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Abstract The volume budget of Subantarctic Mode Water (SAMW) in the Southern Ocean (SO) is
examined using a 0.1° ocean model output from 1950 to 2017. The results show that air—-sea buoyancy
fluxes, advective exports, and diapycnal mixing are all important to the SAMW volume budget. A
climatological mean analysis finds that, for the SO as a whole, water in the SAMW density range

(op = 26.5-27.1kg m~?) is balanced between the following: formation due to air-sea buoyancy fluxes
(19.6 £ 2.7 Sv), removal due to advective export northward out of the SO (14.2 + 0.9 Sv), destruction due to
diapycnal mixing (3.1 + 2.2 Sv), and storage (2.3 £ 2.6 Sv). Decadal changes in the SAMW volume in the
Indian and Pacific sectors display a two-layer density structure, in which the volumes of the upper and
lower layers vary predominantly out of phase with each other. In addition, the SAMW volume changes

in the Indian and Pacific sectors appear to compensate each other on decadal time scales. The volume of
SAMW in the SO has increased by ~11% since the 1950s, and this increase tends to emerge gradually from
denser to lighter layers. The increased SAMW volume mainly results from a consistent increase in oceanic
buoyancy gain over the outcropping area at approximately 27.1 kg m™.

Plain Language Summary Subantarctic Mode Water in the Southern Ocean (SO) is a distinct
water mass with a thickness of several hundred meters, and its formation and export play an important
role in distributing heat and carbon on a global scale. Our study employs a fine-resolution ocean model
and examines changes in this important water mass from 1950 to 2017. We find that its volume has
significantly increased since the 1950s, which has been caused by a consistent increase in buoyancy gain
by the ocean over its formation area. Moreover, this mode water experiences opposing volume changes
with similar amplitudes in the upper and lower layers on decadal time scales, that is, the upper layer gains
(or loses) volume while the lower layer loses (or gains) volume. These findings improve our understanding
of heat content and carbon uptake in the SO.

1. Introduction

Subantarctic Mode Water (SAMW) is a distinct water mass that occurs north of the Subantarctic Front
(SAF) in the Southern Ocean (SO), and it contains low potential vorticity (PV) waters in the thick winter
mixed layer as well as in those being subducted into the thermocline (McCartney, 1977). The physical prop-
erties of SAMW vary significantly along its circumpolar path; it has a potential density range from 26.5 to
27.1kg m~ (Hanawa & Talley, 2001). The formation and export of SAMW supply the upper cell of the me-
ridional overturning circulation and play an important role in global heat, freshwater, carbon, and nutrient
budgets (Gao et al., 2017; Sabine et al., 2004; Sloyan & Rintoul, 2001).

Extensive studies have been performed to understand the formation of and property changes in SAMW. For
example, McCartney (1982) attributed the formation of and change in SAMW to air-sea buoyancy fluxes.
By analyzing two mooring observations in the southeast Indian Ocean and southeast Pacific Ocean, Tamsitt
et al. (2020) also showed that wintertime surface ocean heat loss plays an important role in SAMW forma-
tion. Rintoul and England (2002) found that Ekman transport has a significant effect on the formation of
and change in SAMW. Sallée et al. (2008) showed that eddy heat diffusion contributes significantly to the
SAMW property variability. Sallée et al. (2010) pointed out that Ekman pumping, geostrophic mean flow,
and eddy-induced advection all contribute to the subduction of SAMW. Using a gridded Argo product for
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the years 2004-2018, Li et al. (2021) separately considered SAMW formation processes within the mixed
layer and below the mixed layer, and found that SAMW in the mixed layer is mainly formed by air-sea buoy-
ancy fluxes and SAMW in the interior is mainly formed by instantaneous subduction rate.

Regarding the temporal variation in SAMW, Naveira Garabato et al. (2009) analyzed 24 transects of meas-
urements across the Drake Passage and found that the interannual variability in SAMW is mainly driven by
the change in wintertime air-sea turbulent heat fluxes and net evaporation, which is in turn modulated by
the El Nifio-Southern Oscillation (ENSO). Kwon (2013) discussed the time-dependent formation and sub-
duction of SAMW in an eddy-permitting coupled climate model and found that the interannual variability
in the subduction rate of SAMW is partly controlled by the change in the wintertime mixed layer depth
(MLD). More recently, Cerovecki et al. (2019) and Lu et al. (2020) found that advective processes are also
important for the interannual variability in the SAMW properties and thickness. By analyzing Argo data
and mooring observations, recent studies also found that the interannual variability in SAMW appears to
have large-scale dipole structures in both the Indian and Pacific sectors. For example, Meijers et al. (2019)
discussed the spatial and temporal variability in the Pacific SAMW and found that the thicknesses of SAMW
in the central and eastern Pacific Ocean vary predominantly out of phase with each other, which is con-
trolled by the wind stress and turbulent heat fluxes related to the Southern Annular Mode (SAM) and
ENSO. Tamsitt et al. (2020) showed that the out-of-phase variability in the Pacific sector is also evident in
the Indian sector. Cerovecki and Meijers (2021) demonstrated that these dipoles are strongly correlated with
the interannual variability in wintertime mean sea level pressure anomalies.

Argo observations have also shown significant changes in SAMW on a longer time scale. For example, Gao
et al. (2017) found that the SAMW volume increased from 2005 to 2015, which was mainly caused by the
change in wind forcing. Qu et al. (2020) identified that the subduction rate of SAMW increased during
2005-2019, which was associated with the change in the wind stress curl over the SAMW formation region.
In contrast, Hong et al. (2020) showed that the SAMW volume in the Indian sector decreased by 10% from
2004 to 2018. As noted in Hong et al. (2020), the main reason why they and Gao et al. (2017) reached an
opposite conclusion is the SAMW definition employed, that is, SAMW was defined using a narrower den-
sity range with imposing a low-PV constraint in their study. With a similar definition of SAMW as Hong
et al. (2020), Xu et al. (2021) found that SAMW in the whole SO became warmer, fresher, lighter, and weaker
during 2004-2019. Although Xu et al. (2021) showed that these property changes in SAMW also existed be-
fore the Argo era through an analysis of a long ocean general circulation model (OGCM) simulation during
1955-2017, they did not examine the SAMW volume change during that time period specifically.

