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ABSTRACT
Freshening and warming of Antarctic Bottom Water (AABW) between the 1980s and 2000s are quantified,
assessing the relative contributions of water-mass changes and isotherm heave. The analysis uses highly accurate, full-depth, ship-based, conductivity–temperature–depth measurements taken along repeated oceanographic sections around the Southern Ocean. Fresher varieties of AABW are present within the South
Pacific and south Indian Oceans in the 2000s compared to the 1990s, with the strongest freshening in the newest
waters adjacent to the Antarctic continental slope and rise indicating a recent shift in the salinity of AABW
produced in this region. Bottom waters in the Weddell Sea exhibit significantly less water-mass freshening than
those in the other two southern basins. However, a decrease in the volume of the coldest, deepest waters is
observed throughout the entire Southern Ocean. This isotherm heave causes a salinification and warming on
isobaths from the bottom up to the shallow potential temperature maximum. The water-mass freshening of
AABW in the Indian and Pacific Ocean sectors is equivalent to a freshwater flux of 73 6 26 Gt yr21, roughly half
of the estimated recent mass loss of the West Antarctic Ice Sheet. Isotherm heave integrated below 2000 m and
south of 308S equates to a net heat uptake of 34 6 14 TW of excess energy entering the deep ocean from deep
volume loss of AABW and 0.37 6 0.15 mm yr21 of sea level rise from associated thermal expansion.

1. Introduction
Antarctic Bottom Water (AABW) is the Southern
Ocean’s coldest, densest water mass. It ventilates the
lower limb of the meridional overturning circulation
(MOC; e.g., Lumpkin and Speer 2007), filling most of
the world’s deep basins (Johnson 2008). In recent decades, AABW has warmed (e.g., Purkey and Johnson
2010, hereafter PJ10), freshened (e.g., Johnson et al.
2008; Swift and Orsi 2012), and decreased in volume
(e.g., Kouketsu et al. 2011; Purkey and Johnson 2012,
hereafter PJ12), possibly linked to the increase in the
glacial melt freshwater fluxes into AABW formation
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regions around Antarctica (e.g., Jacobs and Giulivi
2010). The freshening decreases the salinity of the shelf
waters, thence AABW, and appears to slow AABW
production and thus the lower limb of the MOC. Here
we examine AABW property changes throughout the
Southern Ocean, separating the component owing to
potential temperature–salinity (u–S) changes from that
due to changes in the depth of potential isotherms
(heave). Heave reflects changes in AABW volume, related to changes in the formation rate, circulation, or
perhaps even formation properties of AABW. A shift in
the u–S curve indicates a change in water-mass properties. Decomposing the observed deep changes into these
components allows for evaluation of the relative contributions of these changes to local sea level rise (SLR),
freshwater, and heat budgets.
AABW is a combination of very cold and relatively
fresh water formed on shallow continental shelves and
warmer, saltier offshore Circumpolar Deep Water
(CDW; Foster and Carmack 1976). The shelf waters form
on shallow ice-covered continental shelves where brine
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rejection from sea ice formation and export increases the
salinity of surface waters. This water sinks, mixing with
adjacent CDW, and circulates under the ice shelf, melting
the overlying ice at depth, causing the shelf waters to
freshen (Jacobs 2004). These processes result in a reservoir of very cold, dense shelf water that, when it leaves
the shelf, flows down the continental slope, further mixing
with CDW (Jacobs 2004).
AABW formation occurs in the Ross Sea, Adelie
coast, and Weddell Sea, producing at least three distinct
varieties of AABW (Orsi et al. 1999): Ross Sea Bottom
Water (RSBW), Adelie Land Bottom Water (ALBW),
and Weddell Sea Bottom Water (WSBW). These water
masses mix with overlying CDW in the Antarctic Circumpolar Current (ACC) before feeding into the lower
limb of the MOC and traveling to the northern ends of
the Pacific, west Atlantic, and Indian Oceans (Johnson
2008). AABW is often defined as water with neutral
density gn . 28.27 kg m3 found south of the Subantarctic
Front (SAF; Orsi et al. 1999). Here we use an older
definition for AABW of deep Southern Ocean waters
of u , 08C (e.g., Gordon 1972), because we use u, rather
than g n, as a vertical coordinate.
AABW freshening has been observed (Aoki et al.
2005; Jacobs and Giulivi 2010; Swift and Orsi 2012) and
slowdown of AABW formation rates inferred (PJ12) in
the Ross Sea and Australian–Antarctic basin starting as
early as the 1950s. Ross Sea Shelf Water, an important
constituent of RSBW, has freshened by 0.03 decade21
between 1958 and 2008 [here salinity is reported on the
1978 Practical Salinity Scale (PSS-78), a dimensionless
scale derived from the conductivity of the sampled
seawater]. This freshening is associated with freshening
of the coastal current connecting the Amundsen coast to
the Ross Sea Shelf (Jacobs and Giulivi 2010). Along the
west side of the Ross gyre, within the deep western
boundary current transporting the recently formed
RSBW northwestward, the densest water seen in 1994
completely disappeared by 2011, the deep and surface
constituents of the shelf water freshened, and thickness
of the RSBW outflow decreased by a few hundred meters (Swift and Orsi 2012). Directly downstream from its
formation region in the Australian–Antarctic basin,
ALBW has freshened by 0.03 PSS-78 between 1994 and
2002 (Aoki et al. 2005). In the deep Australian–Antarctic
basin, ventilated by both RSBW and ALBW, freshening
is evident throughout the basin, owing either to fresher
bottom water or different ratios of RSBW and ALBW
(Whitworth 2002; Rintoul 2007; Johnson et al. 2008). In
both the Australian–Antarctic basin and the Ross Sea,
cooling on isopycnals and warming on isobars are also
present (Aoki et al. 2005; Johnson et al. 2008; Jacobs
and Giulivi 2010; PJ10).
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In the Weddell Sea, bottom water and deep water have
been warming with little change in salinity (Robertson
et al. 2002; Fahrbach et al. 2004, 2011; PJ10). To the north,
the deep waters in the Scotia Sea and Argentine Basin,
both directly fed by WSBW, have warmed and decreased
in volume for at least the past three decades (Coles et al.
1996; Johnson and Doney 2006; Meredith et al. 2008;
PJ12).
Outside the Southern Ocean, the abyssal waters along
the bottom limb of the MOC fed by AABW (Johnson
2008) have warmed around the globe (PJ10; Kouketsu
et al. 2011). The global-scale warming could be caused
by a decrease in AABW formation rates, causing isopycnals to fall: hence, the observed warming on isobaths.
This signal can be communicated remotely by planetary
waves throughout the World Ocean on much shorter
time scales than advective changes (Masuda et al. 2010;
Kouketsu et al. 2011; PJ12). AABW warming has been
analyzed in the western South Atlantic (Johnson and
Doney 2006; Zenk and Morozov 2007), throughout
the Pacific (Fukasawa et al. 2004; Johnson et al. 2007;
Kawano et al. 2010), and in the eastern Indian Ocean
(Johnson et al. 2008; PJ10).
Much of the recent AABW property changes observed around the globe may be owing to increased
glacial freshwater discharge from a number of locations
around Antarctica over recent decades (e.g., Jacobs and
Giulivi 2010). Antarctic ice shelf thinning and glacial
discharge acceleration are strongest along the West
Antarctic Peninsula and the Amundsen coast (Rignot
and Jacobs 2002; Rignot et al. 2008), with a net ice sheet
loss of 88 6 54 Gt yr21 in the West Antarctic and 60 6
46 Gt yr21 along the peninsula between 1992 and 2006
(Rignot et al. 2008). Between 1991 and 2001, 154 6
16 km3 of glacier ice was lost to the Amundsen Sea with
acceleration of coastward glacier flow (Shepherd et al.
2002). At Pine Island Glacier, a location with one of the
highest melt rates, the ice shelf has recently been thinning at a rate of 5.5 m yr21 through basal melting because of a 0.58C warming of ocean waters under the ice
shelf (Shepherd et al. 2004). Similarly, along the Amundsen
and Bellingshausen coasts where warm CDW has access
to the shelf, the melting rates on the submerged undersides of glaciers have been correlated with warming
ocean temperatures, with melting increasing by 1 m
(0.18C)21 of warming (Rignot and Jacobs 2002).
The observed AABW property and circulation changes
are important for global heat and SLR budgets (PJ10;
Kouketsu et al. 2011). The deep-ocean warming below
4000 m globally is equivalent to a net heat uptake of
0.027 6 0.009 W m22 over the surface of the earth and
0.05 mm yr21 mean global SLR (PJ10). In the Southern
Ocean, the warming below 1000 m is equivalent to as
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much as a 1.2 W m22 local heat flux and 1.3 mm yr21
local SLR (PJ10).
Here we evaluate salinity and temperature changes
within the deep Southern Ocean, distinguishing between
heave and water property changes. Section 2 discusses
the dataset and processing, including intercruise salinity
adjustments (see also the appendix). Section 3 presents
methods used to distinguish heave from water-mass
changes. Section 4 discusses freshening trends throughout the Southern Ocean, using multiple Southern Ocean
sections occupied two or more times since the 1980s.
Section 5 estimates basin-mean rates of change to find
the contributions of the deep Southern Ocean to
changes in SLR, heat budgets, and freshwater budgets.
Section 6 discusses these results.

