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Abstract
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Ocean Antarctic Bottom Water salinity
over three decades
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School of Earth and Environmental Sciences
The Graduate School
Seoul National University

Antarctic Bottom Water (AABW) characteristics, derived from multiple
water sources with various properties, are significantly affected by and
contribute to climate change. However, the in-depth causes of these changes
are not well-understood. Here, I aimed to analyse the east–west contrasting
pattern of changes in AABW characteristics in Southern Indian Ocean (SIO).
Over the last three decades, AABW has become warmer and more saline in
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the western SIO (WSIO) but warmer and fresher in the eastern SIO (ESIO),
based on hydrographic observations since 1990. The warming and
salinification of WSIO AABW are primarily explained by water source
mixing ratios since the 1990s. In contrast, the warming and freshening of
ESIO AABW are not explained by changes in the mixing ratio; instead, they
are properties of the source waters during the same period. The east–west
contrasting pattern of AABW salinity changes, in addition to overall
warming, have imperative consequences in terms of poleward AABW
transport and sea level rise within and beyond the SIO.

Keywords: Antarctic Bottom Water (AABW), Southern Ocean Indian
Sector, Repeated hydrography data, simple Optimium Multiparameter
analysis (OMP), Contrasting salinity changes, Global Warming
Student Number: 2019-20179
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1. Introduction
Antarctic Bottom Water (AABW), generally referred to as seawater
with a potential temperature (θ) less than 0 oC or neutral density (γn) greater
than 28.27 kg m-3, forms near the Antarctic continental margins (Orsi et al.,
2002; Johnson et al., 2008; Jacobs, 2004; Orsi et al., 1999; Menezes et al.,
2017). AABW ventilates the abyssal ocean, sequesters heat and carbon, and
regulates the global overturning circulation and atmospheric carbon dioxide
(Orsi et al., 1999; Menezes et al., 2017; Purkey and Johnson, 2013; Mahieu
et al., 2020). There are four regions of AABW formation; slightly different
properties of AABW have been identified among these regions (Orsi et al.,
1999; Menezes et al., 2017; Rintoul, 2007; Ohshima et al., 2013; JAcobs and
Giullivi, 2010; Williams et al., 2010; Kusahara et al., 2011b; Orsi, 2010;
Talley et al., 2011) (Figure 1). In particular, the AABW properties in the
Indian sector of Southern Ocean (Southern Indian Ocean; hereafter SIO) are
determined by conditions in the formation regions with an abyssal circulation
primarily constrained by bathymetry and major currents such as the
eastward-flowing Antarctic Circumpolar Current (ACC) and westwardflowing Antarctic Slope Current near the Antarctic shelves (Jacobs, 2004;
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Orsi, 2010; Talley et al., 2011; McCartney and Donohue, 2007; Meijers et
al., 2010). AABW in the western SIO (WSIO) reflects properties of source
waters such as Lower Circumpolar Deep Water (LCDW), Weddell Sea Deep
Water (WSDW), and Cape Darnley Bottom Water (CDBW) Thomas et al.,
2020; Aoki et al., 2020a). In contrast, AABW in the eastern SIO (ESIO)
consists of LCDW, Adélie Land Bottom Water (ALBW), and Ross Sea
Bottom Water (RSBW) (Figure 1, Table 1) (Aoki et al., 2020b; Strass et al.,
2020). Anthropogenic greenhouse gas emissions have affected ocean
circulation (Sallée, 2018; Levitus et al., 2005), through forcing pattern
changes in, e.g., Southern Annular Mode (SAM) (Cai et al., 2005; Silvano
et al., 2020), and consequently, have impacted the properties of AABW and
its source waters (Purkey and Johnson, 2010; Purkey and Johnson, 2012;
Lumpkin and Speer, 2007; van Wijk and Rintoul; 2014). Continued warming
and freshening of AABW in the ESIO have been identified. Increases in θ at
0.02–0.08 °C decade-1 (Johnson et al., 2008; Menezes et al., 2017; Purkey
and Johnson, 2013; Shimada et al., 2012) and decreases in practical salinity
(SP) of 0.002–0.012 decade-1 have been observed between the 1990s and
2000s (Purkey and Johnson, 2013). Significant warming (> 0.03oC decade-1)
before 2000 (Sallée, 2018) and slight salinification (< 0.001 decade-1) in the
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WSIO (near 40oE) between the 1970s and 2010s have also been reported
(Aoki et al., 2020a). However, despite few previous studies on changes in
the AABW characteristics during recent decades, my understanding of their
causes remains incomplete. Here, this study analysed an east–west
contrasting salinity change (∆SP) in AABW (defined as θ < 0°C and γn >
28.27 kg m-3) in addition to overall warming (∆θ > 0) in the WSIO and ESIO
over the past three decades. My analysis demonstrates how the mixing ratio
among and properties of source waters affect the AABW characteristics in
terms of global ocean circulation under changing climate.

