JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. C4, PAGES 8549-8564, APRIL 15, 2000

Spreading of Red Sea overflow waters
in the Indian Ocean
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Abstract. As a result of its remarkably high salinity and despite its small volume
input, remnants of Red Sea Water (RSW) have been identified in the Agulhas
Current, over 6000 km distant of their source. This provided the motivation to
investigate the long-term mean spreading of RSW throughout the Indian Ocean,
using a comprehensive set of observations, taken from the National Oceanographic
Data Center archives and from the World Ocean Circulation Experiment Hydro-
graphic Program for the Indian Ocean. After emerging from the Gulf of Aden into
the Arabian Sea, RSW spreads predominantly southwestward along the African
continental slope, as indicated by strongly inclined isohalines across the Arabian
Sea. There is some monsoon variability, so that during the winter monsoon there
is more RSW present in the Gulf of Aden and an intensification of southward
spreading along the western boundary, between 12° and 5°N. Elsewhere the in-
termediate depth salinity field of the Indian Ocean appears relatively stationary.
Between 5° and 10°S, in the region of the South Equatorial Current, isohalines
of the RSW layer become quasi-zonal across the width of the Indian Ocean, only
dipping southward toward the western boundary west of 50°E. South of here, there
is a strong tongue of RSW spreading southward through the Mozambique Channel
and into the Agulhas Current. These conclusions concur with previous localized
investigations of intermediate water properties. Using a simple mixing model, the
percentage of RSW throughout the Indian Ocean was quantified. Tt was found that
the flux of salt into the Gulf of Aden from the Red Sea is similar to that estimated
to cross 32°S in the Agulhas Current. This result implies that all the RSW which
is mixed into the interior of the Indian Ocean may eventually be exported at the
western boundary. Furthermore, it implies that RSW is the dominant component
of the salt budget for the intermediate layer and that input from the Indonesian

Seas and via diapycnic processes are small.

1. Introduction

The volume transport of Red Sea overflow waters is
very small, yet observations taken throughout the Indi-
an Ocean during the World Ocean Circulation Experi-
ment (WOCE) Hydrographic Program (WHP) and be-
fore show Red Sea Water (RSW) to have a distinctive
and far reaching signal. Despite an annual mean of
just 0.37 Sv (Sv = 1x10% m? s~!') flowing from the
Red Sea through the Bab el Mandeb strait [ Murrey and
Johns, 1997], intermediate depth, high salinities of Red
Sea origin are consistently found in the southwest In-
dian Ocean, thousands of kilometers from the strait.
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For example, the influence of RSW has been measured
in the Agulhas Current at 32°S on each of four occa-
sions: during Darwin’s transindian section in November
1987 [Toole and Warren, 1993), during Discovery WHP
cruise ICM1 in February 1995 [Beal and Bryden, 1997),
during the Baldridge WHP cruise of March 1995, and
during the Knorr WHP cruise I5W in June 1995. Rem-
nants of RSW have also been observed in the Agulhas
retroflection region to the south of South Africa [Gor-
don et al., 1987; Valentine et al., 1993]. The presence of
a RSW signature some 6000 km from its source results
from the extreme high salinity of the Red Sea outflow,
which survives as a strong intermediate salinity maxi-
mum after diapycnal mixing and dilution in the Gulf of
Aden. This salinity signal is compounded at intermedi-
ate depths by an extreme oxygen minimum, which has
its source in the northern Arabian Sea [Olson et al.,
1993]. In addition, the salinity maximum of RSW is
in sharp contrast to the salinity minimum of Antarctic
Intermediate Water (AAIW), which spreads into the In-
dian Ocean from the south at a similar density interval.
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Figure 1. Number of salinity station data available in the Indian Ocean between densities
o1 = 31.5 and 32.1 (o¢ = 27.0 and 27.6) in the combined National Oceanographic Data Center
(NODC) and World Ocean Circulation Experiment (WOCE) databases.

Consequently, RSW and the Arabian Sea low-oxygen
layer are remarkable tracers for the mid-depth circula-
tion throughout much of the Indian Ocean.

Since Wyrtki [1971] mapped the large-scale spreading
pattern of RSW within the Indian Ocean, the temper-
ature and salinity data available for such an analysis
have more than doubled, from around 7,000 to 17,000
stations (Figure 1). More recently, You and Tomczak
[1993] addressed the circulation of thermocline waters
in the Indian Ocean and included RSW in their anal-
ysis, producing maps down to the g, = 27.3 density
surface. However, this surface occurs at approximately
the midpoint of the thickness of RSW influence [ Warren
et al., 1966] and therefore is unable to fully resolve the
layer. Furthermore, in their source water type defini-
tions, You and Tomczak [1993, Table 1] define RSW as a
saline water on o9 = 25.7. These waters occur at depths
shallower than 200 m, and in fact, their source is not in
the Red Sea, but in the northern Arabian Sea, as indi-

cated by You and Tomczak’s own Figure 8b, by Wyrtki
[1971], and by Bower et al. [1999]. At gp = 27.3, the
core density of RSW [Wyrtki, 1971], You and Tomczak
[1993] discount the contribution of RSW all together.
Hence we see a need for a more specific analysis, using
contemporary data sets, to better describe the circula-
tion of the RSW layer.

An annual mean volume of 0.37 Sv of RSW over-
flows into the Gulf of Aden through the Bab el Man-
deb Strait with salinities over 40 [Murray and John-
s, 1997]. As the overflow descends along topography
and entrains many times its own volume of Gulf wa-
ter, its properties change dramatically. Bower et al.
[1999] use a combination of observations and a mod-
el to show that, on the average, the overflow reaches
neutral bouyancy within 40 km of the strait, equili-
brating with salinity 37.5 and temperature 18.1°C at
oo = 27.2 (01 ~ 31.7). There is much evidence of inho-

