Ocean Sci., 6, 4550, 2010 g"‘»\ ]
Www.ocean-sci.net/6/41/2010/ GG Ocean Science
© Author(s) 2010. This work is distributed under _

the Creative Commons Attribution 3.0 License.

Indian Ocean Subtropical Mode Water: its water characteristics
and spatial distribution

T. Tsubouchi, T. Suga, and K. Hanawa
Department of Geophysics, Tohoku University, Sendai, Japan

Received: 20 March 2009 — Published in Ocean Sci. Discuss.: 21 April 2009
Revised: 4 December 2009 — Accepted: 4 January 2010 — Published: 22 January 2010

Abstract. We have improved a basic description (water char-winter mixed layer via the subduction mechanism (Marshall
acteristics and spatial distribution) of the Indian Ocean Sub-et al., 1993). Some of them could affect the sea surface tem-
tropical Mode Water (IOSTMW) using an isopycnally aver- perature in the following winter through the re-emergence
aged three-dimensional hydrographic dataset. Two mode wamechanism (Hanawa and Sugimoto, 2004).

ters and corresponding wintertime mixed layer depth max-  Two mode waters have been widely recognized in the
ima were observed north of the subtropical front (STF) in thesgoyth Indian Ocean: Sub-Antarctic Mode Water (SAMW;
South Indian Ocean: IOSTMW (within 25.8-26:2) inthe  McCartney, 1977, 1982) and Indian Ocean Subtropical Mode
region of 28-45E and another subtropical mode water in the water (IOSTMW; Olson et al., 1992). SAMW is distributed
subtropical gyre (within 26.4-264%) in the 60—80E lon- i the circumpolar Southern Ocean, north of the subantarc-
gitudinal band. Through careful examination of the spatialtic front (SAF). It is formed in the subantarctic zone (SAZ)
distribution and water characteristics of a core in the layer ofwhich is bounded by the subtropical front (STF) and the

minimum vertical temperature gradient (LMVTG), we iden- SaAF. Since SAMW is the dominant mode water in the South
tified that a mass of LMVTG corresponds to IOSTMW. The |ndian Ocean, its distribution area and water characteristics
average water characteristics of the IOSTMW during approx-have been widely described (Fine, 1993; Toole and Warren,
imately 1960-2004 were 165'_40490(:, 35.514+-0.04 psu 1993, Wong, 2005) Based on the Argo data, Wong (2005)
and 26.0t 0.109. The IOSTMW distribution area was esti- Showed that South |ndian Ocean SAMW Occupies a density
mated to be 25-5(E, 27-38 S. The formation region and  range within 26.5-268 and its water characteristics gradu-
approximate water characteristics of the second subtropia”y becomes colder, fresher and denser fromB@ 115 E.

cal mode water were also estimated. Its probable formaywyinter mixed layer in the SAZ develops deeper than 300 m
tion region was 37-425, 60-80 E and north of the STF, jn 80-120 E, where the SAZ widens east of the Kerguelen
with approximate water characteristics of 12:88.57°C,  pjateau (Wong, 2005; Sallee et al., 2006; Aoki et al., 2007).
35.17+0.11 psu and 26.5% 0.0405. This increase of MLD leads to the injection of a thick layer
of SAMW of densities greater than 267 into the eastern
South Indian Ocean. It spreads anticlockwise around the
outer northeastern rim of the subtropical gyre (MacCarthy
and Talley, 1999; Wong, 2005). The formation mechanism

Mode waters, which are characterised by thermostads or pyc2f SAMW has also been studied (Rintoul and England, 2002;
nostads, are remnants of the deepest winter mixed layers are/I€€ et al., 2006). On the other hand, our knowledge of
are widely distributed in the world’s interior ocean (Hanawa OSTMW is still limited. Olson et al. (1992) noted a py-
and Talley, 2001). Since the deepest mixed layers contaifn0Stad with water characteristics of 17Gand 35.56 psu
the memories of accumulated atmospheric forcing, such aWhich was distributed south of the African continent as a

winter cooling and wind stress, the mode waters are thoughgPunterpart to the STMW in the North Atlantic, using Ag-
to transmit these memories to the interior ocean below thé/lnas Retroflection Cruise (ARC) data. The ARC was con-
ducted south of the African continent (34242, 13-26 E)

