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ABSTRACT

Hydrographic, direct velocity, and subsurface float observations from the 2001 Red Sea Outflow Experi-
ment (REDSOX) are analyzed to investigate the gravitational and dynamical adjustment of the Red Sea
Outflow Water (RSOW) where it is injected into the open ocean in the western Gulf of Aden. During the
winter REDSOX cruise, when outflow transport was large, several intermediate-depth salinity maxima
(product waters) were formed from various bathymetrically confined branches of the outflow plume,
ranging in depth from 400 to 800 m and in potential density from 27.0 to 27.5 ��, a result of different mixing
intensity along each branch. The outflow product waters were not dense enough to sink to the seafloor
during either the summer or winter REDSOX cruises, but analysis of previous hydrographic and mooring
data and results from a one-dimensional plume model suggest that they may be so during wintertime surges
of strong outflow currents, or about 20% of the time during winter. Once vertically equilibrated in the Gulf
of Aden, the shallowest RSOW was strongly influenced by mesoscale eddies that swept it farther into the
gulf. The deeper RSOW was initially more confined by the walls of the Tadjura Rift, but eventually it
escaped from the rift and was advected mainly southward along the continental slope. There was no
evidence of a continuous boundary undercurrent of RSOW similar to the Mediterranean Undercurrent in
the Gulf of Cadiz. This is explained by considering 1) the variability in outflow transport and 2) several
different criteria for separation of a jet at a sharp corner, which indicate that the outflow currents should
separate from the boundary where they are injected into the gulf.

1. Introduction

Saline, dense Red Sea Water (RSW) originates in the
northern Red Sea because of an excess of evaporation
over precipitation, and enters the Gulf of Aden (here-

inafter GOA) in the northwestern Indian Ocean as a
dense overflow through the shallow Bab el Mandeb
(BAM) Strait (see Fig. 1 for locations; Siedler 1968;
Morcos 1970). As RSW descends from the �150 m
deep Hanish Sill in the northern BAM Strait, less
dense, fresher water is entrained, and the mixed prod-
uct water [which we will call Red Sea Outflow Water
(RSOW)], reaches neutral buoyancy at intermediate
depths in the western GOA. RSOW continues to mix
with the ambient waters as it spreads laterally through
the GOA and much of the Indian Ocean, where it is
traceable as a mid-depth salinity maximum (Rochford
1964; Wyrtki 1971; Beal et al. 2000).
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Siedler (1969) used the Knudsen relations to estimate
the annual mean transport of RSW through BAM
Strait to be 0.33 Sverdrup (Sv; where 1 Sv � 106

m3 s�1), which was essentially confirmed by Murray
and Johns (1997) based on direct velocity observations.
For reference, this is about one-third of the mean trans-
port of Mediterranean Water (MW) through the Strait
of Gibraltar (see, e.g., Candela 2001). However, during

winter, the Red Sea outflow transport is typically about
2 times the annual mean because of monsoon winds and
seasonal fluctuations in buoyancy forcing. This seasonal
cycle in outflow transport has been recognized for some
time (Morcos 1970; Patzert 1974a,b; Osman 1985; Mail-
lard and Soliman 1986), but was quantified with direct
velocity observations by Murray and Johns (1997). Out-
flow transport reaches a maximum (�0.6 Sv) in winter
(October–May), when prevailing monsoon winds over
the region are from the south-southeast. At this time of
year, the exchange flow has a two-layer structure, with
dense, saline RSW flowing out at the bottom, and less
dense GOA surface water flowing toward the Red Sea
in the upper layer. During summer (June–September),
prevailing winds from the north-northwest drive a sur-
face flow out of the Red Sea, and GOA water flows in
via an intermediate layer sandwiched between the sur-
face layer and a thin layer of outflowing dense RSW,
producing a three-layer exchange flow. Dense outflow
transport drops to very low levels in summer (mean
�0.05 Sv), and can even stop altogether for brief peri-
ods of time (Murray and Johns 1997). Strong intrasea-
sonal variability was also observed by Murray and
Johns (1997) during winter, when outflow transport
varied between 0.2 and 0.9 Sv on time scales from sev-
eral days up to 1 month.