３

Figure 1. Schematic of the primary sources and paths of Antarctic Bottom Water (AABW) in Southern Indian Ocean
(SIO), with ocean depth highlighted. Schematic pathways of AABW (blue dashed arrows) and Lower Circumpolar Deep
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Water (LCDW; thick red arrows) based on previous work (Orsi et al,, 2002; Jacobs, 2004; Menezes et al., 2017; Mahieu et
al., 2020; Rintoul, 2007; Ohshima et al., 2013; Orsi, 2010; Talley et al., 2011; McCartney and Donohue, 2007; Meijers et
al., 2010; Thomas et al., 2020; Aoki et al., 2020a; Aoki et al., 2020b; Strass et al., 2020; van Wijk and Rintoul, 2014; Van
Heuven et al., 2011; Vernet et al., 2019; Couldrey et al., 2013) are superimposed with ocean depth (shaded). Source water
formation regions (Weddell Sea Deep Water, WSDW; Cape Darnley Bottom Water, CDBW; Adélie Land Bottom Water,
ALBW; and Ross Sea Bottom Water, RSBW) are marked using solid arrows and labels (red for WSDW and RSBW, cyan
for CDBW and ALBW). The black dots indicate locations of ship-based hydrographic data collection. Yellow boxes
indicate satellite altimetry missions sites.
.
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Table 1. Mean time difference (Δt, years), potential temperature (θ, oC),
practical salinity (SP), and differences and trends (1990s to 2010s) of θ and
SP for observed (Case 1) and estimated (Case 2) Antarctic Bottom Water
(AABW) and corresponding source waters in the western SIO (WSIO) and
eastern SIO (ESIO). Confidence intervals (95%) are written after each value.
Case 1 (Case 2) reproduced the AABW characteristics using time-varying (fixed)
mixing ratios among and fixed (time-varying) properties of source waters.
Observat
ion area

Water
considered

WSIO

AABW
(Observation)

ESIO

Observat
ion area

WSIO

mass

Δt*
(year)

θ
(oC)

Δθ
(oC)

Δθ/Δt
(oC decade-1)

1990s

2010s

2010s minus 1990s

-0.41 ± 0.01

-0.36 ± 0.01

0.05 ± 0.02

0.02 ± 0.01

AABW (Case 1)

-0.45 ± 0.01

-0.35 ± 0.01

0.10 ± 0.02

0.04 ± 0.01

AABW (Case 2)

-0.36 ± 0.01

-0.41 ± 0.01

-0.05 ± 0.02

-0.02 ± 0.01

24.5

CDBW

20.0

-0.35 **

-0.43 ± 0.02

-0.08 ± 0.02

-0.04 ± 0.01

WSDW

16.3

-0.68 ± 0.02

-0.70 ± 0.01

-0.02 ± 0.03

-0.01 ± 0.02

LCDW

24.5

2.03 ± 0.21

2.06 ± 0.01

0.03 ± 0.22

0.01 ± 0.09

AABW
(Observation)

17.0

-0.18 ± 0.01

-0.13 ± 0.01

0.05 ± 0.02

0.03 ± 0.01

AABW (Case 1)

-0.13 ± 0.01

-0.13 ± 0.01

0.00 ± 0.02

0.00 ± 0.01

AABW (Case 2)

-0.23 ± 0.01

-0.16 ± 0.01

0.07 ± 0.02

0.04 ± 0.01

RSBW

23.3

-0.72 **

-0.53 ± 0.05

0.19 ± 0.05

0.08 ± 0.03

ALBW

19.3

-0.71 ± 0.08

-0.69 ± 0.08

0.02 ± 0.16

0.01 ± 0.08

LCDW

17.0

1.76 **

1.76 **

0.00 **

0.00 **

Δt*
(year)

SP

ΔSP

ΔSP/Δt
(decade-1)

Water
considered

mass

AABW
(Observation)
AABW (Case 1)

24.5

1990s

2010s

2010s minus 1990s

34.660 ± 0.001

34.664 ± 0.001

0.004 ± 0.002

0.002 ± 0.001

34.657 ± 0.001

34.664 ± 0.001

0.007 ± 0.002

0.003 ± 0.001
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AABW (Case 2)