from November to December 1983. Since then, several stud-

Correspondence tol. Tsubouchi ies have provided fragmentary descriptions of the IOSTMW
BY (tt2r07@noc.soton.ac.uk) based on 32S sectional observations from November to
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December 1987 (Fine, 1993; Toole and Warren, 1993) and The combined dataset based on the Argo data and
in March 2002 (McDonagh et al., 2005). Summarizing their the World Ocean Circulation Experiment Southern Ocean
description, IOSTMW was observed west of #)with wa- database (SODB) was analysed to examine the spatial distri-
ter mass properties around A2, 35.6 psu and 264) along bution of MLD in September. MLD was defined from indi-
the section. Recently, a deep mixed layer has been reporteddual profiles with a density difference criterion, difference
north of the STF in the 60-8@ longitude band, based on of 0.030y from the near surface density. Calculated MLDs
the Argo data and an ocean general circulation model (Wongwere then interpolated using the Ridgeway et al. (2002) tech-
2005; Aoki et al., 2007). McDonagh et al. (2005) also sug- nique. See Sallee et al. (2008) for the detailed procedures.
gested that mode water with 12.0-14M@at 70 E along the  The positions of the STF and the SAF were defined by Orsi
32° S hydrographic line is subtropical, rather than subantarc-et al. (1995).
tic. However, the relationship between this mode water and We focused on the structure of the layer of minimum ver-
IOSTMW is still unclear. Specifically, it is still vague how tical temperature gradient (LMVTG) to investigate the rem-
their water characteristics, distribution area and formationnant of the winter mixed layer using summer temperature
area relate to each other. data. The deep winter mixed layer is capped by the sea-
In this paper, we improve the basic description of the sonal thermocline during the heating season. As a result,
IOSTMW, such as its water characteristics and spatial disthe LMVTG is generally formed between the seasonal and
tributions using an isopycnally averaged three-dimensionapermanent thermoclines in summer. Hence, we were able
hydrographic dataset. According to the STMW definition to investigate the water originating from the winter mixed
of Hanawa and Talley (2001), we defined IOSTMW as thelayer by detecting the LMVTG in the upper ocean tempera-
mode water adjacent to the subtropical western boundaryure structure. The reason we focused on LMVTG instead of
currents with a single mode of water characteristics. Fromthe minimum of potential vorticity (PV) will be shown in the
this point-of-view, the relationships between several modenext section.
waters in the Indian Ocean subtropical gyre (north of the The vertical temperature gradiemT/d? was calculated
STF) were sorted out. Section 2 describes the data and methihe temperature difference between the adjacent grid points
ods used in this study. Section 3 describes the winter mixedelow and above (their depth difference was 20m). The
layer depth (MLD) in the South Indian Ocean and a zonal LMVTG was defined as a minimuudT/dzlayer thicker than
section along 35%5S in order to distinguish the various mode 50m. LMVTG was only detected when both the upper
waters. In Sect. 4, the relationships among these mode waboundary of LMVTG and the lower boundary of LMVTG
ters are carefully examined and the water characteristics oéxceeded the threshold df/dz The summer surface mixed
IOSTMW are calculated. Section 5 gives the spatial distri-layer was not detected as LMVTG because there is no tem-
bution of IOSTMW. Section 6 provides a conclusion. perature stratification above the surface mixed layer. The
core of the LMVTG was defined as the depth at which the
absolute minimum ofiT/dzoccurred for each profile. The
core preserves the best record of the wintertime mixed layer

We used the temperature and salinity data of the Indiancond'tlons because itis likely to have suffered the least mod-

: ) . ification. Therefore, the water characteristics of the LMVTG
Ocean HydroBase climatology (IOHB; Kobayashi and Sljga’core could be regarded as typical water characteristics of the
2006) to investigate the interior South Indian Ocean. Be- 9 yp

X . LMVTG.
cause the HydroBase was constructed by averaging the orig- STMW is defined in two ways: mode water which is as-

ggl”prsgtlte e;j ?éarljgsgggatllr:);nt?ﬁa?i?SI:ZV?é::JSCt;E;:;Z gii';;sociated with the subtropical western boundary currents, or
y P P 91€&0 1 o de water which is located north of the STF. Following the

data, especially around strong density fronts. Kobayashi an L -
Suga (2006) showed that the IOHB has more realistic dengTMW definition of Hanawa and Talley (2001), we defined