As the dense, saline RSW leaves BAM Strait at
Perim Narrows, and begins its descent into the GOA, it
divides into two branches, confined by well-defined
bathymetric channels: a very narrow (�5 km wide),
long northern channel (NC) along the Yemeni coast;
and a broader, shorter southern channel (SC) closer to
Djibouti (see Figs. 1b,c; Siedler 1968). Less dense,
fresher water is entrained along these branches as they
descend until the RSOW reaches equilibrium with the
background stratification in multiple, intermediate-
depth layers between 300 and 900 m (Siedler 1968;
Maillard and Soliman 1986; Fedorov and Meshchanov
1988; Bower et al. 2000). The multilayered structure has
been attributed to different mixing histories along the
two bathymetric channels (Siedler 1968; Bower et al.
2000). Although the existence of multiple product wa-
ters has been noted in previous work, the temperature,
salinity and density of these layers, and their seasonal
variability, have not been well documented because of
a lack of high-resolution hydrographic surveys where
the outflow equilibrates.

After the RSOW reaches equilibrium in the western
GOA, it spreads laterally through the gulf, where its
properties are further modified before it enters the
open Indian Ocean. Historically, our view of RSOW
transformation through the GOA was influenced

FIG. 1. Charts showing the bathymetry of the Gulf of Aden at
various scales. (a) Entire gulf, contour interval 500 m; (b) western
gulf, contour interval 200 m; (c) outflow channels, contour inter-
val 100 m. Contours are based on high-resolution, multibeam sur-
veys of the rift and channel regions obtained by French scientists
(Hébert et al. 2001), combined with Smith and Sandwell (1997) 2�
gridded bathymetry for other regions of the GOA.
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mainly by relatively coarse-resolution along-axis
hydrographic sections (Siedler 1968; Wyrtki 1971;
Mecking and Warner 1999). While valuable for deter-
mining transformation rates through the GOA, these
observations provided limited insight into the physical
mechanisms that transport RSOW eastward through
the gulf. In their analysis of available nonsynoptic his-
torical hydrographic data, and synoptic Air-Deployed
Expendable Bathythermograph (AXBT) surveys
conducted by the U.S. Naval Oceanographic Office
(NAVOCEANO) in the 1990s, Bower et al. (2000)
found evidence of a narrow vein of RSOW along the
western and southern boundaries of the GOA, highly
suggestive of a boundary undercurrent, similar to the
Mediterranean Undercurrent in the eastern North At-
lantic (Madelain 1970; Ambar and Howe 1979a,b). But
without high-resolution density and/or direct velocity
observations, the existence of such an undercurrent
could not be confirmed.

In 2001, we conducted the Red Sea Outflow Experi-
ment (REDSOX), the first comprehensive field study
of the hydrography and circulation of both the descend-
ing Red Sea outflow plume, and the equilibrated
RSOW in the GOA. The objectives of REDSOX were
to 1) describe the pathways and downstream evolution
of the descending outflow plumes in the western Gulf
of Aden, 2) quantify the processes that control the final
depth of the equilibrated RSOW, and 3) identify the
transport processes and mechanisms that advect
RSOW and its properties through the GOA and into
the Indian Ocean. To meet these objectives, two re-
search cruises were carried out, during the seasons of
maximum (winter) and minimum (summer) outflow
transport (Fig. 2). The new data sets that were collected
include two high-resolution hydrographic and direct ve-
locity surveys between Perim Narrows and the mouth
of the GOA, trajectories from 44 acoustically tracked
subsurface RAFOS floats released in the GOA at the
mean depth of the RSOW salinity maximum, short-
term moored hydrographic and velocity measurements
in the descending plume, and remote sensing observa-
tions of winds, sea surface temperature, and sea surface
color.