2. Data and processing
We use full-depth, high-resolution, highly accurate,
ship-based hydrographic data collected in the Southern
Ocean since 1980 at locations with two or more occupations. The data were mostly collected as part of the
international World Ocean Circulation Experiment
(WOCE) Hydrographic Programme or the Global Ocean
Ship-Based Hydrographic Investigation Program (GOSHIP). All publicly available data (at http://cchdo.ucsd.
edu) as of November 2012 are considered here. We refer
to each section by its WOCE identification (ID; Fig. 1 and
Table A1). All data collected along a section within a year
are combined and referred to as a single occupation of
that section, referenced by the calendar year in which the
earliest station was taken (Table A1).
We focus on sections located at or south of 308S (Fig.
1): nine meridional sections roughly spaced every 458
longitude, two zonal sections at ;678S across the Ross
Sea and the Weddell Sea, and three zonal sections that
together completely circumnavigate the globe near 308S.
Most of the meridional sections in the Indian and Atlantic Ocean sectors extend to the Antarctic continental
shelf, but both of the sections in the Pacific sector stop
short of the shelf (Fig. 1). Along each section data were
collected from the surface to approximately 10 m from
the bottom at stations nominally spaced every 55 km.
Each reoccupation of a given section analyzed here lies
within 10 km of the original. Data along each section are
interpolated onto an evenly spaced 20-dbar vertical and
20 horizontal grid following PJ10.
Data were collected between 1980 and 2012, with the
length-weighted mean first occupation in 1991 and the
last in 2008. Each section has been occupied between
two and eight times with the length-weighted mean and
median for the study region of 3.6 and 3.0 occupations,
respectively (Table A1). Therefore, the along-section

FIG. 1. Southern Ocean section locations (black lines) labeled
with WOCE IDs (black characters) and basin boundaries (gray
lines) over bottom potential temperature (color shading; Gouretski
and Koltermann 2004) with land (white areas). Basin names (white
characters) are indicated by abbreviations including the following:
Weddell–Enderby basin (WEB), Australian–Antarctic basin (AAB),
Amundsen–Bellingshausen basin (ABB), Scotia Sea (SS), and the
Argentine Basin (AB).

trends discussed here span on average an 18-yr period.
Most trend estimates are based on data from at least
three occupations; however, some trends are based on
the difference between two occupations (Table A1).
All data were collected with a conductivity–temperature–
depth (CTD) instrument with target measurement accuracy better than 0.0028C for temperature, 3 dbar for
pressure, and 0.002 PSS-78 for salinity (Joyce 1991). All
CTD temperature data were reported in or converted
to the 1968 International Practical Temperature Scale
(IPTS-68) for use with the 1980 Equation of State (EOS80). The CTD salinity measurements were all standardized with International Association for Physical
Science of the Oceans (IAPSO) Standard Seawater
(SSW), with all salinity values reported here on PSS-78.
We consider only data with good quality flags and remove any obvious spikes in salinity data.
We apply known salinity offsets owing to the different
IAPSO SSW batches used on the different cruise legs to
the salinity data (Table A1). Batch-to-batch offsets are
from Kawano et al. (2006) and T. Kawano (2011, personal communication). They range from 21.2 3 1023 to
2.5 3 1023 PSS-78 (Table A1). SSW offsets could not be
applied to 13 of the 73 Southern Ocean cruise legs analyzed here because of 8 legs having no SSW batch number
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information available and 5 cruises using SSW batches
too recent to have an offset estimate.
Additional ad hoc salinity adjustments are estimated
and applied to the CTD salinity data to further minimize
intercruise measurement biases (see appendix: Table A1
and Fig. A1). These salinity offsets are calculated by
comparing salinity data in select geographical regions
containing water that has been isolated from the surface
for a relatively long time and is hence well-mixed with
a very tight (low variance) u–S relation (see appendix).
These additional offsets are necessary because of the
relatively large contribution of salinity to density and
the relatively high ratio of measurement error to signal
observed here (see appendix).
The ad hoc salinity offsets are applied to 67 of the 73
Southern Ocean legs with magnitudes ranging from
essentially zero (,1026 PSS-78) to as high as 0.0056
PSS-78, with 63 of the applied offsets being less than
the WOCE target accuracy of 0.002 PSS-78 (Fig. A1). The
four legs with offset magnitudes .0.002 PSS-78 are the
1984 occupation of P16, the 1993 and 1995 occupations
of S03, and the 2011 occupation of A16 (Fig. A1; Table
A1). A salinity offset could not be applied to six legs.
These legs include the three occupations of S01 through
the Drake Passage (Fig. 1), where highly variable water
properties did not allow a suitable place for intercruise
comparisons. Also three subsections of full lines are not
long enough for salinity comparisons: namely, the 1995,
2006, and 1991 occupations of I09, P18, and S03, respectively. The salinity offsets are applied to the raw CTD
salinity data and each section occupation is regridded
vertically and horizontally (PJ10).

