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Abstract. Changes to the properties of Antarctic Bottom between the year 1995 and 2005) can explaig-51 of the
Water in the Australian-Antarctic Basin (AA-AABW) be- warming and 84t 10 % of the freshening observed in AA-
tween the 1990s and 2000s are documented using data fromABW.
the WOCE Hydrographic Program (WHP) and repeated hy-
drographic surveys. Strong cooling and freshening are ob-
served on isopycnal layers denser thah=28.30 kg n73.
Changes in the average salinity and potential temperature bet  Introduction
low this isopycnal correspond to a basin-wide warming of
13004 200 GW and freshening of 243 Gtyear®. Recent  The abyssal layer of the world ocean is occupied by Antarctic
changes to dense shelf water in the source regions in the Ro®pttom Water (AABW), which originates from cold dense
Sea and George V Land can explain the freshening of AA-shelf water formed by large volumes of sea ice produced
AABW but not its extensive warming. An alternative mech- in Antarctic coastal polynyas (e.g. Orsi et al., 1999; Ja-
anism for this warming is a decrease in the supply of AABW cobs, 2004). AABW production is an integral component of
from the Ross Sea (RSBW). Hydrographic profiles betweerthe thermohaline circulation, or overturning circulation, and
the western Ross Sea and George V Land (1712Ep®&ere  makes an important contribution to the transport and stor-
analyzed with a simple advective-diffusive model to assessige of heat, carbon and other properties that influence cli-
the causes of the observed changes. The model suggesiate (Broecker, 1997). Understanding the formation process
that the warming of RSBW observed between the 1970s an@f AABW, and its sensitivity to change, is therefore needed
2000s can be explained by a 223 % reduction in RSBW  to improve projection of future climate change (e.g. Jacobs,
transport and the enhancement of the vertical diffusion 0f2004). The Australian-Antarctic Basin is supplied by AABW
heat resulting from a 3& 7 % weakening of the abyssal from the Ross Sea (termed Ross Sea Bottom Water, RSBW,
stratification. The documented freshening of Ross Sea deng@rsi et al., 1999) and the Alie and George V Land (AGVL)
shelf water leads to a reduction in both salinity and densityregion (termed Adlie Land Bottom Water, ALBW, Rintoul,
stratification. Therefore the direct freshening of RSBW at its 1998; Williams et al., 2008, 2010). As the focus of this pa-
source also produces an indirect warming of the RSBW. Aper is on the AABW of the Australian-Antarctic Basin, here-
simple box model suggests that the changes in RSBW propiafter we use AA-AABW to refer to this mixture of RSBW
erties and volume transport (a decrease of 6.7 % is assumezhd ALBW. Both RSBW and ALBW are produced when
dense shelf waters, formed by heat loss and the addition
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identified as the likely source of the strong freshening trend
observed in the shelf waters of the Ross Sea (Jacobs et al.,
2002; Zwally et al., 2005; Jacobs and Giulivi, 2010). The
changes in temperature of AA-AABW have greater spatial
variety and are more difficult to explain. AA-AABW warmed
over much of the basin between the years 1936-1993 and
1994-1996 (Whitworth, 2002), but cooled in the region be-
tween 140 and 15 from the 1950 to 2001 (Jacobs, 2004,
2006) and at 140E between the 1970s and 2002 (Aoki et al.,
2005), although the magnitude of the trend may be aliased by
0'E 100°E 120°E 140°E e higher-frequency signals. These overall changes in tempera-
ture with space and time suggest that the relative contribution
Fig. 1.Locations of the WOCE WHP (black circles) and their repeat nf ifferent source waters may have also played a role in the
the Australian Antarett Basin vt Sohemati view of spreading CPSETVed Changes of AA-AABW
; : Several studies suggest that changes in RSBW and its
path of the AABW. Red circles on SR3 show locations of repeat . X
occupations in the year 2001 (50268), 2002 (61-66S), 2003  S0urce waters are I|kely_to have co_ntnbut_ed to the changes
(61-66 S) and green circles show those in 2008, respectively. All OPServed in the Australian-Antarctic Basin. Jacobs (2006)
the red circles on both 19S and I8S show repeat occupations in th@nd Rintoul (2007) showed a consistent freshening of RSBW
2000s. Red and blue arrows indicate the RSBW from the Ross SeRétween the Ross Sea outflow and <1B0 Freshening of
and ALBW from the AGVL region respectively and the AA-AABW  shelf waters in the Ross Sea have been attributed in part to
is indicated by purple arrows. the inflow of glacial meltwater from the east (Jacobs et al.,
2002; Jacobs and Giulivi, 2010). Changes in sea ice forma-
tion are also likely to have played a role. Tamura et al. (2008)
of brine during sea ice formation in coastal polynyas, over-inferred a 30 % reduction in the volume of sea ice formed
flow down the continental slope and entrain relatively warmin the Ross Ice Shelf Polynya region from the end of the
Circumpolar Deep Water (CDW) (e.g. Gordon et al., 2004,1990s to the 2000s. Rivaro et al. (2010) estimated that the
2009; Orsi and Wiederwohl, 2009; Williams et al., 2010).  export of dense water from the western Ross Sea in 2001 and
The nature and causes of changes to AA-AABW have2003 are 45 % and 30 % lower than that in 1997, respectively,
been clarified in several recent studies. Whitworth (2002)although these estimates may be subject to aliasing due to
concluded that two distinct modes of AA-AABW had been higher-frequency variability. Therefore, change in both the
produced in the basin, with the cold, fresh mode more prevaproperties and volume transport of RSBW may have con-
lent in later observations. Jacobs (2004, 2006) concluded thdtibuted to observed changes in AA-AABW downstream.
salinity had declined in the region between 140 and°E0 In this study, we describe changes in AA-AABW proper-
south of 63 S. Aoki et al. (2005) reported a freshening trend ties based on CTD profiles of the WOCE Hydrographic Pro-
at 140 E from the early 1970s. Using hydrographic sections,gram (WHP) surveys in the 1990s and later repeat surveys in
Rintoul (2007) showed a freshening of AA-AABW across the 2000s. Historical observations are used to track changes
the entire basin. The distribution of CFC-12 indicated thatin RSBW from the 1970s to the 2000s. A simple advective-
changes are limited to a ventilated layer that had been irdiffusive model of downstream evolution of RSBW is then
contact with the atmosphere within 55 years (Johnson et al.developed to determine the contribution of changes in trans-
2008), consistent with the time-scale of changes reported byort and mixing to its observed changes. Finally, the influ-
Aoki et al. (2005) and Rintoul (2007). Changes in the abyssalences of changes in both RSBW properties and volume trans-
layer of the world ocean have been traced back to AABW,port on AA-AABW are assessed.
with the largest changes seen close to the Antarctic continent
(Purkey and Johnson, 2010, 2012). In particular, changes in
AA-AABW have been identified as the source of changes in2  Changes to AABW in the Australian-Antarctic Basin
the deep North Pacific (e.g. Kawano et al., 2009; Masuda et
al., 2010). Identifying the process driving these changes i.1 Water mass properties
therefore an important step in understanding changes in the
overturning circulation. AABW in the Australian-Antarctic Basin is supplied by
Changes in AA-AABW could reflect changes in the prop- dense shelf water overflows from the Ross Sea and the AGVL
erties, volume transport, and mixing ratios of the dense shelfegion (Fig. 1). AA-AABW flows westward over the conti-
waters. For example, the wide-spread freshening observed inental slope and rise of Wilkes Land towards the Kerguelen
recent decades could reflect an increased supply of meltwaPlateau, where it turns north along the plateau (e.g. Fuka-
ter from ice shelves and glacier tongues. The rapid melt ofmachi et al., 2010) until it joins the lower part of the Antarctic
floating ice in the Amundsen-Bellingshausen Seas has bee@ircumpolar Current (ACC) that flows to the east (Orsi et al.,