. e L IOSTMW as the mode water adjacent to the Agulhas currents

sity stratification around the Antarctic Circumpolar Current -~ . - .
with single mode of water characteristics. We confirmed the

(ACC) than the World Ocean Atlas 2001 (Stephens et al"existence of IOSTMW by examining whether
2002; Boyer et al., 2002). The IOHB climatology is pro- y 9
vided on a 2 x 1° (latitudex longitude) horizontal grid at — a mass of LMVTG was widely distributed over the
standard depths from the surface to the bottom. The standard western part of the Subtropica| gyre, and
depth data were interpolated to 10 m vertical intervals us- _ o
ing Akima’s shape-preserving local spline method (Akima, — its water characFe_rlstlcs formeq a modal class of tem-
1970). The original monthly climatology data were aver- perature and salinity for the regional area census.
aged over January, February and March to calculate a sum-
mer mean climatology in the South Indian Ocean.

2 Data and methods
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Fig. 1. Distribution of(a) MLD (contour interval (Cl)=25 m)(b) mixed layer density (black contour; Cl=0.05 kg‘ﬁ) superposed on MLD
(m; coloured shade) an@) mixed layer temperature (black contour; CI=0®) superposed on MLD (m; coloured shade). STF and SAF
are shown in white contours.

3 Mixed layer depth distribution and hydrographic line with specific density and temperature classes. The distribu-
tion area of MLD C was recently identified by Wong (2005)

Figure 1 shows the spatial distribution of MLD in Septem- @nd Aoki et al. (2007) and the temperature range of MLD C
ber and the positions of the STF and the SAF. Deep MLD (12-14°C) corresponds fairly well to the temperature range
(deeper than 300 m) related to SAMW was observed in the®f mode water (12.0-14:C) observed at 7E along the
SAZ in 80-120 E with 26.75-26.96. This characteristic 32 S hydrographic line (McDonagh et al., 2005).

agrees with previous studies (Wong, 2005; Sallee etal., 2006; Figure 2a and 2b show three LMVTGs along 35%lon-
Aoki et al., 2007). Three MLD maxima were observed north gitudinal section on 25.8-26¢3 in 28-45 E (LMVTG A),

of the STF: A maximum around 125 m with 25.85-26620 on 26.4-26.%y in 50-70 E (LMVTG B) and on 26.6—

in 35-38 S and 35-50E (MLD A), a maximum greaterthan 26.90y in 70-100 E (LMVTG C). Similar characteristics
150 m with 26.25-26.48 in 37-42 S and 47-58E (MLD were observed in other sections between 33.5°3.9he

B) and a maxima greater than 200 m with 26.40-26.68 density ranges of these LMVTGs corresponded to the den-
37-42 S and 58-8DE (MLD C). The density and temper- sity ranges of the MLD maxima: LMVTG A corresponded
ature contours were widened in these MLD maxima areasto MLD A, LMVTG B corresponded to MLD C, LMVTG C
This is a favourable condition for mode water formation. corresponded to the MLD maxima in the SAZ. No LMVTG
A wider area of similar sea surface density and temperacorresponded to the density range of MLD B. Therefore,
ture with deeper MLD produces larger mode water volumethere are likely three mode waters in the South Indian Ocean:

WWw.ocean-sci.net/6/41/2010/ Ocean Sci., 6,5012010
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Fig. 2. The 35.5S longitudinal section of(a) potential density (black contours; CI=0.1 kg‘ﬁ) with dT/dz (colored shade;
CI=0.2°C/100 m) versus depth (m(h) dT/dz(C1=0.2°C/100 m) versus potential density (kg#), (c) PV (CI=30x 10~12m~1 s~1) versus

potential density (kg m3), (d) dT/dz(red contours; CI=0.2C/100 m) with salinity (colored shade; CI=0.1 psu) versus depth (@i T/dz

(black contours; CI1=0.2C/100 m) withdS/dz(psu/100 m; colored shade) versus potential density (ka)namd(f) PV (black contours;
Cl=30x10~12m~1 s~1) with dS/dz(psu/100 m; colored shade) versus potential density (K§)m