ESIO

34.663 ± 0.001

34.661 ± 0.001

-0.002 ± 0.002

-0.001 ± 0.001

CDBW

20.0

34.659 **

34.650 ± 0.006

-0.009 ± 0.006

-0.005 ± 0.003

WSDW

16.3

34.651 ± 0.002

34.659 ± 0.001

0.008 ± 0.003

0.005 ± 0.002

LCDW

24.5

34.819 ± 0.024

34.826 ± 0.001

0.007 ± 0.025

0.003 ± 0.01

AABW
(Observation)

17.0

34.679 ± 0.001

34.673 ± 0.001

-0.006 ± 0.002

-0.004 ± 0.001

AABW (Case 1)

34.672 ± 0.001

34.681 ± 0.001

0.009 ± 0.002

0.005 ± 0.001

AABW (Case 2)

34.686 ± 0.001

34.668 ± 0.001

-0.018 ± 0.002

-0.011 ± 0.001

RSBW

23.3

34.726 **

34.696 ± 0.027

-0.030 ± 0.027

-0.013 ± 0.014

ALBW

19.3

34.636 ± 0.003

34.619 ± 0.001

-0.017 ± 0.004

-0.009 ± 0.002

LCDW

17.0

34.754 **

34.751 **

-0.003 **

-0.002 **

* Time difference of two observation periods between the 2010s and 1990s, estimated after averaging
the observation periods in each decade from the years listed in Table 2.
** Confidence interval is not available from one sample from a single cruise for the corresponding
decade.
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2. Data and method
AABW definition and data processing
All high-quality hydrographic Conductivity-Temperature-Depth (CTD)
data used in this study were provided by the CLIVAR Carbon Hydrographic Data
Office website (https://cchdo.ucsd.edu/). The CTD data meridionally observed
along the observational lines in 1993, 1996, and 2019 in the WSIO and 1995 and
2012 in the ESIO were used to analyse AABW changes between the 1990s and
2010s (Table 2), and zonally observed along the observational lines in 1996 and
2013 were used to analyse geostrophic velocity changes between the 1990s and
2010s (Table 2). To facilitate comparison of the observed data with those of
previous studies, in situ temperature and practical salinity (SP) were used to
convert potential temperature (θ), potential density reference pressure of 4,000
dbar (𝜎4 ), and neutral density (γn) (Jackett and McDougall, 1997) through the
formula in the Gibbson Seawater Toolbox v3.06 and (eos80_legacy_gamma_n)
provided by the Thermodynamic Equation of Seawater 2010 (TEOS-10;
http://www.teos-10.org/)

and

PreTEOS-10

(http://www.teos-

10.org/preteos10_software/). Unnecessary noise was removed from the CTD data
using a moving average over a 20-dbar interval and then linearly interpolated to
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0.1o X 10-dbar intervals through scattered interpolant along the meridional lines
68oS and 28oS in the WSIO and ESIO. The CTD data collected near or closer to
10-dbar from the seafloor were removed based on the Smith-Sandwell
bathymetry (Smith and Sandwell, 1997) with no extrapolation. Bathymetry data
derived

from

a

1-arcminute

global

relief

model

(ETOPO1;

http://www.ngdc.noaa.gov/mgg/global/global.html) were used to draw the map
shown in Figure 1. To estimate the statistical significance of changes in AABW
θ and SP, 95% confidence interval from Student’s t-test distribution was used, as
given by 𝑥̅ ± 𝑡𝛼/2𝑣

𝑠
√𝑣

, where 𝑥̅ , 𝑠 , 𝑣 , and 𝑡𝛼/2𝑣 represent the mean and

standard deviation of the samples, effective degrees of freedom, and critical value
of the t statistic of 𝑣, respectively (Menezes et al., 2017). A spatial decorrelation
length scale of 160 km used in a previous study (Menezes et al., 2017) was
applied to estimate the effective degrees of freedom. To estimate the θ and SP
differences in AABW between the 1990s and 2010s, the AABW domain was
defined where γn > 28.27 kg m-3 and θ < 0oC.

9

Estimation of sea level changes
Total sea level changes between 1990s and 2010s were estimated using
satellite altimetry missions data provided by E.U. Copernicus Marine Service
Information (CMEMS) (1990s; 1993-01-01 to 1999-12-31, 2010s; 2010-01-01 to
2019-12-31). The satellite observation areas were selected by the location 20
degrees away from the east and west of the meridional CTD line with latitude
based on AABW distribution (Figure 1). To estimate steric sea level changes
between 1990s and 2010s, Thermodynamic Equation of Seawater 2010 (TEOS10) methods were used in this study. Non-steric sea level changes were calculated
by subtracting the steric sea level changes of the entire water column measured
by CTD data from the total sea level changes measured by satellite altimetry data.

