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Abstract. The three-dimensional isoneutral potential vorticity structure of the

Indian Ocean is examined using World Ocean Circulation Experiment and National
Oceanic and Atmospheric Administration conductivity-temperature-depth data and
historical bottle data. The distribution of the potential vorticity is set by the Indian
Ocean’s source waters and their circulation inside the basin. The lower thermocline
has a high potential vorticity signal extending westward from northwest of Australia
and a low signal from the Subantarctic Mode Water in the south. The Antarctic

Intermediate Water inflow creates patches of high potential vorticity at intermediate
depths in the southern Indian Ocean, below which the field becomes dominated by
planetary vorticity, indicating a weaker meridional circulation and weaker potential
vorticity sources. Wind-driven gyre depths have lower potential vorticity gradients
primarily due to same-source waters. Homogenization and western shadow zones are
not observed. The j-effect dominates the effect of the Somali Current and the Red
Sea Water on the potential vorticity distribution. Isopleths tilt strongly away from
latitude lines in the deep and abyssal waters as the Circumpolar Deep Water fills the
basins in deep western boundary currents, indicating a strong meridional circulation
north of the Antarctic Circumpolar Current. The lower-gradient intermediate layer
surrounded vertically by layers with higher meridional potential vorticity gradients
in the subtropical Indian Ocean suggests that Rossby waves will travel ~1.3 times
faster than standard theory predicts. To the south, several pools of homogenized

potential vorticity appear in the upper 2000 m of the Southern Ocean where gyres
previously have been identified. South of Australia the abyssal potential vorticity

structure is set by a combination of the Antarctic Circumpolar Current and the

bathymetry.

1. Introduction and Background

Potential vorticity plays an important role in large-
scale oceanography, acting both passively as a tracer
and dynamically to direct the flow. The potential vor-
ticity distribution reflects features of the large-scale cir-
culation and provides insight into the dynamics which
govern it. Potential vorticity is the natural dynamic
variable for large-scale circulation and planetary waves,
and the conservation of potential vorticity forms the
theoretical basis for the circulation as well as for plan-
etary wave propagation.

Theoretical and observational studies of the poten-
tial vorticity field have concentrated on the thermocline
and the upper wind-driven layers of the ocean. The as-
sumption of Sverdrup dynamics leads to a #-dominated
potential vorticity field, which in turn implies that the
potential vorticity isopleths follow latitude circles. Sev-
eral theories explain the mechanisms by which the po-
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tential vorticity can be altered from the background S
assumption while maintaining the Sverdrup constraint
on the vertically averaged flow. In a series of three
papers, Rhines and Young [1982a, b] and Young and
Rhines [1982] showed that potential vorticity becomes
homogenized inside a gyre’s closed streamlines through
eddy mixing at thermocline depths that are not directly
subject to Ekman layer convergence/divergence. Sub-
tropical gyres shift poleward with depth, and the flow is
very weak in regions where potential vorticity isopleths
intersect the eastern boundary.

Luyten et al. [1983] considered layers that outcrop
and are subsequently subducted, arguing that ventila-
tion sets potential vorticity along characteristics that
originate in the outcropping regions. Potential vorticity
is then conserved as the subducted water parcel travels
around the gyre. Unventilated regions, or shadow zones,
exist in this model where streamlines do not intersect
the outcrop region.

These theories complement each other: The former
does not treat the ventilated layer, while the latter ig-
nores eddies and other transient instabilities. The theo-
ries were refined as Pedlosky and Young [1983] combined
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them to show their nonlinear interaction and the flow
that results. The basic result is homogenization within
the western shadow zone, 8 structure (no flow) in the
eastern shadow zone, and elsewhere potential vortic-
ity set at layer outcrops. Both circulation schemes are
reduced in intensity since the Sverdrup transport is di-
vided between them.

Observations and models of the potential vorticity
have found many of the features predicted by the above
theories [Holland et al., 1984; Talley, 1985] and have
elucidated other potential vorticity patterns. Looking
at potential vorticity on isopycnals to ~2000 m, Mc-
Dowell et al. [1982] considered the North Atlantic,
while Keffer [1985] examined the world’s oceans. These
observations showed potential vorticity set in venti-
lated regions, homogenization in nonventilated regions,
and poleward gyre recession with depth. You and Mc-
Dougall [1990] found homogenized neutral surface po-
tential vorticity in the North and South Atlantic wind-
driven gyres. Talley’s [1988] investigation of the full
water column potential vorticity in the North Pacific
confirmed previous observations. Her analysis also un-
earthed a correspondence between areas of Ekman up-
welling (tropics, eastern boundary of subtropical gyre,
and subpolar gyre) and high potential vorticity. Several
studies have used characteristic low potential vortic-
ity to trace the Subtropical and Subpolar Mode Water
masses [McDowell et al., 1982; Talley and McCartney,
1982; Keffer, 1985; Dewar, 1986; Talley, 1988].

More recent studies have expanded the analysis of
potential vorticity to deep and abyssal waters, consid-
ering the effects of thermohaline circulation. O’Dwyer
and Williams [1997] examined the deep and abyssal wa-
ters in all of the oceans, finding that potential vorticity
often deviates significantly from the S-domination ex-
pected from abyssal flow. At middepths, they found
patterns to be [S-dominated, as observed in the North
Pacific [ Talley, 1988]. However, in the deep and abyssal
water, the South Pacific and South Atlantic have in-
clined (NW-SE) isopleths, while homogenized potential
vorticity is found in the North Pacific and North At-
lantic. Both patterns suggest relatively vigorous merid-
ional circulation. In the Indian Ocean, O’Dwyer and
Williams [1997] found that all abyssal levels examined
have primarily a zonal potential vorticity distribution
except for a slight inclination of isopleths in the bottom
water. Any deviations from [ were within the error
limits of their analysis.