~ mogeniety to this layer, with extensive interleaving of
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relatively fresh waters within the RSW. In fact, inter-
leaving appears to be a characteristic of RSW influence
wherever it is found in the Indian Ocean; for example,
Fedorov and Meschanov [1988] observed interleaving in
the Arabian Sea, Grindlingh [1985] observed it in the
Mozambique Channel and Beal [1997] found interleav-
ing in the Agulhas Current. Perhaps the high-salinity
contrasts make double-diffusive processes more visible.
Once outside the Gulf of Aden, RSW has been observed
in lenses principally in the western Arabian Sea but also
toward its center during the southwest monsoon [Gam-
sakhurdiya et al., 1991]. In the Somali Basin, War-
ren et al. [1966] note the influence of RSW between
oo = 27.0 and 27.6, and Quadfasel and Schott [1982]
find that RSW crosses the equator close to the western
boundary at depths of about 750 m. Wyrtki [1971] used
the intermediate depth salinity maximum to show that
south of the equator there is a tongue of RSW which
enters the Mozambique Channel; however, this maxi-
mum was traced no farther south than 23°S, owing to
the northward spreading of low-salinity AAIW from the
Southern Ocean. Griindlingh [1985] observed lenses of
very high salinity waters above the Mozambique Ridge
at 28°S. Toole and Warren [1993] observed a filament
of RSW with a core salinity of 34.65 on oy = 27.6,
over the continental slope within the Agulhas Current
at 32°S, and both Gordon et al. [1987] and Valentine
et al. [1993] report occurrences of RSW farther south
in the Agulhas retroflection region.

Here we examine the spreading of RSW from its pro-
duct waters in the Gulf of Aden to its export at the
southern extent of the Indian Ocean, tracing the water
mass within an isopycnic layer. Historical data togeth-
er with the preliminary results from the WHP are used
in the analysis. The possible effect of the monsoons on
the spreading of RSW is also investigated. A salt bud-
get for the intermediate layer is estimated in order to
determine the importance of the input of salt from the
Red Sea, and a simple water mass mixing model is used
to quantify the amount of RSW present in different re-
gions of the Indian Ocean. Finally, the layer potential
vorticity field is calculated to help illustrate preferred
pathways of RSW spreading.

2. Data and Methods

The data set is a comprehensive combination of Na-
tional Oceanographic Data Center (NODC) archived
Conductivity-Temperature-Depth (CTD) and bottle
measurements (updated as of March 1998) within 20°
to 120°E and 30°N to 40°S plus the WHP Indian
Ocean preliminary data set. The NODC archive in-
cludes measurements taken since the 1920s; however,
all but 200 or so of the 17,000 stations used here for
the mapping of the “RSW layer” (see section 3 for a
definition of this layer) were collected after the second
world war (Figure 1). Nominally then, the data set
covers some 50 years. The number of samples shown in
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Figure 1 corresponds to those stations where data are
available to a density of at least oy = 32.1 (0¢ = 27.6)
or as deep as 1600 dbar in the southwest Indian Qcean.
At shallower depths the number of stations increases
rapidly; for example, in the core of the RSW influence
on g, = 31.8 (o =~ 27.3), at depths from 800 to 1200
dbar [ Wyrkti, 1971], there are 24,683 stations. The po-
sitions of these stations are shown in Plate 1. Data
are color-coded for salinity intervals of 0.1 from 34.3 to
35.6; salinities greater than 35.6 are shown in dark red
and reach over 40 in the Red Sea. Obvious outliers were
eliminated manually from the data, not by using an al-
gorithm. This is because the nature of RSW is such
that it often appears as a relatively isolated salinity
anomaly, and therefore removing anomalies automati-
cally would remove much of our signal. For example,
Rochford [1966] and Warren et al. [1966] have shown
that locally in the northwest Indian Ocean the horizon-
tal gradient of intermediate salinity can be greater than
the large-scale gradients over the whole of the western
Indian Ocean, and Beal and Bryden [1999) find a tran-
sition in salinity from 34.46 to 34.65 (AAIW to RSW)
over a distance of just 60 km in the intermediate waters
of the Agulhas Current in the southwest Indian Ocean.

QOur analysis is carried out on isopycnal surfaces be-
cause isobaric smoothing distorts water mass properties
[Lozier et. al, 1994]. Potential density was calculat-
ed relative to 1000 dbar. Properties along individual
isopycnals were determined by linear interpolation of
the data immediately above and below the target den-
sity. Should there be no data within a ¢y = 0.2 in-
terval (200 to 300 m) of the target density, then the
station is rejected. The RSW layer is defined as the in-
terval o, = 31.5 to 32.1 (o = 27.0 to 27.6) (see section
3), and data within these density levels were averaged
to give a value for the layer. In order to handle and
map this large data set, objective analysis was used to
diagnose the mesoscale field after removing large-scale
means from the property fieid.

There are many papers dealing in the theory and
practical use of objective analysis in oceanography [e.g.,
Davis, 1985; Freeland and Gould, 1976; Chereskin and
Trunnel, 1996], and the reader is referred to these pa-
pers for a more detailed description. The analysis we
used is based on the technique of Bretherton et al.
[1976], where the central assumption is that the mapped
field is one realization from a homogeneous statistical
ensemble of zero mean and known covariance. In actu-
ality, the determination of the covariance is a difficult
task since it requires a great amount of data with both
temporal and spatial clarity. Therefore it is common
to estimate the covariance as a function, for example,
to assume that the statistics of the field are Gaussian
{Davis, 1985]. In this case one need subjectively esti-
mate the scale of the signal, e.g., its correlation length
scale, so that with an associated noise the covariance
can be calculated. Here we take the correlation length
scale to be isotropic and constant throughout the do-
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Plate 1. Positions of stations from the combined NODC and WOCE database on ¢, = 31.8
(o0 = 27.3), that is, the core density of the RSW layer. Colors represent varying salinity as
shown on the scale. Salinities >35.6 are shaded in dark red.

main of the data set. Although this is a fair assumption
in the mid-ocean, one may expect that close to bound-
aries and at the equator the assumption is not ideal. In
estimating the noise, no account is made for instrumen-
tal error or the poorer quality of measurements collected
before the 1970s [Mentyla and Reid, 1995).

The large-scale mean must be removed from the ob-
servations prior to the objective analysis. Using a non-
simultaneous data set, as we have here, makes it easi-
er to distinguish the difference between the mean and
mesoscale field, as the two have different spatial scales,
at least away from the boundary [Le Traon, 1990]. How-
ever, there are spatial trends in the data set: for exam-
ple, the broad scale freshening of the RSW layer from
northwest to southeast that makes it inappropriate to
remove a constant mean throughout. In addition, the
data set is large and cannot be inverted, i.e., objectively

analyzed, as a single matrix. As a result, we choose to
use the 200 nearest data points for each mapped grid
point, over which to estimate a local mean (which is
weighted using the Guassian model for the statistical
correlation), remove it, and perform the objective anal-
ysis. The objective analysis routine used here was writ-
ten by G. Johnson of the University of Washington. The
data were objectively mapped to a 1° x 1° grid, and the
analysis was performed in equal-area space, using an
azimuthal equal-area projection.