Recently, studies have evaluated the volume budget of SAMW. In particular, Cerovecki et al. (2013) analyz-
ed the data-assimilating, eddy-permitting Southern Ocean State Estimate (SOSE) for 2005-2006 and con-
cluded that SAMW is formed by air-sea buoyancy fluxes, destroyed by diapycnal mixing, and exported
northward out of the SO. Furthermore, Cerovecki and Mazloff (2016) used the data-assimilating results
for 2008-2010 to obtain a three-dimensional and time-varying volume budget for individual isopycnal lay-
ers and confirmed that air-sea buoyancy fluxes, diapycnal mixing, and advection are all important to the
SAMW volume budget. They also found that the formation and destruction of SAMW occur over a large
latitude range because of the seasonal migration of the outcrop window, and the strongest formation is
due to wintertime surface ocean heat loss occurring equatorward of the SAF. However, their study notes
that how these processes vary interannually and within a changing climate need to be addressed in future
works. By analyzing the Argo data and the Estimating the Circulation and Climate of the Ocean version 4
(ECCO4) reanalysis, a recent study by Portela et al. (2020) used a density-spice framework to investigate the
main mechanisms driving the volume change in interior water masses in the Southern Hemisphere oceans
through a volume budget analysis between 2006 and 2015. They found that SAMW exhibits a two-layer den-
sity structure with the same spiciness but opposite trend signs, i.e., the upper layer gains volume through
subduction and diapycnal transformation, and the lower layer loses volume by means of isopycnal and
diapycnal transformation. In addition, they showed that both subduction and interior mixing are important
to explain the SAMW volume trends. In their study, however, only the interior SAMW was discussed, and
SAMW within the deep mixed layer was not taken into consideration.

As reviewed above, SAMW variability has been extensively studied during the Argo era in previous stud-
ies. However, limited by sparse data, SAMW variability on decadal and longer time scales is not yet well
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documented. In this study, we examine the volume budget of SAMW by using an eddy-revolving ocean
model output ranging from 1950 to 2017. In particular, our study focuses on the decadal variability and
long-term changes in the SAMW volume. As is shown later, our new findings are as follows: (a) the volume
of SAMW in the SO has increased by ~11% since the 1950s, (b) the SAMW volumes in the upper and lower
layers vary predominantly out of phase with each other on decadal time scales in the Indian and Pacific
sectors, and (c) the decadal changes in the SAMW volume in the Indian and Pacific sectors appear to com-
pensate each other.

The rest of this paper is organized as follows. Section 2 introduces the data and methods and compares the
model output with available observations. Section 3 describes the climatological mean and annual cycle of
the SAMW volume. Section 4 presents the interannual variability in the SAMW volume. Section 5 discusses
the decadal variability and long-term change in the SAMW volume. Section 6 concludes the paper with a
summary and discussion.

2. Data and Methods
2.1. Model Output

The present study primarily uses the hindcast simulation of OGCM for the Earth Simulator (OFES), which
is based on the Geophysical Fluid Dynamics Laboratory's Modular Ocean Model. The horizontal resolution
of OFES is 0.1° in both latitude and longitude, and it has 54 vertical levels with varying layer thicknesses,
from 5 m at the surface to 330 m at the maximum depth of 6,065 m. The model is spun up for 50 years
with monthly climatological atmospheric forcings from the National Centers for Environmental Predic-
tion (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis and then forced by daily mean
NCEP/NCAR reanalysis data from 1950 to 2017 (e.g., Aoki et al., 2007, 2015). More details on the model and
simulation can be found in Sasaki et al. (2008). For this study, we use the monthly mean model output from
1950 to 2017, which is obtained from the Asia Pacific Data Research Center (http://apdrc.soest.hawaii.edu/
dods/public_ofes/OfES/ncep_0.1_global_mmean).

The OFES simulation has been shown to be reliable for both basin-scale and mesoscale dynamic studies of
the SO, and it captures the intraseasonal to decadal variability well compared with the observations (e.g.,
Sasaki et al., 2008). For example, the model is successful in reproducing the structure of the deep mixed
layer in the SO, which is crucial for SAMW formation (Aoki et al., 2007). OFES captures the frontal struc-
tures and the trends of temperature around the Antarctic Circumpolar Current (ACC) (Aoki et al., 2015).
Although ACC transport through the Drake Passage in OFES (141.7 Sv) is slightly larger than the obser-
vations (134.0 Sv), its weak positive trend during the past decades is consistent with observations (Sasaki
et al., 2008).