Determination of source water properties
To reproduce the AABW characteristics, CTD data collected in the
1990s and 2010s along the observational lines listed in Table 2 were used. The
endmembers of source waters were estimated from CTD data based on previous
studies (Figure 3, Table 1) (Ohshima et al., 2013; Thomas et al., 2020; Aoki et
al., 2020a; Aoki et al., 2020b; Strass et al., 2020). In the WSIO, endmembers of
three source waters (WSDW, CDBW, LCDW) were determined by averaging θ
and SP over the following areas: -0.7oC < θ < 0oC within 60o–65oS and 0.5oW–

10

0.5oE with a maximum depth > 2,500 dbar for WSDW, 64–70oS and 50–61oE
with a maximum depth > 2,500 dbar for CDBW, and maximum salinity of 28.05
< γn < 28.27 kg m-3 for LCDW (Aoki et al., 2020a; Strass et al., 2020) (Table 1,
Table 2). In the ESIO, endmembers of three source waters (RSBW, ALBW, and
LCDW) were determined by averaging θ and SP over the following areas: For
RSBW, 69.2–78oS and 160–180oE with a maximum depth > 1,300 dbar, 65.4–
68.2oS and 138–142oE with a maximum depth > 400 dbar for ALBW, and
maximum salinity in 28.05 < γn < 28.27 kg m-3 for LCDW (Table 1, Table 2)
(Ohshima et al., 2013; Thomas et al., 2020; Aoki et al., 2020b).
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Table 2. Summary of ship-based hydrography data used in this study
Water of
concern

Sectio
n

Perio
d

Year

Mean
year

Research Vessel

Cruise
designator

Publication
(if available)

AABW

WSIO

1990s

1993

1994.5

R/V Marion

35MFCIVA_1

R/V Marion

35MF103_1

Purkey and Johnson
(2011)
Purkey and Johnson
(2011)

1996

ESIO

ZSIO*

Water of
concern
LCDW

Sectio
n
WSIO

2010s

2019

2019.0

1990s

1995

1995.0

R/V
Thomas
Thompson
R/V Knorr

2010s

2012

2012.0

R/V Aurora Australis

1990s

1996

1996

2010s

2013

2013

R/V
Nathaniel
Palmer
R/V Mirai

Perio
d
1990s

Year

Mean
year
1994.5

1993
1996

ESIO

CDBW

WSIO

WSDW

ALBW

RSBW

ESIO

G.

325020190403
316N145_5
09AR20120105

B.

Purkey and Johnson
(2011)
Aoki et al (2020b)

320696_3
49NZ20130106

Research Vessel
R/V Marion

Cruise
designator
35MFCIVA_1

R/V Marion

35MF103_1

2010s

2019

2019.0

R/V
Thomas
Thompson

G.

1990s

1995

1995.0

R/V Knorr

316N145_5

2010s

2012

2012.0

R/V Aurora Australis

09AR20120105

1990s

1996

1996.0

2010s

2013
2019

2016.0

R/V
Nathaniel
Palmer
R/V Mirai
R/V Mirai

1990s

1992

1995.7

B.

325020190403

Publication
(if available)
Purkey and Johnson
(2011)
Purkey and Johnson
(2011)
Purkey and Johnson
(2011)
Purkey and Johnson
(2011)
Aoki et al (2020b)

320696_3
49NZ20130106
49NZ20191229

R/V Polarstern

06AQANTX_4

1996

RV Polarstern

06AQANTXIII_4

1999

R/V Polarstern

06AQ199901_2

Fahrbach
(2004)
Fahrbach
(2004)
Fahrbach
(2004)

et

al.

et

al.

et

al.

2010s

2010
2014

2012.0

R/V Polarstern
R/V Polarstern

06AQ20101128
06AQ20141202

1990s

1994
1995
1996
1996

1995.3

R/V Aurora Australis
R/V Aurora Australis
R/V Aurora Australis
R/V Aurora Australis

09AR9407_1
09AR9404_1
09AR9604_1
09AR9601_1

Aoki et al (2020b)
Aoki et al (2020b)
Aoki et al (2020b)

2010s

2011
2018

2014.5

R/V Aurora Australis
R/V Investigator

09AR20110104
096U20180111

Aoki et al (2020b)
Aoki et al (2020b)

1990s

1992

1992.0

R/V Akademik Ioffe

90KDIOFFE6_1

Aoki et al (2020b)

2010s

2011

2015.0

R/V
Nathaniel
Palmer
R/V
Nathaniel
Palmer
R/V
Nathaniel
Palmer

B.

320620110219

Aoki et al (2020b)

B.

320620170410

B.

320620180309

2017
2018

* ZSIO; Zonal sections of Southern Indian Ocean between 30oE and 110oE
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Aoki et al (2020b)

Reproducing AABW temperature and salinity
Characteristics of AABW were reproduced through a simple
Optimum Multiparameter analysis using two conservative source water
tracers (θ and SP) (Thomas et al., 2020).