3. Intermediate Water Mass
Characteristics
The high-quality WHP temperature and salinity meas-

urements enable a detailed diagnosis of the character-
istics and density domain influenced by RSW on which
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Plate 2. Temperature-salinity characteristics of intermediate waters from WOCE Indian Ocean
lines I1, 12, 13, 14, and I5W. (a) Selected stations close to the western boundary and (b) selected
stations farther to the east; see the insets for station positions. Red represents stations from
section 11, yellow indicates data from 12, light blue indicates data from I3, green represents
section I4 and blue represents stations from I5W. Contours are lines of constant potential density

referenced to 1000 dbar.
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to base the objective analysis. Plate 2a shows a poten-
tial temperature versus salinity (8 — S) diagram of por-
tions of zonal WOCE lines I1, 12, 14, and I5W at the
western boundary. The portions of 12 and 14 enclose
the Mozambique Channel at the northern and southern
ends, respectively. All the sections show salty waters at
intermediate depth on some stations, which are char-
acteristic of RSW influence. The 8 — S relationship
of data from 14 and I5SW also shows the characteristic
knee of low-salinity AAIW, which Wyrtki [1971] found
to obscure the RSW salinity maximum south of 23°S.

Plate 2a illustrates the wide density range over which
the mid-depth salinity maximum due to RSW may
occur. We found, as did Warren et al. [1966] and
Griindlingh [1985], that the actual depth of the salinity
maximum varies considerably from station to station
within a single survey. This effect is even more signif-
icant when considering nonsynoptic data. As a result,
one cannot follow a consistent layer by tracking the on-
station salinity maximums alone. Rather, it seems more
appropriate to choose a density interval over which the
RSW influence is found and to use the average salinity
in this layer to represent its presence. This approach
has an additional advantage in that we can track the
RSW beyond that latitude (23°S) at which the salinity
maximum disappears owing to mixing with low-salinity
AAIW [Wyrtki, 1971].

The spreading of RSW is seen to be predominant-
ly isopycnic over a distance of several thousand kilo-
meters to the south (Plate 2a), although there is ev-
idence of some downward diapycnal migration of the
salinity maximum between sections 11 and 12 as it cross-
es the equator. As a result, the density layer for our
analysis needs to be chosen with care, so that it may
best represent the density interval of RSW influence
throughout the entire Indian Ocean. In the Arabian
Sea the top of the RSW layer is more difficult to dis-
tinguish since there are no high-gradient thermocline
waters separating the salinity maximum at mid-depth
from high-salinity Persian Gulf and near-surface water-
s (e.g., Plate 2a, I1 data). South of the equator, the
@ — S slope of the thermocline waters is very sharp and
would act to significantly contaminate an averaged sali-
nity should the upper density of the layer be chosen too
shallow (e.g., Plate 2a, I5 data). Using maps of salinity
on 10 isopycnic layers from o) = 31.2 to 32.2 (0 = 26.7
to 27.7), the best density interval was chosen by con-
sidering those layers which showed salinity extrema to
manifest in the Gulf of Aden and at the southern edge
of our Indian Ocean domain along 40°S. The resultant
density interval chosen for the RSW layer is 61 = 31.5
to 32.1 (g9 ~ 27.0 to 27.6) and corresponds to a layer
thickness of ~600 dbar. For comparison, Griindlingh
[1985] estimated the density interval of RSW influence
to be op = 27.0 to 27.7 at latitudes between 25° and
30°S, and Warren et al. [1966] estimated op = 27.0
to 27.6 in the Somali Basin, between 12°N and the
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equator. Hereafter we refer to this density interval,
o1 = 31.5 to 32.1, as the RSW layer.

The WOCE data can also give a preliminary indica-
tion of the spatial variability of RSW influence. Plate
2b, shows the 8- S relationship for portions of the same
sections shown in Plate 2a, but farther east and outside
the Mozambique Channel (see inlaid map). There is a
marked contrast between Plates 2a and 2b; the salinity,
and therefore RSW influence, is much reduced away
from the western boundary. South of the equator, there
is evidence of RSW at only a couple of stations along
14 this far east, leaving a strong suggestion that the
primary southward path for RSW may be through the
Mozambique Channel. However, the presence of RSW
may be intermittent, and its mean path may not be well
represented by one-time data. For instance, while there
is almost no influence of RSW on section I5W east of
35°E (Plate 1b), Grindlingh [1985] encountered lenses
of RSW approximately 50 km across and up to 800 dbar
thick as far east as 40°E, over the Mozambique Ridge,
during three surveys in 1981.

4. A Simple Mixing Model

In addition to mapping the average properties of the
RSW layer throughout the Indian Ocean, we wish to
quantify the amount of RSW present in the layer in
terms of a simple water mass mixing model. The con-
cept for this model is a linear mixing of RSW and AAIW
within the density interval. However, there are other
potential fluxes of salt into the layer, and these are con-
sidered below, to test the robustness of this model.

The 8 — S relationship of Plate 2 indicates that there
exist just two water masses at intermediate depths in
the Indian Ocean: RSW and AAIW [Toole and Warren,
1993; Fine, 1993]. However, there is a third intermedi-
ate water mass which occurs in the Indian Ocean be-
tween 5° and 20°S and flows from the Indonesian Seas
in the east. Rochford [1966] refers to it as Banda In-
termediate Water (BIW) and identifies it as a salinity
minimum of 34.6 on oo = 27.4, at about 1000 m depth.
Approximately 1.5 Sv [from Molcard et. al, 1996, Fig-
ure 11b] of BIW is estimated to flow into the Indian
Ocean through the Timor Passage between depths of
800 and 1200 m. Another potential source of salt to
our chosen density layer results from diapycnic fluxes,
both diffusive and advective. The magnitude of these
diapycnic fluxes can be inferred by estimating the con-
vergence of salt into the layer owing to RSW, BIW, and
the horizontal ocean circulation, using the equations for
conservation of mass and salt,