IOSTMW (within 25.8-26.2), another mode water (within low as PV in the middle ofiT/dzminimum. In this case, a
26.4-26.%6y) which we call here “the second subtropical PV minimum did not appear on 25.9-264in 30-45 E.
mode water”, and SAMW (within 26.6—2649). Next, while thedT/dzminimum appeared on 26.4-2@8in

It is worth mentioning the similarities and differences 25-40 E, the PV minimum did not appear on 26.4—26,8
of the dT/dz PV and the vertical salinity gradientdT/d2) in 25—-40 E. This difference may also come from the salin-
distributions along the 3528 line (Fig. 2b—f). First, as ity stratification (greater than 0.1 psu/100 m) on 26.4—26.8
a broad picture, the distribution of lowlS/dz (less than in 25-40 E. Finally, while adT/dzminimum appeared on
0.1 psu/100 m) corresponded to the distribution of thiwdz ~ 26.4-26.G in 50-70 E, a PV minimum appeared on 26.5—
(less than 0.8C/100 m east of 50E, less than 1.6C/100m  26.70y in 50-70 E. Again, this difference may come from
in 40-50 E and less than 14C/100m in 25-40E). This  salinity stratification (greater than 0.1 psu/100 m) denser than
agreement was better than the low PV distribution, since26.60p in 50—70 E. This salinity stratification may form a
higher dS/dz (higher than 0.1psu/100m) sometimes ap- PV minimum on a denser isopycnal than tiedzminimum
peared in the lower PV region (less than®® 12m-1s1 by around 0.by. These facts suggest that focusingdiridz
in 55-80 E). Second, there were three noticeable differencesstructure is better than focusing on PV structure in order to
between the longitudinadT/dz structure and PV structure find the remnant winter mixed layer in the Indian Ocean sub-
probably due to the salinity stratification. While ta@/dz  tropical gyre especially within the IOSTMW density range
minimum appeared on 25.9-2&d in 30-45 E, the PV (25.8-26.2%). However, focusing on PV minimum is a
minimum did not appear in these density and longitudinalgood way to trace the advected water into the interior ocean
ranges. This difference may come from the salinity strati-under the assumption of PV conservation.
fication (greater than 0.1 psu/100 m) on 26.1-26.éh 30—
40° E and 26.3-26.4y in 40-50 E. In these areas, temper-
ature and salinity compensate each other and they may form
relatively homogeneous density stratification belowdiélz
minimum. PV below thedT/dzminimum could become as
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Fig. 3. Relationship between th#T/dz(°C/100 m) and potential density (kgTh) in two selected sub-regions. The map shows the locations
of Region A (33-38 S and 28-35%E) and Region B (33-38S and 40—47E).