With new observations of Rossby wave propagation
revealing phase speeds up to 2 times greater than pre-
dicted by standard theory [Chelton and Schlaz, 1996],
recent papers have discussed the theoretical implica-
tions of the potential vorticity field through which the
waves travel. Killworth et al. [1997] and Dewar [1998]
showed that including a baroclinic mean flow in the
analysis gives phase speeds like those observed. In the
same vein, de Szoeke and Chelton [1999] showed that
a three-layer model with a homogenized second layer
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between higher-gradient first and third layers gives the
appropriate shear to account for the observed Rossby
wave speed increase.

This study seeks to examine the Indian Ocean’s ther-
mocline to abyssal potential vorticity structure, which
previous studies have found to be mostly 3-dominated.
Several high-quality data sets recently have become
available, and a more detailed analysis is now possible.
The Indian Ocean adds unique features to the study
of potential vorticity with its complicated bathymetry,
prominent link to the Southern Ocean, and reversing
monsoonal currents. Several new studies have care-
fully examined aspects of the Indian circulation [Fine
et al., 1988; Park et al., 1993; Toole and Warren, 1993;
Mantyla and Reid, 1995; Park and Gamberoni, 1995;
Hufford et al., 1997; McCarthy et al., 1997; Talley and
Baringer, 1997; Robbins and Toole, 1997], providing a
helpful background for understanding the observed po-
tential vorticity patterns. Thermocline water masses
have been carefully defined [You and Tomczak, 1993;
You, 1996], and they may have unique potential vortic-
ity signals. From TOPEX/POSEIDON data, Stammer
[1997] found high eddy variability at ~15°S in the In-
dian Ocean that may be related to changes in the poten-
tial vorticity gradient shown below. The active wind-
driven currents in the Indian Ocean overlie a strong
abyssal circulation, allowing the possibility of compar-
ison between the relative effects of each on potential
vorticity. The potential vorticity is mapped on several
neutral surfaces to provide a steady state picture of the
potential vorticity as well as to develop a better under-
standing of the thermohaline circulation’s effect on the
potential vorticity signature. The de Szoeke and Chel-
ton [1999] framework is applied to the observed poten-
tial vorticity gradients to provide an estimate of their
effect on planetary wave propagation.

2. Data and Methods

Potential vorticity is mapped using conductivity-tem-
perature-depth (CTD) data and high-quality historical
bottle data, highlighting many smaller scale features
not previously identified. The CTD data include all of
the U.S. World Ocean Circulation Experiment (WOCE)
Indian Ocean data from 1995-1996 cruises, the National
Oceanic and Atmospheric Administration (NOAA) re-
peat Indian Ocean cruises in 1995, the 1987 32°S cruise,
the Australian 1995 WOCE 155°E line, and the French
Suzil cruise in 1991. For cruise tracks and information,
see http://www-ocean.tamu.edu/ WOCE /uswoce.html.
The historic bottle data are from the Indian and Pa-
cific Reid-Mantyla data sets [Mantyla and Reid, 1995;
Reid, 1997]). The concurrent use of CTD and bottle
data will be discussed below.

Potential vorticity is given by

(f+&)p

Q= p Oz

(1)
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where f is the planetary vorticity, £ is the relative vor-
ticity (vy —uy), and (1/p)0p/0z is the stretching term.
In large-scale studies where the Rossby number is small,
the relative vorticity is negligible in comparison with the
other two terms except in strong boundary currents.
Hall [1994] compared the relative sizes of the potential
vorticity terms in the Gulf Stream and concluded that
both the relative vorticity and the horizontal vorticity
terms (not in equation (1)), which must be included
to account for steep isopycnal slopes, are of the same
order. Together they comprise as much as 25% of the
stretching term. In strong currents, then, our poten-
tial vorticity may be in error up to 25%. However, a
comparison between the total potential vorticity and
(f/p)(0p/dz) [Hall, 1994] indicates that the patterns
are remarkably similar. Gille [1997] finds that relative
vorticity is negligible even in the strong Antarctic Cir-
cumpolar Current (ACC). Therefore the potential vor-
ticity is approximated as @ ~ (f/p)(9p/0z) and cal-
culated from hydrographic data. Following Talley and
McCartney [1982] and Talley [1988], the quantity plot-
ted here is -(f/g)N? 10'* (cm s)~!, where N? is the
Brunt-Vaisala frequency -(g/p)(0p/0z), and the sign of
Q is ignored in our figures and plates.