𝑥1 𝜃WM1 + 𝑥2 𝜃WM2 + 𝑥3 𝜃WM3 = 𝜃𝐴𝐴𝐵𝑊

(1)

𝑥1 𝑆WM1 + 𝑥2 𝑆WM2 + 𝑥3 𝑆WM3 = 𝑆𝐴𝐴𝐵𝑊

(2)

𝑥1 + 𝑥2 + 𝑥3 = 1

(3)

Equations (1) to (3) represent heat, salt, and mass conservation, respectively.
θWM1 to θWM3 and SWM1 to SWM3 denote the θ and SP of source waters,
determined from observations (Table 1), and x1, x2, and x3 represent mixing
ratios among the source waters (Table 3). To separate the effects of mixing
ratios changes among and properties of source waters, either mixing ratios
or properties were fixed between the 1990s and 2010s. In Case 1, mixing
ratios varied with time while the properties of source waters were fixed. For
Case 2, mixing ratios were fixed while source water properties changed over
time (Table 1, Table 3).
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Results
Warming and salinification of AABW in the WSIO
In the WSIO, this study observed that AABW θ increased from 0.41°C in the 1990s to -0.36°C in the 2010s over 24.5 years (∆t), indicating
a ∆θ of +0.05°C and warming rate (positive ∆θ/∆t ) of 0.02 ± 0.01 oC
decade-1 (Table 1). Most (> 94%) areas in the AABW domain exhibited
significant (95% confidence level) warming between the 1990s and 2010s
(Fig. 2a, Figure 4a). The observed AABW SP also increased in the WSIO
from 34.660 in the 1990s to 34.664 in the 2010s (Table 1). Therefore, ∆SP
(∆t = 24.5 years) and the rate of SP increase (positive ∆SP/∆t) was +0.004
and 0.002 ± 0.001 decade-1, respectively (Table 1). Almost everywhere
(~100%) within the WSIO AABW domain, significant salinification was
found between the 1990s and 2010s (Fig. 2c, Figure 4c).
The warming and salinification of AABW in the WSIO can be
explained by changes in θ and SP with fixed properties of and time-varying
mixing ratios among the source waters (Case 1) Figure 3a and Table 1). A
reduced (from 66% to 59%) portion of fresh CDBW and increased (from 2%
to 6% and 32% to 35%, respectively) portions of warm and saline LCDW
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and saline WSDW were mainly responsible for the warming and
salinification (Table 3). In contrast, values estimated based on time-varying
properties of and fixed mixing ratios among the source waters (Case 2)
indicated cooling and freshening trends, contrary to the observations Figure
3a, Table 1). CDBW is the largest contributing source of water to the WSIO
AABW, with the highest (59–66%) mixing ratio among the source waters.
θ and SP of CDBW decreased (∆θ = -0.08 oC and ∆SP = -0.009) over time
(Table 1, Table 3). WSDW also cooled at a rate of 0.01 ± 0.02 oC decade-1
(Table 1, Table 3). Despite LCDW warming and salinification of both
WSDW and LCDW, changes in the AABW properties ( ∆θ and ∆ SP)
estimated based on the time-varying properties of fixed mixing ratios among
the source waters could not explain the observations (Table 1). Therefore,
the warming and salinification of AABW were mainly due to changes in
mixing ratios among source waters rather than changes in the source water
properties (Figure 3a, Table 1).
Long-term warming and salinification trends in the WSIO AABW have
been previously reported (Aoki et al., 2020a; Sallée, 2018). For example,
warming and salinification at 0.03 oC decade-1 and < 0.001 decade-1,
respectively, between the 1970s and 2010s were found based on observations
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in the Enderby Basin (Aoki et al., 2020a) (Figure 1). Slower warming and
more rapid salinification between the 1990s and 2010s were observed here
compared with those from the more extended period (Table 1). Salinification
and overall warming of deep and bottom waters in the northeast Weddell Sea
(reported previously as, e.g., ∆SP of +0.002 between the early 1990s and
2000s (Strass et al., 2020; Fahrbach et al., 2004)) were comparable to the
WSDW salinification rate (0.005 decade-1) presented here (Table 1). This
WSDW salinification was partly responsible for AABW salinification
(Table 3). Warming and salinification of deep and bottom waters in Weddell
Sea have been potentially linked to the increasing LCDW flow into AABW
beyond the WSDW formation region (Strass et al., 2020). More considerable
LCDW inflow into Weddell Sea and resultant salinification of WSDW could
be relevant to positive SAM index anomalies over the last decade (Lin et al.,
2018), as Ekman suction driven by anomalously strong westerly winds in the
SAM positive phase strengthens the Weddell Gyre and ACC, thereby
increasing transport of highly saline LCDW into the deep and bottom waters
of Weddell Sea (Strass et al., 2020).
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Warming and freshening of AABW in the ESIO
As in the WSIO, AABW θ observed along meridional lines in the
ESIO also increased from -0.18°C in the 1990s to -0.13°C in the 2010s (∆t =
17.0 years), a warming rate (positive ∆θ/∆t) of 0.03 ± 0.01 oC decade-1
(Table 1). In ~96% of the ESIO AABW domain, significant warming was
observed between the 1990s and 2010s, similar to that in the WSIO (Fig. 2b
and Figure 4b). However, SP decreased such that the ESIO AABW freshened,
from 34.679 in the 1990s to 34.673 in the 2010s; this contrasted with the
WSIO salinification (Table 1). Over the 17 years, ∆SP and -∆SP/∆t were 0.006 and 0.004 ± 0.001 decade-1, respectively. Nearly all (~98%) of the
ESIO AABW domain experienced significant freshening between the 1990s
and 2010s (Fig. 2d and Figure 4d).
The warming and freshening of AABW in the ESIO can be explained
by the time-varying properties of and fixed mixing ratios among the source
waters (Case 2) that yielded warming and freshening at rates comparable to
the observations (Figure 3b and Table 1). SP decreases between the 1990s
and 2010s were significant in all three water sources (LCDW, ALBW,
RSBW), and θ increases were found in ALBW and RSBW (Figure 3b and
Table 1). In contrast, in Case 1, the observed warming and freshening could
17

