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Abstract The data fran the Southem O cean observations of W orld O cean C ircula-
tion Experment (WOCE) are used for analysis and illustration of the features and
spatial distributions of C ircumpolar Deep W ater (CDW ) i the southem Indian O-
cean It is leamt fran the canparison anong the vertical distributions of tanperature/
salinity /oxygen along the 30°E, 90°E and 145°E sections respectively that sme dif
ferent features of CDW and the fronts can be found at those longitudes and those
differences can be attributed to the zonal transoceanic flow and the merizonalmove-
ment n the CircampolarDeepW ater In fact the zonal transoceanic flow is themamn
dynam ic factor for the water exchange beween the Pacific O cean and the Indian O-
cean or beween the A tlantic O cean and the Indian O cean and for the effects on the
spatial distributions of the physical properties n CDW.
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1 Introduction

As early as n 1937 Deacon used the data obtaned i the Southem O cean by Royal
Research Ship “D iscoverv” to evidence the existence of the Antarctic Deep W am W ater
(ADWW ) underlying the cold surface layer wated!. Later on physical-oceanographers
found that the waterm assw ith the sane feature as ADWW are extensively distributed m the
deep layer of the Southem O cean ( SO) around Antarctica and the Antarctic circumpolar
current (ACC) mamly canprises the watermass Therefore it is renaned C ircumpolar
DeepW ater (CDW ). CDW is the most extensive and volum nous watermass n SO. Car
mark (1975)"? estinated and showed that CDW has a vohme as large as 5% of the total
water n SO'”. Gorden (1975)'* used the hydrographic data of the 170°E section and dr
vided CDW mto wo cores according to the depth where the m ax mum water tan perature ap-
peared and the depth where themaxmum salmity appeared m CDW. One is the upper core
w ith water tamperature (T) aboutQ 9~ 2 5 °C and salinity (S) about 34 60~ 34 75 at
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the depths beween 250 m and 600 m. The other is the lower core with T about 1L 0~

1 8 °C and S about 34 70~ 34 75 at the depths betveen 500m and 3 000m'”. Sm ith et
al (1984) used the CTD and XBT data obtained along the 8 sections i the sea area (60°
~ 90°E, 60°S and the further south) adjacent to Prydz Bay i austral sasnmer and ana-
lyzed for the first tme nmore details both the watermass and the circulation i the south-
em Indian O cean south of 60°S They pointed it out that the upw elling of COW could reach
the surface water at 67°S and the water transfom ed fran CDW could be found in the shelf
of PrydzBay ‘™. Su and Dong ( 1984) used a lm ited quantity of the historical data to ana-
lyze the features of watermass and fronts n the Southem Indian Ocean n austral sum-
met”. Puetal (2002)"" showed by means of the hydrographic data obtained along the 3
sections (70°~ 75°E) i Prydz Bay and its adjacent water that the physical features of
CDW are sin ilar to Gorden’ s results fran the Pacific sector of SO'®. They take the 1 2 °C
isothem as themargin of the hich salinity core to derive the results listed n Table 1L It is
leamt fran Table 1 that both the high temperature core and the high salmnity core of CDW

extends further southward along the 75°E section than along either the 70°E section or the
73°E section and that not only the vertical thickness valies but also the maxima of either
the high tem perature core or the high salinity core are greater along 75°E. A's for the 70°E
section, the southw ard extension of either the high temperature core or the high salnity core
aremuch lmited the vertical thickness ranges for the cores are much snaller and their
maxima lower Those results by Pu et al " show that the themohaline features of CDW

and its spatial distribution obviously have the zonal variability Yuan et al (2004)"”" utr
lized the XBT /XCTD data obtained by RV Xuelong during the five summer cruises and dis-
cussed the themohaline structure and its ten poral variation of the upperwater ncluding the
CDW cores in the southeastem Indian Ocean He et al (2006)'" used the data fram
WOCE, satellite-ranote sensing and the Chiese Expedition of the southem Indian O cean
and analyzed the mteractions anong the upper watermass and the annual frontal-variation
related w ith the sea surface wind in the southeastem Indian O cean' .