Potential vorticity was plotted on 11 neutral den-
sity surfaces chosen to sample the Indian Ocean water
masses. Neutral density (y") surfaces were calculated
using the code from Jackett and McDougall [1997]. Neu-
tral surfaces are the most consistent when the mapping
range extends across entire ocean basins and particu-
larly when the range crosses the ACC where isopycnals
make large depth excursions [McDougall, 1987). These
neutral surfaces are comparable to Reid’s [1994, 1997]
use of patched g, 01, 02, 03, and g4 surfaces. Our
own comparison using Reid’s method across the ACC
shows the neutral and patched surfaces to be nearly
identical. The surfaces are grouped into five vertical
layers: Subantarctic Mode Water (SAMW); Antarctic
Intermediate Water (AAIW); oxygen minimum layer;
Indian Deep Water (IDW), which includes North At-
lantic Deep Water (NADW); and Lower Circumpolar
Deep Water (LCDW). Layers do not perfectly coincide
with water masses, and each map indicates the layer’s
pressure. Table 1 lists the surfaces, the water masses
they best represent, and the approximate pressures and
potential densities that they cross for reference. Note
that the y" surfaces were those considered and do not

Table 1. Layers of the Indian Ocean
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Figure 1. Potential vorticity [107!* (cm s)~!] from
conductivity-temperature-depth (CTD) and bottle data
at 80°E, 11°S. The CTD (solid line) and bottle (dashed
line) data were taken simultaneously on the World
Ocean Circulation Experiment (WOCE) 80°E line in
March 1995. Also shown for comparison is the poten-
tial vorticity from a CTD profile (dotted line) at the
same location from the National Oceanic and Atmo-
spheric Administration (NOAA) repeat section in Oc-
tober 1995. The location is represented by the dot on
Figure 3 at 80°E, 11°S.

represent end points of water masses. We have chosen
not to consider layers in the upper thermocline that out-
crop in the subtropical gyre and are highly affected by
monsoonal variability. In the SAMW layer and deeper,
monsoonal variability is decreased and geographically
isolated to the Somali coast and Indonesian Through-
flow [You, 1997].

Because of the difference in vertical sampling between
the CTD and bottle data, the technical calculation of
potential vorticity differs. From the 2-dbar CTD data,
the potential vorticity is calculated at each sampling
point using a Gaussian smoothing with a vertical half

~" Layer Description Pressure, dbar Potential Density
26.81 and 26.88 SAMW 250-500 26.73-26.804, 31.24-31.501
27.15 and 27.35 AATW 500-1400 27.0-27.304, 31.51-31.7801
27.60 and 27.74 oxygen minimum layer 1000-2000 32.02-32.201, 36.690>
27.95, 28.09, and 28.12 IDW 1900-4140 36.9-36.9102, 41.49-41.53073, 45.88-45.8904
28.14 and 28.16 LCDW 3200-4600 41.54-41.5603, 45.91-45.9404
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Figure 2. (a) Vertical section of v* (kg/m?3) versus pressure (decibars) at 95°E from WOCE

sections. (b) Vertical section of potential vorticity [107'* (cm s)~!] plotted against v (kg/m?3)
at 95°E. See Figure 3 for station track along ~95°E. (c) Vertical section of potential vorticity
[107 (cm s)™!] versus pressure (decibars) at 32°S.

width of 50 dbar for the noisy N? derivative. Potential
vorticity is then output at 20-dbar intervals and linearly
interpolated to the desired neutral surfaces. The bot-
tle data sampling is sparser and uneven, with higher
resolution in the upper water column where the strati-
fication is greater. Neutral surfaces are calculated from
the original bottle data, and then the original data and
~™ are interpolated to 10-dbar intervals using a cubic
spline. From this interpolated 10-dbar data, the neutral
surfaces and data are linearly interpolated to v™ levels
at an interval of 0.02 kg/m?. Finally, N? and potential
vorticity are calculated.

While the sampling difference between bottle and
CTD data makes their combined use potentially prob-
lematic, comparison between the two fields indicates
that they are compatible. Figure 1 shows a represen-

tative comparison between the two data types taken at
the same location on the same cruise. They are also
compared with a CTD profile repeated several months
later at the same location (see Figure 3, 80°E, 11°S for
location). Figure 1 shows the two data types can be
used in combination because their differences are the
same order of magnitude as repeat section differences.
The potential vorticity was hand-contoured on 11 4
surfaces. Anomalous data points, which were largely
due to uneven quality of the bottle data, were ignored.
Six surfaces are shown: two representative of different
levels of the SAMW and one representative of each of
the other four water mass layers listed in Table 1. The
remaining five surfaces had most features in common
with those displayed here. While temporal variability
was not examined, the contourability of data from dif-
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Figure 2. (continued)

ferent seasons and years suggests that the features are
robust with respect to monsoonal variability.

Figure 2 shows meridional vertical sections of neutral
density (y™) versus pressure and potential vorticity ver-
sus y" from Antarctica to the northern Bay of Bengal
along 95°E from WOCE sections and a vertical section
of zonal potential vorticity at 32°S (see 95°E and 32°S
sections on Figure 3 for location). Figure 2a indicates
that the shallowest layer displayed, v* = 26.81, lies at
~300 dbar and that the water column is well covered
by the chosen 7™ levels (Table 1). The subtropical gyre
is seen in the bowling neutral surfaces, and the ACC’s
several fronts appear as large vertical neutral surface ex-
cursions. In the deep and abyssal waters between 40°S
and 45°S, neutral surfaces reverse slope near 3000 dbar.
A similar reversal occurs near 4500 dbar at 10°S.

The meridional potential vorticity in Figure 2b and
the zonal section of potential vorticity in Figure 2c
clearly mark several of the layers. The SAMW is seen
as a low potential vorticity intrusion centered at ™ ~
26.85 (~500 dbar), reflecting its nearby surface origin.

