3, and averaged meridionally over 12◦ wide band located north of the monthly
mean outcrop position of the lightest density considered (in ◦C). Contour interval is 0.2◦C,
with zero contour omitted. . . . . . . . . . . . . . . . . . . . 42

Fig. 14. As Fig. 12, except for the layer thickness, (in m). Contour interval is 15 m, starting from 5 m. . 43
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FIG. 1. a) Wintertime (Jul-Sep) SAMW thickness (σθ =26.6 - 27.1 kg m−3, with PV<40×10−12 (m s)−1),

time averaged over years 2005-2018. Thick black dash-dot contour shows September monthly mean mixed

layer depth (MLD) of 300 m. MLD has been computed as the depth at which the potential density has increased

by 0.03 kg m−3 from its surface value; b) the normalized spatial variance map of the first (EOF1) and c) the

second EOF (EOF2) mode of wintertime MLD that has been detrended, with the seasonal signal removed; d) the

associated monthly mean principal components (PCs); EOF1 (EOF2) explains 20.2 % (11.0 %) of the variance.

e) The difference between the monthly mean SAMW volume in the (gray) IEB minus IWB and (black) SEPB

minus CPB with the time mean volume difference of IEB minus IWB and SEPB minus CPB removed. SAMW

density range considered in each box is given in the text and Fig. 3. All from the RG-Argo. In panels b) and

c) the contour interval is 0.25, and the black boxes encompass the main SAMW formation regions: ‘Indian

west box’ (IWB) 70◦-110◦E, ‘Indian east box’ (IEB) 110◦-150◦E, ‘central Pacific box’(CPB) 170◦-114◦W and

‘southeast Pacific box’ (SEPB) 114◦-75◦W, all in the latitude band 12◦ north of the Subantarctic Front (SAF) as

defined by Orsi (1995). Gray lines show the SAF and Subtropical Front (STF) defined by Orsi (1995).
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FIG. 2. Southern Ocean topography: Kerguelen Plateau (KP), Southeast Indian Ridge (SEIR), Tasman Basin

(TB), South Tasman Rise (STR), Campbell Plateau (CP), Macquarie Ridge (MR), Pacific Antarctic Ridge (PAR).

Thick gray lines show the SAF and the Polar Front (PF) defined by Orsi (1995).

32

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-20-0593.1.Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 04/06/21 06:04 PM UTC



FIG. 3. SAMW properties, considering the low PV (PV<40×10−12 (m s)−1) water: a) density distribution

of 2005-2018 time mean volume in the IWB and the IEB; b) as a) except for the CPB and SEPB; c) volume

of newly formed SAMW each year separately in each of the two boxes in the Indian sector considering the σθ

range 26.6-26.85 kg m−3 in the IWB, and 26.7-26.9 kg m−3 in the IEB; d) as c), except for the two boxes in

the Pacific sector considering the σθ range 26.825-26.975 kg m−3 in the CPB, and 26.925-27.05 kg m−3 in

the SEPB; e) as c), except (solid line) considering SAMW volume in both boxes in the (black) Indian sector,

in the σθ 26.6-26.9 kg m−3 range and (magenta) Pacific sector, in the σθ 26.825-27.05 kg m−3 range; dashed

lines as solid lines, except considering the latitude range south of 30◦S, and longitude range 70-160◦E for the

Indian sector and 160◦E-75◦W for the Pacific sector. Following Davis et al. (2011), the volume of newly formed

low PV water in year i was estimated as the difference between the volume maximum at the end of the Austral

winter-spring formation season in year i and the volume minimum in the previous year. All from RG-Argo.
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FIG. 4. a) The zonal anomaly of the monthly averages of the mean sea level pressure (MSLP) in winter

(Jul-Sep) and b) the standard deviation of the individual monthly averages of MSLP in winter (Jul-Sep), with

the seasonal signal removed; both a) and b) considering the time period 2005-2018. The three green boxes

encircling regions with enhanced MSLP variability north of the SAF with coordinates 77◦-118◦E, 42◦-50◦S;

160◦W-123◦W, 50◦-59◦S and 44◦W-21◦W, 47◦-53◦S. Heavy black lines in panels a and b show the position of

the four SAMW boxes shown in Fig. 1, (in mbar); c) three point averaged monthly mean MSLP anomaly (with

the seasonal signal and 2005-2018 time mean removed), averaged over the region of the three boxes shown in

panel b), where heavy lines indicate wintertime (Jul-Sep) monthly mean values. Gray lines in panels a) and

b) show the Subantarctic Front (SAF), Polar Front (PF) and the Southern Antarctic Circumpolar Current Front

(SACCF) defined by Orsi (1995). Thick black lines show the four main SAMW formation regions: ‘Indian west

box’ (IWB), ‘Indian east box’ (IEB), ‘central Pacific box’(CPB) and ‘southeast Pacific box’ (SEPB).
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FIG. 5. The linear regression coefficients of the detrended MSLP (in mbar), with the seasonal signal removed,

in winter (Jul-Sep) on a) the SAM index, and b) NINO3.4 index. The time series of monthly mean wintertime

