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ARTICLE INFO ABSTRACT
Keywords: The present study investigates the advective pathways and transit times of virtual particles released in the Red
Salinity Sea outflow area as a proxy for the poorly understood spreading of the Red Sea Overflow Water (RSOW) in

Northwest Indian Ocean

the Arabian Sea. This work uses the Parcels toolbox, a Lagrangian framework, to simulate tens of thousands of
Parcels toolbox

trajectories under different initial conditions. Six different Lagrangian simulations are performed at isobaric and

'cr);a;zzz)nes isopycnal surfaces within the RSOW layer. All simulations are based on the eddy-rich GLORYS12 reanalysis that
Particles merges almost all in-situ (temperature-salinity) and satellite observations collected over the last two decades

into a dynamical framework. This study shows that GLORYS12 reproduces relatively well the climatological
seasonal cycle of the RSOW to the Gulf of Aden and essential characteristics of the exchange at the Strait of
Bab al-Mandab. Statistical comparisons between synthetic trajectories and RAFOS floats in the Gulf of Aden
corroborate the quality of GLORYS12 velocity fields used for the Lagrangian simulations. Six main advective
pathways are uncovered (by order of preference): Southwest, Northwest, Socotra Passage, Central, Eastern,
and Southern. Trajectories from Argo floats give observational support for some of these paths. Although most
particles are exported out of the Arabian Sea off Somalia, the simulations reveal robust connectivity of the
RSOW to the Arabian Sea interior and its eastern boundary. The fact that particles have long trajectories
in the interior increases the potential of RSOW mixing with the fresher and oxygen-poor ambient waters.
Thus, these pathways may have profound implications for the salt and oxygen budgets in the Arabian Sea
and beyond since the RSOW is also part of the global overturning circulation and exported out of the Indian
Ocean via the Agulhas Current. Transit time distributions indicate that it takes about six months for outflow-
originated particles to spread over the entire Gulf of Aden and one to three years to be exported along the
western boundary, toward Somalia (Socotra Passage and Southwest pathways) and off the Yemeni-Omani
coast (Northwest Pathway). In contrast, reaching the eastern boundary takes much longer. North of 14° N, the
most frequent time is around 10-15 years, and about 20-25 years at the southeastern Arabian Sea. Hence, the
RSOW can often carry oxygen to the western boundary but not to the eastern basin. This may contribute to
the eastern shift of the Arabian Sea Oxygen Minimum Zone, a subject that deserves investigation.

1. Introduction with the monsoonal wind regime, with minimum transport in summer

(~0.05 Sv) and maximum (x0.7 Sv) in winter (Murray and Johns,

The Red Sea Water or Red Sea Overflow Water (RSOW) is one of the
most important sources of salt for the oceanic intermediate layer (e.g.,
Beal et al., 2000; Clowes and Deacon, 1935; Han and McCreary, 2001;
Rochford, 1964; Wyrtki, 1971) and a source of oxygen for the oxygen-

1997)— hereafter, boreal seasons.
In the Gulf of Aden, the RSOW mixes with fresher ambient wa-
ters, diluting by a factor of about 2.5 and reaching neutrally buoyant

poor Arabian Sea, although the importance of the latter is still under
debate (e.g., Beal et al., 2000; Fine et al., 2008; McCreary et al., 2013;
Olson et al., 1993; Premchand et al., 1986; Sarma, 2002; Schmidt et al.,
2020; Wyrtki, 1971). This highly saline water, with salinity around
40, enters the Gulf of Aden through the shallow (sill depth of 137 m)
and narrow (minimum width of about 25 km) Strait of Bab al-Mandab
(Fig. 1) (Bower et al.,, 2000, 2005; Murray and Johns, 1997). The
Red Sea outflow transport has a pronounced seasonal cycle associated
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depths of 400-800 m (Bower et al., 2000, 2005). In the Gulf, the
main equilibrated RSOW has salinity around 37.5 and temperature of
17.9 °C, with the salinity maximum centered at the isopycnal (c,) of
27.2 kg/m3 (Bower et al., 2000). A secondary equilibrium level occurs
at a deeper isopycnic (27.65,5, 1000-1200 m), with similar salinity
but cooler temperatures (Bower et al., 2005). The multiple equilibrium
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Fig. 1. Potential RSOW pathways in the Arabian Sea from the literature. The only widely accepted pathway shown in the map is the southward path hugging the Somali continental
slope in the western boundary. Red is used for potential pathways advecting RSOW southward in the western Arabian Sea, and blue to pathways that advect water toward the
east or along the eastern boundary. The gray contour is the 700 m isobath from 2-minute gridded global relief data (ETOPO2) version 2 (NGDC, 2006). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