4 Water characteristics of the LMVTG western part of the North Pacific subtropical gyre reasonably
well by applying any single threshold ofTf/dzfrom 1.0 to
We selected two sub-regions of the western part of the In-1,.8°C/100m. It is important to note that this does not sig-
dian Ocean subtropical gyre to characterisedffdzstruc- nify the vulnerability of the LMVTG,; rather, the weak tem-
ture (Fig. 3): Region A (33-38 and 28-3%E) and Re-  perature stratification below the LMVTG causes difficulty
gion B (33-38 S and 40-47E). In both sub-regions, each in detecting the LMVTG. If sufficient temperature stratifica-
profile contained two LMVTG types: one denser and thetion (greater than 2.0C/100 m) had existed below the lighter
other lighter than 26.8y. The density range of each type LMVTG, we could have detected the lighter LMVTG in
was different in the two sub-regions. In Region A, the both sub-regions A and B reasonably by applying any sin-
denser LMVTG appeared around 26.6-26 ith adT/dz  gle threshold otiT/dzfrom 1.4 to 2.0°C/100 m.
as low as 1.2C/100m, and the lighter LMVTG around  We adapted a new method to extract multiple LMVTGs
25.7-26.2¢ had adT/dzlower than 1.4C/100m. In Re-  objectively from a singledT/dz profile with weak temper-
gion B, the denser LMVTG was around 26.4—-26y7and  ature stratification. We changed the thresholddd¥dz
the lighter LMVTG around 26.0-264, both with adT/dz  continuously from 2.0 to 0.8C/100m, at intervals of
lower than 1.0C/100m. Since the lighter LMVTG ap- 0.02°C/100 m. Because we also needed to take into account
pears as LMVTG A in the 3575 longitudinaldT/dzsec-  the denser LMVTG, multiple LMVTGs were extracted ob-
tion (Fig. 2b), the lighter LMVTG likely corresponds to the jectively. Figure 4 shows a schematic of this method with two
IOSTMW. typical vertical temperature structures. They were obtained
Although the lighter LMVTG existed in these sub-regions, at (a) 35.8S, 32.5E and (b) 35.5S, 41.5E. In (a), the
we could not extract it objectively by applying any single lighter LMVTG had a highedT/dzthan the denser LMVTG,
threshold ofdT/dz As shown in Fig. 3, we could not de- and in (b), the opposite was the case. In (a), the lighter
tect the lighter LMVTG in Region A by applying a threshold LMVTG was detected with @T/dzthreshold from 1.56 to
of 1.0°C/100 m, which was an appropriate threshold for de-1.32°C/100 m, while the denser LMVTG occurred from 1.22
tecting the lighter LMVTG in Region B. TheT/dzof the  to 1.18°C/100m. In (b), the lighter LMVTG was detected
lighter LMVTG in Region A was higher than 1°€/100m.  from 1.20 to 0.86C/100 m, while the denser LMVTG from
Conversely, we could not detect the lighter LMVTG in Re- 1.20 to 1.04C/100m. Therefore, we could detect multiple
gion B by applying a threshold of 1°€/100 m, which was  LMVTGs objectively from a single profile with weak tem-
an appropriate threshold for detecting the lighter LMVTG in perature stratification using this method. As a trade-off, we
Region A. The maximundT/dzbelow the lighter LMVTG  could not examine the thickness of the LMVTG, which de-
in Region B was lower than 1°£/100m. This situation is  pends on theT/dzthreshold. Therefore, we focused on the

different from that of other subtropical gyres. For example, water characteristics of the LMVTG core, which do not de-
we can detect the LMVTG corresponding to North Pacific pend on thickness.

STMW (Masuzawa, 1969; Suga and Hanawa, 1995) in the
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Fig. 4. A schematic of the method for detecting multiple LMVTGs from a single profile. Two typi€&dzprofiles ¢C/100 m) are shown:

(@) 35.8 S, 32.5E and(b) 35.5 S, 41.5 E. The dotted line shows the threshold df/dzwhich was varied continuously from 2.0 to
0.0°C/100 m in 0.02C/100 m intervals. Black arrows show the LMVTG detected with a ced@idzthreshold. Positions of LMVTG core
are also shown.
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Fig. 5. (a) Spatial distribution of core temperature of LMVTG afli) occurrence frequency of core water characteristics on the bivariate
classes of temperature and salinity in the 10-5020-120 E region. When two cores are detected from a sindl&lzprofile, the higher

core temperature is plotted on the spatial distribution of core temperature, and both core water characteristics are counted to calculate the
occurrence frequency. In (a), core temperatures higher thart C&Ee circled by a solid line.