3. Methods: Heave versus water property changes
Interior ocean property changes can be caused by
heave or water-mass changes (e.g., Fig. 2). A number
of methods have been used for distinguishing between
heave and water-mass changes. For example, Bindoff
and McDougall (1994) decompose ocean property
changes using S and u changes on both density and
pressure surfaces and the original u–S curve to solve for
the contributions of isopycnal heave, temperature changes,
and salinity changes, whereas McDonagh et al. (2005) calculate water-mass changes by calculating the ‘‘minimum
distance’’ between chronological u–S curves, scaling them
by thermal expansion and haline contraction coefficients.
Here we use u as the independent variable instead
of density to allow detection of very small deep u–S
changes. We make this choice because S errors have
significantly more impact on density than u errors, especially in cold deep waters. For example, at 4000 m in
the Ross Sea, the expected measurement salinity error
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FIG. 2. Schematics of changes in salinity between an initial (blue)
and final (red) occupation of a given station owing to (a) watermass change and (b) isotherm heave. Water-mass changes in (a)
can be seen as a change in the u–S curve causing a deep freshening
signal between occupations (black lines) at the same depths (dots).
Isotherm heave in (b), caused by a vertical displacement of potential isotherms, causes water at the same depth (dots) to warm
and become more saline between occupations (black lines).

of 0.002 PSS-78 will cause an error in density 15 times
larger than the expected temperature error of 0.0018C
would cause. Therefore, we choose the most accurate
measurement, u, to be the independent variable in our
analysis, rather than density, which would amplify any
remaining S errors.
As a result of this choice, here heave refers to a vertical shift of the water column caused by a change in
depth (equivalently pressure) of a potential isotherm
that has no effect on the local u–S relationship (Fig. 2b).
Alternatively, a water-mass change is reflected in a shift
in the shape of the u–S curve with time (e.g., Fig. 2a). If
density surfaces were used as the vertical coordinate,
water-mass and heave changes reported here would be
amplified, as salinity generally decreases with decreasing
temperature within AABW in the Southern Ocean.
While this method clearly identifies where u–S changes
occur, it casts all the water-mass changes in terms of
salinification (or freshening) and all warming (or cooling)
as owing to heave. For example, imagine a scenario in the
deep Southern Ocean (where u decreases and S increases
with increasing depth) where the whole water column
warms, causing the u–S curve to be displaced upward.
Our analysis would cast this water-mass change as
freshening, with a value proportional to the warming by
the local slope of the u–S curve. While deep AABW
freshening presented here is traced back to the shelf
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water changes that are freshening faster than warming
(e.g., Jacobs and Giulivi 2010), the limitations of our
method should be kept in mind.
To decompose the deep property changes, first we
define an initial u–S relation (u–Si) representative of the
u–S at the time of the first occupation at every location
along a section. Each vertical profile of S and u of each
section is linearly interpolated onto an evenly spaced u
grid from 228 to 58C at 0.018C intervals. The interpolation extends from the bottom to the first u maximum
(usually the u maximum associated with CDW). All
values above the maximum are masked out. The bottom
S value of each interpolated S profile is extended to the
minimum bottom u measured at that location among all
occupations of the section by using the slope of the linear fit of S versus u over the coldest 0.18C of each profile.
This extension is only applied if the bottom u , 38C, the
profile depth . 500 m, and the bottom 0.18C spans more
than 100 m of the water column. These criteria limit
extensions to deeper offshore regions, excluding thermocline or continental shelf waters. Finally, Si at each u
grid is estimated for the time of the first occupation from
linear fits of S versus time for all occupations. If there are
only two occupations, then Si matches S of the first occupation but, if there are multiple occupations of a section, then Si will differ from S of the first occupation.
The u–Si relations are used to calculate expected S
values SH if heave were the only contributor to the
changes in S. At each vertical and horizontal gridpoint
for each occupation, a value of SH is computed from u
using a spline interpolant and the local u–Si relation.
Finally, we calculate S rates of change for the total ST,
SH, and water-mass shift SWM with time and associated
error as follows: At every horizontal and vertical grid
point along each section with at least two occupations
spanning more than 2.5 yr (following PJ10), the rate of
change of total S with time dST/dt and dSH/dt are estimated by linear least squares (e.g., Fig. 3). Where only
two occupations exist, the rates of change reflect differences between these two occupations. Within the
Southern Ocean below 300 m, the trend error along
sections with more than two occupations is usually less
than 0.4 3 1023 PSS-78 yr21, smaller than most of the
along-section signal (e.g., Fig. 3). The rate of change in
salinity with time owing to water-mass shifts, dSWM/dt 5
dST/dt 2 dSH/dt, is calculated along each section (e.g.,
Figs. 3a,d,g,j,m). In addition, the rate of change of u with
time du/dt is found also using a linear least squares fit
(not shown; see PJ10).
For each deep basin (following PJ12; Fig. 1), the rates
along all sections within a given basin are used to find
basin-mean rates and associated errors within 0.058Cthick bins below 58C. Along each section within a basin,
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using the mean u from all occupations, a u bin is identified as the region where u falls within 60.0258C of
a given value. Within each u-bin area, first the vertical
mean du/dt, dST/dt, dSWM/dt, and dSH/dt are calculated
along the sections. The vertical length of the given u bin at
each location along the section is used to find a horizontal
length-weighted mean rate (basin-mean rates) for each u
bin using all sections within a basin as if they were lined
up end to end. The horizontal variance along a u bin is
much larger than the vertical variance within a u bin.
Therefore, we calculate and use the horizontal standard
deviation of the vertical mean rates along a given isotherm (basin standard deviations) for the basin error
analyses. The basin standard deviations are also calculated as if all sections within a basin were connected end
to end, a more conservative choice than the section
length-weighted mean technique used in PJ10. In addition, the basin standard deviations are usually larger
than the slope errors on the rates themselves. Slope errors are neglected in the final error analysis since they
cannot be determined for most sections. Finally, the
degrees of freedom (DOF) for each isotherm bin are
calculated using the horizontal length of the u bin following PJ10, assuming a 163-km decorrelation length
scale (PJ10). The 95% confidence intervals are found for
each basin for each u bin assuming a Student’s t distribution (e.g., Fig. 4).
The 95% confidence intervals reported here are based
on the spatial variance of trends along the sections and
do not fully resolve the error associated with temporal
variability in the trend. However, as noted earlier, the
trend errors in time along sections with more than two
occupations (the majority of the sections analyzed) are
generally smaller than the signal. In addition, the consistent patterns seen throughout the Southern Ocean
in all sections analyzed (section 4), all occupied over
varying time periods, increases confidence that the
basin-mean rates reported here reflect a fairly consistent
decadal change, at least from the 1980s through the
2000s. Furthermore, in the few areas with better temporal sampling, fairly steady AABW warming has been
observed over the past few decades (e.g., Zenk and
Morozov 2007). However, to resolve fully the temporal
variability and determine if the changes are associated
with a secular trend or an oscillation or have a more
complex temporal pattern over the 30-yr reporting period would require a higher-temporal-resolution largescale dataset.