Below it, the AAIW is a vertical maximum. Strong
horizontal gradients dominate near the equator where
f goes to zero. Deep and abyssal water masses have
no unique potential vorticity signatures such as min-
ima or maxima. Their effect on potential vorticity is
apparent from the increased vertical potential vortic-
ity gradient for y™ greater than 27.90 (Figure 2b) and
pressures greater than ~2500 dbar (Figure 2c).

For an ocean at rest the potential vorticity depends
on f/h, where h is layer thickness. In the upper
ocean, this creates a background potential vorticity gra-
dient which is 3, with h constant. On deep surfaces
near bathymetry, the background state also depends on
bathymetry. Assuming a relatively flat neutral surface
at middepth, a measure of resting state potential vor-
ticity that incorporates bathymetry is f/h, where h is
the distance from the neutral surface to the bottom.
This potential vorticity is high over shallow bathymetry
where h is small and low in deep basins where A is
large. The assumption of a middepth level where neu-
tral surfaces are nearly flat is appropriate in the Indian
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Ocean except across the ACC where surfaces make 500-
to 1000-m excursions (Figure 2a). The resting bathy-
metric background state plotted here (Figure 3) uses
the neutral surface v = 27.74, which lies at ~1500 m.
Since this surface is not flat across the ACC, the bathy-
metric potential vorticity is altered slightly by the ACC.
The ACC’s most obvious modification of the resting
bathymetric potential vorticity is that the high asso-
ciated with the Southeast Indian Ridge (see Figure 4
for location) is shifted slightly northward south of Aus-
tralia. If the isopycnals were flat, the high would be
directly over the ridge. The northward offset arises be-
cause the isopycnals directly over the crest of the ridge
have already begun their steep ascent north of the ridge,
increasing h (see Figure 2). To the northern side of the
bathymetric peak, the bottom is shoaling quickly while
the isopycnals remain flat. Thus the observed high is
centered just north of the ridge where h is a minimum.
Resting state, bathymetrically set potential vorticity
highs are observed over other ridges (e.g., Ninetyeast
Ridge, Madagascar Ridge) in Figure 3.

700 750 g0° 85 age

(continued)

3. Neutral Surfaces

Three major basins, the Mascarene, Central Indian,
and West Australian, are separated by ridges and parti-
tion the northern and central Indian Ocean, and an ex-
tensive series of ridges and basins is found in the south-
ern Indian and Southern Oceans (Figure 4). The fol-
lowing discussion proceeds from the shallowest surface
to the deepest. We do not show any surfaces represen-
tative of the upper thermocline.

3.1. Subantarctic Mode Water: Neutral
Density v* = 26.81 and 26.88

In the southern Indian Ocean, the SAMW dominates
much of the top 500 m of the water column. SAMW is
formed as winter cooling leads to convective overturn-
ing and the formation of a deep mixed layer just north
of the Subantarctic Front [McCartney, 1977). SAMW
is then subducted into the thermocline where it be-
comes part of the Indian Central Water (ICW) [Sver-
drup et al., 1942; Warren, 1981; You and Tomczak,
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Figure 3. Contour map of background bathymétric potential vorticity [10~" (cm s)~!] calculated
using the distance from the ™ = 27.74 neutral surface to the bottom. The potential vorticity
approaches infinity at the coasts (not shown). Black dots are stations used in contouring. See

the text for explanation.

1993]. Mode water lends itself well to potential vortic-
ity analysis since it is identified by a weak vertical den-
sity /temperature gradient that creates a vertical and
lateral potential vorticity minimum. The Indian Ocean
SAMW is commonly divided into three density ranges:
26.65-26.705, which dominates in the southwestern In-
dian Ocean; 26.7-26.804, which dominates in the central
Indian; and 26.8-26.8504, which dominates in the south-
eastern Indian [McCartney, 1982; Fine, 1993). The
lightest-mode water is separated both in physical and
density space from the other two types and is associ-
ated with the Agulhas circulation [McCartney, 1982;
Fine, 1993]. The two surfaces that are shown here, y”
= 26.81 and 7" = 26.88, intersect the intermediate and
dense varieties of the SAMW.

Contained in the SAMW layer are the Indonesian
Throughflow Water (also called the Australasian Medi-
terranean Water [ You and Tomczak, 1993]), the Persian
Gulf outflow water, and the North Indian Central Wa-
ter (aged ICW/SAMW [You and Tomczak, 1993]). The
Indonesian Throughflow Water is a low-salinity, surface-

. intensified feature that is advected westward along 10°S

to Madagascar. Persian Gulf Water is the shallow high-
salinity water mass in the Arabian Sea. Large river
runoff and excess of precipitation over evaporation cre-
ate a fresh surface layer in the Bay of Bengal. The
strong halocline below this fresh layer lies at the top
of the surfaces we consider. Near Somalia, this layer is
strongly affected by seasonally reversing currents and
seasonal upwelling.

On ™ = 26.81 (Plate 1a), from 10°S to 10°N in the
tropics, potential vorticity is S-dominated. In the Ara-
bian Sea, the outflow from the Persian Gulf creates a
southward tongue of high potential vorticity similar to
the high-salinity tongue on comparable surfaces given
by You and Tomczak [1993]. The river outflows in the
Bay of Bengal create a strong halocline which shows up
as a tongue of higher potential vorticity below the out-
flow. Shallow isopycnal layers (lighter than those here)
of Keffer [1985] show similar patterns.