We extracted water characteristics of the LMVTG core density and temperature ranges of the denser mode corre-
from a wide area (10-505, 20-120E) of the South Indian  sponded to that of SAMW and MLD C. The density and
Ocean using this method. Generally, one core was extractetemperature ranges of the lighter mode corresponded to that
from a singledT/dzprofile north of 30 S, while two cores of MLD A. Fewer LMVTG cores appeared on the density
were extracted on the north side of the STF and west ofrange of MLD B. It seems that water mass corresponding to
70° E, and on the north side of the SAF and east cfE0  MLD B does not subduct into the interior South Indian Ocean
Most of the second cores were detected in the density rangir some unknown reasons.
denser than 26&. Figure 5a shows that cores colder than The core temperatures higher than 1%5vere located in
10°C corresponding to denser SAMW were distributed anti- the western part of the Indian Ocean subtropical gyre, and
clockwise around the outer northeastern rim of the subtropthe core water characteristics around P&5and 35.5 psu
ical gyre. This characteristic agreed with previous studiesformed a maximum in occurrence frequency on the bivariate
(McCarthy and Talley, 1999; Wong, 2005). The core tem- classes of temperature and salinity. MLD distribution (Fig. 1)
perature was higher than 186 between 33-38S and 25— and the distribution ofdT/dzalong 35.8S line (Fig. 2b)
50° E. Figure 5b shows that an area census of the core temsupported that this occurrence frequency maximum corre-
perature and salinity reveals two bivariate modes around 8.0sponded to one mode water. Therefore, we concluded that
14.0°C, 34.3-35.3 psu and denser than 26.3and around this mode water corresponds to IOSTMW.
15.5-17.5C, 35.3-35.6 psu and lighter than 2643 The
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According to previous studies, it is reasonable to assumé Spatial distribution of IOSTMW
that the other much broader occurrence frequency maximum
of core water characteristics around 8.0—-P€0and 34.3— In this section, we show the limitations of the LMVTG as
35.3psu is due to two mode waters: the second subtropica? tool for describing the spatial extent of IOSTMW and ex-
mode water centered around 12.0-£&Gnd 35.0-35.4 psu amine the spatial distribution of IOSTMW from a different
formed north of the STF, and SAMW around 8.0-1G00 Viewpoint. While the North Pacific Central Mode Water
and 34.2-34.6 psu formed south of the STF. This interpreta{Nakamura, 1996; Suga et al., 1997) forms LMVTG only
tion is reasonable because the definition of the STF (10.04n the 35-40N, 160 E-160 W region, its signature as a
12.0°C and 34.6-35.0 psu at 100 dbar; Orsi et al., 1995) di-lateral minimum of low PV on the 264} isopycnal surface
vides this broad maximum into two parts through the mid- spreads widely southward down to°20 from the forma-
dle. Although these two mode waters did not appear as twdion area along the gyre flow path (Suga et al., 2004). In
occurrence frequency maxima, the MLD maxima distribu- an area of weakly stratified temperature structure below the
tion (Fig. 1) and the distribution afT/dzalong 35.5 S line mode water, the distribution of the lateral minimum of low
(Fig. 2a, b) suggested that they are independent mode waterBY does not always correspond to the distribution area of the
Therefore, water characteristics of the second subtropicatMVTG.
mode water were estimated based on winter mixed layer wa- Figure 6a shows the distribution of PV on the 2641
ter characteristics in September (Fig. 1). Sea-surface watdfopycnal surface, where the IOSTMW water characteristics
characteristics with MLD greater than 200 m, in the 5725 formed a modal class of temperature and salinity for the area
longitudinal band and north of STF were averaged. Thecensus (Fig. 5b). The lateral minimum of low PV (less than
averaged water characteristics and the standard deviatior@0x10?m~*s™1) on the 26.by isopycnal surface was
were 12.84+ 0.57°C, 35.17+ 0.11 psu and 26.5% 0.040;. distributed over the 27-3&, 25-50 E region. While the
These averaged water characteristics agreed with McDonsouthern part of this low PV corresponded quite well to the
agh et al. (2005) and this density range agreed with that oﬂiStl’ibUtiOH area of the LMVTG, the northern part did not.
LMVTG B (Fig. 2b). Through careful examination of the northern part, we con-

We calculated the averaged IOSTMW water character-firmed that the 15.5-177% layer contained T/dzas low as
istics. All core temperatures h|gher than 1935 were 1.3°C/100 m. This Iayer did not form the LMVTG because
counted. The averaged IOSTMW water characteristics andiO stronger temperature stratification existed below the 15.5-
standard deviations were 16.54.49°C, 35.51:£0.04psu,  17.5°C layer. Since the water mass is generally advected on
and 26.0+0.16y. According to Bryden et al. (2003), up- the isopycnal surface, it is reasonable to consider that the
per thermocline waters (10.0-170) along the 32S hy- whole region of the lateral minimum of PV is a remnant of
drographic line showed substantial oscillations during 1936-the winter mixed layer. Therefore, we concluded that a PV of
2002. To examine the time period that this averagedless than 30810-*2m~1s~! on the 26.by isopycnal sur-
IOSTMW water property represented, we investigated theface represented the IOSTMW region more accurately.
source data used to construct the IOHB. The source data ob- We calculated the thickness of the 15.5-IT5layer
tained in the region 30-4G and 20-50E during January— Whichis equivalentto alow PV value of 3800~ *?m~s™*
March were mainly from the period of 1960-2004, with under some assumptions. The temperature range of 15.5—
peaks in the 1970s and 1990s. Therefore, we concluded thdt7.5°C corresponded to the IOSTMW core temperature
this averaged water property represented approximately theange (Fig. 4b). Assuming that the relative vorticity is
time period from 1960 to 2004. negligible and the vertical salinity stratification is fixed, the