70°S -

Ocean Sci., 8, 419432, 2012 Www.ocean-sci.net/8/419/2012/



K. Shimada et al.: Influence of RSBW changes on the Antarctic Bottom Water 421

(a) 18S (b) 19S

6§ QS §4 6?: 5§ 5§ Sfl 5‘2 5‘0 4‘8 QS QO 5‘5

001 [ 001
[ 02
~0.41

0 (deg.)
|
o
o

| -06
-064, 1 ; Fo-084
34701

,
| 34681 | 34681
[ 3466 | - | 34.66
8 34.64

t t t
[ 2836 r 28364

[ 28341 [ 28341

r 28321 [ 28321

F 2830 X I 2830
\’\\

34.69

34.68 1

Salinity

34,67

34.66 1

28.36 1 {
28.34
28.324
2830
28281

V" (kg m =)

[ 28281 r 28284

1301 1301

1254 1254

120 120

AOU (umol kg =)

1154 1154

Fig. 2. Meridional variations of the water properties averaged over the 100 m-thick layer at the bott¢em 88, (b) 19S and(c) SR3.
Blue circles and lines are from the WHP occupations in the 1990s. Red circles and I{okari@ from repeat occupations in the year 2001
(50-6F S), 2002 (61-68S), 2003 (61-6BS) and green circles and lines(it) are from those in 2008. All the red circles and lines in both
(a) and(b) are from repeat occupations in the 2000s.

Table 1. Summary of the WOCE WHP and repeat occupations. The WOCE WHP section designation, years and months and latitudinal
range of the WHP and repeat occupations, cruise code names, vessels used for repeat occupations and time intervals.

WOCE WHP WHP occupa- WHP occupa- Repeat occupa- Repeat occupa- Repeat occupation cruise Time

sections tion months and tion latitudinal tion months and tion latitudinal - R/V interval
year range year range (year)
SR3 Jan—Feb 1995 50-68 Oct—Nov 2001/ 50-6P S/ AU0103 6/
Feb 2002, 2003 61-66S — RSV Aurora Australis/ 7,8
JAREA43, 44 Tangaroa
Mar—Apr 2008 50-68S AU0806 13
— RSV Aurora Australis
19S Jan 1995 50-665 Jan 2005 50-665 AU0403 10
— RSV Aurora Australis
18S Dec 1994/ 47-64 S/ Feb—Mar 2007 47-66S US Repeat Hydrography 12
Jan 1995 64-66 S Program - R/V Roger
Revelle

1999). AA-AABW exits the basin through the Princess Elisa- 2000). To minimize the aliasing due to this seasonal and spa-
beth Trough (PET) and the Australian-Antarctic Discordancetial variability, we focus on near-repeat stations within the
(e.g. Rintoul, 2007; Johnson et al., 2008). The WHP secsame season. For SR3, we supplement the October 2001 sec-
tions (I18S, 19S, and SR3 at 82-98, 115 E and 140E, re-  tion with stations south of 61S occupied in 2002 and 2003
spectively) cross the boundary currents transporting the AA4n the same summer season as the original WHP line (here-
AABW away from the source regions, and each of these secafter the combined profiles from 2001-2003 are simply re-
tions was conducted in the 1990s and repeated in the 200(ferred to as 2001). The two repeats of 19S at °1H5vere
(Table 1). In this section, we describe changes in bottom waalso in the same summer season. At I8S section across the
ter properties based on these data. western side of the basin at 82293 the repeated sections

The SR3 section crosses the AA-AABW path at 1B)  were within 2 to 3 months of each other. This section is the
just downstream of the inflow of ALBW at142 E. Be-  furthest from the source regions (over 2500 km) and so we
cause this line is close to this dense shelf water source, thexpect the seasonal variability to be negligible, as reported
near-bottom temperature and salinity on the continental slopéor a two-year mooring array close to 18S section by Fuka-
and rise vary with season and location (e.g. Fukamachi et almachi et al. (2010).