The rest of the map shows potential vorticity domi-
nated by the circulation of source waters in the basin.
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Plate 1. Contour map of potential vorticity [107!* (cm s)~!] plotted on (a) the y* = 26.81
surface and (b) the ¥ = 26.88 surface in the Subantarctic Mode Water (SAMW) layer. Green-

indicates highs, and red indicates lows. Grey shading marks the edge of the neutral surface.
Shown to the right is pressure as a function of latitude on the respective surfaces.

v



MCCARTHY AND TALLEY: INDIAN OCEAN POTENTIAL VORTICITY

70°S

o 400 800 1200
P (dbar)

11000}

Plate 2. Contour map ot potential vorticity [IU ~° (CM §) ~| PIOLLEU OLL (&) LUE 7} = 41.00
surface in the Antarctic Intermediate Water (AAIW) layer and (b) the 4™ = 27.74 surface in
the oxygen minimum layer. Green indicates highs, and red indicates lows. Grey shading marks
the edge of the neutral surface. Shown to the right is pressure as a function of latitude on the
respective surfaces.
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Plate 3. Contour map of potential vorticity [107** (cm s)™*] plotted on (a) the v = 28.09
surface in the Indian Deep Water (IDW) layer with the 3000-m isobath and (b) the y™ = 28.14
surface in the Lower Circumpolar Deep Water (LCDW) layer with the 3500-m isobath. Green
indicates highs, and red indicates lows. Grey shading marks the edge of the neutral surface.
Shown to the right is pressure as a function of latitude on the respective surfaces.
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Figure 4. Major basin and ridge systems of the Indian and Southern Oceans plotted with the

4000-m isobath.

The S-dominated pattern of the tropics is interrupted
at 10°S by a zonal ridge of high (green) potential vor-
ticity. The influence of this high extends westward to
within 10° of Madagascar as it is carried by the South
Equatorial Current. The high potential vorticity signal
originates off the northwest coast of Australia at the
Exmouth Plateau and curves north with the gyral cir-
culation. As it reaches 10°S, the high signal appears to
be picked up and carried by the Indonesian Through-
flow jet. The Indonesian Throughflow Water might be
expected to have its own high potential vorticity signal
due to its constricted entrance into the Indian Ocean.
However, the signal suggests that the §-effect dominates
any decrease in isopycnal spacing. The (-effect also
overwrites the Somali Current’s signature on potential
vorticity. The low signature of SAMW (red) originates
near the southwest corner of Australia and curves to
the north and west following the circulation of the sub-
tropical gyre. Keffer’s [1985] map for the layer oy =
26.5-27.0 also shows a low in the subtropical gyre.
Plate 1b (y™ = 26.88) crosses the densest variety of
the SAMW. Its origin south of Australia is evident from
the low which extends south of Australia and through-
out the return circulation of the gyre. On both of the

surfaces in this layer, the SAMW is coincident with the
wind-driven gyre. However, the lower gradients there
appear to be caused primarily by the common source
water. Homogenization in a western shadow zone is
not seen. Most of the basin is 8-dominated outside of
the gyre. A low near 25°E, 37°S appears on both this
level and on /"™ = 26.81. This may be an Agulhas eddy.

Figure § shows the 4™ value of the vertical potential
vorticity minimum in the v" range 26.0-27.35. It clearly
depicts the separation in physical and density space be-
tween the lighter-mode water in the southwest and the
heavier-mode water in the southeast. The lighter-mode
water is on the warm side of the Agulhas Retroflection,
which merges with the Subantarctic Front. Therefore
this variety of mode water has both subtropical and
subpolar influence. South of Australia, the minimum
potential vorticity lies near v = 27.0, which is the dens-
est variety of SAMW in the Indian Ocean [McCartney,
1982; Fine, 1993]. On the northern edge of Antarc-
tica, the potential vorticity minimum lies outside the
SAMW density range with " greater than 27.2, but
this water is well separated from the SAMW formation
region by the ACC. The low potential vorticity here is
likely formed by deep winter mixed layers. At most,
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Figure 5. Contour map of the 7" value (kg/m?) where potential vorticity is a minimum in the
Y™ = 26.0-27.35 range.

only minimal amounts of the water within these mixed
layers cross the ACC. To the north, the density of the
potential vorticity minimum also increases as the min-
imum is eroded away from above by the high potential
vorticity carried by the Indonesian Throughflow Water.

3.2. Antarctic Intermediate Water: Neutral
Density v = 27.15 and 27.35

The next levels were chosen to represent AAIW, the
low-salinity water mass present in each of the three
southern oceans. In the Indian Ocean, the core of this
salinity minimum lies near 27.2¢0p and ranges between
27.1 and 27.30¢ [Fine, 1993]. In a comprehensive study
of the AAIW using CFCs, Fine [1993] identified its ma-
jor circulation pathways in the Indian Ocean. The main
and most northward injection occurs between 60°E and
64°E, with other injections between 35°E and 50°E and
in the southeast Indian basin from south of Australia.
CFC ages indicate that the latter AAIW may have first
circulated in the South Pacific before traveling west-
ward into the Indian.

In the AAIW layer, Red Sea Water dominates the
Arabian Sea and crosses the equator in the Mozam-
bique Channel, and its high salinity signature is inter-
spersed with AAIW in the Agulhas and the Agulhas
Retroflection [Fine et al., 1988]. The Leeuwin Current
flows south along the northwest coast of Australia. The
subtropical gyre and Agulhas Current are still active in
these layers [Gordon et al., 1987).

