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Variability of the Sub-Antarctic Mode Water subduction rate during the Argo period
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Key Points:
1. A quasi-biennial variability in the Sub-Antarctic Mode Water subduction rate is revealed in
response to the mixed layer depth variability;
2. The Sub-Antarctic Mode Water subduction rate has increased, contributing to the water’s volume
increase during the Argo period,;
3. Changes in wind stress curl associated with the westerly winds play a key role in modulating the

Sub-Antarctic Mode Water subduction rate.

(Submitted to Geophysical Research Letter on 01/27/20 and accepted for publication on 06/09/20)

Corresponding Author Address: Dr. Tangdong Qu, Joint Institute for Regional Earth System
Science and Engineering, University of California at Los Angeles,

607 Charles E. Young Drive East, Los Angeles, CA 90095, Email: tangdong@ucla.edu



mailto:tangdong@ucla.edu

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

Both a quasi-biennial variability and an overall linearly increasing trend are identified in
the Sub-Antarctic Mode Water (SAMW) subduction rate across the southern hemisphere ocean,
using the Argo data during 2005-2019. The quasi-biennial variability is mainly due to variability
of the mixed layer depth. Variability of wind stress curl in the SAMW formation regions
associated with the Southern Annular Mode plays a critical role in generating the quasi-biennial
variability of the mixed layer depth and consequently the SAMW subduction rates. The SAMW
subduction rate across the southern hemisphere ocean, long-term mean totaling 56 Sv, has
increased at 0.7320.65 Sv yr'! over the past 15 years. The increase has directly contributed to the
observed increase in the total SAMW volume. Much of this increasing trend can be explained
by the deepening mixed layers, which in turn are primarily forced by the strengthening westerly

winds under an increasing Southern Annular Mode.
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Plain Language Summary

The upper ocean heat content has increased globally during the past decades. Recent studies
have shown that this warming trend has concentrated in the extra-tropical southern hemisphere
ocean and can be largely explained by the Sub-Antarctic Mode Water (SAMW) variability.
Analysis of the Argo data reveals an increasing trend of the SAMW subduction rate during the
period 2005-2019. Superimposed with this increasing trend is a quasi-biennial variability resulting
from changes of the mixed layer depth. The increasing trend of the SAMW subduction rate
directly contributes to the decade-long increase of the total SAMW volume. A large portion of this
increasing trend is due to deepening of the mixed layer. Enhanced downward Ekman pumping in
the SAMW subduction regions associated with an increasing Southern Annular Mode is primarily
responsible for the increasing trends of the mixed layer depth and consequently the SAMW

subduction rate.
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1. Introduction

Recent studies have shown that the upper ocean heat content has increased globally over the past
decades (Gille, 2002; Roemmich et al., 2015; Llovel and Terray, 2016). This warming trend was
particularly evident since 2005, when the upper ocean (0-2000 m) monitoring by Argo became
available (Roemmich et al., 2015; Llovel and Terray, 2016). Analyses of the Argo data indicated that
the observed upper ocean heat gain is not evenly distributed over the global ocean but especially
pronounced in the mid- to high-latitude southern hemisphere ocean (e.g., Roemmich et al., 2015;
Llovel and Terray, 2016; Sallee, 2018). A prominent water mass of the region, the Sub-Antarctic
Mode Water (SAMW), is identified around the southern subtropical gyres as a layer of low potential
vorticity (PV) acquired during its formation (McCartney, 1977). Variability of the SAMW properties
on decadal and longer time scales has been reported by recent studies (e.g., Bindoff and McDougall
2000; Gille 2002; Bryden et al. 2003; Gao et al., 2018; Kolodziejczy et al., 2019; Portela et al., 2020).
Among others, Gao et al. (2018) showed that the SAMW has significantly thickened, deepened, and
warmed during the period from 2005 to 2015. These changes in the SAMW properties may explain
up to 65% of the total heat gain in the upper 2,000 m of the extra-tropical southern hemisphere ocean
between 30°S and 60°S. The subduction of the SAMW also opens a window of ventilation that takes
up a significant amount of climatically important gases, such as CO; and chlorofluorocarbons (e.g.,
Sabine et al. 2004; Willey et al. 2004; Hartin et al., 2011). For all these reasons, study of the SAMW
has become a topic of interest.

