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Subantarctic Mode Waters: strong interannual variability
a) (Color) wintertime (JAS) thickness of SAMW

[ σ" = 26.6-27.1 kg m-3, PV<40x10-12 (m s)-1,

averaged 2005-2019. Thick black contour shows

September mean mixed layer depth (MLD) of 300

m. Roemmich and Gilson (2009) gridded Argo

product.

b) The normalized spatial variance map of the

EOF1 of wintertime MLD (detrended, seasonal

signal removed), and c) the JAS monthly mean

principal component. EOF1 explains 20.2 % of the

variance.

The black boxes encompass the four main 

SAMW formation regions: `Indian West Box' 

(IWB), ‘Indian East Box’ (IEB), ‘Pacific West Box’ 

(PWB) and ‘Pacific East Box’ (PEB). 

• There is a strong interannual wintertime (JAS) MLD variability > 150 m in both the Indian and Pacific sector.

• Interannual variability deep wintertime MLs of is out of phase in the western and eastern parts of the Indian 

and Pacific sector.

SAF

KEY POINTS:



• In winter, one quasi-stationary center of strong monthly MSLP variability develops north of the SAF in each of
the three ocean sectors (regions of strong variability are indicated by the green boxes), driving meridional winds
of the opposite sign in the eastern and western SAMW formation regions in each ocean sector.

• The year to year variability of the MSLP in the three centers of strong variability is not necessarily in phase;
however in years with strong MSLP anomalies, they tend to be of the same sign.

ERA5 reanalysis : standard deviation of wintertime (JAS) mean sea level pressure 
(MSLP) for years  2005-2019 
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Anomalously strong positive MSLP anomalies strengthen southerly, cold, dry winds (indicated by blue arrows) in the eastern 
part of all three ocean sectors and northerly, warm, moist winds (indicated by red arrows) in the western part of all three 
ocean sectors.  The pattern reverses for the negative MSLP anomalies.  



Stippling indicates significant  
correlation (at the 95% level).

The linear regression coefficients of the JAS net air-sea heat flux on the MSLP anomaly (in this example 
averaged over the Pacific “green box”), with the trend and the seasonal signal removed. Dominant pattern are 
dipoles in each of the three ocean sectors. The pattern is similar  when considering the MSLP anomaly averaged 
over the Indian or Atlantic “green box”.  

<0 is 
ocean 
heat loss

• Anomalously strong positive MSLP anomalies increase wintertime surface ocean heat loss, deepening the wintertime
mixed layers and increasing SAMW formation in the eastern parts of the Pacific and Indian sectors. The conditions
reverse for the negative MSLP anomalies .

• Thus, in years with anomalously strong MSLP anomalies, there is a sea-saw in the SAMW formation both in the Indian
and Pacific sectors (as shown in the first slide).
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Surface Flux Mooring Mixed Layer Depth Variability in 1/12o Ocean Model

 New insights into concurrent air-sea heat flux forcing of Subantarctic Mode 
Water formation from mooring observations in the Southeast Indian and 
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•  NW to W Winds - Strong Heat Loss at SOFS SAMW Formation Site Only: NW to W winds give heat loss at SOFS site but not at 
OOI. Likely due to different origin of air masses : sub-polar (SOFS) vs sub-tropical (OOI). SAMW formation at two sites 
uncoordinated.

•  Please read full story in : Mooring Observations of Air–Sea Heat Fluxes in Two Subantarctic Mode Water 
Formation Region. Veronica Tamsitt, Ivana Cerovečki, Simon A. Josey, Sarah T. Gille, and Eric Schulz, J. 
Climate, 2020, https://journals.ametsoc.org/doi/full/10.1175/JCLI-D-19-0653.1

Cold, dry air

Warm, 
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Key New Result : Heat Loss (and SAMW formation) has Two Main Wind 
Direction Relationships at the OOI and SOFS Sites 

Deep OOI MLD 
winters : 2010 and 2015. 