Www.ocean-sci.net/8/419/2012/ Ocean Sci., 8, 4482 2012



422 K. Shimada et al.: Influence of RSBW changes on the Antarctic Bottom Water

(o)) L

()

o 0.4+ H
e) SR3 |

34.64 34.66 34.68 34.70
Salinity
%‘j—o.z 1
o —0.4-

b) I8S! d)19S |
34.64 34.66 34.68 3470  34.64 34.66 34.68 34.70
Salinity Salinity

Fig. 3. Variations of9-S curves for(a) I8S (46-60 S, the Australian-Antarctic Basinjb) I8S (60-67 S, the PET)(c) 19S (50-62 S),

(d) 19S (61-66 S) and(e) SR3. Data are averaged on the isopycnal surfaces. Means are shown by thick lines and one standard deviation
envelopes are shown by thin lines (following Johnson et al., 2008). Blue lines are from the WHP occupations in the 1990s. Red lines in
(e)are from repeat occupations in the year 2001, 2002, 2003 and green l{e¢aiia from in the year 2008. All the red lines in other panels

are from repeat occupations in the 2000s. Labeled black lines are contour of neutral densiT)?Ikg m

Decadal changes in the AA-AABW are examined by com- Cooling and freshening on isopycnals reflects warming
paring the meridional variation of potential temperatde)( and/or freshening of water masses where the stratification is
salinity, neutral density (" kgm~3) and apparent oxygen such that warmer, more saline waters overly cooler, fresher
utilization (AOU pmolkg1) averaged over a 100 m-thick waters (i.e. density ratie 1, Bindoff and McDougall, 1994).
layer at the bottom (Fig. 2). At SR3, the potential temper- Here cooling and freshening is evident on isopycnal surfaces
ature is lower in 2001 and 2008 (by up to 0Q) than inthe  for water denser thap” = 28.30 kg nT2 (Fig. 3), indicating
WHP in the 1990s south of 85. However, the lowest po- basin-wide warming and/or freshening of the AA-AABW.
tential temperature{0.72°C) was in 2001 and the potential Property differences on isobaric surfaces indicate spatially
temperature in 200840.64°C) was comparable to that of different patterns between potential temperature and salinity
the WHP in the 1990s. Such a non-monotonic change sug¢Figs. 4 and 5). At SR3, the strongest cooling is observed
gests interannual variability in potential temperature. Cool-at the sea floor between 83 and 64 S (Fig. 4d, e). At
ing (—0.06°C) was also observed near°@3 at 19S. How-  19S, warming dominated ar800 m thick layer below" =
ever, warming (up to 0.9C) is found further downstream 28.30kg ni 23, although weak cooling was detected over the
along the entire 18S section and north of@lalong 19S.  slope south of 62S (Fig. 4c). Freshening dominates every-
The reversal of sign in the potential temperature changes isvhere belowy” = 28.30kgnm 2 with the strongest fresh-
also observed in AOU: cooling is associated with a decreasening at the sea floor (Fig. 5c). At I8S, warming (Fig. 4a,
in AOU along 19S south of 62S, and warming is associated b) and moderate freshening (Fig. 5a, b) are observed below
with an increase in AOU at along 18S and north of &on y" =2830kg ni 3.
19S (Fig. 2b). While the changes in salinity do not reverse in  In summary, following the flow path of the AA-AABW,
sign, the freshening trend is intensified closer to the sourcavarming increases downstream and the freshening increases
region near SR3 and at higher latitudes (up to 0.02). In ad-upstream. We estimate the heat and freshwater fluxes needed
dition, the bottom layer along SR3 is fresher in 2001 than into explain the observed patterns of change by interpolating
2008 (the minimum salinity south of 83 is lower by 0.01).  the changes observed at each section to the entire basin, us-
Hence, salinity is also observed to vary interannually. Thereing a Gaussian weighting function with an e-folding scale
is no clear change of density near the source of dense watef 300 km and an influence radius of 1000 km. We find the
south of 62 S on SR3 and near 863 on 19S, because cooling overall warming of AA-AABW requires an input of 1300
and freshening compensate each other. Further downstrea@00 GW of heat (or B74+0.05W m2) and 24+ 3 Gtyear!
at 18S, and north of &1S on 19S, freshening and warming of freshwater (Table 2).
produces a decrease in density0(02 kg nT3).

Ocean Sci., 8, 419432, 2012 Www.ocean-sci.net/8/419/2012/
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Table 2. Basin and section averaged trends in property of the AA-AARA)/Total volume of layers below” = 28.30kg nr3 isopycnal,

area of the Australian-Antarctic basin, mean potential temperature trend, required heat flux, mean salinity trend, required freshwater input
in the Australian-Antarctic Basin(b) Section averaged thickness of layers belptv= 28.30 kg n3 isopycnals, potential temperature

trends, required heat fluxes, salinity trends, required freshwater inputs for respective sections. Error ranges for SR3 were derived from 95 %
confidence limit of linear regression coefficient.

(a)
Australian-Antarctic Basin

Volume (kn?) 2.54x 10P

Area (knf) 3.55x 10°

A6 (°C decadel) 4.094+053x 1072

Heat input 1322 172 (GW)/Q37 0.05 (W m™2)

AS (decadel) —267+0.42x 1073

Fresh water input 24.0+:3.2

(Gtyear1)
(b)

18S 18S 19S SR3

(40-60 S) (60-67 S)
Thickness (m) 761 840 838 695
Af (°C decade?l) 7.65x 1072 422x10°2 372x1072  214+241x10°2
Heat flux (W n2) 0.75 0.46 0.40 19+0.22
AS (decadel) ~1.15x 1073 —2.82x 1073 —314x 1073 —4224224x10°3
Fresh water input 35 7.5 8.3 D+4.6
(mmm2year 1)

2.2 Potential mechanisms of the observed changes relative to the observed warming. Polzin and Firing (1997)

estimated a vertical diffusivity of.4 x 104 m?s 1 at5% S

Perhaps the most obvious candidate responsible for the of2n 18S averaged below 1000m. The basin-averaged verti-

. - _ 3 -
served freshening is a decrease in salinity of the dense sheff?! poteﬁnjfll temperature gradient gft = 28.30kgnT " is
waters, as observed in the Ross Se.03decade! since ~ >-8x10 5 Cm™", implying a vertical diffusive heat flux of -
the 1960s, Jacobs and Giulivi, 2010). Freshening by up0.67Wm‘ . Changes in the basin-averaged density stratifi-
to —0.01 decade! is also observed in the George V Land cation, which can affect both horizontal and vertical diffu-

(G. D. Williams, personal communication, 2012). However sion, were less than 10% during the observational period.
- ’ ' ' w_Anincrease in vertical diffusion of 10 % would explain only

this mechanism cannot explain the warming of AA-AABW, 0 ) :
since the warming of the Ross Sea dense shelf water is smah® 70 0f the warming over the entire AA-AABW layer. (Den-

(2 x 10-3°C decade?) and has been solely attributed to the sity stratification is an important parameter in considering

change in freezing point temperature induced by the rapid"Xing (€.9. Gregg, 1989). As discussed in Sect. 3, changes
freshening (Jacobs and Giulivi, 2010). in the region downstream of the Ross Sea are found to be im-