Subduction of the SAMW occurs to the north of the Sub-Antarctic Front (SAF) (Orsi et al, 1995)
at various locations. Ekman fluxes of the Antarctic surface water, winter cooling, and eddy diffusion
generate convection that results in deep mixed layers (e.g., McCartney, 1977; Sallee et al., 2008;

Holte et al., 2012). Once subducted, the SAMW spreads into the subtropical gyres and fills much of
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the southern hemisphere ocean at depths of the permanent thermocline (e.g., Hanawa and Talley,
2001). Some portion of this water mass returns to the Sub-Antarctic Zone in the southward-flowing
western boundary currents, directly contributing to the inter-connected circulation system of the
southern subtropical gyres, known as the Southern Hemisphere Super-Gyre, and potentially the
Atlantic meridional overturning circulation (e.g., Fine, 1993; Speich et al., 2002; Ridgeway and
Dunn, 2007; Roemmich, 2007; Qu et al., 2019).

A question that remains is what causes the observed variability in the SAMW properties. Since
subduction is the only oceanic process that directly links the SAMW to surface forcing, it is
hypothesized that much of the observed variability in the SAMW properties is due to changes in the
SAMW subduction rate, though recent studies also emphasize the importance of diapycnal
transformation from below (e.g., Portela et al, 2020). Increased ventilation in the southern subtropical
gyres has been recognized by previous studies using tracer data and numerical models (e.g.,
McDonagh et al., 2005; Fine, 2011, Waugh et al., 2013; Tanhua et al., 2013; Wang et al., 2014; Talley
et al., 2016; Fine et al., 2017), but variability of the SAMW subduction rate over the entire southern
hemisphere ocean has not been carefully examined using in-situ observations. Here, we analyze the
15-year-long (2005-2019) time series of the Argo data to quantify variability of the SAMW

subduction rate. The atmospheric and oceanic forcing of this variability is also examined.

2. Data and method of analysis

A large number of Argo floats have been deployed since the early 2000s, recording
temperature and salinity of the ocean from a typical upper level of ~5 m to about 2000 m. Based
on all Argo temperature and salinity profiles that have a “passed” flag, the Asian Pacific Data

Research Center (APDRC) of the International Pacific Research Center, University of Hawaii, has
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created a near real-time, monthly temperature/salinity product of the global ocean on a 1°x1° grid.
This data product (called the APDRC data product below) has a total of 26 (standard) vertical
levels and spans from January 2005 to the present. Temperature and salinity profiles from the
APDRC product for the period 2005-2019 over the southern hemisphere ocean between 10°S and
60°S are used for the present study. Also used for the present study is the NCEP/ NCAR re-
analysis wind product (Kalnay et al., 1996). Additional information about these data and reanalysis
products can be found on the web pages provided in the Acknowledgements.

The annual subduction rate, Sam, 1s defined as the volume flux of mixed layer water entering
the thermocline per unit horizontal area during a year (e.g., Woods, 1985; Williams et al., 1995).
Following Qiu and Huang (1995), we release particles at the base of the winter (September) mixed
layer at every grid point and track them in a Lagrangian framework for one year with a time interval

of 5 days. According to their Eq. (5), Sann can be expressed as

Sum= —~(We = %[5, vd2) + 1 (hm (&) = i (), (1)
where 4, 1s the mixed layer depth (MLD), wex is the Ekman pumping velocity, v is the meridional
velocity, f'is the planetary vorticity, B is the gradient of the planetary vorticity, #; and ¢, are the end
of the first and second winter, respectively, and 7' is 1 year, representing the time period between #,
and #,. The first term on the right hand side of Eq. (1) is the contribution from vertical pumping, and
the overbar indicates an average over the one-year trajectory. The second term is the difference of
the MLD at locations of a particle separated in time by one year between the first and second winter,
representing the contribution from lateral induction due to sloping of the mixed layer base (also see
Huang and Qiu, 1998, and Qu et al., 2002). Due to data limitation, effects of mixing are ignored in

this study.
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The MLD is a key factor influencing Sans. The criteria used to define the MLD have been
diverse in literature (e.g., Kara et al., 2000; de Boyer Montegut et al., 2004). Following de Boyer
Montegut et al. (2004), we define the MLD using a threshold value of density, Ace=0.03 kg m>,
from a near-surface value at 10 m depth, which is believed to provide optimal estimates of the
MLD. To test the sensitivity of the MLD to its defining criteria, we also tried different
temperature increments (e.g., 0.2°C, 0.5°C) using the density-based criteria (Lukas and
Lindstrom,1991; Sprintall and Tomczak, 1992). These criteria yield essentially the same MLD
patterns, except for some slight differences in its magnitude.