4. Results
Throughout the Southern Ocean, water colder than
08C in each of the deep basins is freshening because of
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FIG. 3. Rate of change in S (color; PSS-78 yr21) vs pressure and latitude or longitude along (a)–(c) S4P, (d)–(f) S03
across the Australian–Antarctic basin, (g)–(i) I09 across the Australian–Antarctic basin, (j)–(l) I08 across the Australian–
Antarctic basin, and (m)–(o) SR04 across the Weddell Sea (see Fig. 1 for locations). Orange indicates areas of salinification
and blue areas of freshening with mean isotherms contoured at 0.28C intervals (thin black lines; 08C isotherm is the thick
black line). The (a),(d),(g),(j),(m) water-mass and (b),(e),(h),(k),(n) heave contributions to (c),(f),(i),(l),(o) the total are
separated.
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FIG. 4. Basin-mean rates of change in (a)–(f) S (black; PSS-78 yr21) and (g)–(i) u (black; 8C yr21) with 95% confidence intervals (gray
shading) estimated along time-mean u surfaces in the WEB, AAB, and ABB (see Fig. 1). The water-mass (red) and heave (green)
contributions to the total with 95% confidence intervals (dots) are shown over a large u range (a)–(c) to show interior changes and are
vertically expanded over a limited u range (d)–(f) to show large changes found in the coldest waters along the continental slope (see Fig. 3).
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water-mass changes, albeit in varying amounts, and
becoming saltier below the CDW S maximum because
of heave. The net effect is a deep freshening in the
Indian and Pacific Oceans below 08C with salinification
above (Figs. 3a–l, 4b,c). In the South Atlantic, heave
dominates to effect a nearly full water column salinification (Figs. 3m–o, 4a).
In the South Pacific, water-mass freshening dominates
the total S signal in waters of u , 08C throughout the
Ross gyre (west of 1408W; Figs. 3a–c), with freshening
increasing by an order of magnitude to 3 (62) 3 1023
PSS-78 yr21 in the waters along the continental rise on
the western side of the basin where the purest and most
recently formed RSBW flows northwestward (Jacobs
and Giuivi 2010). This strongest freshening along the
continental rise in the coldest waters (u , 20.48C) is
almost completely due to water-mass shifts (Fig. 4f) and
is consistent with the total freshening reported by Swift
and Orsi (2012) in this region. Within the interior of the
Ross gyre, water-mass freshening is ;0.2 3 1023 PSS78 yr21 for u , 08C (Figs. 3a, 4c). The heave component
causes an ;0.03 3 1023 PSS-78 yr21 salinification between the bottom and 1000 m (Figs. 3b, 4c) because of
a reduction in the volume of the coldest bottom waters,
significantly different from zero at 95% confidence in
the basin mean for 0.28C , u , 0.98C. These two
counteracting factors combine such that water-mass
freshening dominates for u , 08C, with a net freshening
of 0.16 3 1023 PSS-78 decade21, while heave dominates
between 08C and 1000 m, causing a net salinification
(Figs. 3c, 4c,f). The Amundsen Basin (east of 1408W)
exhibits a slight water-mass freshening and heave salinification for zero net change in salinity along S4P (Figs.
3a–c) and in the two meridional sections that cross the
basin (Fig. 1; not shown).
In the south Indian Ocean, water-mass freshening is
present throughout AABW (Figs. 3d,g,j) and strongest
along the continental slope, where recently formed
RSBW and ALBW flow westward before flowing north,
ventilating the deep Australian–Antarctic basin (Orsi
et al. 1999). Consistent with previous studies (Aoki et al.
2005; Rintoul 2007; Johnson et al. 2008; Jacobs and
Giuivi 2010; Shimada et al. 2012), our results show a
strong water-mass freshening, with basin-mean rates
ranging from 1.2 (60.6) 3 1023 PSS-78 yr21 within the
coldest (u ; 20.58C) bottom water to 0.2 (60.1) 3 1023
PSS-78 yr21 at u 5 08C (Figs. 4b,e). The freshening signal in the bottom waters (u , 20.28C) becomes gradually fainter from west to east: starting at ;0.6 3 1023
PSS-78 yr21 in S03 (Fig. 3d, ;1408E) to ;0.5 3 1023
PSS-78 yr21 in I09 (Fig. 3g, ;1158E) to ;0.3 3 1023
PSS-78 yr21 in I08 (Fig. 3j, ;908E). Again, heave partially counteracts this freshening in all sections (Figs.
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3e,h,k). The basin-mean dSH/dt accounts for ;0.15 3 1023
PSS-78 yr21 of salinification, statistically significantly
different from zero for 20.38C , u , 0.58C (Figs. 4b,e).
The basin-mean dS/dt shows a net freshening for u ,
08C and mostly a net salinification for u . 08C (Figs.
3f,i,l, 4b,e).
In the South Atlantic, less water-mass freshening is
observed with more heave salinification, causing a very
slight, and statistically insignificant net salinification
of ;0.1 (60.13) 3 1023 PSS-78 yr21 throughout the
deep waters (u , 0.48C; e.g., Figs. 3m–o, 4a,d). The zonal
SR04 section across the Weddell gyre exhibits the most
consistent trend among the sections crossing the Weddell–
Enderby basin with a water-mass freshening of ;0.05 3
1023 PSS-78 yr21 in the interior and slightly higher values
along its east and west flanks, where the deep westward
flow of the southern limb of the Weddell gyre and the
northward-flowing current carrying recently formed
WSBW are found, respectively (Gordon et al. 2010). The
heave, however, causes a bottom-intensified salinification
of ;0.1–0.3 3 1023 PSS-78 yr21 throughout much of the
water column, consistent with a decrease in the volume of
WSBW in the basin (PJ12), resulting in a net salinification
across most of the section (Fig. 3o). Section A12 (08
longitude; not shown), which cuts meridionally through
eastern end of the Weddell gyre, is noisier than SR04 but
roughly consistent within errors with the pattern seen
along SR04. Farther to the east, section I06 (308E) across
the Enderby Basin shows water-mass freshening of less
than 0.1 3 1023 PSS-78 yr21, smaller than the measurement error, but again consistent with other lines in this
basin, along with a compensating heave of ;0.2 3 1023
PSS-78 yr21 (not shown). Together, these three lines yield
a basin-mean salinification of 0.1 3 1023 PSS-78 yr21,
significantly different from zero at 95% confidence for
20.28C , u , 0.58C (Fig. 4a).
North of the Weddell–Enderby basin, the Scotia Sea
and the Argentine Basin, both fed by AABW from the
Weddell Sea and vicinity (Fig. 1), show little bottom
water salinity change rising above the noise. SR01 across
Drake Passage (not shown) is extremely noisy and we can
find no discernible signal. All sections crossing the Argentine Basin show little water-mass change but a slight
salinification because of deep isotherm heave (not shown).
Finally, the basin-mean du/dt for all three of the
southernmost basins exhibits statistically significant
warming trends ranging from 0.0028 to 0.0058C yr21 for
u , 0.58C (Fig. 4g–i). This trend is comparable to the
0.0038C yr21 warming PJ10 found below 3000 m south of
the SAF, only here we have averaged along depths of
mean potential isotherms within each basin instead of on
isobaths, as done in PJ10. The basin-mean du/dt is more
consistent along depths of mean isotherms (Figs. 4g–i
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FIG. 5. Local vertical column freshwater fluxes (color; cm yr21) below (a) 08C, (b) 4000 m, and (c) 2000 m, equivalent to observed watermass salinity changes. Basin boundaries (gray lines) and land (gray shading) are shown.

versus Fig. 9d of PJ10), arguably making this new calculation the preferable method.

5. Freshwater, heat, and SLR budgets
Here we apply the basin means (Fig. 4) for watermass, heave, total S, and u trends over the entire
Southern Ocean, here defined as south of 308S, to evaluate their contributions to ocean freshwater budgets
(section 5a), global heat budgets (section 5b), and SLR
(section 5c). For basins and the entire domain, the
budget calculations are conducted from the bottom to
three upper bounds: climatological u 5 08C as a rough
proxy for the upper boundary of AABW (Foster and
Carmack 1976), 4000 m for a deep-ocean estimate
where water properties are most strongly influenced
by AABW (Johnson 2008; following PJ10), and 2000 m
to extended our analysis to the current maximum sampling depth of Argo floats (e.g., Roemmich et al. 2009).
The basin-mean rates and errors are applied to the
climatological u and S fields (Gouretski and Koltermann
2004). The climatological u and S vertical profiles are
put onto a uniform 20-m-depth grid using a shapepreserving piecewise cubic interpolation. Each basinmean rate and its standard deviation on the u grid (Fig. 4)
are interpolated onto the climatological u profiles at each
horizontal grid point, assigning all four rates and their
standard deviations as discussed above. Regions above
the CDW u maximum are not considered here since the
method used does not allow it. Given the focus on AABW
changes, this limitation is minor.