Other possible causes of warming include geothermal hegportant, although the change averaged over the entire basin is

flux, horizontalivertical diffusion, and reduced supply of relatively small.) Overall, none of these processes result in a

cold dense shelf waters. Assessing these candidates in opufficient change in heat flux to explain the observed warm-

der, we find the average geothermal heat flux for depthd"9-

of 3500 to 4500m is roughly 0.05-0.1 W (Stein and The spatial distribution of the observed changes is also an
Stein, 1992). Even a 50 % increase would only account foiMportant factor. While the AA-AABW warmed over most

less than 15 % of the warming of AA-AABW and there is of the basin, cooling was observed near the source region.
no reason to expect the geothermal heat flux to increasd € fact that localized cooling is accompanied by a decrease
rapidly on decadal time-scales. Horizontal diffusion is ex- N AOU and significant freshening suggests a larger input
pected to carry a heat flux of about 0.01 W4 using a of the relatively colder, fresher source from the AGVL re-

basin-averaged horizontal potential temperature gradient ofiON rélative to the input of relatively warm and salty inflow
y" =28.30kg i3 (8.9x10-7 °C m~1) and a horizontal dif- from the Ross Sea. However, this signal is eroded as AA-

fusivity of 2 M2 s~1 (e.g. Ledwell, 1998). This is insignificant AABW flows further downstream. With the above census of

Www.ocean-sci.net/8/419/2012/ Ocean Sci., 8, 4482 2012



424 K. Shimada et al.: Influence of RSBW changes on the Antarctic Bottom Water

Latitude (S) Latitude (S) Latitude (S) Latitude (S)

58 56 54 52 50 64 62 60 58 56 54 52 58 56 54 52 50 64 62 60 58 56 54 52
2500 1 A F 2500 B F
§ 3000 ' I E g & 3000 - F ] g
= r ] A ]
2 3500 o] F 2 3500 oo =
3 3 1 n
3 F 1 3 1
o 4000 ] rd - O 4000 o 5
o r 1 o 1 i
4500 4 S - 4500 Foo a
65 64 63 64 62 60 58 56 65 64 63 64 62 60 58 56
2500 E ' 2 2500 - 2 —‘ 2
8 3000 S F 8 3000 - -] r
o r 1 A 1 r
® 3500 - oo = 2 3500 Foo F
2 . 1A 3 -_— | M
© 4000 Eood : r © 4000 S L : r
a -05 0.0 05 [ o -0.05 0.00 0.05 3 i s
4500 (deg.) - = 4500 ] (PSS-78) roog =
64 62 60 58 56 ‘ ‘ ‘ 64 62 60 58 56
2500 s 2500 1 b
8 3000 4 - 8 3000 1, -
z ] Rl 1
£ 3500 F 2 35007 = F
2 ] 2 1 .
3 4000 ] : s 8 4000 4 : s
o 1 o ]
4500 - 4500 3

Fig. 4. Difference in isobaric potential temperature between theFig. 5. Difference in isobaric salinity between the WHP and re-
WHP and repeat occupations. Red areas indicate warming and blugeat occupations. Red areas indicate increase in salinity and blue
areas indicate coolinga) 18S (the Australian-Antarctic Basin), areas indicate freshening) I8S (the Australian-Antarctic Basin),

(b) 18S (the PET)(c) 19S, (d) SR3 (obtained from subtracting the (b) I18S (the PET)(c) 19S, (d) SR3 (obtained from subtracting the
WHP from combined repeat occupations in the year 2001, 2002WHP from combined repeat occupations in the year 2001, 2002,
and 2003)(e) SR3 (obtained from subtracting the WHP from repeat and 2003)(e) SR3 (obtained from subtracting the WHP from repeat
occupations in the year 2008). Megf = 28.30 kg ni-3 isopycnals occupations in the year 2008). Mepf = 28.30 kg ni-3 isopycnals

are shown by solid lines. are shown by solid lines.

potential heat/freshwater sources and the spatial distribution o .

of changes, we hypothesize that a reduction in the inflow ofvhere it is joined by ALBW after 150E. To examine the
RSBW was the major contributing factor to the changes ob-Property changes along this approximate flow path, we ex-
served in the AA-AABW. To examine this possibility in more tracted summer (January to March) hydrographic profiles be-

detail, we consider an advective-diffusive balance for the wafween the Drygalski Trough of the Western Ross Sea and

2009). A total of 256 profiles that went to within 50 m of
the bottom were available, spanning the period from 1969 to

3 Advection-diffusion process of RSBW, and its impact 2004 (F|g 6d) RSBW freshened ConSiStently from the 1970s

on AA-AABW and the bottom-intensified salinity maximum was strongly
attenuated in the 2000s throughout the study area around
3.1 Changesin RSBW 150 E (Fig. 6a), 160E (Fig. 6b), and in the vicinity of the

source region (Fig. 6¢). Wide-spread warming is observed
The RSBW that supplies the Australian-Antarctic Basin pri- throughout the flow path of the RSBW except just near the
marily forms on the continental rise of the western Ross Seaource region (within 300 km from the Drygalski Trough).
from overflows of modified shelf water (hereafter MSW) that Thus, upstream of the AGVL region, where it is not affected
originate from the Drygalski Trough and mix with CDW by the inflow of ALBW, the situation is somewhat differ-
(Gordon et al., 2004, 2009; Orsi and Wiederwohl, 2009).ent from the downstream region where the cooling signal
It then migrates westwards around Cape Adare, inshore ofs obtained (SR3, southern 19S). At T@D, AOU averaged
the Balleny Islands and into the Australian-Antarctic Basin, over the 100-m thick layer at the bottom slightly increased

Ocean Sci., 8, 419432, 2012 Www.ocean-sci.net/8/419/2012/
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Fig. 6.6-S diagrams of region between the Drygalski Trough and®Ea@a) around 150 E, (b) around 160 E, (c) immediately downstream

of the Ross source regio(d): locations of stations. Blue circles are from occupations in the 1970s, green circles are from 1990s and red
circles are from 2000s. Labeled black lines(&), (b), and(c) are contour of neutral density (kg*rﬁ). Dashed arrow ir(d) indicates
approximate position of flow path of the RSBW and white circles are marked on 100 km interval.

in the 2000s (118.1 pmolkd) compared to that in 1970s of RSBW after vigorous mixing. Hereafter, the former region

(114.1 pmol kg?; not shown). The freshening of RSBW can is referred to as the modification path of MSW and the latter

be explained by freshening of its dense water source, but na as the flow path of RSBW.