In addition to the physical features and the spatial distribution of CDW, its zonal and
meridionalmovan ents attractmuch attention of scientists As shown m Table I, both the
hich temperature core and the hich salinity core are sitated to the north of 63 5°S and their
vertical thickness ranges are Im ited w ithin the depth beween 100 m and 2000 m n any of
the 3 sections This spatial distribution of CDW is consistent w ith the space where ACC
flvs Clake ( 1982)""" utilized a nonlinear model to discuss the ACC response to the
w ind stressw ith a w ide-band of frequency-spectrum, and ponted it out that ACC have a
barotropic rather than baroclinic response to the w ind stressw ith its period less than years
Therefore ACC is characterized w ith its features sinilar to a depth-independent flow'".
Base on the TOPEX /POSE IDON altm etry data ( fran O ctober 1992 toM arch 1993 totally
18 months), Park etal (1995)'" caleulated the surface layer flow of SO and canpared it
w ith the results derived fran the gravity potential distribution and the smulation results by
m eans of F'ine Resolution AntarcticM odel (FRAM ). The sm ilarity anong the three is fur-
ther confimed in the papers " *'. Sloyan (2006)'" utilized the data of the hydrographic
m easurem ents and the currentm etermooring array deployed n Perth Basin of the southeast
em Indian O cean to analyze the meridional movanents of the Antarctic Bottan W ater and

the lower Circumpolar Deep W ater (LCDW, 1 e the water featured w ith the high salnity
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core). He pointed it out that the northward transport of LCDW is 2 4~ 3 3 SV "),

Table 1 The statistics of the spatial distrbution of CDW

high temperature core high salinity core
( bounded by the 1 2°¢ isothem) ( bounded by the 34 70°c¢ isohaline)
70°E 73°E 75°E 70°E 73°E 75°E
H orizontal extension 62 4°s 63 1°s 63 2°s 64 6°s 63 3°s 63 4°s
V ertical thickness/m 280-650 100-1320 100-1320 340-1380 350-1980  320-2000
M axmun L 38 C 1. 92 C . 96 C 34 738 34 746 34 746

CDW is not only closely related to the eastward ( zonal) flow of ACC but also to its
meridionalmovem ent tendency. Deacon (1937)'? showed the subsurface m erid ional circu-
lation m a schane which canprises the northward flow n the mtemediate layer and the
southw ard flow n the deepwatellzl. Later Dlseral (1994)"™ used FRAM'®' to simu-
late the meridional circulation n the south han isphere and showed the Deacon circulation
cell the sub-polar cell and the bottan cell in their schematic plot The upwelling betv een
the subsurface and the 2000 m depth in 55°~ 65°S can be clearly observed n their plot
and also both the northw ardmovenent as a canponent of the D eacon cell and the sub-polar
cell and the southw ard movement n CDW is obvious in their plot In additiony Pu et al
(2002)'"" descrbed the features of the CDW moveanent by use of the related CTD datd .
It is obvious n the above description that CDW possesses the features not only for its south-
ward movanent but also for its upwelling in the higher latitudes In order to study the physr
cal features of COW i the integral area of the Southem Indian O cean rather than n a lm it-
ed area theWOCE data are used as follws to discuss the CDW spatial distribution and the

moven ent characteristics in the whole ocean
2 Tanperature distribution pattern and features in the southern Indian O cean

In order to expound the spatial distribution and variability of CDW in the Southem In-
dian O cean threemeridian sections in a sequence fran thewest to the east of the ocean are
selected to show the difference which are all associated w ith three physical factors 1 e
potential tanperature (Fig 1), salmity (Fig 2) and dissolved oxygen n seawater ( Fig
3). The 3 sections are respectively located bew een the Cape of Good H ope and A ntarctica
along the 30°E longitude betv een Australia and A ntarctica along 90°E right at them iddle
of the ocean and betveen Tasnania and Antarctica along 145°E. It is leamt fran Fig 1
(a) that Polar Front ( PF) is located at 59°S and subantarctic Front ( SAF) at51°S i the
tem perature section along 30°E. They are clearly observed in the water fran the sea surface
down to the thousandsmeters especially SAE. The isothem s dentified as the fronts tend to
extend almost vertically downward and the temperature gradient becan es the greatest at the
fronts In the upper layer shallawer than 300 m, PF is located at 58°S and it foms the
boundary betveen the Antarctic surface waterw ith its tenperature lower than 0 C and the
subantarctic water w ith its tanperature higher than 0 C. SAF is located at 51°S and it is
the boundary bew een the subantarctic water and the temperate water w ith its temperature
higher than 2 C. Obviously the subantarctic water the water colder than 2 C can not be
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found to the north of SAE. In addition i e the contnental water boundary (CWB), a
front closest to Antarctica seams to be further south of 68°S ( See the 0 ‘C isothem) i the
water shallower than 1000m. Besides the upwelling tendency of the tanperate w alerw am er