The gridded temperature and salinity from the APDRC data product are converted into
dynamic height by assuming a level of no-motion at 2,000 db, from which geostrophic velocity
is calculated. Analysis of these datasets provides the first observation-based estimate of the

SAMW subduction rate for the period from 2005 to 2019.

3. Annual subduction rate and variability

Following earlier studies (McCartney, 1977; Hanawa and Talley, 2001; Gao et al., 2018), we
define the SAMW as the water formed in the surface density range 6o=26.5-27.1 kg m™ north of the
SAF (Orsi et al., 1995), where surface temperature and salinity are relatively low (Figs. la-b). In
response to the strong westerly winds, vertical Ekman pumping in the Sub-Antarctic Zone is
essentially downward (Fig. 1c), which together with surface cooling generate deep winter mixed
layers over the region (Fig. 1d). Within the selected density range, the winter mixed layer is often
deeper than 300 m, and sometimes reaches as deep as 500 m, providing a favorable condition for

SAMW formation (e.g., Qu et al., 2008; Liu and Huang, 2012).
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We calculate the SAMW annual subduction rate using the MLD and velocity fields from Argo
(section 2). The 2005-2019 averaged annual subduction rate shows a large spatial variability (Fig.
2a). High subduction rates (>100 m yr'") are visible in all the three ocean basins, but most prominent
in the eastern South Indian (south of Australia) and central to eastern South Pacific Oceans.
Consistent with earlier studies (e.g., McCartney, 1977; Hanawa and Talley, 2001; Liu and Huang,
2012), high subduction rates extend southward as we progress eastward in the South Indian and
Pacific Oceans. These high subduction rates coincide with large MLD gradients (Figure 1d), where
differences are largest in the MLDs between the first and second winter on particle trajectories (Figure
S1). In the South Atlantic, as compared with the other two oceans, the SAMW subduction rate is
relatively low and its subduction region extends farther northward. Integrating over the entire
southern hemisphere ocean between the 26.5 and 27.1 kg m™ isopycnal surfaces yields a long-term
mean volumetric subduction rate estimate of 56 Sv (1 Sv=10° m? s!). Vertical pumping induced by
positive wind stress curl (Fig. 1c) is generally less than 50 m yr'! (Fig. 2b), which contributes about
19 Sv (34%) to the total volumetric subduction rate. The remaining 37 Sv (66%) is accounted for by
lateral induction, reflecting strong influence of the sloping winter MLDs (Fig. 2c¢).

The SAMW volumetric subduction rate (simply called the SAMW subduction rate below)
varies from year to year (Fig. 3a). This year-to-year variability is predominantly quasi-biennial,
particularly after 2009. To extract longer period variability, we apply a 3-year running mean filter
to the time series, and the result shows an increasing trend of 0.73+0.65 Sv yr'! at 95% confidence
in the annual subduction rate. This increasing trend is consistent with but somewhat smaller than
the earlier estimate (1.3 Sv yr'!) based on model outputs for the Antarctic Circumpolar Current
region during 1976-2006 (Liu and Huang, 2012). Given that the SAMW ventilation rate has

remained relatively flat after 2010 (Fine et al., 2017), our estimate seems to be reasonable.
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Using the Argo data from 2005 to 2015, Gao et al. (2018) recently reported a decade-long
increase (4.7+0.4x10* km® yr'!) in the total SAMW volume. To explain this volume increase, we
also calculate the linear trend of the SAMW subduction rate during 2005-2015. The increasing
trend (1.0420.90 Sv yr'!') during this period is notably higher than that (0.73£0.65 Sv yr'!') during
2005-2019. As such, nearly 70% of the observed increase in the total SAMW volume between
2005 and 2015 can be explained by the increasing trend of the SAMW subduction rate.