a. Freshwater budget
Here we quantify the freshwater uptake owing to deep
water-mass changes in the deep Southern Ocean, including in AABW, and compare its magnitude to that of
the excess mass flux off Antarctica in recent decades
from ice melt. We estimate the freshwater flux by calculating the amount of freshwater Vfw necessary to add
to an initial volume Vi with initial salinity Si in order to
cause the water to freshen at the observed dSWM/dt over
a 1-yr period to a final salinity Sf. If salt is conserved and
we only change the salinity by adding freshwater to the
system to change Vi to a final volume Vf, then Vfw is
calculated as
ð
Vfw 5

ð
Vf 2 Vi 5

!
Si
2 1 dy ,
Sf

(1)

neglecting the relatively small change in density. Here
Si is the gridded climatological salinity (Gouretski
and Koltermann 2004) and Sf is calculated by applying
dSWM/dt for 1 yr at each climatological grid point. The
dy for each grid point is calculated as the volume of the
½8 longitude by ½8 latitude by 20-m-depth box. Local
freshwater fluxes in meters per year are found by integrating in the vertical from the bottom upward to u 5
08C, 4000 m, and 2000 m (Fig. 5), and basin totals are
found by integrating over the whole basin below these
same surfaces (Table 1). The standard deviations of
Vfw for the basin means are found by applying Sf 61
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TABLE 1. Freshwater gain (FW; Gt yr21), SLR (mm yr21), and heat uptake (TW) with uncertainties at the 95% confidence level below
u 5 08C, 4000 m, and 2000 m in the ABB, AAB, WEB (see Fig. 1), and the whole Southern Ocean south of 308S (Fig. 1). Freshwater
estimates are calculated following (1) using basin-mean freshening trends owing to only water-mass changes. Steric SLR trends are
estimated from (3) broken into water-mass, heave, total salinity, and warming trends. The total steric SLR is also given. Heat uptake is
calculated following (2) using basin-mean warming trends. Values statistically different from zero at the 95% confidence are given in bold.
FW (Gt yr21)
Water mass
Below 08C

Below 4000 m

Below 2000 m

ABB
AAB
WEB
Total S
of 308S
ABB
AAB
WEB
Total S
of 308S
ABB
AAB
WEB
Total S
of 308S

SLR (mm yr21)
Water mass

Heave

Salinity

u

Total

Heat (TW)
u

25 6 9
48 6 36
24 6 54
99 6 56

0.17 6 0.06
0.22 6 0.16
0.05 6 0.11
0.09 6 0.05

0.00 6 0.02
20.07 6 0.05
20.12 6 0.12
20.08 6 0.04

0.18 6 0.07
0.15 6 0.18
20.07 6 0.12
0.00 6 0.06

0.31 6 0.10
0.5 6 0.28
0.66 6 0.45
0.52 6 0.17

0.49 6 0.13
0.65 6 0.33
0.59 6 0.46
0.52 6 0.18

1.0 6 0.3
2.5 6 1.4
7.7 6 5.3
14 6 5

964
17 6 13
10 6 28
53 6 21

0.03 6 0.01
0.12 6 0.1
0.03 6 0.09
0.02 6 0.01

20.01 6 0.01
20.02 6 0.03
20.05 6 0.08
20.02 6 0.01

0.02 6 0.02
0.11 6 0.1
20.02 6 0.05
0.01 6 0.01

0.18 6 0.06
0.14 6 0.13
0.30 6 0.23
0.13 6 0.05

0.20 6 0.06
0.25 6 0.17
0.28 6 0.24
0.14 6 0.05

1.1 6 0.3
0.4 6 0.4
1.9 6 1.5
562

20.05 6 0.08
0.15 6 0.2
0.06 6 0.17
20.12 6 0.06

0.02 6 0.07
20.12 6 0.21
20.13 6 0.19
0.09 6 0.07

20.03 6 0.08
0.03 6 0.29
20.07 6 0.2
20.03 6 0.06

0.44 6 0.26
1.03 6 0.83
0.70 6 0.70
0.37 6 0.15

0.41 6 0.27
1.06 6 0.89
0.63 6 0.73
0.34 6 0.16

5.7 6 3.4
8.1 6 6.7
7.8 6 8.0
34 6 14

228 6 43
48 6 66
27 6 81
2454 6 241

standard deviation of Sf in (1). The basin DOFs are u
volume-weighted mean along-isotherm DOFs below a
given surface (Fig. 4) and the 95% confidence intervals
(Table 1) are calculated using Student’s t distribution.
Finally, a total for the whole Southern Ocean below each
top surface is calculated as a sum of all the basin values
south of 308S with 95% confidence intervals found using
the sum of the basin standard deviations and DOFs
(Table 1). Again, the 95% confidence intervals reflect the
spatial variance of the trend estimates and assume that
the along-section variability in each basin is representative of that within the entire basin (Table 1).
Local estimates from the bottom to u 5 08C show the
largest deep freshening occurring in the west Pacific and
Indian Ocean sectors (Fig. 5). The local freshwater flux
in these regions for u 5 08C exceeds 2 cm yr21 over the
northwest corner of the Amundsen–Bellingshausen
basin and most of the deep portions of the Australian–
Antarctic basin (Fig. 5a), despite u , 08C occupying
only ;1000–1500 m of the water column. This flux is
equivalent to total freshwater additions of 25 6 9 and
48 6 36 Gt yr21 into the Amundsen–Bellingshausen and
Australian–Antarctic basins, respectively (Table 1),
suggesting that a large fraction of the estimated recent
140 Gt yr21 freshwater flux from ice melt (Rignot et al.
2008) may be taken up by freshening AABW.
The Weddell–Enderby basin also shows a slight freshwater flux of 0.5 cm yr21 below u 5 08C (Fig. 5). This
small amount reflects the very slight observed 0.1 3 1023
PSS-78 yr21 water-mass freshening (Fig. 4a) applied to
the relatively large volume of AABW, with water of

u # 08C as much as 4000 m in thickness (e.g., Fig. 3m).
The relatively large volume of AABW combined with the
small water-mass freshening gives an uncertain total
freshening of 24 6 54 Gt yr21.
Integrating vertically to 4000 and 2000 m further
emphasizes the pattern discussed above south of the
SAF and shows a strong water-mass salinification in
the North Atlantic Deep Water (NADW) north of the
SAF at intermediate depths (Fig. 5 and Table 1). Integrating to 4000 m (Fig. 5b), containing only a fraction of u , 08C (Fig. 3: bold black contours), gives
a fraction of the freshening seen for u , 08C (Fig. 5a).
Integrating to 2000 m (Fig. 5c), the local water-mass
freshwater flux south of the SAF is almost identical as
that from integrating to the 08C isotherm, indicating
that water-mass freshwater changes are mostly constrained to u , 08C with little water-mass freshening
in the waters between 08C and 2000 m (Figs. 3a,d,g,j).
South of the SAF, CDW lies above 2000 m; therefore,
none of these isotherms or isobar surfaces reflect
changes in CDW south of the SAF. However, north of
the SAF between 2000 and 3000 m, in the waters
heavily influenced by NADW (u ; 2.88C), a strong
salinification is observed, seen as a negative local
freshwater fluxes of between 21 and 210 cm yr21 in
the local fluxes (Fig. 5c). These waters are also
freshening and warming from heave (not shown). The
property changes in these regions are separate from
the deep AABW changes discussed in this paper and
likely indicate physical changes in the NADW in
these regions.