than 2 C is idt_antical around SAF.
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Fig 2 Salinity along (a) 30°E section (b)90°E section and ( ¢) 145°E section i the southem Indian O cean
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As it is shown mFig 1 (b), the2 fronts 1 e PF and SAF can be both clearly en-
tified but PF appears stronger in the 90°E section than in 30°E section because of the fron-
togenesis effected by the bottan rising relief at about 60°S while SAF becan es w eaker to
be canpared w ith the front at the 30°E section Upon thewhole the upwelling of the water
wamer than 2°C tends to bemuch weaker n the 90°E section than i the 30°E section In
addition, further difference betw een the wo sections is thatCW B, which is situated at 65°S
can be taken as the boundary betveen the waterwam er than 0°C and the water colder than
0C becanesmore obvious in the 90°E section, especially in the layer lower than the 1500
m depth As for the upwelling feature at the 30° section F, it seans that (W B is lin ited
within the upper layer shallwer than 1, 000m and located to the south of 68°S
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As shown m Fig 1(¢), the 0C isothem identified as CW B m the depth mterval be-
ween 200m and 2 500m at 65°S becanes ah ost perpendicular to the horizon Camparing
Fig 1(c) with Figs 1(a) and 1(b), it can be found that the 0'C isothem m Fig 1( ¢)
shamply slopes along the continental slope and becanes less steep n the basin area and
reaches the seabed at 56°S If the 0C isothem is smply taken as the central location of
CW B, its sharp inclination tow ard the north in the 145°E section m eans the frontogenesis a-
round CW B takes place at 145°E. In contrast to the CW B frontogenesis either PF or SAF
becan es w eaker at 145°E than at 30°E or at 90°E. Especially the isothems around PF

becamemuch less mclined at 58°S

A's the defnition is given by Gorden' ", the CDW upper corew ithin the depth interval
between 250 m and 600m has a tan perature range beween Q 9C and 2 5C, and its lower
core w ithin the vertical mterval beween 500 m and 3000 m has a tenperature range be-
ween L 0°C and L 8°C. By use of the definition it is leamt that PF and SAF of the a-
bove-described fronts are sitnated not only to the north of either the CDW upper core but al
so the north of the lower core while CW B is to the south of then. Fran the canparison a-
mong Figs 1(a), 1(b) and 1( ¢), it is easily found that PF and SAF tend to becan e w ea-
ker n sequence fran the west to the east except that PF becan es stronger in the 90°E sec-
tion (Fig 1( b)) because the bottan rising relief at 60°S gives its effects on PF, which is
located mm ediately to the north of the relief O thew ise the weakening tendency could have

been found more obvious

3 Salinity distribution pattern and features in the Southern Indian O cean

As shown mn Fig 2( a), the salmity front of CW B is themost obvious in the upper lay-
er above the I, 000m depth at 68°~ 69°S i the 30°E section PF is situated i the layer
beween 500m and 3000m at58°S and SAF is in the layer betveen 500m and 3500 m at
51°S It is clear i the isohaline distributional pattem that upwelling takes place obviously
around those fronts In addition a high-salinity core is situated at the 2500 m depth around
50°S with its salinity higher than 34 78 and even higher than 34 82 at the lower latitudes
Such a salmnity value is higher than the salinity value of the CDW lower cor¢ which is
m easured by Gorden' *'.

Fig 2(b) is the salinity distribution pattem i the 90°E section Obviously the re-
spective locations of CW B, PFE, and SAF can be clearly dentified n the figure To can-
pare itw ith the 30°E section (Fig 2( a)), the salinity front of (W B is situated at 65°S i
the 90°E section being further close to the location of the temperature front of CWB in the
90°E section (Fig 1(b)). Besides there are o high salinity cores being located at the
1000 m depth around 62°S and at the 2000m depth around 50°S respectively The highest
salinity at the cores is about34 75 lower than that in the 30°E section H owever the salin-
ity around CW B is higher than that in the 30°E section

Fig 2( ¢) is the salinity section at 145°E. To canpare itw ith the above-described tvo
sections both PF and SAF becan e weaker as shown mn Fig 1( ¢). The isohalines around
PF or SAF do not appear any more perpendicular to the horizon and the horizontal salinity
gradient becan es obviously decreased at the fronts (Fig 2( ¢) ).
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Fran the canparison anong Fig 2(a h c¢), it is leamt that the salinity in the 30°E
section is the highest (34 78) among the 3 sections and it decreased in sequence fom the
west to the east Furthemore the area occupied by the high-salinity corew ith its salmity of
34 75 n the 145°E section is the anallest anong all the 3 sections H owever one canmon
feature of the three sections is that a high-salinity core can be obviously dentified and it is
located at the 2 000 m depth Thismeans that the salnity core is a basinw ide structure