Close inspection of two subduction rate components (Eq. 1) indicates that lateral induction
dominates the SAMW subduction rate variability (Fig. 3a). Vertical pumping remains little changed
during the period of observation. As one can see from Eq. (1), changes in the MLDs and gyre
circulation are processes governing the SAMW lateral induction. To identify the relative importance
of these two processes, we also calculate the SAMW subduction rate and its components with (1)
the long-term mean geostrophic velocities and temporally varying MLDs and (2) the long-term
mean MLDs and temporally varying geostrophic velocities. The results show that temporally
varying MLDs are the leading process modulating the SAMW subduction rate (Fig. 3b), though
contributions from temporally varying geostrophic velocities are not negligible (Fig. 3c).

A quasi-biennial variability of the MLDs in the Sub-Antarctic Zone was recently reported by
Lu et al. (2018) using the Argo data. To confirm this earlier result, we examine the time-longitude
variability of the MLD averaged within the surface density range between 26.5 and 27.1 kg m™
(Fig. 4a). As expected, the quasi-biennial variability of the MLDs is markedly evident across the
Indian-Pacific Ocean. An eastward propagating signal is identified at a speed (~0.15 m s™) that is
essentially the same as the surface current (Lu et al., 2018). Averaged over the entire southern
hemisphere ocean within the surface density range between 26.5 and 27.1 kg m™, a quasi-biennial

signal of the MLD is also visible (Fig. 4b). There are peak values occurring roughly every two
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years (say, 2007, 2009, 2011, 2013, etc.), which is generally consistent with the quasi-biennial
variability of the SAMW subduction rate (Figs. 3a-b).

Approximately, 78% of the increasing trend of the SAMW subduction rate (Fig. 3a) is due
to temporally varying MLDs (Fig. 3b), and about 22% is attributed to temporally varying
geostrophic velocities (Fig. 3¢) associated with the strengthening southern hemisphere super gyre
(e.g., Roemmich, 2007; Qu et al., 2019). During the period of observation, the MLD averaged
within the surface density range between 26.5 and 27.1 kg m™ has deepened at 0.37+0.13 m yr'!
(Fig. 4b). The deepening of the MLDs directly contributes to the increasing trend of the SAMW

subduction rate (Fig. 3b).

4. Subduction rate variability and Southern Annular Mode

From the analysis above, we have clearly demonstrated the importance of the MLDs in
modulating the SAMW subduction rates. On interannual time scales, the quasi-biennial variability
of the MLD largely contributes to the SAMW subduction rate variability, while its linear trend
explains more than two thirds of the SAMW subduction rate increase (Fig. 3). Then, what controls
the variability and trend of the MLDs? To address this question, we examine variability of the wind
stress curl averaged over the SAMW subduction regions within the surface density range between
26.5 and 27.1 kg m™ (Fig. 5a). In general, the time series of the wind stress curl shows a good
correspondence with the MLDs (Fig. 4b). During the period of observation, the correlation between
the two-time series reaches 0.72, satisfying the 95% confidence level, with the wind stress curl
leading the MLDs by about 9 months. Closely related (r=0.76) to the wind stress curl in the SAMW

subduction regions is the Ekman transport across the SAF (Fig. 5b). Ekman transport of the
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Antarctic surface water directly contributes to the MLD variability in the SAMW formation regions
(e.g., Sallee et al., 2008; Holte et al., 2012).

In addition to the Quasi-Biennial Oscillation of the tropical Pacific (Lu et al., 2018), we also
emphasize the importance of the Southern Annular Mode (SAM) in driving the MLD variability.
As shown in Fig. 5, both the wind stress curl in the SAMW subduction regions and the Ekman
transport across the SAF are tightly linked to SAM. Measured as a normalized difference of sea
level pressure between 40°S and 70°S (Thompson et al., 2000), SAM derived from the NCEP
reanalysis product shows a large interannual variability with a notable quasi-biennial signal (Fig.
5c). Its correlation with the wind stress curl in the SAMW subduction regions and the Ekman
transport across the SAF reaches 0.81 and 0.72, respectively, and both satisfy the 95% confidence
level. Fluctuations of the westerly winds associated with SAM influence the northward Ekman
transport across the SAF, also the wind stress curl and MLDs in the SAMW subduction regions,
and eventually the SAMW subduction rate across the southern hemisphere ocean.