PTrsw + pTeiw + pT32 + pTgia = 0 (1)
pTrswSrsw + pTerw Serw + pT32532 +
PT33S33 + pT4iaSdia +d =0, 2
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Table 1. Components of the Indian Ocean Salt Budget for the Red Sea Water Layer

Component Mass Flux, Sv Salinity Convergence, Sv psu
Red Sea Water 0.9 2.74+0.19
Banda Intermediate Water 1.50 0.03+0.3
Horizontal gyre 0 -2.83

The Red Sea Water Layer is defined as the density interval o1 = 31.5 to J2.1.

where T is volume transport, p is density, S is mean
salinity, d is a diffusive salt flux, and T3'2.5':;2 is the hor-
izontal gyre export of salt at the southern extent of the
Indian Ocean, taken as latitude 32°S. To solve for the
diapycnic salt flux F (net advective plus diffusive) we
multiply equation (1) by S3» and subtract it from equa-
tion (2) to get

F = —[Trsw(Srsw — S32) +
Teiw (Sprw — S32) + T33552]- (3)

For the RSW component the estimate of transport and
salinity flowing into our density interval is discussed in
detail below, but for now, we note that they are 0.9 Sv
and 37.5, respectively. Previously we noted that for BI-
W these values are 1.5 Sv and 34.60. For an estimate
of the gyre transport of salt at 32°S we use the circu-
lation scheme diagnosed by Robbins and Toole [1997],
who implemented both mass and silicate constraints on
a hydrographic section at 32°S to obtain heat and salt
budgets for the Indian Ocean. Their gyre exchange of
salt within the density interval oo = 27.0 to 27.6 (i.e.,
our RSW layer) is Tj,S3, = —2.83 Sv psu, which rep-
resents an export of salt from the Indian Ocean via the
Agulhas Current at the western boundary (P. E. Rob-
bins, personal communication, 1999). We cannot be
certain of the salinity at which RSW and BIW leave
the Indian Ocean, but assuming that both leave via the
Agulhas Current, then Sz = 34.57 +0.20, allowing for
large error. Table 1 summarizes the transports and salt
fluxes due to each of these components.

It is clear from equation (3) and Table 1 that the
residual of the salt flux components F is small, al-
though it is unresolved. This implies that the diapy-
cnic convergence of salt onto the RSW layer, resulting
from both advective and diffusive processes, is negli-
gible when compared to the salt input from the Red
Sea. Furthermore, the salt input from the Indonesian
Seas (BIW) is unresolvable from zero. Therefore we
can conclude that the salt budget for the RSW layer is
dominated by an influx of salt from the Red Sea and
an export of salt at the southern boundary, the latter
of which results from the influence of northward flowing
AAIW in the interior. Thus, a simple two-end-member
mixing model appears to be robust. Next we discuss
and define the source water properties for each of these
end-members.

The volume overflow of pure RSW through the Bab
el Mandeb strait varies greatly with the monsoon sea-
sons, almost shutting down during the summer mon-
soon. The strait exchange is a minimum of 0.05 Sv dur-
ing July to mid-September and a maximum in February
of 0.7 Sv [Murray and Johns, 1997]. This salty overflow
water sinks into the Gulf of Aden as a gravity current,
and its entrainment and mixing characteristics vary, de-
pending on its volume flux and path. As a result, the
product waters which begin to spread isopycnically (and
therefore represent the end-member in our mixing mod-
el) are not well defined. There may be three or four
discrete RSW layers present in the western Gulf at any
time [Bower et al., 1999]. Using a combination of hydro-
graphic data and a mixing model, Bower et al. [1999]
estimate that for the winter case (maximum outflow),
the overflow reaches neutral bouyancy within just 40 km
of the strait. The resultant equilibrated layer is diluted
9.5 times and has a salinity of 37.50, temperature of
18.1°C and density of og = 27.2. In the summer, when
the outflow is only 0.05 Sv, Bower et al. [1999] find that
the dilution is six-fold and the product waters are 2°C
cooler. In addition to this variability, some of the over-
flow waters flow down a gentler and narrower channel
from the strait, a_path that Bower et al. [1999] refer
to as the northern channel. This product water is less
mixed and therefore is deeper (oo = 27.52) and saltier
(38.6) than the product waters from the main channel.
While acknowledging the obvious difficulties in defin-
ing product waters precisely because of the variability
discussed here, we note that the largest volume of wa-
ters are formed during winter, and choose to use these
dominant winter product waters as our RSW source.
However, for a flux estimate of these waters we take the
annual mean volume transport of 0.37 Sv from Murray
and Johns [1997], resulting in a flux of ~0.9 Sv (with
2.5-fold dilution) of dominant product waters of salinity
37.50.

The source of AAIW for the Indian Ocean is difficult
to pinpoint. The main sites of formation are at the po-
lar front in the western South Atlantic [Piola and Gor-
don, 1989] and to the north of the subantarctic front in
the Southeast Pacific [McCartney, 1982]. These waters
are advected eastward within the Antarctic Circumpo-
lar Current (ACC). Maps of dynamic topography from
Wyrtki [1971] plus the transport of the South Indian

Ocean Current [Stramma, 1992], the pattern of wind
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stress curl, and the location of most recently ventilated
AAIW [Fine, 1993] are all consistent with equatorward
flow of AAIW at about 60°E into the Indian Ocean.
It may be that the shallow topography in the central
south Indian Ocean limits the eastward extent of the
wind-driven anticyclonic subtropical gyre to this lon-
gitude, allowing the penetration of AAIW here [Fine,
1993]. Hence the @ — S properties of intermediate wa-
ters found between 55° and 65°E and close to 40°S (the
southward extent of our data domain) are chosen to rep-
resent the “source” of AAIW in the Indian Ocean. The
salinity minimum here, averaged over the RSW layer
density interval, is 34.43.

Finally, we define a percent RSW at salinity S from

the two source water salinities Spsw = 37.50 and
Saarw = 34.43 as
100(S - 34.4
gRSW = 100(S — 34.43) @)

(37.50 — 34.43)°

5. Mapped Properties of the Red Sea
Water Layer

The results in this section are presented in four parts:
first, an assessment of the semi-annual variability of the
property fields; second, a discussion of the mean sali-
nity, oxygen, and %RSW distributions; third, an in-
vestigation of the RSW signature in the vertical, as
it spreads along the western boundary of the Indian
Ocean; and finally, a look at the thickness of the RSW
layer and its layer potential vorticity. Initially, we start
with a reminder of the limitations of this analysis and
what that implies for our interpretation of the results.