4 Dissolved oxygen distribution pattern and features in the Southern Indian O cean

Fig 3(a) is the dissolved oxygen distribution pattem in the 30°E section A's shown
in the figurge CW B and SAF obviously appear at 68°S and at 51°S  respectively while
PF, being located at 58°S is less obvious than either i the temperature section ( Fig 1
(a)) or in the salmnity section (Fig 2( a) ). Besies there is a low oxygen layerw ith its
values lower than 180 HPmol/kg m the depth between 400 m and 1200 m.

Fig 3(b) is the dissolved oxygen section at 90°E. As shown in Fig 3(b), CWB
PF, SAF are located at 65°S 58°S and 51°S respectively Especially they appearmore
obvious mn the upper layer shallower than I, 500m. In addition a low oxygen layerw ith its
values lower than 175 Bmol/kg is located at the 300m depth at 60°S and the layer is shal-
lwer (Fig 3(b)) than the corresponding layer n the 30°E section (Fig 3( a)).

Fig 3(c) is the dissolved oxygen distribution pattem in the 145°E section A's shown
in Fig 3(c), CWB is located at about 65°S and it appears relatively obvious H ow ever PF
and SAF, being located respectively at 58°S and 51°S both becan e much weaker (Fig 3
(¢)) canvared with Fic 3( a) and 3(b). In addition the dissolved oxveen uowelling fea-
ture can be found at 50°S and a low oxygen layer (w ith its valies lower than 175 Mmol/kg)
is located n the depth betveen 300 m and 500 m i the water south of 50°S

As shown mFig 3 (a h c¢), the sopleths for dissolved oxygen do not appear any
more perpendicular to the horizon mn any of the 3 sections and the low oxygen water are lo-
cated at the depths about 300m or a little deeper Furthemore the low dissolved-oxygen
water has higher oxygen values in thewest (30°E) of the Southem Indian O cean than in the
east ( 145°E) and it has a cross section area in the west (30°E) amaller than the area in

the east ( 145°E) of the Southem Indian O cean

5 Horizontal distribution pattern of dissolved oxygen at the CDW upper core in the
Southern Indian O cean

In order to describe the horizontal extent of the CDW upper core the 27 84 kg/m3
isopycnal surface is selected to discuss the space occupied by the water w ith low dissolved
oxygen on the surface (Fig 4).

First of all the features for the Southem Pacific O cean the Southem A tlantic O cean
and the Southem Indian O cean are campared with each other respectively As shown m
Fig 4 the dissolved oxygen is higher on the 27 84 kg/m3 isopycnal surface n the Southem
A tlantic O cean than either in the Southem Indian O cean or in the Southem Pacific O cean
The oxygen content reaches its highest n the W eddell Sea of the Southem A tlantic O cean
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which can be evidenced by the 300 Hmol/kg isopleth extend ng fran the north to the south

Then the dissolved oxygen is higher n the Ross Sea of the Southem Pacific O cean Obvr
ously the distributional feature w ith high oxygen is closely related to the fact that greater br
anass lives in those seas and enriches the oxygen dissolved n the water In contrastw ith
the oxygen enrichment n the seas the dissolved oxygen becanesmuch lower mn the Indian
O cean sector of the Southem O cean than n the W eddell Sea and Ross Sea This regional
feature of low oxygenmay be closely related to the fact that less biam ass lives n the narrow
contnental shelf of the eastem Antarctica and its ad jacentwater and can not producemuch
oxygen n the water As shown nFig4 the low dissolved oxygen water represented by the
180 Mmol/kg isopleth is lin ited in the ocean north of 58°S 1t is obvious that the w ater area
of this low oxygen ismuch larger in the Indian O cean sector than that in the A tlantic O cean
sector butmuch snaller than that n the Pacific O cean sector Therefore the low oxygen

water n the Indian O cean sector has an ntemediate area anong the three sectors of the
Southem O cean

Neutral density :27.84 kg/m3

120°

150° W 180° 150° 120° E

160 170 176 180 184 200 286

Dissolved oxyegen(umol/kg)