Previous publications resulting from REDSOX are
as follows. Özgökmen et al. (2003) compared observa-
tions from the descending plume in the Northern Chan-
nel with output from a high-resolution, nonhydrostatic
numerical process model and found that the model re-
produced some of the general characteristics of the out-
flow. Peters et al. (2005) and Peters and Johns (2005)
first provided an overview of the plume structure dur-
ing REDSOX, then quantify the turbulent mixing and

entrainment within the plumes in terms of estimated
turbulent dissipation rates, vertical turbulent salt flux
and interfacial stress. Matt and Johns (2005, manuscript
submitted to J. Phys. Oceanogr., hereinafter M05) re-
port details on outflow transports and bulk estimates of
entrainment rates. Bower et al. (2002) gave an initial
report on the impact of large, deep-reaching mesoscale
eddies on RSOW spreading in the GOA. In this paper,
we examine the equilibration and circulation of RSOW
where the outflow water is first “released” from the
confines of the bathymetric channels that have steered
its descent, and injected into deep water. We address
three specific questions: 1) What are the product water
properties and equilibration depths/densities of RSOW
in the western GOA during strong (winter) and weak
(summer) outflow conditions, and in particular, does
RSOW reach the seafloor? 2) How are the initial
spreading pathways of the multiple layers of equili-
brated RSOW influenced by topography and the back-
ground circulation? 3) Does the equilibrated RSOW
form a boundary undercurrent similar to other mar-
ginal sea outflows upon injection into the open ocean?
In the next section, we describe the data used in this
study. The results are given in section 3, followed by
discussion and summary in sections 4 and 5, respec-
tively.

FIG. 2. Charts showing locations of observations collected dur-
ing (a) winter and (b) summer REDSOX cruises in the Gulf of
Aden. See legend for symbol definitions.
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2. Data and methods

The new observations discussed here were collected
during two cruises in the GOA, the first on the R/V
Knorr (5 February–15 March 2001; henceforth, winter
cruise) and the second on the R/V Maurice Ewing (21
August–12 September 2001; henceforth, summer
cruise; Fig. 2). Observations were made of both the
descending outflow plume between Perim Narrows and
the edge of the Tadjura Rift (the plume study), and the
equilibrated outflow water throughout much of the
GOA (the gulf study).

In total, over 200 conductivity–temperature–depth–
oxygen/lowered acoustic Doppler current profiler
(CTDO2/LADCP) profiles were obtained on each
cruise (small dots in Fig. 2), using a newly designed and
assembled package with a Seabird 911 � CTD (Johns
et al. 2001), a 300-kHz broad band RDI LADCP (Pe-
ters and Johns 2005), and a bottle sampler. The CTD/
LADCP package allowed us to observe currents and
water properties to depths of 2000 m. Bottle samples
were used to calibrate the conductivity and oxygen sen-
sors. Ship-mounted 150-kHz, narrowband ADCPs con-
tinuously measured current profiles in the upper 300–
350 m along the ship track, complementing the LADCP
station data. Accuracy of the LADCP velocity was es-
timated to be �0.03 m s�1 (Peters and Johns 2005).

In addition to the profile observations, a total of 53
acoustically tracked RAFOS floats (Rossby et al. 1986)
were released during REDSOX (Furey et al. 2005).
They were tracked using an array of five 780-Hz
sources, which have a range of 300–400 km, moored at
the positions shown in Fig. 2a. Float position, tempera-
ture and pressure were measured four times daily dur-
ing the 1-yr float missions, providing high-resolution,
eddy-resolving float trajectories. The floats were iso-
baric and ballasted for 650 dbar, the mean pressure of
the salinity maximum in the GOA (Siedler 1968;
Wyrtki 1971).