15 AUGUST 2013

PURKEY AND JOHNSON

b. Heat budget
We find large and statistically significant heat uptake
in each basin and the whole Southern Ocean for u , 08C,
below 4000 m, and below 2000 m (Table 1). The rate of
heat gain Q is given by
ð
Q5

rCp du=dt dy ,

(2)

where density r and heat capacity Cp are calculated from
the climatological u, S, and pressure at each grid point.
The standard deviation of Q is found by replacing du/dt
in (2) with the standard deviations of du/dt. We sum the
errors because the individual grid points are not independent of each other. The total DOF and 95%
confidence intervals for each basin and total Southern
Ocean (Table 1) are estimated by previously described
methods (section 5a). We find a large, statistically significant heat gain throughout the water column in the
Southern Ocean. Totals found here are slightly smaller
than PJ10 (discussed further in section 6) but agree
within uncertainties.

c. Sea level rise
Changes in density of AABW due to dST/dt, dSWM/dt,
dSH/dt, and du/dt contribute to halosteric and thermosteric SLR. We calculate the contribution of each component to SLR using
ð
SLRhalosteric 5
SLRthermosteric 5

2b dS=dt dy
ð

SA
a du=dt dy
SA

,

and

(3)

where the thermal expansion coefficient a and the
haline contraction coefficient b are calculated locally
from the climatological gridded u, S, and pressure. For
a local estimate, the integral is evaluated vertically from
the bottom to a top surface at each grid point where the
surface area (SA) has the surface area of that grid point,
yielding its contribution to local SLR in millimeters per
year (Fig. 6). Again, the top surfaces considered here are
u 5 08C, 4000 m, and 2000 m. For each basin, an average
SLR is calculated using (3), where the volume integral is
now over the entire region from the bottom to the top
surface under consideration and SA is the surface area
of that top surface for the basin (Table 1). The gridded
standard deviations are integrated again following (3) to
estimate the total basin standard deviation. The 95%
confidence intervals are estimated assuming Student’s t
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distribution and using the total DOF below a given
surface as described in section 5a.
Water-mass freshening tends to reduce SLR in all
three southernmost basins while the heave salinification
raises SLR (Fig. 6). The local effects of water-mass
freshening vary spatially but follow the spatial patterns
seen in the freshwater flux (Fig. 5), with the strongest
signal seen in the South Pacific and south Indian Oceans
(Figs. 6a,e,i). Heave salinification counteracts some of
the SLR, except in the Amundsen–Bellingshausen Basin
where S is almost constant versus u in deeper, colder
waters (Figs. 6b,f,j and Table 1). The net effect is a slight
(;20.02 mm yr21) local negative SLR in the South Atlantic and a net positive (;0.03 mm yr21) SLR in the South
Pacific and south Indian Ocean sectors of the Southern
Ocean (Figs. 6c,g,k and Table 1). In total, the Southern
Ocean salinity changes have a near-zero net effect on
SLR (Table 1), because of the contribution of salinification in the Weddell–Enderby and Argentine basins
almost exactly canceling the contribution of freshening
in Australian–Antarctic and Amundsen–Bellingshausen
basins. The salinity contribution is smaller than the
warming contribution of 1–2 mm yr21 throughout the
Southern Ocean (Figs. 6d,h,l and Table 1).

6. Discussion
The Southern Hemisphere has experienced dramatic
changes in recent decades owing to increases in atmospheric concentration of greenhouse gases and ozone–
depleting chemicals. These changes include increased
Southern Ocean warming (Gille 2008), increased glacial
melt in the East Antarctic and Antarctic Peninsula
(Rignot et al. 2008), a global slowdown of the bottom
limb of the MOC (Kawano et al. 2010; Kouketsu et al.
2011; PJ12), and freshening of AABW (Jacobs and
Giulivi 2010; Swift and Orsi 2012). Here we have examined property changes in the deep Southern Ocean,
distinguishing between changes in the u–S relation and
vertical heave of u surfaces within and associated with
AABW. We conclude with a discussion comparing the
amount of warming and freshening estimated in AABW
to the net global radiative imbalance, total glacial meltwater runoff from Antarctica, and global-mean SLR.
Freshening of AABW in the Pacific and Indian Ocean
sectors of the deep Southern Ocean appears to account
for roughly half of the net increase in Antarctic continental ice melt of recent years. The strongest freshening
owing to water-mass shifts is seen near the AABW
source regions and follows the path of AABW deep
circulation in the three southernmost basins (Fig. 5a),
reflecting the introduction of a fresher variety of AABW
into the deep Southern Ocean. The strongest freshening
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FIG. 6. Vertical column total sea level rise (mm yr21) below (a)–(d) u 5 08C, (e)–(h) 4000 m, and (i)–(l) 2000 m owing to (a),(e),(i) watermass S changes; (b),(f),(j) heave S changes; (c),(g),(k) net S changes; and (d),(h),(l) u changes. Blue indicates areas of positive SLR and
brown indicates areas of negative SLR (see color legends). SLR is calculated based on basin- (gray lines) mean rates of change in S and u
(e.g., Fig. 4) along climatological isotherms (see section 4).

signal in the youngest AABW to the south with no
freshening observed in the older AABW farther to the
north (Fig. 5) suggests that this freshening flux may have
started relatively recently. The Amundsen coast freshwater flux into the South Pacific and south Indian Oceans
that freshens the shelf water components of AABW there
is probably largely owing to net increase in continental
ice melt (Jacobs and Giulivi 2010), estimated to be
140 Gt yr21 over recent decades (Rignot et al. 2008). Our
estimates are that the deep Amundsen–Bellingshausen
and Australian–Antarctic basins have exhibited increases
of 25 6 9 and 48 6 36 Gt yr21, respectively, of freshwater
between roughly 1991 and 2008, making the deep ocean
a significant sink for the recent increase in glacial melt.

The Weddell Basin also exhibits hints of water-mass
freshening, albeit at a slower rate that is smaller than
the measurement error. However, the spatial pattern of
strongest freshening in the newest AABW and the consistency of the freshening throughout the basin (Fig. 3m)
suggest that AABW in the Weddell may also be getting
fresher.
The heave component of AABW changes found here
reflects a loss of volume in AABW over time, seen farther from the source than the advected water-mass
freshening signal because production rate changes are
communicated by pressure waves on much shorter time
scales (e.g., Masuda et al. 2010). PJ12 found an 8-Sv
(1 Sv [ 106 m3 s21) loss in volume of deep Southern
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Ocean water colder than 08C, suggesting a recent decrease
in the production of AABW. Paleoproxies indicate that
the bottom limb of the MOC has been in multiple steady
states during different climate regimes (Lynch-Stieglitz
et al. 2007). Current water-mass volumes and chemistry
of the global inventory of AABW versus NADW suggest that past rates of AABW production may have been
higher, also supporting the hypothesis of smaller production rates of AABW in recent decades (Broecker
et al. 1999; Johnson 2008). Here we separate heave from
water-mass changes in the deep ocean and show that,
while the water-mass changes are currently limited to
the deep basins adjacent to Antarctica, heave is responsible
for part of the deep-ocean changes there and most, if not
all, of the deep-ocean changes in AABW farther north.
Furthermore, the deep volume loss of water colder than
08C is consistent with the warming and salinification of the
water between 08C isotherm and 1000 m in the south Indian
and South Pacific Oceans (Figs. 3b,e,h,k,n).
Further investigation of the relative contribution of
heave verses water-mass changes in AABW, including
the source of the freshening, could be conducted using
chemical tracers such as oxygen, nutrients, d18O, and
chlorofluorocarbons along repeated sections. Temporal
changes in these chemical tracers would provide additional
information about changes in the age, water properties,
and formation rates of the AABW. High-resolution
models could also be used to examine the possible mechanisms of AABW changes. However, ocean global circulation models (OGCMs), such as those used for climate
projections, do not yet resolve the complex set of processes
involved in AABW formation and thus are not yet likely to
reproduce accurately observed AABW changes.
AABW warming from heave contributes to the net
ocean heat uptake. The earth is currently out of radiative
balance because of increasing atmospheric greenhouse gas
concentrations. Satellite and in situ measurements show
that the earth has been gaining heat at a rate of 183 TW
between 1972 and 2008 (Church et al. 2011) with 90% of
the excess energy being absorbed by the ocean. For comparison, the 33.8 6 13.6 TW of warming found here south
of 308S below 2000 m (Table 1) amounts to about 0.07 6
0.03 W m22 when calculated as a flux over the entire earth
surface. This is about 14% of the above total heat uptake.
The values of heat gain we find in the Southern Ocean
are generally smaller than those of PJ10 and have
smaller confidence intervals. Our mean heat fluxes below 4000 m in the Amundsen–Bellingshausen, Australian–
Antarctic, and Weddell–Enderby basins are 0.14 6 0.04,
0.11 6 0.11, and 0.23 6 0.18 W m22, respectively. Comparable values from PJ10 are 0.20 6 0.14, 0.32 6 0.17, and
0.44 6 0.36 W m22, respectively. These two sets of estimates agree within confidence limits. While some data