The data coverage was shown in Plate 1, where each
CTD or bottle station is given a colored dot. The cov-
erage is comprehensive in the northern Indian Ocean,
particularly in the Arabian Sea. At the western and
eastern boundaries, coverage is also good. Toward the
center of the southern Indian Ocean, data become more
sparse. To a large extent, the scales of variability we are
able to map here are dictated by data coverage. For in-
stance, although it is known that RSW often appears
in filaments or lenses [Griindlingh, 1985; Shapiro et al.,
1994; Beal and Bryden, 1999] with scales of the order of
100 km across, an ocean-wide objective analysis cannot
resolve these features because it is limited by data spac-
ing, which is considerably larger than this feature scale
on the whole. In addition, such features are likely non-
stationary (although RSW has been measured repeated-
ly over the continental slope in the Agulhas Current at
32°S) and as such may not be resolved by a nonsynoptic
data set spanning more than fifty years. Therefore this
work does not address the patchiness of RSW influence,
but rather it highlights the time-integrated pattern of
the mean circulation of the water mass over the last half
century. A correlation length scale of 500 km was cho-
sen for the objective analysis, reflecting both the data
coverage considerations discussed above and the expect-
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ed flow scales, and to best represent the property fields
and reduce mapping errors.

Tziperman [1988] has shown that a time-averaged
field can be well estimated from averaged hydrographic
data despite the fact that the data do not actually rep-
resent a true time average. In essence, the difference be-
tween the true time average and the one estimated from
hydrographic data (as it is here) is due to the transport
of water properties by eddies. The order of magnitude
of these eddy fluxes is generally small when compared
to the horizontal advection by the mean circulation but
is of the same order as the eddy diffusion terms in the
tracer equation. As a result, Tziperman [1988] found
that while the differences in the property field for the
two estimates are relatively small, the differences in es-
timated mixing coefficients may be the order of magni-
tude of the mixing coefficients. Therefore mixing coeffi-
cients calculated from climatological hydrographic data
may not represent the eddy fluxes they parameterize. In
addition, hydrographic data have revealed [ Grindlingh,
1985; Shapiro and Meschanov, 1991] that while in some
instances there is a gradual transition between RSW
and AAIW, in many cases the two water masses are
separated by well-defined interfaces: RSW can occur in
isolated high-salinity patches or lenses. The nature of
the diffusive fluxes in each of these cases would seem to
be very different. As a result, we have not attempted to
diagnose our results in terms of diffusive fluxes through
mixing coefficients, which will likely be misleading, but
instead in terms of property distributions and estimated
RSW content.

5.1. Semiannual Variability

Gamsakhurdiya et al. [1991] found variability in the
distribution of RSW in the Arabian Sea and attributed
it almost entirely to the monsoonal changes in the Ara-
bian Sea gyre and not to the fluctuations in transport
through the Bab el Mandeb strait, which they showed
to be very quickly damped beyond the Gulf of Aden. In
winter they noted large southward transport of RSW,
while in summer, eastward transport intensified. Diiing
and Schwill [1967] state that seasonal variations occur
apparently only in the northern part of the basin and
at its margins. In the Somali Basin, Quadfasel and

Schott [1982] found evidence of seasonal spreading of
RSW along the western margin and across the equa-
tor during the northeast monsoon. Changes in salinity
over time were strong close to the Somali coast, but
farther offshore the north-south gradient of salinity was
relatively stable. They proposed that this variability is
linked to Rossby Waves, which approach the western
boundary between the northeast and southwest mon-
soons, caused by the reversing winds. On reflection
at the boundary short waves are trapped, resulting in
assymetrical, subthermocline transports which may be
the mechanism for the Somali Undercurrent variability
[ Visbeck and Schott, 1992]. We have found no reports of
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seasonality in the flow of RSW elsewhere in the Indian
Ocean.

In the Arabian Sea the monsoon seasons run approxi-
mately June to September, the southwest monsoon, and
November to February, the northeast monsoon. How-
ever, outside the Arabian Sea one may expect a seasonal
signal in the spreading of RSW, if it exists, to become
lagged or distorted. Despite this we use salinity data
averaged over each monsoon season, as defined by the
months given above, and calculate salinity anomalies
between these periods throughout the Indian Ocean to
investigate any seasonality in the spreading of RSW. We
chose this method for three reasons. First, as we have
seen above, seasonal variability at intermediate depths
has only been reported in the Arabian Sea. Second,
any seasonal signal will be a maximum in the Arabian
Sea, owing to the intense forcing of the monsoon cycle
and the strength of the salinity maximum. Finally, the
data coverage in the Arabian Sea is excellent (Plate 1),
and thus, if it is possible to determine a seasonal signal
unambiguously above the noise caused by the spatial
variability of data coverage, it will be here.

Salinity maps from winter (November to February in-
clusive) and summer monsoons {June to September in-
clusive) are shown in Plates 3a and b, respectively. Note
that salinities of 35.8 and greater are shown in dark
red; elsewhere the shading changes for every 0.1 sali-
nity increment. Plate 3¢ shows the difference between
Plates 3a and b, weighted by the inverse of the map-
ping errors, e.g. (Swin — Ssum)/Ewin+sum- Therefore,
in regions where the mapping errors are high because of
poor data coverage the salinity anomalies are reduced
in magnitude. In other words, the signal that is left
in Plate 3c, should be associated with regions of high-
salinity variability which are not a result of changes
in data coverage between the monsoons. It is conceiv-
able that large anomalies in regions of high mapping
errors may still be associated with real salinity variabil-
ity, however they are ambiguous and, as such, are given
a small weighting. Thus, Plate 3¢ highlights only those
areas where there is a combination of a large salinity
anomaly and small mapping errors. Red through or-
ange patches indicate positive anomalies, blue indicate
negative anomalies, and green shades indicate insignif-
icant values.