Motivated by the need to understand the warming trend of subsurface heat content in the extra-
tropical southern hemisphere oceans (Gille, 2002; Roemmich et al., 2015), recent studies have noted
the strengthening of the westerly winds (e.g., Qiu and Chen, 2006; Roemmich, 2007; Cai et al.,
2011; van Sebille et al., 2012; Zhang and Qu, 2015; Gao et al., 2018; Qu et al., 2019). Here, we
show that both the wind stress curl in the SAMW subduction regions (Fig. 5a) and the northward
Ekman transport across the SAF (Fig. 5b) have increased during the past 15 years, with their rate
reaching 5.6+9.8x1071 Nm™ yr! and 0.25+0.14 Sv yr'! at 95% confidence, respectively. These
trends are closely related to the SAM (Fig. 5c). The SAM has experienced a notably increasing
trend over the past decades (e.g., Thompson et al., 2000; Marshall, 2003; Wang et al., 2014; Qu et

al., 2019), and this trend continues during the Argo period (Fig. 5c¢).
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Sea surface density averaged in the SAMW subduction regions within the surface density
range between 26.5 and 27.1 kg m™ has slightly decreased at a rate of -0.8+0.4x107 kg m™ yr'!
during the period of observation (Fig. 5d). This decreasing trend in surface density is largely due
to surface warming (0.7+0.7x102 °C yr'!) (Fig. Se), while contribution of increasing sea surface
salinity (0.6+0.9x107 psu yr'!) is relatively minor (Fig. 5f). Decreasing sea surface density suggests
that the increasing trend of the MLDs in the SAMW subduction regions cannot be accounted for by
surface buoyancy fluxes, which is consistent with the earlier work of Gao et al. (2018). We therefore
conclude that across the southern hemisphere ocean the trend of increasing wind stress curl
associated with the strengthening westerly winds is primarily responsible for the deepening MLDs
in the SAMW subduction regions. Consequently, the SAMW subduction rates across the southern
hemisphere ocean have increased and should continue to increase, despite large differences between
the three southern subtropical oceans (e.g., Lu et al., 2018; Meijers et al., 2019; Hong et al., 2020).
The enhanced subduction of warmer surface water may directly contribute to the previously

reported subsurface heat gain in the mid- to high-latitude southern hemisphere ocean.

5. Concluding remarks

This study has revealed a quasi-biennial variability in the SAMW subduction rates across the
southern hemisphere ocean. Following earlier studies of the MLDs (Lu et al., 2018), we show that
the quasi-biennial variability of the SAMW subduction rates is mostly due to variability of the
MLDs. Similar quasi-biennial signals are also seen in wind stress curl over the SAMW subduction
regions and Ekman transport across the SAF, both of which are tightly linked to the SAM. This

suggests that fluctuations of the westerly winds in the mid- to high-latitudes of the southern
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hemisphere ocean play a critical role in generating the observed quasi-biennial variability of the
MLDs and consequently the SAMW subduction rates.

It has been recognized that the thickening and deepening of the SAMW explain a large portion
of the subsurface (0-2000m) heat gain in the extra-tropical southern hemisphere ocean (e.g.,
Roemmich et al., 2015; Gao et al., 2018). Here, we show that the SAMW subduction rate across
the southern hemisphere ocean, with a long-term mean value of 56 Sv, has increased over the past
15 years. Nearly 70% of the observed increase in the total SAMW volume between 2005 and 2015
can be accounted for by the increasing SAMW subduction rates. Enhanced westerly winds
associated with an increasing SAM directly contribute to the deepening of the MLDs, the
strengthening of the subtropical gyres (Ridgeway and Dunn, 2007; Roemmich, 2007; Qu et al.,
2019), the increasing of the SAMW subduction rates, and eventually the warming of the subsurface

layers in the extra-tropical southern hemisphere ocean.
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Figure Captions

Figure 1 Long-term (2005-2019) mean characteristics of the region studied: a) sea surface
temperature (‘C), b) sea surface salinity (psu), ¢) wind stress (vectors, unit: N m?) and its
curl (color, unit: 107 N m™), and d) winter (September) mixed layer depth (m) in the
southern hemisphere ocean between 20°S and 60°S. White contours indicate the winter
(September) sea surface density (kg m>). The red solid lines indicate the location of the
mean Subtropical and Sub-Antarctic Fronts (Orsi et al., 1995), and positive values in ¢)
correspond to downward Ekman pumping.