its warming (2x 10-3°C decade?). However a decrease in The availability of observational data is important. Along

volume transport of RSBW reduces the supply of both coldthe modification path of the MSW, profiles showing low

and oxygen rich water throughout its flow path, consistentHSSW fractions are mostly from the 2000s. Although this

with the property changes between the Drygalski Trough andnay reflect decreased HSSW export in the 2000s, the spatial

15C E. density of the profiles is extremely low in the 1970s com-
To examine the flow regime and derive the temporal pared to that of the 2000s. To avoid an error due to this spatial

change of RSBW, the mixing process is studied using Op-aliasing, we only analyze the flow path of the RSBW where

timum Multiparameter analysis (OMP) to calculate the rela-the spatial density of the profiles is equivalent between the

tive contributions to RSBW of the dense shelf water exported1970s and 2000s. We will further exclude the region beyond

from the Drygalski Trough (hereinafter termed High Salinity 900 km (west of 158E) from the Drygalski Trough where

Shelf Water, HSSW) and the Lower Circumpolar Deep Wa-there are no observations in the 2000s. Hence, we consider

ter (LCDW). See Appendix A for details. In both the 1970s changes in RSBW along its flow path in the region 150—

and 2000s, most of the profiles in the upstream region within00 km (171-158E) from the Drygalski Trough, between

150 km (east of 171E) of the Drygalski Trough showed high the 1970s and 2000s.

HSSW fractions> 0.4 (Fig. 7). In the downstream region be-

yond 159 km, i_t is Ie_ss_ than 0.2. This raPid decref';\se SUGQESts > An advection-diffusion model of RSBW transport

that the intensive mixing process including entrainment gov-

erns the properties of MSW, i.e. the mid-slope precursor to ) _ .

AABW, within the upstream region, and that the final proper- We will now consider the mixing process along the flow path

ties of RSBW become stable at around 150 km downstream®f RSBW from 171 to 158E (i.e. between 150-900 km from

Thus, the upstream region less than 150 km from the Dry-its source region in the Drygalski Trough). Along this region,

galski Trough is categorized as the region of the intensivethe RSBW flows westward along the upper continental rise

modification/formation of MSW into RSBW and the down- (Fig. 6d). Considering the relatively smooth topography in

stream region beyond 150 km is categorized as the flow patfiS region (e.g. Fig. 8), the RSBW is expected to be un-
dergo relatively weaker background mixing. Here we use a
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Distance (km) Here, we will consider the relative importance of the first
900 800 700 600 500 400 300 200 100 O and second terms on the right hand side. From Fig. 8, the
> I : ‘ width Lo and thicknesg{ of the RSBW can be estimated as
) D 200 km and 200 m, respectively, and the horizontal and verti-
L oal % | cal gradients were estimated@s~ 2.6 x 10°°°Cm~1 and
G % LS 0, ~ 7.0x10~4°C m1, respectively. Setting the vertical dif-
5 o 0d® .° ,"2 e fusivity is a challenge because it has not been determined for
g e A S oo o 4 & this study area. Muench et al. (2009) estimated it in the vicin-
C 00 § ° o 1° 3%. ity of the Drygalski Trough but not for the remaining area
0.0 ‘ e [ downstream. However, Kunze et al. (2006) estimated an av-

160162 164 166 168 170 172 173 erage vertical diffusivity for the Southern Ocean by using the
Longitude (E) strain from CTD profiles and the vertical velocity shear from

Fig. 7. Distribution of fraction of the HSSW within 100 m from Lowered acoustic Doppler current proﬁle_r. From F'_g_' 16 of
bottom along flow path of the RSBW estimated by OMP analy- Kunze et al. (2006), the near bottom vertical diffusivity can
sis. Blue circles are from occupations in the 1970s, green circled€ in the orders of between 18-10-4 m? s~. Adopting Os-
are from 1990s and red circles are from 2000s. An arrow indicategoorn’s (1980) model, vertical diffusivitk, can be written in
downstream direction of RSBW and vertical dashed line separateshe form of

modification path of MSW and flow path of RSBW. See text for e

definition of paths. K; = O'zm, ©)

where 0.2 is the mixing efficiency,is the energy dissipation
simple model to analyze the long-term changes in advectiontate, andv is the Brunt-\aisala frequency. Here, we simply

diffusion processes of the RSBW in this sector. assume that to be constant over decadal or longer time-
The governing diffusion equation of the potential temper- Scale since the energy provided to larger spatial scale motion
ature of RSBW can be written as follows. (e.g. tides), which provides energy to turbulence, is constant
(note-validity of this assumption will be discussed latef.
O+ Uy + v0y + Wy = iKhGX + iKhey + aiKzez, can be calculated from observed vertical profiles using
X
Y : N?=g(BS;—ab,) . g =—-9.8ms?, 4

wherex is the flow path coordinate (downstream positive), . i i i

is the direction orthogonal to the flow path, ani the ver- ~ Wherea is the thermal expansion rate apdis the saline

tical axis (upward positive)k, and K, are the vertical and contraction rate. Wlth_the assumption _of constgrthe rate

horizontal diffusivities, respectively, with subscripts indicat- Of terrzlporal change ik; can be estimated by calculat-

ing the first order derivatives. ing N< for each period. Here, by using the vertical diffu-
Starting from this general formula, we will simplify this Sty of Kurl1lze et al. (21%06)’ t?e vertical flux has a vlalue

equation based on the settings and approximations applicab@f 3-5x 1077=35x107"°C s~ By usingK = 2 ms-

in this case. As shown in Fig. 8, the flow path of the RSBW (e'gil Ledw?ll, 1998), horizontal flux takes value of 2

is bounded by the continental slope and sea floor in the di10 ~° €S ~. Hence, the vertical diffusion term is likely to

rection of y and z, respectively, and the fluxes through thes@€ one order of magnitude larger than the horizontal diffu-

two boundaries are zero. Hence, the horizontal diffusion ter1On term. Therefore we neglect the horizontal diffusion term

of the y-axis and the vertical diffusion term are replaced by 0 obtain the formula as

the fluxes from the other side divided by the widtb and

1
thicknessH of RSBW, respectively. Or+ ubx = ﬁKZeZ'

9 1 1 Now we will consider the uniform current (> 0) along the
O+ uby + véy +wz = o Knbx + 1 Knby + - Kz. (1) flow path of RSBW. There is no direct observation qf
X Lo H .