Comparing Plates 3a and b, the salinity fields for win-
ter and summer monsoons, the most striking difference
appears along the Somali coast between 12° and 5°N.
During the winter monsoon there are high salinities
spreading to the south in a narrow tongue along the So-
mali coast, while during the summer this feature is not
present. The error-weighted anomalies are significant
in this region (Plate 3c), and reflect salinity differences
of up to 0.15 psu. This feature compounds the work by
Quadfasel and Schott [1982], indicating that the spread-
ing of RSW southward along the western boundary is a
phenomenon of winter monsoon conditions. There are
also high anomalies in the eastern Gulf of Aden (al-
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so corresponding to salinity differences of up to 0.15),
perhaps associated with the increased outflow of RSW
through the Bab el Mandeb strait during the winter
monsoon. Toward the center of the Arabian Sea the
anomalies are patchy, correspond to salinity differences
of only 0.07, and are more difficult to link with mon-
soonal mechanisms. There is no clear evidence to sug-
gest that RSW spreads preferentially to the east dur-
ing summer monsoon, as found by Gemsakhurdiya et al.
[1991]. However, a number of authors [e.g., Shapiro
and Meschanov, 1991; Shapiro et al., 1994] have found
the presence of RSW to the east in the Arabian Sea to
be very patchy, consisting of discrete salt lenses, rather
than a continuously spreading tongue, as is the case for
the southward spreading along the continental margin
[Premchand et al., 1986; Quadfasel and Schott, 1982].
As a result, the spatial pattern of RSW influence is like-
ly to change intra-monsoonally, in addition to any mon-
soon variability, making the signal confusing. What is
clear, however, is that variability is high throughout the
Arabian Sea but is not significant in the Bay of Bengal
which is also under the influence of the monsoons. This
suggests, in addition to the comparatively low interme-
diate salinities, that there is little or no spreading of
RSW into the Bay of Bengal. Farther south in the In-
dian Ocean there is no significant monsoon variability.
Although it is possible that there are other modes of
variability which we were unable to detect using this
method, a forcing mechanism for such variability at
intermediate depth is not known to exist outside the
northern Indian Ocean.

5.2. Salinity and Oxygen Fields

Plate 4a shows the layer-averaged salinity between
o1 = 31.5 and 32.1 (o9 = 27.0 and 27.6), i.e., of the
RSW layer. Errors (as estimated from the objective
analysis and thus dependent on input covariance and
noise) are everywhere <0.05 psu, except at the southern
boundary of the domain east of 30°E. The salinity field
shows a predominantly southward spreading of RSW
from the mouth of the Gulf of Aden to the southern
Indian Ocean. In the Arabian Sea, there is also an east-
ward component of spreading, following the circulation
suggested by Gamsakhurdiya et al. [1991], although
as discussed above, the evidence that this spreading is
seasonally dependent is inconclusive from this study.
Away from the western boundary, the spreading pat-
tern is also consistent with the dominance of a diffusive
regime in the Arabian Sea, as concluded by Diiing and
Schwill [1967] who using a simple model, found that the
stationary salinity distribution is maintained through
large-scale mixing processes. At the western boundary,
along the East African coast, there is a tongue of high-
salinity waters spreading southward, as seen during win-
ter monsoon (Plate 3a), and crossing the equator. Since
this feature is clear in the mean field, the exchange of
salty water to the south along the western boundary
during winter monsoon is evidently not reciprocated by
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a northward exchange of relatively fresh water during
summer monsoon. In fact, Plates 3a and 4a suggest that
the fresher waters enter the Arabian Sea at its south-
eastern margin. South of the equator, in the region of
the South Equatorial Current (SEC), the isohalines be-
come almost zonal but still have a southward slope close
to the western boundary. South of 12°S the spreading
of RSW is very much favored through the Mozambique
Channel, as previously indicated by Wyrtki [1971]. In
the east at these latitudes the isohalines diverge toward
the Indonesian Seas, as a result of the introduction of
BIW here. Emerging from the Mozambique Channel is
a swath of higher salinities some 800 km wide, reaching
to 37°S. Within this swath is a west-east gradient of sali-
nity, with greater values close to the South African coast
in the Agulhas Current. This suggests that high salini-
ties outside the Western Boundary Current (WBC) may
result from recirculations of intermediate waters in the
diffuse region of anticyclonic shear which characterizes
the offshore edge of the current. Here surface insta-
bilities, such as meanders, plumes, and eddies are com-
mon [Lutjeharms et al., 1989], although less is known of
the intermediate circulation. The high salinities in the
Mozambique Channel and along the African coast are
associated with low errors due to good data coverage
{(Plate 1).

Although oxygen is not a conservative property, thro-
ughout the Indian Ocean an intermediate oxygen min-
imum is often associated with the presence of a sali-
nity maximum and as such can be an indicator of RSW
influence [e.g., Warren et al., 1966; Beal and Bryden,
1999]. In fact, the mid-depth oxygen minimum origi-
nates in the northern Arabian Sea, as a result of mod-
erate consumption in waters of initially low-oxygen con-
centration [Olson et al., 1993]. A map of average oxy-
gen concentration in the RSW layer is shown in Plate
4b. Along the western boundary of the Indian Ocean
there are many closed contours, indicating either re-
gional sources or sinks of oxygen, or significant tem-
poral variability within the fifty-year dataset. In the
interior the contours are generally zonal but with large
north-south undulations, especially in the region of the
SEC. Only south of about 15°S, where there are lower
oxygens in the Mozambique Channel and the Agulhas
Current, does the oxygen field closely follow the sali-
nity field. This may reflect high oxygen concentration,
associated with AAIW, spreading northward from the
Southern Ocean in the interior, rather than with the
southward spreading of low-oxygen waters. Along the
southern edge of the mapping domain, mesoscale fea-
tures stretching north-south are associated with large
errors of order 0.1 ml 1=! due to poor data coverage
(also in the salinity field), although the broad doming
of relatively high oxygen from the south, peaking at
60°E (disregarding the mesoscale feature), is likely an
indication of the influx of AAIW to the Indian Ocean.
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In the northern Bay of Bengal, Plates 4a and b show
patches of slightly higher salinity and lower oxygen. It
is possible that this may suggest a relatively direct sup-
ply of RSW into the Bay of Bengal along the coast of
India. The salinity data from WOCE I1E, a zonal sec-
tion across the mouth of the Bay along 8.5°N, show
higher intermediate salinity just east of Sri Lanka, per-
haps indicating a pathway for RSW along the western
boundary. However, data from WOCE 19, a meridional
section along 90°E, do not show higher salinities in the
north and neither does Wyrtki [1971]. Since the sali-
nity gradient is very small in the Bay of Bengal, some
poor quality data in the large data set used here may
cause an unreal trend. On the other hand, 124 stations
from various cruises recorded in the NODC archive show
salinities great than 35 in the Bay of Bengal, and 71 of
these were sampled after 1970, when we expect better
quality data [Mantyle and Reid, 1995]. We conclude
that the features are real, but that since they are rela-
tively isolated and represent only weak gradients, it is
perhaps unlikely that they are an indication of direct
RSW leakage. The low-oxygen concentration may be
due to local utilization owing to the sinking of detritus
from productive surface waters.