The water characteristics of the IOSTMW specified abovethickness of the 15.5-17°& layer can be calculated based
were compared with those described in previous studies. Then Eq. (1)
temperature specified in the present study was abdGt 1 fap 9T 58
lower than that reported by Olson et al. (1992). The tem-PV~———= <a— — —) Q)
perature difference between our results and theirs was pre- p oz 9z 0z
sumably due to the difference in the analysed area. The is the averaged IOSTMW potential densityjs a thermal
IOSTMW core temperature varies spatially, as indicated inexpansion coefficients is a saline contraction coefficient
Fig. 3, with lighter density (higher temp.) values in the west. and f is the coriolis parameter. Theandg were calculated
While the IOSTMW in Region A had a core density of ap- using the averaged IOSTMW water characteristics, ang'the
proximately 25.9t 0.20y and a core temperature of approx- was varied for 27-38S. RepresentativdS/dzwas taken as
imately 17.0+ 1.0°C, the IOSTMW in Region B had a core 0.07+0.03 psu/100 m considering the horizontal and verti-
density of approximately 264 0.109 and a core tempera- cal variation ofdS/dzwithin the IOSTMW. The mean and
ture of approximately 16.% 0.5°C. We expect our resultsto standard deviation ofiS/dzcalculated from the LMVTG
represent the IOSTMW water characteristics more accuratelgore higher than 155C were 0.066 0.031 psu/100 m. The
because we treated the core temperature more carefully ovelS/dzwithin the IOSTMW (LMVTG A) along the 35.5S
a wider region of the Indian Ocean subtropical gyre. zonal section were less than 0.1 psu/100m (Fig. 2). Under
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Fig. 6. (a) Distribution of PV (10-12m~1s71) on the 26.1; isopycnal surface. The crosses represent all LMVTG positions with a
core temperature higher than 18@, which are detected by changing the threshold of vertical temperature gradient continuously from
2.0°C/100 m to 0.0C/100 m at 0.02C/100 m intervals(b) The spatial distribution of the thickness of the 15.5-FT3ayer greater than

100 m is superimposed on the dynamic heighf §77) at 200 m relative to 1000 m.
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Fig. 7. (a)Distribution of PV (10 12m~1s~1) on the 26.%y isopycnal surfaces. The black crosses represent all LMVTG positions and red
crosses represent LMVTG positions greater than 200 m within 26.45-26.98ixed layer density of 26.5y in September is also shown

in a bold black contour(b) same as (a), but for PV on 266 and LMVTG within 26.55-26.656¢, (c) same as (a), but for PV on 2617
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Ocean Sci., 6, 4150, 2010 WwWw.ocean-sci.net/6/41/2010/