2.2. Walin Analysis

By combining heat and volume budgets for an isothermal layer, Walin (1982) developed a method to esti-
mate the water mass transformation due to surface air-sea fluxes and diffusive fluxes within the ocean inte-
rior (Downes et al., 2011). This method has been extended to density coordinates (e.g., Marshall et al., 1999;
Nurser et al., 1999) and is widely used in the SO (Cerovecki et al., 2013; Cerovecki & Mazloff, 2016; Tudi-
cone, Madec, Blanke, & Speich, 2008; Sloyan & Rintoul, 2001). In more detail, the water mass formation
rate (FR) in the density layer o, defined aso — Ac/2 < ¢ < 0 + Ac /2, can be deduced from the difference
in the transformation rates (TR):

FR(0.t) =TR(0 — Ac/2,t) - TR(o + Ac/2,t) &)

The water mass transformation rate is given by:
oD ( o, t)

oo

TR(o-,t) = F(O',t) - @)

where D represents the diffusive density flux across the isopycnal surface o in the interior ocean (Nishikawa
et al., 2013), and F(o,t) and —aD(a,t)/ac; represent the transformation rate due to air-sea buoyancy fluxes
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Figure 1. Schematic of the control volume V bounded by the surface outcropping area, the two isopycnal surfaces

o —Ac/2and o + Ao /2, the eastern and western boundaries, and the northern boundary (30°S). F,_aopnandF__ . ./»
represent the transformation rate due to air-sea buoyancy fluxes across o — Ac/2 and o + Ac /2, respectively;

—0D, _posn/00 and 0D, »,,/0c are the transformation rates due to diapycnal mixing across — Ac/2 and ¢ + Ac /2,
respectively; (7% and ¥, fepresent zonal transport into and out of the region, respectively; and y,, is the meridional
transport across 30°S. This schematic is modified from Figure 1 of Cerovecki and Mazloff (2016).

and interior diapycnal mixing, respectively. A positive TR represents a transformation toward denser water
in response to ocean cooling or evaporation.

Furthermore, the transformation rate due to air-sea buoyancy fluxes can be expressed as:
1
F(o.t) = EﬂAO_B(O',t)dA (3)

where A is the outcropping area within the density range o -Ac/2<0 <o +Ac/2, and
Ao is chosen to be 0.1 kg m ™~ in this study; dA is a surface element of A_;and B(a,t) is the air-sea buoyancy
flux, which can be further written as:

B(o) = __agm + BpySo(E - P) @

p
where « and § are the thermal expansion and saline contraction coefficients, respectively; p, and S, repre-
sent sea surface density and salinity, respectively; E and P are evaporation and precipitation, respectively;
C, is the heat capacity of sea water; and Q,, is the net air-sea heat flux (which is positive for ocean heat
gain). The terms on the right-hand side of Equation 4 represent the contributions from the heat flux and
freshwater flux, respectively.

2.3. Volume Budget Analysis

Following previous studies (Cerovecki et al., 2013; Cerovecki & Mazloff, 2016), the volume budget analysis
considers a control volume bounded by the surface outcropping area, the two isopycnal surfaces o — Ac /2
and o + Ac/2, the eastern and western boundaries, and the northern boundary at 30°S (Figure 1). Based on
volume conservation, the temporal variation in the volume between the two isopycnal surfaces ¢ — Ac/2
and o + Ac/2 is balanced by the formation rate due to air—sea buoyancy fluxes, advective transport into or
out of the region, and diapycnal mixing in the interior ocean expressed as:

ov

A 6D0—Ao’/2 + aDo’-%—Ao’/Z
ot

oo oo

=F; po2 = Foiaon + (— ]+ Viin ™ VYzou T ¥m (5)
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where gV/ét is the rate of the volume change or the storage rate, F,_,_,, — F,, A, is the formation rate due
to air-sea buoyancy fluxes (air-sea formation), Vo = Viow 1 the net zonal transport, y,, is the meridional
transport, and —(GDC,_ Acl2 /60) + (6Dcr +AG/2 /60-) represents the contribution from diapycnal mixing, which
denotes the net effect of all mixing processes and is estimated here as a residual of the other terms in Equa-

tion 5 (e.g., Cerovecki et al., 2013; Downes et al., 2011; Marsh et al., 2000).

In this study, SAMW is defined as all waters in the potential density range of o, = 26.5 — 27.1kg m > with-
out imposing a low-PV constraint. This definition of SAMW is common in SAMW thickness and volume
studies (e.g., Cerovecki et al., 2013; Gao et al., 2017). Walin analysis is used to estimate the water mass
transformation. Note that although the Walin analysis provides a natural isopycnal framework for the water
mass analysis, it does not account for the role of PV fluxes and thus is not the most suitable tool to analyze
the volume budget of a low-PV pool (Cerovecki & Giglio, 2016). A formalism that relates the volume budget
to the PV budget was developed to study the subtropical mode water in the North Atlantic by Deremble and
Dewar (2013), which provides a better version of the mode water volume budget analysis.

The results of the volume budget shown below are obtained based upon the monthly output of OFES during
1950-2017. Specifically, the volume (V) of an isopycnal layer is calculated by dxx dy X dh, in which dx and
dy are the spacing of the model grid, and dh is the thickness of the layer with its upper and lower surfaces
being o — Ac/2 and o + Ao /2, respectively. The air-sea transformation rate across o is estimated by inte-
grating the air-sea buoyancy fluxes over the outcropping area between o — Ac/2 and o + Ao /2. The zonal
and meridional transports are calculated by ux dy x dh and vx dx x dh, in which u and v are the zonal and
meridional velocities, respectively.

In the following analysis, the SO is separated into the Atlantic Ocean (AO), Indian Ocean (10), and Pacific
Ocean (PO) sectors. Specifically, the meridional boundaries of these sectors are 20°E, 150°E, and 290°E. The
northern boundary is 30°S and the southern boundary is the 27.1 kg m > isopycnal, which varies with time
in this analysis.

2.4. Model Output Validation

To further validate the OFES output, the observed monthly gridded fields of temperature and salinity made
by Roemmich and Gilson (2009) are obtained from the Argo website (http://sio-argo.ucsd.edu/RG_Clima-
tology.html). These data cover the period of 2004-2017 and have a horizontal resolution of 1° X 1° and 58
vertical levels from the surface to a depth of 2,000 m.