AAIW is a vertical maximum in potential vorticity
between the low potential vorticity mode water above
and the low potential vorticity deep water below (see

Figure 2b). Whereas the Atlantic AATW has a low po-
tential vorticity signal upon leaving its formation region
in the southwest Atlantic, the Indian Ocean is too far
downstream to maintain this signature [Talley, 1996].
On 4™ = 27.35 (Plate 2a) as on the 31.70; isopycnal
shown by Talley [1996], the three main pathways iden-
tified by Fine [1993] are apparent. An extensive high
originating south of Australia enters the return arm of
the gyre. It is most likely locally generated south of
Australia as the AAIW circulates northward and west-
ward into the Pacific Ocean from its eastward traverse
along the Subantarctic Front from the Atlantic [Tal-
ley, 1996]. The second high near 65°E has the most
northern extent, and a third hugs the southeast coast
of Africa. This supports the idea of exchange between
the Indian and Atlantic [Fine et al., 1988; Gordon et
al., 1992; Talley, 1996] since the Agulhas runs through
this pocket of AAIW. Similar to the SAMW, the AAIW
is found in the subtropical gyre region, where gradients
are also reduced. Once again, the reduced gradients ap-
pear to be primarily the result of the common source
waters. You and McDougall [1990] map potential vor-
ticity on the y™ = 27.25 surface and show the central
and eastern high as well and the banded low farther
south, as does Keffer [1985] on oy= 27.0-27.3. Keffer
[1985] attributes the zonal low to a data artifact, while
both Talley’s [1996] analysis based on limited data and
the new data suggest that it is a robust feature. This po-
tential vorticity low corresponds to the region of higher
~™ north of Antarctica seen in Figure 5.

The tropical and northern parts of this surface are
B-dominated. The Red Sea Water has no potential vor-
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ticity signature due to its proximity to the equator. The
isopleths that tilt to the south against the western coast
of Australia may be due to the southeastward Leeuwin
Current.

3.3. Oxygen Minimum Layer: Neutral Density
" = 27.60 and 27.74

The oxygen minimum layer has no Indian Océan
sources. It lies near 1500 m, mostly outside of the influ-
ence of the wind-driven circulation [Reid, 1981; Toole
and Warren, 1993]. Plate 2b, v* = 27.74, shows that
isopleths in this layer generally follow latitude circles,
indicating B-domination. You and McDougall [1990]
show potential vorticity at v = 27.5, where the in-
fluences of both the more homogenized AAIW layer
above and the 3-dominated oxygen minimum layer be-
low can be seen. The expected pattern is S-domination
on a level that is outside the wind-driven influence and
that has no direct water mass sources (see Figure 2).
Therefore we choose this surface for our calculation of
the background potential vorticity for the abyssal ocean
(section 2).

3.4. Indian Deep Water: Neutral Density " =
27.95, 28.09, and 28.12

In this layer, thermohaline circulation plays a deter-
mining role in the distribution of potential vorticity.
This layer encompasses the warm and salty NADW that
enters south of Africa [Mantyla and Reid, 1995] and
which is constrained to the Mozambique Channel with
only a small overflow through the Madagascar Ridge
to the western Madagascar Basin [Toole and Warren,
1993]. Deep water enters the three main basins in deep
western boundary currents and circulates in a generally
cyclonic sense. In the Southern Ocean, cyclonic gyres
have been identified in both the Weddell-Enderby and
the Australian-Antarctic Basins [Park and Gamberoni,
1995]. A cyclonic circulation is also established south
of Australia where an eastward flow against the coast
is returned westward just south of 40°S [Hufford et al.,
1997].

The potential vorticity observed on v™ = 28.09 (Plate
3a) clearly shows the deep waters entering the basins.
In the Crozet and Madagascar Basins, the isopleths tilt
to the northeast. The tilting is especially strong in
the Crozet Basin as Circumpolar Deep Water moves
northward in the west while North Indian Deep Water
flows southward in the east [Park et al., 1993; Toole
and Warren, 1993]. Tongues of high potential vorticity
move north into the Mozambique Channel and the Cen-
tral Indian Basin. Although this plate does not show
any strong alteration of the isopleths due to inflow into
the West Australian Basin, the other mapped surfaces
(v™ = 27.95 and 28.12) in this layer do (not shown).
Deep water can also be seen entering the Arabian Basin.
The gradients are lower in the Weddell-Enderby and
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Australian-Antarctic Basins, which may be due to ho-
mogenization by the gyres observed there.

A comparison between the bathymetric resting poten-
tial vorticity (Figure 3) and the observed potential vor-
ticity is useful for these deep surfaces. The observed po-
tential vorticity (higher in the basins, lower over topog-
raphy) is the reverse of the bathymetric pattern, sug-
gesting that it is not bathymetrically controlled. The
pattern south of Australia (from north to south) of
low-high-low is the only feature which appears to be
highly influenced by bathymetry. However, the circula-
tion here still plays a strong role. The topographic high
should be centered right over the ridge, but the ACC
appears to have shifted the high to the north. The
northward shift is due to the vertical divergence of neu-
tral surfaces near 40°S in the deep ocean, as described
(see section 2).