(Jul-Sep) MSLP averaged over the box of high variability in the Pacific sector and c) the SAM index and d) the

NINO3.4 index, with the corresponding correlation coefficients indicated in the title; panels e) and f) as panels

c) and d), except considering the MSLP averaged over the box of high variability in the Indian sector. Stippling

indicates a statistically significant correlation at the 95 % level.
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FIG. 6. Correlation between monthly mean MLD anomaly and MSLP anomalies in winter (Jul-Sep), where

both anomalies were obtained as a deviation from 2005-2018 winter time mean. The MSLP was averaged over

the box of high variance located in: a) the Indian sector, b) the Pacific sector and c) Atlantic sector (location

of the boxes is shown in Fig. 4). For both MLD and MSLP trend and seasonal signal were removed. Stippling

indicates a correlation significant at the 95% level. Thick black lines show the four main SAMW formation

regions: ‘Indian west box’ (IWB), ‘Indian east box’ (IEB), ‘central Pacific box’(CPB) and ‘southeast Pacific

box’ (SEPB). Gray lines show the STF and SAF defined by Orsi (1995).
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FIG. 7. The scatter plot of wintertime MLD anomalies averaged separately over each of the four SAMW

formation boxes and normalized by its maximum value in each box, plotted versus wintertime MSLP anomalies

averaged over the region of strongest variance in a,b) the Indian sector, and c,d) Pacific sector, where both MSLP

anomalies were normalized by the maximum of its absolute value in that sector.
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FIG. 8. Wintertime (Jul-Sep) MLD anomalies averaged over the a) (blue) IWB, (red) IEB and b) (blue) CPB

and (red) SEPB (in m); c) wintertime (Jul-Sep) MSLP anomalies averaged over the regions of strongest variance

in the Indian and Pacific sector; d) as c) except for wintertime averages of each year (c, d in mbar).
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FIG. 9. Composites of wintertime anomalies averaged over (left column) years with strong positive Jul-Sep

MSLP anomalies 2008, 2015, 2017 and (right column) years with strong negative Jul-Sep MSLP anomalies

2007, 2011, 2016, for a,b) MSLP (mb), c,d) MLD (m), e,f) meridional and g,h) zonal component of wind

velocity (both ms−1), i,j) meridional Ekman transport anomaly from ERA5 (m2 s−1).
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FIG. 10. The linear regression coefficients of the net air-sea heat flux in winter (Jul-Sep) on a) the SAM index,

b) NINO3.4 index, c) the MSLP averaged over the box of strong pressure variability in the Pacific sector and

d) the MSLP averaged over the box of strong pressure variability in the Indian sector, all with the trend and the

seasonal signal removed, (in W m−2). Stippling indicates a statistically significant correlation at the 95 % level.

Negative values indicate ocean heat loss.
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FIG. 11. As Fig. 9, except for a,b) 2 m air temperature anomaly (◦C), c,d) ocean near surface temperature

anomaly from the top layer of RG-Argo at 5 m depth (◦C), and e,f) near surface salinity anomaly from the

top layer of RG-Argo at 5 m depth (psu). Cumulative monthly mean surface ocean heat flux from April to

September subsequently time averaged over years with strong positive (shown as a thick black line) and strong

negative wintertime MSLP anomalies (shown as a thick gray line, while years are given in Fig. 9), spatially

averaged over the g) IWB, h) IEB, i) CPB and j) SEPB. Negative values indicate surface ocean heat loss (in

W m−2).
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FIG. 12. Time-longitude diagram of the monthly mean isopycnal depth anomaly (with the time-mean and sea-

sonal signal removed) averaged meridionally over 12◦ wide band located north of the position of monthly mean

isopycnal outcrop, for isopycnals within the SAMW density range a) in the Indian Ocean (σθ =26.8 kg m−3) and

b) in the Pacific Ocean (26.95 kg m−3), where the latter is shown only east of the Kerguelen Plateau. Vertical

blue lines indicate the longitudinal range of each of the four SAMW boxes shown in Fig. 1. From RG-Argo. In

m, with a contour interval of 30 m, and zero contour omitted.
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FIG. 13. As Fig. 12, except for the potential temperature vertically averaged over the low PV

(PV<40×10−12 (m s)−1) layer in the σθ range a) 26.7-26.9 kg m−3 and b) 26.8-27.0 kg m−3, and averaged

meridionally over 12◦ wide band located north of the monthly mean outcrop position of the lightest density

considered (in ◦C). Contour interval is 0.2◦C, with zero contour omitted.
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FIG. 14. As Fig. 12, except for the layer thickness, (in m). Contour interval is 15 m, starting from 5 m.
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