Since the deep winter mixed layer plays an important role in the formation of SAMW (Dong et al., 2008;
Hanawa & Talley, 2001; McCartney, 1977), we first compare the climatological winter MLD between the
model and observation data (black contours in Figures 2a and 2b). Here, the MLD is defined as the depth at
which the water density is 0.03 kg m ™ denser than that at the sea surface. In both OFES and Argo, the deep
mixed layer appears to the north of the SAF, and its depth is shallow in the Atlantic and western Indian
sectors but deep in the Pacific and eastern Indian sectors. A comparison of the climatological mean SAMW
thickness between the model and observation data is also shown in Figures 2a and 2b. While the modeled
SAMW thickness appears to be slightly thicker, its distribution is quite similar to that in the observations,
that is, in OFES and Argo, the SAMW thickness is relatively thin (~600 m) in the Atlantic and western
Indian sectors but reaches 1,000-1,200 m in the Pacific and eastern Indian sectors. These above features of
the MLD and SAMW are in agreement with previous studies (Gao et al., 2017; McCartney, 1982; Meijers
et al., 2019), that is, the deep MLD and SAMW thickness are not evenly distributed around the SO but
mainly occur in large “pools.”

Figures 2c and 2d show a comparison of the interannual variability in the deep winter MLD and annual
mean SAMW volume between OFES and Argo. While the MLD and SAMW volume appears to be larger
in OFES than in Argo, it is clear that the model captures the interannual variability in both the MLD and
SAMW volume quite well. In particular, there is an increasing trend from 2004 to 2017 in OFES and Argo,
which is consistent with that of Gao et al. (2017).
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Figure 2. Distribution of climatological mean Subantarctic Mode Water (SAMW) thickness (color; m) and the
September mixed layer depth (MLD) (black contours; m) in (a) ocean general circulation model for the Earth Simulator
(OFES) and (b) Argo. The climatology is obtained by averaging over the period of 2004-2017. The red curve represents
the Subantarctic Front given by Orsi et al. (1995). The black dashed-dotted lines are the boundaries between the ocean
sectors. Interannual variability in (c) the deep September MLD (>200 m) and (d) the annual mean SAMW volume from
2004 to 2017 in OFES (black lines) and Argo (red lines).

Figure 3 compares the modeled SAMW thickness in individual isopycnal layers with the observations. In
OFES and Argo, the SAMW density gradually increases from the south Indian Ocean to the southeast Pacif-
ic Ocean. In the Indian sector, SAMW is mainly located to the south of Australia at the approximately 26.8
kg m ™~ isopycnal layer, and its thickness reaches 400 m. In the Pacific sector, SAMW occupies the central
and eastern basins at the approximately 26.9 and 27.0 kg m™ isopycnal layers, respectively. In the Atlantic
sector, although SAMW appears to be much thinner compared to those in the Indian and Pacific sectors,
there are still two regions that are recognizable by relatively thick mode water: one is located to the north of
the SAF at approximately 27.1 kg m~ and the other is located further north at approximately 26.5 kg m™.

Therefore, in addition to the realism of the model characteristics as described in previous studies (Aoki
etal., 2007, 2015 ; Sasaki et al., 2008), the favorable model-observation comparisons discussed above provide
us further confidence that this OFES output is reliable for studying the volume budget of SAMW and its
climate variability.

3. Climatological Mean and Annual Cycle
3.1. Climatological Mean

Table 1 lists the climatological mean SAMW volumes in each ocean sector, which are obtained by averaging
over the period of 1950-2017 in OFES. The PO occupies approximately 49% of the total SAMW, with the rest
being contributed by the I0 (36%) and AO (15%). The relatively small contribution from the AO is because
the SAMW appears to be thin and have a small spatial extent (Figure 2a).
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Figure 3. Distribution of climatological mean Subantarctic Mode Water thickness (color; m) in different isopycnal layers in ocean general circulation model
for the Earth (left) and Argo (right). The climatological mean is obtained by averaging over the period of 2004-2017. The density range of individual isopycnal
layers is indicated to the left of the panel. The blue curve represents the Subantarctic Front given by Orsi et al. (1995).

According to Equation 5, the storage rate of the SAMW volume is balanced by the formation rate due to
air-sea buoyancy fluxes, transport into or out of the region, and diapycnal mixing in the interior ocean. To
examine the relative contribution of each process to the volume storage rate, all the terms, including the
storage rate, in the SAMW volume budget Equation 5 are calculated by using the monthly model output,
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Table 1 and then an annual mean is obtained by averaging the 12 months with-
Volumes of Subantarctic Mode Water in Different Ocean Sectors in that year and the climatological mean by further averaging over the

Ocean sector

Longitude range  Total volume (x 10'°m?)

68 years of the model simulation. First, it is clear that the storage rate of

Indian Ocean (IO)
Pacific Ocean (PO)
Atlantic Ocean (AO)
Southern Ocean (SO)

the climatological mean SAMW volume appears to be close to zero for

20°E-150'E 1.6 +0.05 each individual ocean sector (Figure 4). This result is in contrast to those
150°E — 290°E 22+ 0.04 from previous studies, in which a relatively short data record is used for
200°E - 20°E 0.7 + 0.06 analysis (e.g., Cerovecki et al., 2013; Cerovecki & Mazloff, 2016; Portela
5 5 et al., 2020).
0 E-360 E 4.5+0.15

In the IO (green bars in Figure 4), SAMW is predominantly formed by

air-sea buoyancy fluxes (18.5 + 2.2 Sv). The formation by air-sea buoyan-
cy fluxes is largest in the IO compared to that in the other ocean sectors, which is consistent with the finding
of Marsh et al. (2000). This volume is removed by net zonal advection (12.0 + 1.1 Sv), meridional transport
across 30°S (3.1 + 0.5 Sv), and diapycnal mixing (2.6 £ 1.8 Sv). By using the SOSE data for 2008-2010, Cer-
ovecki and Mazloff (2016) estimated the SAMW volume budget in the density range of 26.7-27.1 kg m™
and found that the largest SAMW formation is in the IO, which is in agreement with our result. Sloyan and
Rintoul (2001) used a box inverse model with hydrographic data covering 1976-1994 and examined the
mean volume budget of water in a broader density range of 26.0-27.0 kg m ™. They found that in the IO, the
formation by air-sea buoyancy fluxes is 16.1 + 3Sv and the destruction by diapycnal mixing is4 + 2 Sv. If our
estimation was confined by the same density range as that of Sloyan and Rintoul (2001), the formation by
air-sea buoyancy fluxes would be 17.4 + 2.2 Sv, and the destruction by diapycnal mixing would be 3.3 + 1.7
Sv.