T. Tsubouchi et al.: Indian Ocean Subtropical Mode Water 49

this assumption, the calculated thickness was98 m. The  be ventilated in the South Indian Ocean subtropical gyre
uncertainty came mainly from the variation of the corio- for future studies. The positions of LMVTG thicker than
lis parameter. The area where the 15.5-2Z.3ayer was 200m within 26.45-26.5&y are also plotted on 26dy
greater than 100 m corresponded fairly well to the distribu-isopycnal surfaces. A thicker thickness criterion was ap-
tion area of low PV less than 360 12m~1s~1 on the plied because typical vertical scales of the thermostat in
26.10y isopycnal surface (Fig. 6b). Thus, we suggest thatthis density range (denser than 26,4 are larger than that
the area of the 15.5—-17°F layer greater than 100 m roughly of the IOSTMW density range (Fig. 2a). Low PV (less
represents the IOSTMW distribution area. than 120<10-2m~1s1) on the 26.%y isopycnal surfaces
spreads anticlockwise in the southwestern part of the Indian
Ocean subtropical gyre from its winter outcrop area, while
6 Conclusions low PV (less than 6810-1?m~1s71) on the 26.8 surface
(denser SAMW) spreads anticlockwise along the northeast-
We have improved the basic description (water characern rim of Indian Ocean subtropical gyre from their forma-
teristics and spatial distribution) of the IOSTMW using tion region. The correspondence between the positions of
an isopycnally averaged three-dimensional hydrographid MVTG and low PV distribution on each isopycnal layer
dataset. Following the STMW definition of Hanawa and suggests that these low PV distributions represent the flow
Talley (2001), we defined the IOSTMW as the mode wa- path of the remnant winter deep mixed layer. Therefore, we
ter adjacent to the Agulhas currents with single mode ofsuggest that the second subtropical mode water may venti-
water characteristics. From this point-of-view, we clarified late in the southwestern part of the Indian Ocean subtrop-
the relationships between several mode waters in the Inical gyre. However, the relationship between the positions
dian Ocean subtropical gyre (north of STF). As reported byof LMVTG and low PV distribution and the relationship to
previous studies, two mode waters and their correspondinghe flow field should be examined carefully. As shown in
MLD maxima were observed north of the STF: IOSTWM Fig. 2b and 2c, the PV minimum on 26.5-2647in 50—
(within 25.8—-26.2) in 28-45 E and a second subtropical 7(° E appeared deeper than the depth ofdfiédzminimum
mode water in the subtropical gyre (within 26.4—26Y in by around 0.by. Using the Argo data, the SODB and an
the 60-80E longitudinal band. We found that we could ocean general circulation model, new studies about South In-
not detect the whole IOSTMW as an LMVTG using any dian Ocean ventilation are in progress (Sallee et al., 2009;
singledT/dzthreshold because temperature stratification beKoch-Larrouy et al., 2009). Detailed examination and inter-
low the IOSTMW was weak. By changing the threshold of pretation will be left for future studies.
dT/dzcontinuously, we confirmed that a substantial mass of .
LMVTG was located in the western part of the Indian Ocean”.ck"oWledgementsMixed layer data calculated from the Argo
. . o ata and the SODB was provided by Jean-Baptiste Sallee. The
subtropical gyre and that its core water characteristics formetg

T . ctomments from two anonymous referees have improved this
a mode on the bivariate classes of temperature and sallnlt}gaper_ This study was performed as a part of the 21st Century

for the area census. Thus, we concluded that this mass Qfenter-of-Excellence (COE) Program “Advanced Science and
LMVTG corresponds to IOSTMW. The averaged water char-Technology Center for Dynamic Earth (E-ASTEC)” at Tohoku
acteristics of the IOSTMW approximately during 1960—2004 University.

were 16.54+0.49°C, 35.51+0.04psu and 264 0.10y.

The temperature of the IOSTMW was abouCllower than  Edited by: A. J. George Nurser

that reported in previous studies. The IOSTMW was dis-
tributed in 25-50E, 27-38 S. This area had a lateral min-
imum of low PV (less than 30010 ?m~1s~1) on the
26.10y isopycnal surface where the IOSTMW water char-
acteristics formed a mode on the bivariate classes of tempefakima, H.: A new method of interpolation and smooth curve fitting
ature and salinity. The IOSTMW distribution area was also based on local procedures, J. Assoc. Comput. Math., 17, 589—
approximated as the area where the thickness of the 15.5— 602, 1970.

17.5°C layer was greater than 100 m. The formation regionAoki, S., Hariyama, M., Mitsudera, H., Sasaki, H., and Sasai,
and approximate water characteristics of the second subtrop- Y.: Formation regions of Subantarctic Mode Water detected
ical mode water in the subtropical gyre were also presented. PY OFES and Argo profiling floats, Geophys. Res. Lett., 34,
Its probable formation region was 37-42 and 60—-80E 110606, doi:10.1029/2007GL029828, 2007.

in longitudinal band and north of the STF. Its approximate 2%Y¢" T FI;" ite%rqus, C{ ’gntonZV’GJ' L, Cﬁng'_gc\t/' I\l/(lj g" Lo-
water characteristics were 12.84).57°C, 35.17+0.11 psu earnini, = A, ren, 0. 2. and araa, b = Horld Leean

Atlas 2001, Vol. 2, Salinity, NOAA Atlas NESDIS 50, CD-

_ Figure 7 shows the distribution of PV on 26.5-26¢8  Bryden, H. L., McDonagh, E. L., and King, B. A.: Changes in
isopycnal surfaces based on the summer averaged IOHB ocean water mass properties: Oscillations or trends?, Science,
dataset in order to illustrate how these different layers may 300, 2086—-2088, 2003.
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