The salinity and, to a lesser extent, oxygen fields sug-
gest a mean southward flow of waters at intermediate
depths through the Mozambique Channel. Previous hy-
drographic surveys in the channel have shown it to be
a region of high eddy activity and there is uncertain-
ty as to the directionality of a mean flow [Saetre and
Jorge da Silva, 1984]. The Agulhas Current is thought
to be fed mainly from recirculation within the anticy-
clonic sub-gyre of the Southwest Indian Ocean [Stram-
ma and Lutjeharms, 1997] with only about 5 Sv being
contributed from the Mozambique Channel. Our re-
sults indicate that the channel is an important source
of salt, at least at intermediate depth, for the Agulhas
Current and therefore is a pathway for the export of
saline waters to the south.

The percentage of RSW present at each station was
estimated from the mixing model described in section
4. Plate 4c shows a map of percent RSW, which fol-
lows the features of the salinity field. The RSW is very
rapidly diluted in the Gulf of Aden, emerging into the
Arabian Sea with just 40% concentration. In the Agul-
has Current, at latitudes between 27° and 37°8, there
is between 5 and 6% RSW. The mapped property fields
all indicate an export of RSW from the Indian Ocean in
the west, via the Agulhas Current. We can approximate
the export of pure RSW via the Agulhas Current by us-
ing the mapped percent RSW together with the inter-
mediate water mass transport of the Agulhas Current
given by Beal and Bryden [1999]. Although this trans-
port is taken from a one-time hydrographic section, the
section has been repeated a number of times histori-
cally, plus three times during WOCE [Beal, 1997], and
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Plate 3. Maps of average salinity between oy = 31.5
and 32.1 (Red Sea Water layer) for (a) winter monsoon
and (b) summer monsoon. Color shades change for in-
crements of 0.1 psu. Salinities over 35.8 are shaded in
dark red. (c) The error-weighted monsoon anomaly (see
text). The masking is at a resolution of 1° and defines
bathymetry at 800 dbar.
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Plate 4. Maps of (a) salinity, (b) oxygen (m! 1), and
(c) percent Red Sea Water, averaged over the Red Sea
Water layer. Masking is as for Plate 3.
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the transport has been found to be relatively invariant.
Furthermore, the position and strength of the RSW fila-
ment is also consistent from section to section. Thus we
assume that Beal and Bryden’s result is representative
of the mean. Recall that 100% RSW is relative to the
product waters in the western end of the Gulf of Aden,
which have a mean transport of about 0.9 Sv (see sec-
tion 4). The volume transport of intermediate waters
in the Agulhas Current, as found by Beal and Bryden
[1999], is 19 Sv, about 5% of which is RSW (Plate 4c).
This implies that there is 0.95 Sv of 100% RSW flow-
ing southward in the Agulhas Current, or an amount
equal to the influx of Red Sea product waters in the
Gulf of Aden. This perhaps fortuitous result allows us
two hypotheses. First, whatever RSW is mixed into the
interior of the Indian Ocean it is subsequently exported
at the western boundary. Second, the diapycnic conver-
gence of salt into the RSW layer is unimportant. The
circulation supports the simple isopycnic mixing model
of section 4, which allows export of salt from the layer
only via the Agulhas Current.

5.3. A Composite Hydrographic Section

A composite vertical section of properties along the
western boundary is shown in Plate 5. Properties were
averaged zonally between 27°N and 35°S and merid-
ionally south of South Africa from 30°S to 19°S over
the colored areas shown on the map inset. Note that
properties in the composite section at the latitude of
the Gulf of Aden (13°N) have been averaged along the
length of the Gulf. Therefore the intermediate temper-
ature and salinity increase dramatically here, as a result
of the warm, salty RSW injected into the western end
of the Gulf. The green contours on each plot in Plate
5 indicate the isopycnals at the top and bottom of our
RSW layer (i.e., o = 31.5 and 32.1).

In the Arabian Sea, RSW and Persian Gulf Water
(PGW) are of distinct origin and density. PGW has
a far more northerly source and appears at depths less
than 500 dbar. There is little evidence of this water
mass spreading southward, perhaps owing to a vigorous
mixing rate. The RSW input appears between 500 and
900 dbar and spreads southward from the mouth of the
Gulf of Aden as a salinity maximum which disappears
between 20° and 25°S, as shown previously by Wyrtki
[1971]. The salinity maximum of the RSW tongue be-
comes denser as it spreads southward, showing that the
flux of salt is not purely isopycnic, however the maxima
are everywhere captured within the density interval of
our RSW layer. The oxygen concentration appears to
follow salinity closely in this vertical section, unlike the
evidence from the mapped fields. This may be owing to
the extensive smoothing that was required in order to
produce the composite section. However, the mid-depth
low-oxygen layer is much thicker than the high-salinity
layer and evidently spreads from the far northern Ara-
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bian Sea. There is an indication that both the salt and
oxygen tongues appear to flow underneath the AAIW
spreading from the south. The freshwater tongue of
AAIW deepens by almost 500 dbar between the At-
lantic and Indian Oceans, dipping underneath the thick
Indian Ocean thermocline, closely following isopycnals.
Although this compaosite section represents an average
case that does not exist at any one moment in time in
the real ocean and despite the extensive smoothing re-
quired to produce a coherent signal, especially in the
monsoonally variant regions, it provides a useful illus-
tration of the persistence and thickness of the RSW
tongue along the western boundary.