Thirty-four of the RAFOS floats were the standard
single-release (SR) type. They were released over a
wide area in the GOA during the two cruises (open
circles in Fig. 2) and started their 1-yr missions imme-
diately after launch from the ship. The remaining 19
floats were the dual-release (DR) type, and were ini-
tially anchored individually to the seafloor at four “time
series” sites (squares in Fig. 2). Every 2 months, one
float at each time-release site released its anchor and
drifted up to 650 dbar to start its drifting mission, at the
end of which it too dropped a ballast weight and re-
turned to the sea surface (a “float park”; Zenk et al.
2000). Except for their method of deployment, the SR

and DR floats were identical. Including both SR and
DR floats, a total of 27 floats were deployed at the time
series sites, with the first release in late February 2001
and the final release in March 2002, for a total of seven
releases. Three of the time series sites were located in
the Tadjura Rift (TS 1–3), one at each of the exits of the
bathymetric channels, and one in the eastern rift (Fig.
2a). The fourth site was located on the continental slope
in the southwestern gulf. Following a pirate attack dur-
ing the summer cruise, TS 4 was relocated farther off-
shore to site 4b. All sites were located along the hy-
pothesized path of the RSOW in the GOA.

Four of the 53 REDSOX floats never surfaced, all of
them DR floats. The cause of this failure is not known,
but since three of these four “no shows” were deployed
on the precipitous northern wall of the Tadjura Rift, we
speculate that a harsh bottom environment may have
caused the failure. Another problem with the RAFOS
floats arose because of more-than-expected blocking of
sound signals by high ridges throughout the GOA,
some of which are taller than indicated on bathymetric
maps. Because of these and several other issues (floats
hit by ships, floats washed ashore), five other trajecto-
ries were not useful, leaving 44 floats returning good
data.

In the following analysis, we use a subset of the
REDSOX observations to describe the initial equilibra-
tion and circulation of RSOW in the far western GOA.
These include CTD/LADCP profiles west of 45°E and
floats released in the western Tadjura Rift.

3. Results

a. Bathymetry

The bathymetry of the western GOA is crucial to the
initial spreading pathways of RSOW, and we therefore
describe it in detail here.1 As seen in Fig. 1a, the GOA
is a nearly rectangular basin, about 300 km wide by 900
km long, defined by the coastlines of the Arabian Pen-
insula to the north and the African continent to the
south and west. Most of the GOA is generally 2000–
2500 m deep, although it is sliced by many high ridges,
some 	1000 m deep.

1 Key to the success of the REDSOX field program was the
acquisition of high-resolution bathymetric data for the western
GOA. Through the efforts of S. Swift of the Geology and Geo-
physics Department at WHOI and P. Huchon of Geosciences
Azur, Villefranche-sur-Mer, France, we acquired in advance of
the first cruise a high-resolution, multibeam bathymetric dataset
from the outflow channels and the Tadjura Rift (Hébert et al.
2001), which proved invaluable in station planning and data in-
terpretation. These data have been used to construct the charts
shown in Figs. 1b and 1c and subsequent plots.
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The western end of the GOA on the other hand, is
characterized by a gradually shoaling continental slope
that is deeply cut by the tectonically active Tadjura Rift
(Fig. 1b; Hébert et al. 2001). The rift is 15–20 km wide,
and has a maximum depth of about 1600 m near its
western end. The tops of the rift walls gradually deepen
from west to east, although several narrow, tall ridges
are aligned along the tops of the rift walls east of 44°E,
especially along the southern wall (the “Pinnacles”; Fig.
1b). Note that the deep rift is, as well as can be deter-
mined, isolated from the rest of the gulf below the
1100-m isobath.