Fig 4 Low oxygen layer( Pmol/kg) on 27 84 kg/m’ density level
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6 Horizontal distribution pattern of salinity at the CDW lower core in the southern
Indian O cean

In order to descrbe the horizontal extent of the CDW lwer core the 28 05 kg/m’
isopycnal surface is selected to discuss the space occupied by the hich salnity core on the
surface First of all as shown m Fig § the low salmity water (S< 34 70) is largely dis-
trbuted n the coastal water area around Antarctica while the high salmity water
(S> 34 75) appears only n the southem A tlantic O cean and the southem Indian O cean
and it can not be found n the southem PacificOcean As for the even higher salinity water
(S> 34 80), it ismainly Imited n the area of the A tlantic O cean fran South America to
Cape of Good Hope South A frica and it is hardly found n the Southem Indian O cean if
the small piece of water area near A frican continent is excepted Therefore as far as the
CDW  lower core is concemed the A tlantic O cean sector is an oceanic areaw ith the highest
salinity n the Southem O cean The next canes the Indian O cean sector And the Pacific

O cean
Neutral density :28.05 kg/m3

60" W 30° 0 30°E

90°f

e
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34.66 34.67 34|.?2 34I73 34.|74 3475 3478

Salinity(PSS78)

Fig 5 Salinity on 28 05 kg/m’ density level
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sector is an oceanic areaw ith the lowest salinity in the Southem O cean In general] the sa-
linity of the CDW low er core becan es decreased in sequence fran the west to the east n the
southem Indian O cean

7 Them ohaline feature of CDW and their close relationship with circulation in the
Southern Indian O cean

If the 30°E, 90°E, and 145° section are utilized to represent for thewest them iddle
and the east of the Southem Indian O cean respectively The spatial distribution features of
tamperature salnity and dissolved oxygen mn the Southem Indian O cean can be expressed
as follows

(1) The strengths of the tanperature front the salinity front and the dissolved oxy-
gen front for PF and SAF, respectively tend to becan e w eaker and w eaker n sequence fran
the west to the east n the Southem Indian O cean 1 e the horizontal gradient of tem pera-
ture salinity and dissolved oxygen around the fronts is obviously greater n the west of the
Southem Indian O cean than those in the east This is an obvious feature of the spatial dis-
tribution of the hydrographic variables

(2) Upwelling can be found i the water area around the fronts It shows that those
sopleths for tanperature salinity and dissolved oxygen appear almost perpendicular to the
horizon n the frontal area H owever the upwelling tends to be weaker and weaker mn se-
quence fran the west to the east of the ocean

(3) The space occupied by low dissolved-oxygen water of the CDW upper core be-
canes larcer and larcer in seauence fran the west to the east of the ocean

(4) The salnity becan es decreased n the CDW low er core in sequence fran the west
to the east of the Southem Indian O cean

(5) W ater characterized by high salmnity and high dissolved oxygen is localized as the
regional feature n the west of the ocean

(6) W ater characterized by low salmity and low dissolved oxygen is localized as the
regional feature m the east of the ocean

Obviously those spatial distribution features are closely related to the Antarctic C ircum -
polar Current (ACC), i e the high salinity and high oxygen water originated in the South-
em A tlantic can be carried nto the Southem Indian O cean by ACC, and the across basin
transport fran the Southem Indian O cean to the Southem Pacific O cean by ACC will give
effects on the salinity and oxygen decreasing tendency.

8 Conclusion

The above-analysis about the CDW distributional features can be summarized mn the
follow ng conclusions

(1) Salinity in the west ( 30°E) of the Southem Indian O cean becames obviously
hicher than i the east ( 145°E).

(2) The low dissolved-oxygen water in thewest (30°E) of the Southem Indian O cean

has higher oxygen values than that in the east ( 145°E) and it has a cross section area in the
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west (30°E) smaller than the area i the east ( 145°E) of the Southem Indian O cean

(3) The low dissolved oxygen water on the 27. 84 kg/m’ isopycnal surface reflects the
span of the CDW upper core n the ocean

(4) The high salinity water on the 28 05 kg/m’ isopycnal surface reflects the span of
the CDW lower core in the ocean

(5) The salmity and the dissolved oxygen of the Southem Indian O cean are ntemedr
ate beween the those of the Southem A tlantic O cean and the Southem Pacific O cean

(6) The spatial distrbution features for the salmity and dissolved oxygen of CDW mn
the Southem Indian O cean can be explamned reasonably by the effect of the ACC transocean-
ic transport
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