An investigation of individual isopycnal layers (Figure 5a) finds that the formation (destruction) of SAMW
in the 10 by air-sea buoyancy fluxes (diapycnal mixing) occurs primarily at 26.8 and 26.9 kg m™. The
net zonal transport acts to export the SAMW for all the isopycnals and appears to be stronger in denser
layers. The above results are qualitatively consistent with those of Cerovecki et al. (2013). In addition, the
formation (destruction) of diapycnal mixing tends to compensate for the destruction (formation) by air-
sea buoyancy fluxes (Figure 5a). These results are consistent with those of Tudicone, Madec, Blanke, and
Speich (2008), who found that the transformation due to surface fluxes in the same density range is almost
compensated by diapycnal mixing in the SO.

In the PO (red bars in Figure 4), all SAMW is supplied by zonal transport (11.7 + 1.2 Sv), most of which is
destroyed by air-sea buoyancy fluxes (7.9 + 1.7 Sv), and the rest is exported northward out of the SO by me-
ridional transport (3.8 + 0.5 Sv). By using hydrographic data, Hartin et al. (2011) estimated the interocean
transport of SAMW in the density range of 26.8-27.0 kg m™ from the PO to the AO to be 4.4 + 0.6 Sv. If our
estimation was confined by the same density range as that of Hartin et al. (2011), the transport would be
6.6 = 1.5 Sv, which is comparable to the result from Hartin et al. (2011). A negative contribution to SAMW
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Figure 4. Climatological mean Subantarctic Mode Water (SAMW) volume budget terms in the SAMW density range
of 26.5-27.1 kg m~>, which is obtained by averaging over the period of 1950-2017. The error bars denote the standard
deviations of annual mean values during 1950-2017.
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Figure 5. Climatological mean Subantarctic Mode Water volume budget terms for individual isopycnal layers in the (a) Indian Ocean, (b) Pacific Ocean, and
(c) Atlantic Ocean. The climatological mean is obtained by averaging over the period of 1950-2017. The error bars denote the standard deviations of annual

mean values during 1950-2017.

formation from air-sea buoyancy fluxes has also been found in previous studies (Cerovecki et al., 2013;
Cerovecki & Mazloff, 2016; Sloyan & Rintoul, 2001). However, a further examination of individual isopyc-
nal layers (Figure 5b) indicates that the air-sea buoyancy fluxes actually form SAMW in the denser layers
(27.0-27.1 kg m™>), but this formation is smaller than its destruction in the lighter layers (26.5-26.9 kg m™).
The supply by zonal transport occurs mainly at 26.9 and 27.0 kg m ™. Diapycnal mixing acts to form SAMW
at 26.8 kg m ™ but destroys SAMW at 27.0 and 27.1 kg m ™, and overall, it makes a trivial contribution to the
SAMW volume budget in the PO.

In the AO (orange bars in Figure 4), SAMW is formed by air-sea buoyancy fluxes (8.9 + 1.2 Sv), exported
by meridional transport (7.4 + 0.4 Sv), and destroyed by diapycnal mixing (1.1 +1.0 Sv). In more detail,
Figure 5c shows that while both formations by air-sea buoyancy fluxes and export by meridional transport
occur in all isopycnal layers, the overall minor contributions from zonal transport and diapycnal mixing to
the SAMW volume budget are a result of cancellation in different isopycnal layers.

In summary, considering the entire SAMW density range, the air-sea buoyancy fluxes form SAMW in the
IO and AO but destroy SAMW in the PO. However, by considering separately lighter and denser varieties
of SAMW in the PO, it is evident that the air-sea buoyancy fluxes form SAMW in the denser density range
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Figure 6. Annual cycle of the Subantarctic Mode Water volume from ocean general circulation model for the Earth
(red lines) and Argo (black lines) in the (a) Indian Ocean, (b) Pacific Ocean, (c) Antlantic Ocean, and (d) Southern
Ocean. The monthly climatology is obtained by averaging over the period of 2004-2017. The error bars denote standard
deviations for each month during 2004-2017.

(27.0-27.1 kg m™>) by destroying the lighter water (26.5-26.9 kg m ™) and transforming it into denser water.
Meridional advection transports SAMW to the subtropical regions in all three ocean sectors. The zonal
transport exports SAMW from the IO and imports it to the PO. Diapycnal mixing acts to destroy SAMW
in the IO. For the SO as a whole (gray bars in Figure 4), our estimation finds that the climatological mean
SAMW volume is balanced between the following: formation by air-sea buoyancy fluxes (19.6 + 2.7 Sv), re-
moval by advective export northward across 30°S (14.2 + 0.9 Sv), destruction by diapycnal mixing (3.1 + 2.2
Sv), and net storage (2.3 £ 2.6 Sv).