have been added for the most recent estimates, much of
the difference is due to a change in methods. We now find
basin means on mean u depths and apply them by u to the
climatological-mean u field instead of doing calculations
on isobars. This new method gives smaller heat gains than
PJ10 because the large warming in the deep southernmost
waters raises the whole basin mean along an isobar, thus
raising the basin total when integrated on isobars. When
the rates are calculated and applied on u, the strongest
signal is contained geographically to the deep southernmost region, thus giving a more accurate but smaller total
heat flux. The 95% confidence intervals are slightly
smaller here than in PJ10 partly because we use more data
but mostly because the variations across the basin are
smaller on mean depths of isotherms than along isobars.
Finally, both the observed heave and water-mass
freshening signals in the deep Southern Ocean contribute to SLR (Table 1). Global-mean sea level is estimated
to rise at a rate of 3.2 6 0.4 mm yr21 between 1993 and
2008, with 0.7 6 0.3 mm yr21 owing to thermal expansion
in the upper water column and the rest owing to ice melt,
terrestrial water storage changes, and deep-ocean warming (Church et al. 2011). Water property changes south
of 308S for u , 08C cause a local-mean SRL of 0.52 6
0.18 mm yr21 with almost all of this due to changes in u
(Table 1). The heave component, comprised of the sum
of 10.52 mm yr21 SLR owing to warming and 20.08 SLR
mm yr21 from salinification heave (Table 1), accounts for
a SLR of 10.44 mm yr21. The water-mass freshening
causes an additional 0.09 mm yr21. Therefore, in the deep
Southern Ocean, local SLR due to AABW changes is
a significant fraction of the global-mean rate of SLR.
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APPENDIX
Ad Hoc Salinity Adjustments
We attempt to correct for small intercruise salinity biases as offsets for all occupations of repeated hydrographic
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TABLE A1. IAPSO SSW batch number with recommended SSW batch salinity offset (Kawano et al. 2006; T. Kawano 2011, personal
communication) for each leg listed by WOCE ID (with alternative ID used on http://cchdo.ucsd.edu in parentheses if different) and year.
If more than one leg of a section is occupied per year, legs are differentiated by geographical region [east (E), west (W), north (N), south
(S), central (C), or Antarctic (A)] or, if an exact repeat of a leg is done twice in 1 yr, then legs are listed chronologically by the date of the
first station occupied. If no SSW batch number is listed, we were unable to determine this information from cruise reports or through
personal queries to data originators. As of September 2012, there is no known offset for batch numbers P113 and P152; therefore, no SSW
batch offset is applied for cruises using those SSW batches. The last column lists the additional ad hoc salinity offsets estimated by and
applied for our analyses (see appendix). If legs do not have an ad hoc salinity offset listed, then one was not possible to estimate owing to
the section location or length. Both offsets are added to salinity data.
WOCE ID

Year

A01(AR07)E
A01(AR07)W
A01(AR07)E
A01E
A01(AR07)E
A01(AR07)W
A01(AR07)W
A01(AR07)E
A01(AR07)W
A01W
A01(AR07)E
A01W
A01(AR07)E
A01(AR07)W
A01(AR07)E
A01(AR07)W
A01(AR07)W
A02
A02
A05
A05
A05(AR01)
A05
A05
A10
A10
A10
A12
A12(S04)
A12
A12
A12
A12
A13.5
A13.5
A16N
A16C
A16S
A16
A16(A23)
A16(AR21)
A16
A16
A16
A20
A20
A22
A22
I02
I02

1990
1990
1991
1991
1992
1992
1993
1994
1994
1994
1995
1995
1996
1996
1997
1997
1998
1994
1997
1981
1992
1998
2004
2010
1992
2003
2011
1992
1996
1999
2000
2002
2005
1983
2010
1988
1989
1989
1993
1995
1998
2003
2005
2011
1997
2003
1997
2003
1995
2000

SSW batch number
P112
P104
P112/P114
P112
P119
P112
P117
—
P123
P124
—
P126
—
P124
P129
P129
P133
P124
P129
P93
P120
P125
P143/P144
—
P120
P142
P152
P114
P127
P134
P135
P140
P144
P92
P147
P108
P108
P108
P119
P125
P133
P143
P143
—
P131
P140
P131
P140
P128
P133/P138

SSW offset (31000)
1.9
1.1
1.9/2
1.9
0
1.9
—
—
0.7
0.6
—
0.6
—
0.6
0.4
0.4
0.3
0.6
0.4
0.9
20.9
0.2
20.2/20.5
—
20.9
0.2
—
2
0.8
0.3
0.2
20.3
20.5
20.2
20.5
1.7
1.7
1.7
0
0.2
0.3
20.2
20.2
—
0.1
20.3
0.1
20.3
1.4
0.3/20.1

Ad hoc offsets (31000)
0.186
—
—
20.289
20.836
—
—
—
—
20.496
20.551
—
1.870
—
—
—
—
21.849
1.849
22.867
0.114
0.259
1.028
1.952
21.110
0.134
0.829
20.553
0.437
20.038
0.624
20.034
0.273
21.276
1.276
0.587
20.494
0.435
20.869
0.332
0.166
20.384
0.087
2.276
21.446
1.446
20.283
0.283
0.246
20.246
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WOCE ID
I03
I03
I04
I04
I05
I05W
I05E
I05
I05
I06
I06
I06
I08S
I08(I09N)N
I08
I08(I09N)N
I08S
I09
I09(S03)S
I09
IR6
IR6
IR6(I02)
P01
P01C
P01E
P01H
P01W
P01C
P01W/E/H
P02
P02E
P02
P02C
P02W
P02
P03
P03E
P03W
P03
P06C
P06E
P06W
P06W
P06E
P06
P09
P09
P10
P10
P14
P14
P14N
P14S
P15
P15
P15
P16