but Fukamachi et al. (2000) measured current speed of 14.1
The third and fourth terms on the left hand side can be neto 19.8cms? at 140 E, slightly downstream of the cur-
glected since the velocity orthogonal to the flow path and therent region of focus. If we assume the above value for the
vertical velocity are negligible. The first term on the right RSBW current speed, the advection time of its signal along
hand side can be neglected because the horizontal gradientthe 750 km of its flow path is 42 to 62 days. For the time
the x-direction is negligible compared to gradients in the y-scale of multi-decadal variability, temperature variations in
and z-directions. Equation (1) can therefore be simplified to:both time and space in this region are in the order ofQ,1

and, hence, our formula becomes

6; uH

1 1
_ = 5
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of potential temperaturdc) vertical cross section of salinity. is cross shore coordinate (offshore positive), ansl vertical axis (upward

positive). Thickness and width of cold and saline the RSBW are ap

for each period of interest. The assumed current speeds are

likely faster than the RSBW due to the input of ALBW at
~142 E. However, even if we assume a half of the cur-
rent speed, the scaling thét is negligible remains valid.
Given Eqg. (5), we can estimate the volume transpéftfor

a certain period by estimating, 6,, and N2 based on the

observed hydrographic profiles, and thereafter the decada[c

change oft H can also be obtained.

Note that Eq. (5) implies that the ratio of the vertical gradl—
ent to the horizontal gradient is determined by the ratio of the
volume transport to the vertical diffusivity. Horizontal veloc-

ity u is relevant to the residence time in the benthic box, and a
largeu acts to enhance the contrast between the RSBW layer Z

and overlying water, i.e. producing a larger vertical gradient.
ThicknessH determines the total volume of the RSBW, and
hence a largeH acts to enhance the vertical gradient be-
tween the RSBW and overlying layers. Hence, when the vol-
ume transporik H is large, the vertical gradieft should be
large (and/or horizontal gradiegt should be small). It H
is small,0; is small (and/oby is large). Conversely, large ver-
tical diffusivity K, tends to reduce the vertical gradient and
thus, acts in the opposite sense:fd.

The diffusion equation for salinity is also given in this
manner. Then, Eq. (5) is expressed as

67
uH =K,—
O

S
“ Sx

(6)
By substituting Eq. (3) into Eqg. (6), we have the following
equation.

160,

N26y

15

uH* = ==
N2 Sy

(7)

whereu H* = uH /0.2¢. In the next subsection, we discuss
change of volume transport by applying Eq. (7) to each re-
spective period.
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Fig. 9. Distribution of salinity averaged over the 100 m-thick layer

at the bottom (upper panel) and vertical salinity gradient (lower
panel) along flow path of the RSBW. Small circles are from oc-
cupations in the 1970s (blue), 1990s (green) and 2000s (red). In the
estimation of vertical gradient, vertical gradients of 150 m scale are
calculated at every 1 m interval by linear least square fit for each
profile. The largest vertical gradients within 300 m from bottom are
adopted as vertical gradient formed between the RSBW and the am-
bient water. Large circles are bin averages for the 1970s and 2000s
and same colors as those for small circles are given. Solid lines in
upper panel are regression lines for bin averages in region between
150km and 900 km downstream from the Drygalski Trough. Ar-
rows in both panels indicate downstream direction of RSBW.
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1960 1970 1980 1990 2000 2010 aged over the 100-m thick layer at the bottom and vertical
| T T T T gradients (Fig. 9).
—027 o i We will now focus on the treatment of data and their
—~ -03- ° F application to the model. To ensure all the areas are uni-
é’ 04 /,/'/'/ i formly weighted, horizontal gradients were estimated by a
s | least squares fit to the data averaged in 50 km interval bins
—0.51 ° r for the two periods. Horizontal gradients of salinity in the
~06 1 | | | | . 1970s and 2000s are estimated-886+ 0.59x 10 8m~1
3473 | ‘ ‘ ‘ ‘ L and—2.90+ 0.62 x 108 m~1, respectively (Table 3). Thus,
3472 1 * i the change in horizontal gradient from the 1970s to 2000s
E - [ is estimated to present &25% decrease. Vertical gradi-
-% 2470 ] . ° i ents in 1970s and 2000s are estimated by taking the mean
o T of bin averages (i.e. the mean of the larger circles in the
3469 . I lower panels of Fig. 9) as-8.94+0.71x 10 °m~1 and
e8| o o o o - —3.71+£0.24x 10°m™1, respectively. The change in ver-

tical gradient by far exceeds that of the horizontal gradient
Fig. 10. Potential temperature (upper panel) and salinity (lower and is estimated asa59 % decrease. Accordingly, the ra-
panel) averaged over the 100 m-thick layer at the bottom vs. yeatios of vertical to horizontal gradient in 1970s and 2000s are
with regression lines from region around T3 Profiles locate  estimated as 2308400 and 130@- 300, respectively, and
within box () in Fig. 6d are used here. present a decrease o#15 %. From Eq. (4)N2 in 1970s and
2000s are P14+0.17x 1079572 and 1344-0.05x 106572
respectively, and as such is~&880 % decrease. Substituting
Tgble 3. M_ean yertical salinity gradients, horiz_ontal salinity gra- these estimates for Eq. (AH* in the 1970s and 2000s are
dients, their rat!osNz anduH* for the RSBW in the 1970s and estimated as 124+2.3x 108 <2 and 95422 x 108 Sz, respec-
2000s from region between 150 km and 900 km downstream fromtively. Hence, the temporal changei* from the 1970s to

the D Iski Tl h. - -
© Prygaiski froug the 2000s is estimated as a decrease of 238 %, although

1970s

2000s

it is subjected to a large uncertainty.
These results suggest a reduction in the volume transport

S, (m™1) —894+071x10° —371+0.24x10°° of the RSBW is associated with enhanced vertical diffusion,
Sx (m™1) -3.86+059x108 —290+062x 1078 as a result of weakening in the stratification (the decrease in
Sz2/Sx 2300+ 400 1300+ 300 NZ is sufficient to increase the vertical diffusivity by 42 %).
N?(s®) 1914017x107®  1344005x10°° A reduction in volume transport is also consistent with the
uH* (%) 121+£23x10® 95+22x 108 observed warming and increase in AOU of the RSBW.