3.2. Annual Cycle

The annual cycle of the SAMW volume in each ocean sector is shown in Figure 6. It is clear that the
SAMW volume has a significant seasonal variation, with the maximum in September and the minimum in
March in all of the ocean sectors. The volume increase or formation of SAMW from March to September
is1.2+0.1x10° m?% 0.9+ 0.1x10"° m? 0.5+ 0.1x 10" m?, and 2.6 + 0.2 x 10" m® in the IO, PO, AO, and
entire SO, respectively. In comparison with the observations, Figure 6 also shows that the model captures
the annual cycle of the SAMW volume well.

Figure 7 shows the annual cycle of the SAMW volume budget in each ocean sector. The rate of volume
change is positive from April to September and negative from October to March for all ocean sectors, in-
dicating that SAMW forms during the former period of time and is destroyed during the latter period of
time. This also corresponds to the maximum volume of SAMW in September and the minimum volume of
SAMW in March (Figure 6). In addition, for all three ocean sectors, the seasonal variation in the formation
due to air-sea buoyancy fluxes appears to closely follow that of the volume change, suggesting that the
SAMW volume change is primarily dominated by the formation of air-sea buoyancy fluxes in the annual
cycle. This result is consistent with that of Cerovec¢ki and Mazloff (2016), who found that on the seasonal
time scale, the formation of SAMW is predominantly balanced by its volume storage. The results of this
study also emphasize that wintertime surface buoyancy fluxes play a dominant role in forming SAMW (e.g.,
McCartney, 1977; Sloyan & Rintoul, 2001). Furthermore, while advection does not change much during the
seasonal cycle, diapycnal mixing contributes to the seasonal variation in the SAMW volume, particularly
during the winter season (Figure 7). This result is consistent with that of previous studies (Iudicone, Ma-
dec, Blanke, & Speich, 2008; Kwon, 2013; Marshall et al., 1999), in which the effect of diapycnal mixing is
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Figure 7. Annual cycle of the Subantarctic Mode Water volume budget from air-sea formation (red lines), meridional transport (green lines), net zonal
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Southern Ocean. The monthly climatology is obtained by averaging over the period of 1950-2017. The color shading indicates the standard deviations during

the 68 years of simulations.

the greatest during the winter when the convection process helps to deepen the mixed layer over the mode
water formation regions.

4. Interannual Variability

Figure 8 shows the interannual variability of the SAMW volume budget terms. While meridional transport
has minor changes, air-sea formation, net zonal transport, and diapycnal mixing all appear to have signifi-
cant variations in all three ocean sectors. The storage rate oscillates around zero, suggesting that a dynam-
ic balance is reached among the air-sea formation, diapycnal mixing, and advective transports. Further
analysis reveals that the storage rate is closely correlated to the air-sea formation on the interannual time
scale, with their correlation coefficients being 0.73, 0.71, and 0.55 in the IO (Figure 8a), PO (Figure 8b), and
AO (Figure 8c) at the 99% confidence level, respectively. This suggests that the SAMW volume tends to be
large in the year when more SAMW is formed by the air-sea buoyancy fluxes. The important role of air-sea
buoyancy fluxes in the interannual variability in the SAMW formation is also suggested by previous studies
(Naveira Garabato et al., 2009; Tamsitt et al., 2020). In addition, the interannual variability in the storage
rate is also related to the net zonal transport in the AO and PO, with a correlation coefficient of 0.57 in the
AO (Figure 8c) and 0.3 in the PO (Figure 8b) at the 99% confidence level.

Since the storage rate is closely related to the air-sea formation and net zonal transport on the interannual
time scale, we next examine these three terms in individual isopycnal layers as well as their relationships.
In the 10, the SAMW volume has more significant interannual variations in the 26.6-26.9 kg m™ density
layers (Figure 9a). In particular, the volume appeared to have opposite changes between 26.6-26.7 kg m™
and 26.8-26.9 kg m ™. This result is consistent with that of Hong et al. (2020), who suggested that the lighter
(26.6-26.7 kg m~>) and denser (26.8-26.9 kg m~>) SAMW in the IO varied predominantly out of phase with
each other during 2004-2018. The changes in the SAMW volume are clearly dominated by a air-sea for-
mation (comparing Figures 9a with 9d), with net zonal transport having a minor contribution (comparing
Figures 9a with 9g).
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Figure 10. (a) 11-year running time series for anomalous Subantarctic Mode Water volumes and (b) their trends
during 1950-2017. Linear trends are computed using the least squares linear fit and statistically tested with the
Student's t test at the 95% confidence level (Leyba et al., 2019). The standard error in (b) is determined using the
effective degree of freedom present in the regression residuals (Santer et al., 2000).

In the PO, large volume variations mainly occur in 26.8-27.1 kg m™ density layers (Figure 9b), and similar
to what happens in the IO, the volume changes are opposite between 26.9 kg m™ and 27.0 kg m™>. For ex-
ample, during the 1990s (2000s), the SAMW volume tended to decrease (increase) by approximately 26.9
kg m~ but increase (decrease) by approximately 27.0 kg m . The opposite changes in the SAMW volume
between different density layers in the IO and PO during the most recent decade are basically in agreement
with previous studies (Cerovecki & Meijers, 2021; Hong et al., 2020; Meijers et al., 2019; Portela et al., 2020;
Tamsitt et al., 2020). For example, Tamsitt et al. (2020) found a dipole structure of winter ocean heat loss
in both the IO and PO, which directly affects SAMW formation in different density layers. Cerovecki and
Meijers (2021) showed that in years with the preferential formation of denser varieties of SAMW in the 10
and PO, the formation of lighter varieties of SAMW is anomalously weak, and this dipole mode is associated
with the air-sea heat flux, which is in turn affected by the zonal and meridional winds.

A comparison of Figure 9b with Figures 9e and 9h suggests that while air-sea formation still plays an
important role in modifying the SAMW volume, the net zonal transport appears to make a significant con-
tribution during some years and in some density layers. In the AO, the volume variation is relatively small
in individual isopycnal layers (Figure 9c), and its correlations with the air-sea formation and net zonal
transport are not as clear as in the IO and PO.