Figure 2 Spatial distribution of annual subduction rate (m yr'') and its components within the
surface density range 26.5-27.1 kg m™ averaged over the period 2005-2019 from Argo.
Negative values, which by definition are interpreted as zero annual subduction rates, are not
shown. The black contours indicate the winter sea surface density (kg m™), and the red solid

lines show the location of the mean Sub-Antarctic Front.

Figure 3 a) Variability and trend of volumetric annual subduction rate (Sv) of the SAMW and its
components within the surface density range 26.5-27.1 kg m™, b) Same as a) except using
climatological ocean circulation and temporally varying mixed layer depth, and c¢) Same as
a) except using climatological mixed layer depth and temporally varying ocean circulation.
The annual subduction rate filtered by a 3-year running mean filter (blue dashed) and its
trend (green) are also included. The long-term (2005-2019) mean values have been removed
before plotting.

Figure 4 Time-longitude variability of the MLD averaged within the surface density range between
26.5 and 27.1 kg m>, and b) temporal variability of the MLD averaged over the entire

SAMW subduction regions between the 26.5 and 27.1 kg m™ isopycnal surfaces. A 13-
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430

month low-pass filter is applied and the long-term mean value of 83 m is subtracted before
plotting in b). The red solid line in b) shows the linear trend of the regionally averaged MLD.
Figure 5 Variability and trend of a) wind stress curl, b) Ekman transport across the mean SAF, c)
SAM index, d) sea surface density, e) sea surface temperature, and f) sea surface salinity
normalized by their respective standard deviations. A 13-month low-pass filter is applied
before plotting, and all the time series except for b) and c) are averaged over the SAMW

subduction regions within the surface density range 26.5-27.1 kg m=.
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434  Figure 1 Long-term (2005-2019) mean characteristics of the region studied: a) sea surface

435 temperature (‘C), b) sea surface salinity (psu), ¢) wind stress (vectors, unit: N m?) and its
436 curl (color, unit: 107 N m™), and d) winter (September) mixed layer depth (m) in the
437 southern hemisphere ocean between 20°S and 60°S. White contours indicate the winter
438 (September) sea surface density (kg m™). The red solid lines indicate the locations of the
439 mean Subtropical and Sub-Antarctic Fronts (Orsi et al., 1995), and positive values in c)
440 correspond to downward Ekman pumping.
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Figure 2 Spatial distribution of annual subduction rate (m yr') and its components within the

surface density range 26.5-27.1 kg m™ averaged over the period 2005-2019 from Argo.
Negative values, which by definition are interpreted as zero annual subduction rates, are not
shown. The black contours indicate the winter sea surface density (kg m™), and the red solid

lines show the location of the mean Sub-Antarctic Front.
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jg(l) Figure 3 a) Variability and trend of volumetric annual subduction rate (Sv) of the SAMW and its
452 components within the surface density range 26.5-27.1 kg m>, b) Same as a) except using
453 climatological ocean circulation and temporally varying mixed layer depth, and c) Same as
454 a) except using climatological mixed layer depth and temporally varying ocean circulation.
455 The annual subduction rate filtered by a 3-year running mean filter (blue dashed) and its
456 trend (green) are also included. The long-term (2005-2019) mean values have been removed
457 before plotting.
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459

460  Figure 4 Time-longitude variability of the MLDs averaged within the surface density range

461 between 26.5 and 27.1 kg m™, and b) temporal variability of the MLDs averaged over the
462 entire SAMW subduction regions between the 26.5 and 27.1 kg m™ isopycnal surfaces. A
463 13-month low-pass filter is applied and the long-term mean value of 83 m is subtracted
464 before plotting in b). The red solid line in b) shows the linear trend of the regionally averaged
465 MLDs.
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467

468  Figure 5 Variability and trend of a) wind stress curl, b) Ekman transport across the mean SAF, c)

469 SAM index, d) sea surface density, e) sea surface temperature, and f) sea surface salinity
470 normalized by their respective standard deviations. A 13-month low-pass filter is applied
471 before plotting, and all the time series except for b) and c) are averaged over the SAMW
472 subduction regions within the surface density range 26.5-27.1 kg m™.
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