3.4 Impact of RSBW on AABW in the Australian-

Antarctic Basin
3.3 Changes in the advection-diffusion process of
RSBW The property changes of the RSBW are evident from the ob-

servations (Sect. 3.1) and a decrease in its volume transport
The data along the flow path of RSBW into the Australian- IS @l0 suggested (Sects. 3.2-3.3). Now we examine the in-
Antarctic Basin (171-158, i.e. downstream region be- flugncg of both qf these processes on the bottqm water prop-
tween 150-900 km from the Drygalski Trough) are used to€'ties in the basin as a whole (AA-AABW), using a simple
examine change in the volume transport of RSBW betweerP0X model under some realistic assumptions.
the 1970s and 2000s. In practice, the relative contribution of The change in potential temperature of the AA-AABW,
the large-scale pattern and small-scale variability along thefu€ to the supply of RSBW per unit time, can be represented
flow path of the RSBW are different for temperature and @S
salinity near the source region. While the large-scale pat- 1
tern of temperature and its gradient are subject to signifi-—— Vir A6, (8)
cant small-scale perturbations, those of salinity and its gra-
dient are dominant over small-scale spatial variations. Thisvhere Vi is volume transport of the RSBW supplied to
tendency becomes more prominent in the 2000s because thke Australian-Antarctic BasinA9 is difference in poten-
salinity contrast between the ambient water is reduced ovetial temperature between the RSBW and the AA-AABW,
this period due to the freshening of the RSBW, while the po-andV is total volume of the AA-AABW. Here}, and A6
tential temperature contrast remained relatively unchangedare expressed as the sum of the steady state component and
Hence, we conduct further analysis based on salinity averits fluctuation which is assumed to increase in proportion to
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time, i.e.,Vir = Vir + 8 Vet andAO = AQ + 86¢. Substitution  Table 4. Possible warming and freshening of the AA-AABW in-

of these into Eq. (8) gives, duced by change in property, decrease in volume transport of the
RSBW, and their summations under the two scenarios of volume
transport decrease of 6.7 %/10 years and 20 %/10 years. Results are
shown in the form of ratio to the overall warming and freshening of
the AA-AABW estimated in Sect. 2. Subscripts “1” denote contri-
The first term in the brackets is the steady state componentytion by change in property (first term in right hand side of Eq. 10)
which is assumed to be balanced with the steady state heahd subscript “2” denote contribution by decrease in volume trans-
flux in the basin due to vertical and horizontal diffusion and port of the RSBW (second term in right hand side of Eg. 10).
geothermal heatV is kept constant in this formulation (see

1 _
— (Vw6 + Vst + D68Vt + 505 Virt?). 9)

Sect. 4). Here we are interested in the fluctuation compo- Scenario 1 (6.7%) Scenario 2 (20 %)
qents that deviate from _thg palqnce, and thu;, we ne_glect the AfRsBurl 441 5% 241 5%

first term angl the fpurth |nf|n|te5|mal term. By mtegratlng the ABRSBW.2 6+ 1% 19+ 2%
above equation with respect to time, the warming of the AA- AORSBW 51+6% 63+ 8%
AABW due to the RSBW influenceAfrsgw) by temporal ASRSBWA 61+ 8% 61+ 8%
changes in property and volume transport can be considered.  ASrspw2 23+3% 694+ 9%

The corresponding freshening of the AA-AABW due to the ASRsBW 844+ 10% 1314+:16%

RSBW influence A Sgspw) is also given by the same proce-
dure. For the integrating timg, we now have

2 in Eqg. (10). Hence, we consider possible two scenarios. In

1 — T . .

Abrspw = —— (Vir86 + AOS Vi) — scenario 1, we assume that there was a 6.7 % decrease in
14 22 the volume transport of the RSBW from 1995 to 2005. This

ASrspw = —E(V_USS +ASSVy) — (10) value is based on the suggested de_crease in volume transport
Vv 2 of the RSBW & 20 %/30 years) derived in Sect. 3.2. For the

The first term on the right hand side of Eq. (10) is the com-Scenario 2, we assume a 20 % decrease of RSBW volume

ponent due to the changes in property of the RSBW and thdransport, which reflects the rapid decrease in sea ice produc-
second term is the component due to the decrease in its volion described by Tamura et al. (2008) over this period.
ume transport. Hereafter we evaluateAfrspw and ASgspw Uusing

The contributions of temperature and salinity changesEd. (10) according to these two scenarios for the decrease
from the RSBW are then estimated using Eq. (10) for thein volume transport (Table 4). For scenarioAfrspw can
10 year period from 1995 to 2005, following the observa- €Xplain 51+ 6 % of the overall warming of the AA-AABW.
tional period in the Australian-Antarctic Basin. The trend The contribution of the change in property (first term) by
in potential temperature and salinity of the RSBW is eval- far exceeds that of the change in volume transport (second
uated using the regression lines for the bottom water propert€'m). ASrssw can explain 84-10 % of the overall freshen-
ties averaged over a 100 m-thick bottom layer around E50 ing of the AA-AABW and similar to the case of thi&9rspw,
(Fig. 10). The potential temperature and salinity of the AA- the contribution of the f|rs_t term by far exceeds that of the
AABW in the years 1995 and 2005 are calculated as a basi§eécond term. For scenario 2, the second term largely in-
average estimated using all data shown in Table 1 and th&reased and\frspw and ASrsgw would explain 63t 8 %
trends shown in Table 2a, respectively. These averages a@nd 131+ 16 % of the overall warming and freshening, re-
estimated by the same interpolation procedure as that iispectively. In this scenario, the contribution of the second
Sect. 2.1. Thens® andss, the changing rate of difference _term is comparable to that of the first term for the freshen-

between the RSBW and the AA-AABW, are estimated as  INg, While itis approximately only a half of the first term for
the warming.

50 — Ab2005— Ab1995 55— AS2005— AS1995 Hence, the change in RSBW properties can explain nearly
T ’ T a half of the observed change of the AA-AABW, and the
r;Elecrease in RSBW volume transport can also be significant,

The steady state component of the RSBW volume transpo : o
especially for a larger decrease with time.