In addition, the net zonal transport appears to compensate each other in denser layers between the IO and
PO (Figures 9g and 9h) and in lighter layers between the AO and IO (Figures 9g and 9i). For example, in
the 1980s, less SAMW in the 26.8 kg m™ isopycnal layer was exported out of the 10 and imported into the
PO, while in the 2000s, less SAMW in the 26.6-26.7 kg m ™ isopycnal layers was exported out of the AO and
imported into the IO.

5. Decadal Variability and Long-Term Change

In addition to the seasonal and interannual variations discussed above, the SAMW volume appears to have
had an increasing trend during 1950-2017. As shown in Figure 10b, the SAMW volume in the SO increased
atarate of 7.0 = 0.5 x 10*m?/yr, in which the IO, AO, and PO contributed 38% (2.7 + 0.2 x 10"*m?/yr), 37%
(2.6 £0.3x10°m?/yr), and 25% (1.7 + 0.4 x 10" m?/yr), respectively. Overall (Figure 10a), the SAMW vol-
ume in the SO increased by 4.8 x10'm?®/yr from 1950 to 2017, which is ~11% of the total volume of SAMW
(see Table 1).

The above finding is in agreement with previous studies based on observational datasets (Gao et al., 2017;
Hikkinen et al., 2016). For example, Gao et al. (2017) analyzed Argo data and found an increased vol-
ume of SAMW (26.5-27.1 kg m™) during 2005-2015. By using observations and reanalysis data, Hikkinen
et al. (2016) speculated a volume increase in SAMW from 1957 to 2011 because of the nonuniform deepen-
ing of isopycnals in the SO. However, our finding is in contrast to that of Xu et al. (2021), who also analyzed
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Figure 11. Time density of the 11-year running mean of the anomalous Subantarctic Mode Water volume (10" m?) in the (a) Indian Ocean, (b) Pacific Ocean,
(c) Antlantic Ocean, and (d) Southern Ocean.

the Argo data and OFES output. While focusing on the SAMW property trends during the Argo period of
2004-2019, their study suggests that SAMW has become weaker, implying a decrease in volume, during the
past several decades. This finding is because they identify SAMW as a layer with a low PV and a dynamic
density range.

Figure 10a also shows that the long-term trends are superimposed on decadal variability. For example, the
SAMW volume in the AO was small during the 1970s and 1980s but large during the 1990s and 2000s. In
particular, the decadal changes in the SAMW volume in the IO and PO appear to compensate each other,
with a correlation coefficient of —0.61 (at the 95% confidence level) after removing their long-term trends.
This relationship, which is also evident in Figures 9g and 9h and discussed earlier, is due to low-frequency
variations in the advective transport from the 10 to the PO.

Figure 11 shows the SAMW volume changes in individual isopycnal layers. The most striking feature is
that there are opposing volume changes with similar amplitudes in the upper and lower layers on a decadal
time scale. In the IO (Figure 11a), a negative (positive) anomaly at 26.7 kg m™ corresponds to a positive
(negative) anomaly at 26.8 kg m > during the 1960s and 1970s (since early 2000). In the PO (Figure 11b),
a negative (positive) anomaly at 26.9 kg m™ corresponds to a positive (negative) anomaly at 27.0 kg m™
during the 1980s and 1990s (since early 2000). Collectively (Figure 11d), SAMW in the SO appears to have
an increase in volume, with a tendency to emerge gradually from denser layers to lighter layers. This is con-
sistent with previous studies (Close et al., 2013; Portela et al., 2020). For example, Close et al. (2013) found
that SAMW has experienced substantial lightening since the 1970s. Portela et al. (2020) found that there
was a lightening of the upper waters in the Southern Hemisphere during the Argo era. The lightening of
SAMW coincides with a warming trend in the upper ocean in observations (Desbruyeres et al., 2017; Gao
et al., 2017; Hékkinen et al., 2016; Kolodziejczyk et al., 2019).

This so-called two-layer density structure of SAMW in the IO and PO has been identified by Porte-
la et al. (2020) with Argo observations, who found that during 2006-2015, the upper layer gains volume
while the lower layer loses volume. During the past decade, a volume increase in the 26.8 and 26.9 kg m ™
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mixing during 1950-2017. Trends are statistically tested with the Student's t test at the 95% confidence level, and the
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isopycnal layers in the PO was also reported by Kolodziejczyk et al. (2019). Furthermore, our analysis also
finds that the two-layer density structure of SAMW existed before the Argo era, but its changes were re-
versed, that is, the upper layer lost volume while the lower layer gained volume before the early 2000s in the
PO (Figure 11b) and during the 1960s and 1970s in the IO (Figure 11a). In addition, this relationship also
seemed to exist in the AO but in the denser layers, and the reversal occurred in the mid-1980s (Figure 11c).

To understand the processes that cause the long-term increase in the SAMW volume, we estimate the con-
tributing terms in Equation 5 and their trends during 1950-2017, which are presented in Figure 12. It is
clear that air-sea formation is significantly increased in all three ocean sectors, indicating its positive role
in increasing the SAMW volume. In the PO and AO, meridional transport northward across 30°S is signifi-
cantly enhanced and thus contributes negatively to the volume increase. The zonal transports out of the AO
and into the IO are also significant, but they compensate each other, while there is no significant trend of
diapycnal mixing in all three ocean sectors. Therefore, overall in the SO, the increased SAMW volume since
the 1950s is mainly the result of an increase in the formation due to air-sea buoyancy fluxes. This result is
basically in agreement with Karstensen and Quadfasel (2002), who analyzed NCEP/NCAR reanalysis data
and found a consistent increase in the formation of thermocline water in the Southern Hemisphere oceans
from 1950 to 1999. Furthermore, they suggested that this increase would lead to an increase in thermocline
waters.