Year
1995
2003
1995
2003
1987
1995
1995
2002
2009
1993
1996
2008
1994
1995
2000
2007
2007
1995
1995
2004
1995
1995
2000
1985
1999
1999
1999
1999
2007
2007
1985
1993
1994
1994
1994
2004
1985
2005
2005
2006
1992
1992
1992
2003
2003
2009
1994
2010
1993
2005
1992
1993
2007
2007
1996
2001
2009
1984

SSW batch number
P126
P142
P126
P142
P97
P126
P126
P140
P149
P121

SSW offset (31000)
0.6
0.2
0.6
0.2
2.1
0.6
0.6
20.3
0.8
0.4

—
—

—
—

P124
P126
P133/P138
P147
P147
P124
P121/P123
P141
—
—
P133/P138
P96
P135
P133/P134
P135
P133
P148
P148
P96
P123
P144
P121
P144
P144
P96
P145
P145
P145
P116
P116
P116
P142
P142
—
P123
P152
P114/P120
P145
P120
P122
P148
P148
P114
P140
P148/P150
P92

0.6
0.6
0.3/20.1
20.5
20.5
0.6
0.4/0.7
20.3
—
—
0.3/20.1
2.5
0.2
0.3/0.3
0.2
0.3
0.2
0.2
2.5
0.7
20.5
0.4
20.5
20.5
2.5
20.8
20.8
20.8
1.4
1.4
1.4
0.2
0.2
—
0.7
—
2/20.9
20.8
20.9
0.4
0.2
0.2
2
20.3
0.2/0.8
20.2

Ad hoc offsets (31000)
0.328
20.328
20.274
0.274
21.406
0.836
0.449
1.031
0.234
20.264
20.042
0.186
20.802
0.479
20.564
0.206
0.802
20.338
—
0.338
0.597
0.828
21.339
1.154
20.680
0.386
—
20.849
20.304
20.651
0.956
1.175
21.968
22.600
4.534
0.274
1.764
21.553
22.009
—
21.205
0.357
21.167
0.358
20.837
0.866
20.200
0.200
0.323
20.323
0.087
0.571
20.777
20.376
21.304
0.840
0.490
2.901
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TABLE A1. (Continued)
WOCE ID

Year

SSW batch number

P16C
P16N
P16S
P16A
P16S
P16N
P17S
P17C
P17A
P17N
P17
P18S
P18N
P18(AAIW)
P18N
P18S
P21W
P21E
P21
S01
S01
S01
SR03
SR03
SR03
SR03(S03)
SR03
SR03
SR03
SR03
S04
S04
S04
S04
S04
S04
S4P
S4P

1991
1991
1991
1992
2005
2006
1991
1991
1992
1993
2001
1994
1994
2006
2007
2008
1994
1994
2009
1993
1994
1996
1991
1993
1994
1995
1995
1996
2001
2008
1989
1990
1992
1996
1998
2005
1992
2011

P114
P110
P108/P114
P120
P144
P145
P108/P114
P120
P120
P122
P139
P114
P114
P146
P147
P147
P123
P123
P150
—
—
—
P115
P121
P121/P123/P137/P140
P121/P123
P128/P130
P128/P130
P113/P133/P137/P140
P140/P147/P148
P111
P113
—
P127/P148
P113
P144
P108
P152

sections (Table A1; see PJ12 for full dataset description). We estimate these offsets by comparing S data in
select geographical regions containing old, well-mixed,
low-variability water, where the adjective ‘‘old’’ denotes
a long time since the water was last in contact with the
atmosphere. These small intercruise S biases can arise
from differences in sampling, measuring, and calibration
routines conducted by different personnel.
Intercruise S offsets are identified for all occupations
of every section. First, each cruise is divided into subsections based on topographic and dynamic boundaries
(such as fronts). Areas near boundaries, strong currents,
or water-mass fronts are excluded. For each occupation
at each location along a section, the S data are linearly
interpolated onto to a 0.018C-resolution u grid. The intercruise difference in S (DS) is calculated at each u and

SSW offset (31000)
2
1.9
1.7/2
20.9
20.5
20.8
1.7/2
20.9
20.9
0.4
0.4
2
2
21.2
20.5
20.5
0.7
0.7
0.8
—
—
—
2.5
0.4
0.4/0.7/20.4/20.3
0.4/0.7
1.4/0.3
1.4/0.3
—/0.3/20.4/20.3
20.3/20.5/0.2
2.1
—
—
0.8/0.2
—
20.5
1.7
—

Ad hoc offsets (31000)
0.932
21.431
0.010
0.222
20.319
21.141
20.512
2.470
0.460
0.915
21.754
20.209
0.335
—
20.483
0.209
20.447
20.240
0.396
—
—
—
—
25.643
0.206
20.997
3.454
1.606
1.385
0.884
20.703
1.523
0.667
21.893
0.995
20.716
0.059
20.059

each location along the section by subtracting the mean
S of all the collocated occupations from each individual
occupation. A mean DSmean and variance DSvar are calculated for each subsection along u surfaces. Within
each subsection, a 0.18C-thick layer is chosen balancing
where DSvar is small and the waters are oldest, as determined by examination of the chlorofluorocarbon,
oxygen, nitrate, and D14C distributions for the WOCE
occupation of each section using the WOCE atlases
(e.g., Orsi and Whitworth 2005). These portions of the
water column are chosen to maximize the likelihood
that DS estimates are owing to cruise measurement
biases, not physical changes. The weighted means of
DSmean, DSmean, within the selected isotherm bands are
found using the inverses of DSvar for weights. Similarly,
the weighted means of DSvar, DSvar, are found using
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FIG. A1. Histogram of estimated ad hoc salinity offsets (red) and the sum of recommended SSW batch and ad hoc
salinity offsets (blue) applied to the CTD data along hydrographic legs in the (a) Southern Ocean and (b) World Ocean
(Table A1). If a leg had more than one SSW batch offset, each offset is given an equal weight in computing a mean.

DSvar as weights. Finally, the S offset for an entire
cruise is calculated as the DSvar weighted mean of
DSmean (Table A1).
The global array of repeated hydrographic sections
collected through WOCE and GO-SHIP programs are
considered here, consisting of 33 lines with a total of 146
legs collected between 1981 and 2012. SSW batches and
their recommended SSW offsets (Kawano et al. 2006;
T. Kawano 2011, personal communication) are noted
along with the additional ad hoc offset found here (Table
A1). Offsets are added to salinity data to obtain the final
value. SSW batch offsets are available for 91% of the legs,
with missing values either because the SSW batch used is
too new for an offset to be estimated or because the SSW
batch used is unknown. Additional ad hoc offsets are
found for 87% of the legs, with the missing offsets owing
to the leg length being too short or the absence of a location on the section suitable to identify an offset. Of the
132 net offsets, 118 are less than the stated CTD salinity
accuracy of 0.002 PSS-78, with the mean magnitude of the
offsets being 0.0008 PSS-78 (Fig. A1). While the application of SSW batch offsets improves the agreement
among occupations of each section, it does not eliminate
the need for ad hoc offsets to reduce intercruise salinity
biases (Fig. A1).
While these offsets are small, they are important for
sea level rise estimates. For example, a 0.002 PSS-78
increase in S applied 1000 m of a 08C, 34.6 PSS-78 column of water results in a 0.14-mm decrease in SLR
compared to only a 0.03-mm SLR increase from a 0.0028C

increase in temperature. In addition, the observed freshening between sequential cruises ;10 yr apart ranges
from zero to one order of magnitude greater than the
WOCE stated salinity accuracy, but the observed warming
is one to two orders of magnitude greater than the
WOCE temperature accuracy.
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