Vi is required in this formulation. Here we use 7Sv as a

reference with an average westward velocity of 17.5¢tts

over the area of width and thickness of 200 km and 200m,4 Discussion

respectively, at 150E (note — the validity of this estimate

will be discussed later). The property changes observed in the AA-AABW require
With the aboveVy, and observedd andssS, the change a heat and freshwater input of 138®00GW and 24-

in property of the RSBW can explain 445 % and 63t 8 % 3 Gtyear?, respectively (Sect. 2). The inferred rate of warm-

of observed warming and freshening of the AA-AABW. The ing (0.37+0.05 W m2) of the AA-AABW that supplies the

change rate of volume transp@rt;, is the largest unknown abyssal basin deeper than 3000 m is comparable to that of the
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world ocean warming (0.20 W) between 1955 and 1998 tion for neglecting horizontal diffusion will not detract from
(Levitus et al., 2005), a large part of which occurs aboveour result. However, due to the lack of direct observations
700 m depth. The observed freshening is about half of theof both the vertical diffusivity and volume transport further
freshening rate on the shelf and over the Ross Sea gyre ralownstream, it is difficult to fully examine this problem.
ported by Jacobs et al. (2002). Errors are estimated from Secondly, the energy dissipation ratevas assumed to be
the multiple occupations of SR3 at 14B, as only one re- constant (Eqg. 3) since it is expected that the energy provided
peat of the other sections is available. There would be poto larger spatial scale motion is constant. This assumption is
tential errors due to temporal aliasing of higher-frequencyconsidered to be applicable because, even if it is quantita-
signals such as the spring-neap tidal cycles (e.g. Whitworthively unreasonable, the inference that vertical diffusion will
and Orsi, 2006). However, most of the WHP sections usede enhanced with decreasing density of the RSBW is still
here are located well away from the dense shelf water sourceonsistent with the literature on the scalingsond/or K ;.
region, and, even near the source region, one-year mooringor example, Gargett and Holloway (1984) proposed that the
observations (e.g. Fukamachi et al., 2000; Williams et al.,scaling of K, is proportional toN —! or K, is proportional
2010) show relatively small signal of the Fortnightly tides in to N~9%° and furthermore, in the region near a topographic
summer. Hence the effect of such aliasing was not considboundary, scalings which relaf€; to the inverse ofV are
ered here, although it needs further quantitative discussionproposed (e.g. Fer, 2006 is proportional toN ~14+0.2,
based on continuous direct observations such as mooring$dacKinnon and Gregg, 200, is proportional tav—1).
The estimates of the section and basin-wide changes (Ta- Thirdly, in estimating the influence of the RSBW changes
ble 2) are calculated in the fixed volume of water below theon AA-AABW, we assumed the box model of Eqg. (10) in
depth of the meap” = 28.30 kg n 3 isopycnal. The thick-  Sect. 3.3. As for RSBW volume transpdgt, we used 7 Sv as
ness of AA-AABW layer decreases with time due to both a reference. This transport of 7 Sv corresponds to an average
warming and freshening. However, the decrease is not signifwestward velocity of 17.5cnT$ at 150 E, which is con-
icant (estimated as 11-14 %/10 year on 3 sections) and, thusjstent with the velocity assumed in the model in Sect. 3.2.
does not have a large impact on the estimation of Eqg. (10)The validity of this value can be examined by considering
i.e. itincreases the estimated contributions from RSBW onlythe steady state heat balance in the AA-AABW. The heat
by 10 %. Hence, the effect of change in the volume of AA- flux induced by a RSBW volume transport of 7 Sv is esti-
AABW is neglected in Sect. 3.4. mated as-0.71 W n12 and this can be balanced by the heat
Changes in the RSBW are inferred to be one of the maflux induced by the vertical diffusion discussed in Sect. 2.2
jor factors driving the changes observed in the AA-AABW (0.67 WnT2). Some limitations remain, such as the un-
(Sect. 3). Both the enhanced vertical diffusion as a result oknown influence of the supply of dense shelf water in the
a weakening stratification and a decrease in RSBW volumeAGVL region, uncertainty of the effect of horizontal diffu-
transport are likely to contribute to the warming and increasesion and uncertainty of the vertical diffusivity estimated by
in AOU of the RSBW along its flow path, and hence to the Polzin and Firing (1997). However, it is expected that our as-
changes in AA-AABW observed downstream. However, this sumed volume transport would remain valid to the first order.
conclusion rests on numerous assumptions and here we dis- While the decrease in RSBW volume transport can be ex-
cuss the robustness and consistency of these results. plained by a decrease in the dense shelf water export from the
Firstly, horizontal diffusion was assumed to be small western Ross Sea, the weakening of the density stratification
(Eq. 2). We test the validity of this approach by confirm- raises further questions. The weakening of vertical gradients
ing consistency between the observed vertical diffusivity of potential temperature and salinity from the 1970s to 2000s
(Muench et al., 2009) and that which we adopted in thisaccount for 32 % and 68 % of the decreaseMf, respec-
study. Based on Eq. (6K, can be expressed as: tively. This decrease in the vertical gradient of salinity can,
uH uH in turn, be explained by the long-term freshening of the dense
=2 76 =3 IS shelf water in the western Ross Sea (Jacobs and Giulivi,
Zex Ziex 2010). Hence, we suggest that freshening of the dense shelf
uH can be estimated as 19.6 811 based on the dense shelf water in the western Ross Sea also warmed the RSBW by
water export from the Drygalski Trough of 0.98 Sv (Whit- enhancing the vertical diffusion of heat due to weakening of
worth and Orsi, 2006) and a 50 km width for the Drygalski the density gradient.
Trough. By using values af;/Sx in the 1970s and 2000s,
our adoptedk, can be estimated as3 x 102m?s-1 and
1.53x 1072 m? s~1, respectively. These values are consistent5  Summary and conclusions
with the order (102-103m?s 1) observed in the vicinity
of the Drygalski Trough by Muench et al. (2009). This sug- The WHP and repeated hydrographic data were used to ex-
gests that the observed changes in property along the flommine changes in the AABW in the Australian-Antarctic
path can be explained by vertical flux alone and does not reBasin. Changes in average potential temperature and salin-
quire other flux sources. Hence, we expect that our assumpty below y" = 28.30 kg nT23 suggest a basin-wide warming

z
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(1300+ 200 GW) and freshening (243 Gtyear?l) of the HSSW (as for the 19709 = —1.89°C, S = 34.83, as for
AA-AABW. The RSBW also warmed, and at a faster rate the 2000s9 = —1.87°C, S = 34.74).

than reported for its source waters. We infer that this warm-

ing is driven by a 21 23 % reduction in the volume trans-
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