not be reproduced. The mixing ratios of relatively cold and fresh ALBW
decreased from 58 to 51%, and those of the warm and saline LCDW slightly
increased from 20 to 21%. The ratio of the relatively saline RSBW also
increased from 22% to 27% (Table 3). The resulting AABW θ was nearly
constant, whereas AABW SP increased over the study period compared with
observations (Figure 3b and Table 1). Thus, the warming and freshening of
source waters were responsible for the changes in the ESIO AABW
characteristics.
The AABW warming and freshening rates on the west side of the
Australian Antarctic Basin (Figure 1) were previously reported as 0.02–
0.08 °C decade-1 and 0.002–0.012 decade-1, respectively (Johnson et al.,
2008; Menezes et al., 2017; Purkey and Johnson, 2013; Shimada et al., 2012),
comparable to the results in this study (Table 1). The warming and
freshening of ESIO AABW are related to the overall warming in Southern
Ocean and the freshening of source waters around the Antarctic shelves.
Previous studies suggest that bottom waters in the Southern Ocean have
warmed at a rate of ~0.05 oC decade-1, presumably due to increasing ocean
heat content (Sallée, 2018); this is consistent with the overall warming of the
ESIO AABW in this study (Figure 3b, Table 1). In the ALBW and RSBW
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formation regions, near-bottom water saw remarkable decreases in absolute
salinity: by 0.05 g kg-1 from the late 1960s to the early 2010s and by 0.06 g
kg-1 from the 1990s to early 2010s (Aoki et al, 2020b). This freshening rate
is higher than that of the ESIO AABW detailed here Figure 3b and Table 1.
The AABW freshening in Southern Ocean is likely due to increasing sea ice
melt, continental ice discharge, and abrupt glacial calving events near the
ALBW formation region in 2010 (Aoki et al., 2005; Tamura et al, 2012;
Castagno et al., 2019; Jacobs et al., 2002). Such an increase in freshwater
input can cause a reduction in dense water formation through brine rejection,
resulting in decreases in the AABW volume and salinity (McCartney and
Donohue, 2007; Aoki et al., 2020b).
Since the late 2010s, however, salinity has rebounded in the ALBW
formation region and western Ross Sea (Aoki et al., 2020b; Castagno et al.,
2019). This increase is closely related to the recent (since 2014) increase
(~0.07) in the practical salinity of High Salinity Shelf Water (HSSW), a
precursor of RSBW (Yoon et al., 2020). Thus, ESIO AABW may have
become more saline in the 2020s owing to the continued development of
polynya from enhanced katabatic winds (Yoon et al., 2020) and effective sea
ice formation rate owing to the unusual combination of positive SAM and
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strong El Niño conditions from 2015 to 2018 (Slivano et al., 2020).
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Figure 2. Changes in potential temperature (θ) and practical salinity (SP)
of Antarctic Bottom Water (AABW) in Southern Indian Ocean (SIO).
Histograms of ∆θ (a and b) and ∆SP (c and d) of AABW in the western
SIO (WSIO; a and c) and eastern SIO (WSIO; b and d) between the 1990s
and 2010s. Blue (red) indicates cooling and freshening (warming and
salinification), whereas grey indicates no change. Areas shaded in cyan
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represent statistical significance at the 95% confidence interval from the
mean, based on Student’s t-test. The black solid lines indicate mean values,
while zero and median values are shown using orange and black vertical
dashed lines, respectively.
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Figure 3. θ-SP plots of Antarctic Bottom Water (AABW) and source waters in Southern Indian Ocean (SIO).
θ-SP plots of AABW (marked with asterisks in a and b) for the 1990s (blue) and 2010s (red) and estimated (Case 1,