These patterns differ from those observed by O’Dwyer
and Williams [1997]. In this layer, they observed a
mostly S-dominated structure, and any deviations were
within their error limits. This discrepancy can be ex-
plained by the new high-resolution data used in our
study and by our avoidance of smoothing bias by using
hand contouring.

3.5. Lower Circumpolar Deep Water: Neutral
Density 7* = 28.14 and 28.16

Potential vorticity in this layer is very similar to that
of the IDW. However, topography partitions the basins
more completely at these depths. LCDW enters the
Crozet/Madagascar and West Australian Basins in deep
western boundary currents. The Central Indian Basin
is isolated except for a couple of deep sills in the Nine-
tyeast Ridge. The main overflow occurs at 11°S [ War-
ren, 1982; Mantyla and Reid, 1995] with a smaller one at
28°S [Toole and Warren, 1993; McCarthy et al., 1997].
The Weddell-Enderby, Australian-Antarctic, and South
Australian Basins exhibit cyclonic circulations [Park
and Gamberoni, 1995; Hufford et al., 1997].

The ™ = 28.14 surface was chosen to represent this
layer (Plate 3b). Active meridional circulation deter-
mines the potential vorticity pattern. The isopleths of
the Crozet and Madagascar Basins tilt very strongly to
the northeast as the western boundary current carries in
bottom water. The isopleths of salinity and oxygen in
this layer of the Crozet Basin also exhibit a similar ori-
entation [Park et al., 1993]. Bottom water entering the
West Australian Basin also tilts isopleths to the north-
east. In the Central Indian Basin, the 28°S overflow
[McCarthy et al., 1997] is apparent as a relative low, as
is the 11°S overflow. The southward spreading tongue
of low potential vorticity in the Central Indian Basin
probably reflects the spreading of the overflow water
there [Warren, 1982]. The gradients are again slightly
lower in the Weddell-Enderby and Australian-Antarctic
Basins. The bathymetric low-high-low pattern south of
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Australia still appears, as in the IDW layer, with the
high offset to the north.

These patterns in the deep and abyssal waters, which
differ markedly from both the S-dominated and bathy-
metric potential vorticity, indicate a strong meridional
circulation in the deep Indian Ocean. Tilted potential
vorticity contours and tongues show that deep water is
entering the western side of the basins. These signa-
tures indicate the flow’s strength, since isoneutral sur-
faces have been altered so that meridional flow does
not cross potential vorticity isopleths [O’Dwyer and
Williams, 1997).

4. Geographical Areas

A brief top-to-bottom description of the potential
vorticity in the main geographic areas of the Indian
Ocean serves to both summarize and give a better three-
dimensional picture of the structure.

4.1. Tropics ‘

For the upper and intermediate layers of the Indian
Ocean, the potential vorticity field is S-dominated in
tropical latitudes between 10°S and 15°N. The poten-
tial vorticity gradient changes sign at the southern edge
of the region of 3-domination (Figure 2b near 15°S),
which allows for instability and corresponds to the in-
creased variability observed by Stammer [1997]. Ap-
proaching the equator, potential vorticity becomes van-
ishingly small as f goes to zero. In the upper layers,
this effect dominates any change in h, which is rela-
tively negligible. In the deep and abyssal waters, how-
ever, the region of 8-domination shrinks to within 5° of
the equator. For a substantial region of the tropics, the
deep flow is strong enough to cause an alteration in A
which is of the same order as the decrease in f. The
most salient alteration from S occurs on 4™ = 28.14
(Plate 3b) where there is evidence of southward flow in
the Central Indian Basin.

4.2. Northern Indian Ocean

The northern Indian Ocean contains the Arabian Sea
and the Bay of Bengal and is bordered to the south by
the tropics. These areas exhibit potential vorticity pat-
terns altered from 3 by flow at many of their depths. In
the upper layers, the outflow waters and the increased
gradients associated with them bow the isopleths south-
ward. In the intermediate waters, the § pattern re-
sumes. Deeper in the water column, the Arabian Sea
shows some perturbation by deep water inflow (Plate
3a) while the other layers remain S-dominated. The
area of the Bay of Bengal quickly shrinks with depth,
and the portion that contains deep surfaces remains -
dominated.

4.3. Western Indian Ocean

The western Indian Ocean is defined here as the
basins north of ~40°S and west of ~70°E, including
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the Madagascar, Mascarene, and Crozet Basins and the
Mozambique Channel. The upper layers of the ocean
show potential vorticity set by circulating source waters.
Both the SAMW and the Indonesian Throughflow Wa-
ter extend this far west. Near the east coast of Mada-
gascar, the irregular pattern in the upper layers may
be due to the South Equatorial Current splitting, with
one branch going north and the other south, and/or
the strong seasonal differences found there [You, 1997].
While the data off the coast of Africa (south of the
Mozambique Channel) are somewhat sparse, the poten-
tial vorticity pattern shows some suggestion of south-
ward modification by the Agulhas (Plates la and 1b).
AAIW has a very strong signal in this portion of the
ocean. Its high potential vorticity has relatively lower
gradients and borders the west coast of Africa with an-
other northward intrusion between 60°E and 80°E.

Waters in the oxygen minimum layer show S-domina-
tion, while deep waters have highly tilted (NW-SE)
potential vorticity contours. The Crozet, Madagascar,
and Mascarene Basins show the most noticeable poten-
tial vorticity signature due to the inflow of abyssal water
in deep western boundary currents. On deep levels, the
isopleths are nearly meridional, and this pattern per-
sists to the bottom. The severity of the tilting here
suggests this western arm of the deep western bound-
ary currents may be more active than those entering
the Central Indian and West Australian Basins.