5.4. Layer Thickness and Potential Vorticity
Fields

Potential vorticity (PV) can be a useful tracer for
the large-scale circulation of water masses if dissipation
and diabatic processes are insignificant [McDowell et
al., 1982; Talley and McCartney, 1982] and may illus-
trate why RSW spreads preferentially along the western
boundary, as seen in Plates 2 and 4. In order to calcu-
late PV the pressures of the upper and lower potential
density bounds of the RSW layer (¢; = 31.5 and 32.1)
were objectively mapped separately in the same manner
as the other property fields onto a 1° grid. Following
this, the depth field of the upper isopycnal was sub-
tracted from the lower to give the RSW layer thickness.
The layer potential vorticity was then evaluated from
the planetary vorticity f and the layer thickness Az
using the equation

f Aagy

q - pO AZ H (5)

where Ag; = 0.6 is the density difference across the

layer and pp = 1031.8 is the mid-layer density. Near

the equator, as f approaches zero, the horizontal com-

ponent of potential vorticity becomes more important

than the vertical component calculated here, and hence

this analysis is only useful away from the equator. Fol-

lowing O’Dwyer and Williams [1997) we take the po-
tential vorticity at the equator to be zero.

Maps of the pressure, thickness, and PV of the RSW
layer are shown in Plates 6a, b and c, respectively. The
layer is centered between 800 and 900 dbar throughout
the northern Indian Ocean until it crosses 10°S; there-
after it deepens toward the southwest Indian Ocean sub-
gyre, reaching a maximum pressure of 1200 dbar, before
rising rapidly west of 55°E in the region of the subtrop-
ical convergence at 40°S. In a narrow strip along the
western boundary the layer remains centered at 900
dbar or less, except in a small area in the southern
Mozambique Channel.

As far as layer PV is concerned, there appears to be
three regimes of g; the first is north of approximately
10°S, the second is between 10 and 23°S and the third
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Plate 6. Maps of (a) the mid-pressure (dbar), (b) lay-
er thickness (dbar), and (c) layer potential vorticity
(m~!s™! x 10~!!) for the Red Sea Water layer. Lay-
er potential vorticity is calculated from layer thickness
(converted to m) and planetary vorticity (see equation

(1))

is south of 23°S. North of 10°S, the g contours tend
to follow lines of latitude since the layer thickness here
is relatively unchanging (Plate 6b), and they intersect
the continents, indicating that there is no “free” meri-
dional flow; i.e., there is no energy-conserving meridio-
nal flow because lines of constant PV must be crossed.
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The RSW layer has its greatest vertical thickness at
about 10°S, coincident with the SEC (which occurs at
the much shallower depth of 200 m) and with the influx
and spreading of BIW into the layer. Between 10° and
23°S the meridional gradient of ¢ is greatest, suggesting
a stronger resistance to meridional flows. This pattern
reflects the rapid change in layer thickness in this re-
gion, from 700 dbar in the north to less than 500 dbar
farther south. In the northern Mozambique Channel,
however, g is almost invariant, and the layer thickness
gradient switches between negative and positive twice,
producing an alternating pattern of increased and de-
creased stratification, perhaps reflecting the dominance
of eddying flows in the channel. Finally, south of 23°S
the zonal nature of the potential vorticity gradient al-
most disappears, owing to the combined effect of de-
creasing planetary vorticity and increasing layer depth,
suggesting a relatively free meridional flow of waters.

There is not an obvious indication of a freer path for
RSW along the western boundary, except perhaps in the
northern Mozambique Channel and in the Agulhas Cur-
rent (barely resolved). These are regions where, from
the property fields shown earlier (Plate 4), the west-
ern boundary path southward seems most preferentially
selected. On the whole, for RSW to spread southward
there has to be a diabatic modification of ¢ and this may
occur as a result of localized mixing enhanced by steep
or rough topography [0 'Dwyer and Williams, 1997]. In
fact, according to the work of Sjéberg and Stigerbrand
[1992], the Mozambique Channel is one of the few re-
gions in the world’s oceans (among them the Indonesian
Seas and the Bay of Biscay) where energy fluxes to in-
ternal tides exceed 0.1 W m~2. Areas of internal wave
generation are thought to be areas of intense mixing
due to wave breaking and the generation of turbulence.
This may explain the preferred route for RSW through
the Mozambique Channel.

6. Conclusions

There is nonsoonal variability of the spreading of
RSW in the Arabian Sea. In particular, during the win-
ter monsoon, there is enhanced spreading within the
Gulf of Aden and southward along the Somali coast,
in agreement with previous surveys [e.g., Quadfasel and
Schott, :982]. Within the Arabian Sea interior the RSW
layer appears well mixed, perhaps partially as a result
of the monsoonally reversing pressure field. There is
no significant spreading of RSW directly into the Bay
of Bengal, the salinity field indicating that eastward
spreading of RSW occurs in the equatorial region. The
tongue of RSW at the western boundary in the Arabi-
an Sea is also evident in the mean field and continues
southward, crossing the equator and spreading through
the Mozambique Channel and on into the Agulhas Cur-
rent. Between 10° and 15°S in the Indian Ocean interior
the westward spreading of BIW and high PV gradients
result in a partial squeezing of the RSW layer from 700
to 500 dbar thickness. In the Mozambique Channel,
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however, the penetration of BIW is limited, and the
high PV gradient appears farther to the south, allow-
ing RSW relatively free entry into the northern chan-
nel and perhaps explaining its preferred western route.
Once into the southwest Indian Ocean sub-gyre, RSW
is rapidly advected along the South African coast within
the Agulhas Current.

The most notable conclusions from this analysis are
the following. There is implication of a relatively sta-
tionary, preferred path for waters of Red Sea origin
southward along the length of the western boundary
of the Indian Ocean, particularly within the Somali Un-
dercurrent, through the Mozambique Channel, and into
the Agulhas Current. Furthermore, an estimate of the
RSW content of the Agulhas Current implies that of the
salt injected into the intermediate layers of the Indian
Ocean from the Red Sea overflow, all may eventually
be exported from the ocean via the Agulhas Current.
This result also suggests that the net flux of salt into
this layer, owing to both advective and diffusive diapy-
cnic processes, is negligible when compared to the salt
input from the Red Sea. Both these inferences have a
strong implication for the importance of RSW to the
global thermohaline circulation. The extreme salt con-
tent of RSW, although much reduced by 30° to 40°S,
would nevertheless be a significant source of salt (34.6)
to the fresh intermediate waters of the eastern South
Atlantic (34.3), and indeed, RSW has been sampled at
the Agulhas Retroflection [Gordon et. al, 1987] and
inside an Agulhas ring [Valentine et al., 1993] in the
South Atlantic.
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