23

five-pointed stars; Case 2, six-pointed stars) in the western SIO (WSIO) (a) and eastern SIO (ESIO) (b). CDBW (a)
and ALBW (b) are marked with circles, LCDW (a and b) with triangles, and WSDW (a) and RSBW (b) with squares.
All watermasses are marked with error bars with 95% confidence except filled markers (filled markers are watermasses
that cannot estimate their uncertainty due to lack of sample number; see also Table 1). The black contours denote
potential density (kg m-3) referenced to 4,000 dbars (𝜎4 ). LCDW properties are found only in the zoomed-out domain
(top-left corners) and out of the range in the zoomed-in domain as marked by the purple shaded arrows. Neutral
densities of 28.05 and 28.27 kg m-3, corresponding to 45.80– 45.86 kg m-3 and 48.05–48.07 kg m-3 in 𝜎4 , are shaded
in thick orange and green, respectively. Weddell Sea Deep Water, WSDW; Cape Darnley Bottom Water, CDBW;
Adélie Land Bottom Water, ALBW; and Ross Sea Bottom Water, RSBW.
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Table 3. Ratio (%) with 95% confidence intervals of Case 1 and Case 2. Table shows ratio of AABW composition
of source waters in 2010s and 1990s for cases of varying mixing ratios and fixing properties (Case 1) and varying
properties and fixing mixing ratios (Case 2) of θ and SP of source waters in WSIO and ESIO.
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Figure 4. Rates of change in potential temperature and practical salinity.
Rates of change in potential temperature (oC decade-1) and salinity (decade1

) in the WSIO (a and c), and ESIO (b and d). Magenta and green lines

indicate isopycnals of γn = 28.27 kg m-3 (σ4; 46.05 - 46.07 kg m-3) in 1990s
and 2010s, respectively. Colored domain is defined as the union area where
θ < 0 oC and γn > 28.27 kg m-3 in whole period of WSIO and ESIO at each.
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4. Discussion and conclusions
Implication of contrasting salinity changes in AABW between WSIO
and ESIO
A contrasting change in AABW SP between the WSIO and ESIO
(western salinification and eastern freshening) in addition to overall SIO
warming over the past three decades was analysed based on changes in the
mixing ratio among (Case 1) and properties of (Case 2) source waters. The
contrasting salinity changes and overall warming affected the zonal
difference in the AABW volume. Consequently, the abyssal circulation was
affected, as the AABW upper boundary (e.g., the surface of γn = 28.27 kg m3