4.4. Eastern Indian Ocean

The eastern Indian includes the southern portions of
the Central Indian and West Australian Basins as well
as the Perth Basin. The upper layers show potential
vorticity as a tracer of source waters circulating in the
subtropical gyre. High potential vorticity originates off
the northwest coast of Australia and is advected west-
ward just south of the Indonesian Throughflow in the
north, and low potential vorticity marks the SAMW in
the south. These water masses and the potential vor-
ticity signatures they carry enter the gyre’s circulation
(Plate 1). Deeper, the AAIW also enters from the south
and moves in the general direction of the return flow.
In these layers, the potential vorticity has weak merid-
ional gradients within the gyre. Plates 1 and 2a show
the area south of Australia to be the source of these two
subpolar water types in the eastern Indian. Potential
vorticity in the eastern Indian becomes S-dominated at
middepths. At depth, the deep western boundary cur-
rents are clearly seen in the potential vorticity structure.

4.5. Southern Ocean

The Southern Ocean provides source waters to the In-
dian Ocean and includes the South Australian, Weddell-
Enderby, and Australian-Antarctic Basins and the ACC.
In the top layers of the South Australian Basin, the
SAMW causes the potential vorticity to be low, and
directly below it the potential vorticity is high due to
the AAIW. In the deep and bottom waters, the poten-
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Table 2. Three-Layer Model Parameters
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Layer Thickness, m

Layer Bounding Surfaces Average v" At 20°S At 30°S
1 surface - y" = 26.8 26.0 400 450
2 ' A" =26.8 —27.6 27.2 700 850
3 " = 27.6 - bottom 27.9 3400 2900

tial vorticity pattern in the South Australian Basin and
over the Southeast Indian Ridge reflects the interaction
of the ACC with topography. South of Australia, be-
tween 120°E and 140°E and north of ~40°S, a low is
apparent and persists to the bottom. The abyssal po-
tential vorticity that might be found in a resting state
(Figure 3) shows that the shape and extent of the ob-
served low is topographic. The low extends from the
3500-m isobath south of Australia to 40°S-45°S and is
centered over the deepest portion of the South Aus-
tralian Basin (37°S-45°S). The southern limit of the low
moves northward with depth associated with the north-
ern slope of the Southeast Indian Ridge. South of the
low is a potential vorticity high centered just north of
the shallowest part of the Southeast Indian Ridge. The
Subantarctic Front lies over the ridge [Orsi et al., 1995],
and this combined with the spreading neutral surfaces
shifts the high northward as described above.

South of the Subantarctic Front, the potential vortic-
ity contours of near-surface layers follow the Circumpo-
lar Current. In the AAIW layer, isopleths still follow
the current, but a low is found south of the AAIW high.
The low is approximately bounded to the north and
south by the Subtropical and Subantarctic Fronts, re-
spectively [Orsi et al., 1995], and originates in the South
Atlantic [Talley, 1996]. On the deepest layers consid-
ered, ridges divide the Southern Ocean. The salient fea-
tures here are the somewhat homogenized pools in the
Weddell-Enderby and the Australian-Antarctic Basins
associated with the gyres found there.

5. Effect of Potential Vorticity on
Rossby Wave Propagation

The above results and discussion have shown that a
layer of potential vorticity with lower gradients exists
in the Indian Ocean’s subtropical gyre, and its exis-
tence lends itself to the application of de Szoeke and
Chelton’s [1999] three-layer model. In the model, the
middle layer has homogenized potential vorticity. We
are approximating it by a layer with lower meridional
gradients. This layer encompasses the SAMW and the
AAIW, with the higher-gradient surface waters above
and the higher-gradient deep waters below. In order to
calculate the change in phase speed using the model,
one must know the approximate thicknesses and aver-
age densities of the three layers. The layer boundaries
and average densities were chosen to represent the layers

of differing meridional potential vorticity gradients (Ta-
ble 2). The thicknesses of the layers vary meridionally,
and two examples of thicknesses chosen for the model
at 30°S and 20°S are also shown in Table 2. The phase
speeds predicted are ~1.3 times greater than those pre-
dicted from the standard theory of ¢ = —3A%. Here A
is the first baroclinic Rossby radius of deformation, and
for the calculation, its values were taken from Chelton
et al. [1998].

6. Conclusions

The Indian Ocean’s potential vorticity distribution
is strongly influenced by its many source waters. At
depth, the intricate bathymetry gives rise to several
deep western boundary currents whose signatures are
seen in the potential vorticity. For the upper layers in
the subtropical gyre region, the common source waters
seem to be the main cause of the lower gradients of po-
tential vorticity. Homogenization in a western shadow
region is not observed. The f-effect dominates that of
the Somali Current and the Red Sea Water on the po-
tential vorticity field. At intermediate depths, 8 domi-
nates suggesting the absence of both wind-driven circu-
lation and source waters. In the deep and abyssal ocean,
the potential vorticity is different from both S and
bathymetric control, indicating strong meridional flow.
Since these modifications are not due to bathymetry,
thermohaline flow strong enough to cause an isopycnal
thickness change of the same magnitude as the change
in planetary vorticity is required. These distributions of
potential vorticity and its gradients imply that Rossby
waves will travel ~1.3 times faster than predicted by
standard theory.
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