North and west of the rift are the two bathymetric
channels, the NC and SC, that originate seaward of
Perim Narrows and direct the dense RSW from the
strait to the open ocean (Figs. 1b,c). The NC is a 115-
km long, 5-km wide trench, and the SC is shorter and
broader. The NC and SC end abruptly at the northern
wall of the rift, terminating at about the 800- and 600-m
isobaths, respectively (Fig. 1c). Bottom slope along the
two channels is on average �0.005, while at the channel
exits, bottom slope increases dramatically to about
0.05–0.1. Note the small “gully” east of the main axis of
the SC (Fig. 1c), which will be referred to later.

b. Equilibration and vertical distribution of RSOW
in the western Gulf of Aden

The high-salinity Red Sea outflow water was ob-
served descending along the NC and SC as a dense
gravity current during both winter and summer
REDSOX cruises (Peters et al. 2005). As expected, out-
flow transport at Perim Narrows was higher during the
winter cruise, 0.3 Sv versus 0.06 Sv during summer
(M05). Note that the winter cruise transport was about
half of the mean winter value of 0.6 Sv that was esti-
mated by Murray and Johns (1997), but was within the
range of variability that they observed during the win-
ter season. Outflow transport approximately doubled
between Perim Narrows and the channel exits (M05),
consistent with the temperature–salinity (T–S) analysis
and model predictions of Bower et al. (2000).

1) PRODUCT WATER PROPERTIES

To illustrate the transition of the outflow from bot-
tom-intensified gravity current to neutrally buoyant in-
termediate–depth salinity maximum, along-axis sec-
tions of salinity and density are plotted in Fig. 3 for the
lower part of each channel and extending across the
Tadjura Rift, during both winter (upper panels) and
summer (lower panels) REDSOX cruises (see Peters et
al. 2005 for sections along the entire length of the chan-

nels but not including the rift). These sections are not
synoptic: each section took 7–10 days to occupy, and
outflow currents were observed to change over the
sampling period. In particular, the outflow currents in
the lower NC during the winter cruise decreased mark-
edly between the time of stations 8–40 and stations 82–
84 in Fig. 3a (Peters et al. 2005). The most saline and
densest outflow water in these sections was observed at
the bottom in the NC in winter (Fig. 3a), where maxi-
mum density in the lower channel was 27.5–27.6 �� and
salinity 39.7. Lower values were observed in the SC in
winter (Fig. 3b) where maximum density was only
about 27.3–27.4 �� and salinity 39.3. Much lower values
of outflow density and salinity were observed in both
channels in summer (Figs. 3c,d).

The hydrographic properties of the most recently
equilibrated outflow water were determined by track-
ing along the channel axes the outflow water with the
highest salinity and a positive (heavy) density anomaly
(relative to density profiles in the Tadjura Rift) up to
the point where the salinity maximum lifts off the bot-
tom and the density anomaly goes to zero. At this point
we say that the outflow water is neutrally buoyant, or in
gravitational equilibrium with respect to the back-
ground stratification. The stations where the outflow
first equilibrated are indicated by circles in Fig. 3, and
the properties at the depth of the salinity maxima at
these stations, or product water properties, are listed in
Table 1. In winter, the outflow water equilibrated just
as it reached the steep slope at the ends of the NC and
SC, where the channels empty into the Tadjura Rift. In
summer, equilibration occurred slightly upstream of the
channel exits. The NC produces a denser, more saline
product water than the SC in winter, with salinity and
density of 39.2 and 27.48 �� as compared with 38.9 and
27.00 �� from the main axis of the SC. This difference
has been attributed to less entrainment along the nar-
row, confined NC relative to the SC (Siedler 1968;
Bower et al. 2000; Peters et al. 2005). In summer, the
product waters are much less salty, by 1–2 psu, but they
are also cooler by several degrees because of the en-
trainment of cold GOA water that intrudes into BAM
Strait and the Red Sea during this season (see, e.g.,
Murray and Johns 1997; Smeed 1997). The result is that
the summer product waters lie just above the winter
product waters in density space (see also Peters et al.
2005).

Vertical sections of salinity and potential density
along the axis of the Tadjura Rift during winter and
summer (Fig. 4) show how the equilibrated RSOW was
distributed relative to the ambient water mass struc-
ture. The recently equilibrated outflow waters were
embedded in a thicker, intermediate-depth layer of
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