) deepened eastward more steeply in the 2010s than in the 1990s, decreasing

the AABW volume more so in the ESIO than in the WSIO (Figure 4).
Based on the results, this study assumed that a stronger deep and
abyssal flow toward Indian Ocean would have occurred in 2010s due to the
different volume changes of the AABW in SIO, and calculated the
geostrophic velocity using data from the 1990s and 2010s observed in the
zonal section of the SIO (ZSIO) (Figure 1). The AABW structure is divided
into a western area (< 80oE) and an eastern area (> 90oE) based on the
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Kerguelen Plateau due to the influence of the topography. The isopycnals
of neutral density 28.27 kg m-3 in the eastern part of the AABW in both
areas were deeper than the western part (Figure 5). Also, it was confirmed
that γn = 28.27 kg m-3 isopycnals became deeper in the 2010s than in the
1990s in both areas, i.e. density surface of γn = 28.27 kg m-3 in the western
area of WSIO and ESIO became deeper from 1925 m and 2050 m in 1990s
to 1970 m and 2325 m in 2010s, and the eastern area from 3127 m and
2692 m in 1990s to 3159 m and 2865 m in 2010s, respectively (Table 4).
It was confirmed that changes in density surface depth lead to a decrease
of geostrophic velocity in the eastern area from 0.07 m s-1 in the 1990s to
0.06 m s-1 in the 2010s, on the other hand, in the western area, it can be
seen that there are insignificant changes of geostrophic velocity at 0.05 m
s-1 in both 1990s and 2010s (Table 4). The intensification of deep and
abyssal flow toward Indian Ocean, although still in a reasonable range
compared with previous observations (typically few centimetres per
second, up to 0.1 m s-1) (Meijers et al., 2010; Aoki et al., 2020a), can
substantially impact the deep abyssal circulation and global meridional
overturning circulation within and beyond the Indian sector.
The contrasting change in AABW SP between the WSIO and ESIO
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and overall SIO warming also has implications for global sea level rise.
Previously estimated steric sea level rises below 3000 dbar were 0.01–0.04
m in the ESIO between the 1990s and 2000s and 0.04–0.07 m between the
1990s and 2010s (Johnson et al., 2008; Menezes et al., 2017). In this study,
Sea level changes estimated through the satellite data between 1990s and
2010s were increased 0.04 m in WSIO and 0.06 m in ESIO, and the steric
sea level changes for whole water column were estimated almost 0.03 m in
WSIO and 0.05 m in ESIO (Table 5).
However, in the case of steric sea level changes relative to 3000 dbar
were both increased 0.02 m in SIO, but for different reasons in the east and
west (Table 5). This results show most of the sea level changes in the deep
and bottom water in the WSIO, but in the ESIO, whole water column
contributes to the sea level change (Table 5, Figure 6, Figure 7). Especially,
the ratio of AABW below 3000 dbar were 92% and 64% in WSIO and
ESIO, respectively. It means that most of the steric sea level rises below
3000 dbar were significantly affected by the AABW. This indicated that
east–west contrasts (eastern freshening and western salinification) in the
AABW properties between the 1990s and 2010s has significant
consequences on steric sea level rise within and beyond SIO.
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Figure 5. Zonal section of isopycnic surface γn = 28.27 kg m-3 changes in
the SIO between 1990s and 2010s. Zonal section of neutral density anomaly
with isopycnic surface γn = 28.27 kg m-3 changes in the SIO between 1990s
(black dashed line) and 2010s (red dashed line) with bottom topography
(grey shading area).
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Table 4. Depth changes of isopycnals of γn = 28.27 kg m-3 in the WSIO and ESIO
Observation Area

Period

D1* (m)

D2** (m)

△D (D1 – D2; m)

WSIO

2010s

1970 ± 10

3159 ± 10

1189 ± 20

2,128,000 ±

0.05 ±

1990s

1925 ± 12

3127 ± 12

1302 ± 24

2,128,000 ±

0.05 ±

2010s

2325 ± 10

2865 ± 10

540 ± 20

713,000 ±

0.06 ±

1990s

2050 ± 10

2692 ± 10

642 ± 20

713,000 ±

0.07 ±

ESIO

** Depth of γn = 28.27 kg m-3 isopycnals in the western section (WSIO; 33oE, ESIO; 93oE)
** Depth of γn = 28.27 kg m-3 isopycnals in the eastern section (WSIO; 77oE, ESIO; 107oE)
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Geostrophic
△X
(distance between velocity (m s-1)
D1 and D2; m)

Table 5. Total and steric sea level changes observed from satellite altimetry missions and hydrography data
between 1990s and 2010.
Variables

Section
WSIO

ESIO

1. Sea level changes observed from satellite
altimetry missions (m)

0.04 ± 0.02

0.06 ± 0.01

2. Steric Sea level changes (whole water column; m) 2_1. Thermosteric effect

0.00 ± 0.02

0.03 ± 0.02

2_2. Halosteric effect

0.03 ± 0.01

0.02 ± 0.01

2_3. Thermohalosteric effect

0.03 ± 0.02

0.05 ± 0.02

0.01 ± 0.02

0.01 ± 0.02

4_1. Thermosteric effect

0.03 ± 0.01

0.01 ± 0.01

4_2. Halosteric effect

-0.01 ± 0.01

0.01 ± 0.01

4_3. Thermohalosteric effect

0.02 ± 0.01

0.02 ± 0.01

3. Non-steric sea level changes (1 - 2_3)

4. Steric Sea level changes (below 3000 dbar)
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Figure 6. Thermohalo steric sea level changes relative to 3000 dbar between 1990s and 2010s in the WSIO. Steric
sea level changes (m) relative to 3000 dbar (black thick lines) with 95% confidence limits (thin black lines) between
1990s and 2010s in the WSIO which consider the impact of temperature (a), salinity (b) and both effects (c).

33

Figure 7. Thermohalo steric sea level changes relative to 3000 dbar between 1990s and 2010s in the ESIO. Steric

sea level changes (m) relative to 3000 dbar (black thick lines) with 95% confidence limits (thin black lines) between
1990s and 2010s in the ESIO which consider the impact of temperature (a), salinity (b) and both effects (c).
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