Next, we examine the transformation rates across 27.1 kg m ™ and 26.5 kg m™" to reveal the reason for the
increase in air-sea formation over the outcropping area between these two isopycnals during 1950-2017.
Note that, as shown in Figure 13, the annual mean transformation rates are opposite across 26.5 kg m3and
27.1 kg m™. This is because, on an annual average, the ocean loses (gains) buoyancy over the outcrop-
ping area by approximately 26.5 (27.1) kg m ™, leading to lighter (denser) water being transformed into the
SAMW density range and thus a positive (negative) transformation rate. It is clear in Figure 13 that while
the interannual and decadal variability in air-sea formation is partially dominated by the transformation
rate across 26.5 kg m >, its increase during 1950-2017 is entirely attributable to a consistent decrease in the
transformation rate across 27.1 kg m ™, which is in turn due to an increase in oceanic buoyancy gain over
the outcropping area at approximately 27.1 kg m . Therefore, we conclude that the increased buoyancy
gain by the ocean over the outcropping area of approximately 27.1 kg m > leads to more dense water being
transformed into the SAMW density range and thus has increased the SAMW volume since the 1950s.

6. Summary and Discussions

The climatological mean, seasonal, interannual, and decadal variability, as well as the long-term change
in the SAMW volume, are investigated based on the 0.1° OFES output from 1950 to 2017. The whole SO is
divided into the IO, PO, and AO. The SAMW volume budget is analyzed in each individual ocean sector, and
the relative contribution of each process to the volume budget is examined.
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Figure 13. Variability in the annual mean air-sea formation rate of Subantarctic Mode Water in the Southern Ocean
(thin black line; left axis) and annual mean transformation rate (positive indicates a transformation toward denser
water) across 26.5 kg m~> (thin red line; right axis) and 27.1 kg m~> (thin blue line; right axis), with their trends shown
in the inset. The thick lines are their 11-year running time series. Linear trends are computed using the least squares
linear fit and statistically tested with the Student's t test at the 95% confidence level. The standard error in the inset is
determined using the effective degree of freedom present in the regression residuals. Note that the y-axis on the right is
reversed. The black line is the difference between the red line and blue line.

In the climatological mean, ~49% of the total SAMW volume in the SO is located in the PO, with the rest
from the 10 (~36%) and AO (~15%). Considering the entire SO, SAMW is formed by air-sea buoyancy
fluxes, approximately 70% of which is exported northward to the subtropics, and the remainder is destroyed
by diapycnal mixing. Specifically, SAMW in the IO is formed by air-sea buoyancy fluxes and removed by
zonal advection into the PO, meridional transport across 30°S, and diapycnal mixing. In the PO, SAMW is
supplied by zonal advection from the IO and removed by air-sea buoyancy fluxes and meridional transport
across 30°S, with diapycnal mixing making minor contributions. In the AO, SAMW is formed by air-sea
buoyancy fluxes and exported to the subtropics by meridional advection, with both zonal advection and
diapycnal mixing having minor contributions.

Seasonally, the SAMW volume reaches the maximum in September and the minimum in March in all three
ocean sectors. The seasonal cycle of the SAMW volume is dominated by air-sea buoyancy fluxes, that is,
SAMW is formed during austral winter when the ocean loses buoyancy to the atmosphere.

On the interannual time scale, while meridional transport shows minor variability, air-sea formation, zonal
transport, and diapycnal mixing appear to have significant variations in all three ocean sectors. In addition,
in all three ocean sectors, the storage rate of the SAMW volume is closely correlated to the air-sea formation,
that is, the storage rate tends to be large in years when more SAMW is formed by air-sea buoyancy fluxes.
Furthermore, in the AO and PO, the storage rate is also related to the net zonal transport.

Decadal changes in the SAMW volume in the IO and PO feature a two-layer density structure, in which the
volumes of the upper and lower layers vary predominantly out of phase with each other. In addition, SAMW
in the SO had a significant increase in volume (~11%) during 1950-2017, which tended to emerge gradually
from denser to lighter layers. The increase in the SAMW volume resulted from increased air-sea formation,
which in turn arose from an increase in oceanic buoyancy gain over the outcropping area of approximately
27.1 kg m . The increased buoyancy gain by the ocean over the outcropping area of approximately 27.1
kg m leads to denser water being transformed into the SAMW density range and thus has increased the
SAMW volume since the 1950s.

The diapycnal mixing represents the net effect of all mixing processes (e.g., eddy stirring, boundary layer
dynamics, wave breaking, and wind mixing; Cerovecki et al., 2013; Nishikawa et al., 2013). However, water
formation/destruction due to diapycnal mixing is difficult to calculate directly from model outputs and is
often estimated as a residual of the other terms in the volume budget equation (e.g., Cerovecki et al., 2013;
Downes et al., 2011; Marsh et al., 2000). Thus, the resulting diapycnal mixing is affected by the uncertainty
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associated with the other terms. For example, an underestimation of air-sea formation could result in an
overestimation of the formation due to diapycnal mixing. In addition, since we use the monthly OFES
output, our analysis is not able to resolve shorter time-scale processes and thus their contribution to the
formation/destruction by air-sea buoyancy fluxes (Cerovecki & Marshall, 2008; Garrett & Tandon, 1997),
which could be instead attributed to diapycnal mixing. It would have therefore been preferable to evaluate
the transformation due to diapycnal mixing by diagnosing each term in the volume budget (rather than es-
timating it as a residual), as suggested by Iudicone, Madec, and Mcdougall (2008), which has been applied
in recent studies (Abernathey et al., 2016; Cerovecki & Mazloff, 2016).
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