•  SW Winds - Strong Heat Loss at Both OOI and SOFS SAMW Formation Sites:  Deep Sep MLD at OOI 
site is preceded by strong winter ocean heat loss due to advection of cold, dry air from the SW that enhances 
latent and sensible heat loss. Co-ordinated SAMW formation between sites.

Cold, dry air
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Abstract Subantarctic Mode Water (SAMW) in the Pacific forms in two distinct pools in the south
central and southeast Pacific, which subduct into the ocean interior and impact global storage of heat and
carbon. Wintertime thickness of the central and eastern SAMW pools vary predominantly out of phase with
each other, by up to ±150 m between years, resulting in an interannual thickness see‐saw. The thickness in
the eastern (central) pool is found to be strongly positively (negatively) correlated with both the Southern
Annular Mode (SAM) and El Niño–Southern Oscillation (ENSO). The relative phases of the SAM and ENSO
set the SAMW thickness, with in phase reinforcing modes in 2005–2008 and 2012–2017 driving strong
differences between the pools. Between 2008 and 2012 out of phase atmospheric modes result in less
coherent SAMW patterns. SAMW thickness is dominated by local formation driven by SAM and ENSO
modulated wind stress and turbulent heat fluxes.

Plain Language Summary The Southern Ocean around Antarctica is a dominant pathway for
moving heat and carbon from the atmosphere into the ocean interior, trapping it for hundreds of years.
Most of this uptake is achieved through the formation of “mode waters”, homogeneous layers of water
several hundred meters thick, by sinking and overturning as surface waters cool in winter. We find that two
distinct pools of mode water in the South Pacific vary dramatically in winter thickness and volume from year
to year. They vary in opposition to one another; when one is thicker than normal the other is thinner,
with the pattern reversing after a year or so. We show that this “see‐saw” in thickness is strongest when the
two main atmospheric patterns of climate variability over the Southern Ocean are reinforcing one another
and weaken when they oppose one another. The combination of these patterns of atmospheric variability
sets local mode water thickness via surface winds and ocean heat loss. The discovery of such strong
dependence of mode water heat content on these atmospheric patterns is important for climate.
Atmospheric variability is predicted to change into the future, potentially impacting heat uptake by mode
waters and influencing global surface temperatures.

1. Introduction

SubAntarctic Mode Water (SAMW) formation is the key process in the Southern Ocean whereby surface
waters are subducted into the thermocline, transporting heat, CO2, and nutrients to intermediate ocean
depths where they are subsequently exported northward (Marshall & Speer, 2012). SAMW forms on the
equatorward side of the subantarctic front, primarily through intense winter surface heat loss and subse-
quent formation of deep mixed layers (Figure 1a). These deep mixed layers do not form uniformly around
the Southern Ocean and instead appear in large “pools” primarily in the southern Indian Ocean, south of
Australia, and in the central and eastern South Pacific (McCartney, 1982). The spatial structure of these
pools leads to distinct regional subducted SAMW export pathways (Jones et al., 2016; Sallée et al., 2010), ven-
tilating each basin's subtropical gyres with varying densities of mode water with distinct properties (Herraiz‐
Borreguero & Rintoul, 2011). Since Argo observations began, changes in SAMW formation rates and proper-
ties have driven the most significant anthropogenic heat uptake by the global ocean anywhere on the planet,
accounting for 67–98% of the net global ocean heat uptake, which itself is the dominant component of the
global climate system warming (Roemmich et al., 2015; Frölicher et al., 2015). This increase in heat uptake
is driven largely by increased formation rates and increases in the volume of the SAMW layer, rather than
significant changes in the temperature of the SAMW itself (Gao et al., 2018). Understanding the processes
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Key Points:
• South Pacific Subantarctic Mode

Water (SAMW) layers display large
(±150 m) changes in thickness from
year to year

• Two distinct pools of South Pacific
SAMW exist and their thicknesses
see‐saw out of phase with one
another

• The phase and magnitude of
variability are set by changes in wind
stress and heat flux driven by the
main atmospheric modes of
variability
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