levels are likely due to different mixing histories (by turbulent entrain-
ment) along the two bathymetric channels where the RSOW descent
into the Gulf of Aden (Bower et al., 2005, and references therein).

The dilute RSOW (salinity around 36) is then exported from the
Gulf of Aden to the Arabian Sea at mid-depths (500-1500 m), forming
a subsurface salinity maximum in the open ocean (Beal et al., 2000;
Premchand et al., 1986; Rochford, 1964; You, 1998; Wyrtki, 1971).
Predominantly, the RSOW spreads within the isopycnal layer of 27—
27.6 kg/m>® over a distance of several thousand kilometers in the
Arabian Sea and beyond (Beal et al., 2000; L’Hégaret et al., 2021).

Despite the potential impacts on the Arabian Sea salt and oxygen
budgets, the RSOW advective spreading pathways and transit times are
still mostly unknown in the northwest Indian Ocean (e.g., L’'Hégaret
et al., 2021; McCreary et al., 2013; Schmidt et al., 2020). In the Gulf of
Aden, deep-reaching mesoscale eddies dominate the RSOW spreading
pathways (Bower and Furey, 2012), but in the Arabian Sea, the picture
is fragmented and often conflicting, as described below.

1.1. The obscure RSOW spreading in the Arabian Sea

In situ observations indicate that the preferred spreading route is
along the western boundary off Somalia (Beal et al., 2000, 2003; Bruce
and Volkmann, 1969; Chowdary et al., 2005; Clowes and Deacon, 1935;
de Marez et al., 2019; Fischer et al., 1996; Gamsakhurdiya et al., 1991;
Premchand et al., 1986; Quadfasel and Schott, 1982, 1983; Rochford,
1964; Shapiro and Meschanov, 1991; Schott and Fischer, 2000; Schott
and McCreary, 2001; Stramma et al., 2002; Swallow and Bruce, 1966;
Warren et al., 1966; You, 1998). Wintertime measurements by Schott
and Fischer (2000) show a relatively strong southwestward under-
current (400-1000 m; about 30 cm/s) that advects the RSOW from
the Gulf of Aden via the Socotra Passage (Guardafui Channel) located
between the Africa mainland and Socotra island (Fig. 1). This under-
current lies beneath a shallow branch of the Somali Current that flows
northeastward after bifurcating near the continental slope around 8°-
10° N (Schott and Fischer, 2000; Stramma et al., 2002; Schott and
McCreary, 2001). In winter, the Socotra Undercurrent connects to the
coastal Somali Undercurrent, which advects RSOW further south (Bruce
and Volkmann, 1969; Esenkov and Olson, 2002; Quadfasel and Schott,
1983; Schott and Fischer, 2000; Schott and McCreary, 2001; Warren
et al.,, 1966). Schott and Fischer (2000) conjecture that the Socotra

Passage is the main route to the RSOW export out of the Gulf of Aden
because, in winter, the Red Sea outflow transport is maximum, and the
undercurrents are predominantly southward.

Because the monsoonal regime also affects the mid-depth circulation
in the Arabian Sea, with undercurrents reversing seasonally (Schott
and McCreary, 2001), it has been speculated that the (south-oriented)
RSOW tongue along the Somali slope is likely a wintertime feature (e.g.
Beal et al., 2000; Gamsakhurdiya et al., 1991). The tongue would be
weak in summer when undercurrents are mostly northward with the
development of the deep-reaching anticyclonic Great Whirl (Beal and
Donohue, 2013; Esenkov and Olson, 2002; Fischer et al., 1996). How-
ever, there is an indication that the RSOW tongue is present offshore
Somalia in summer but north-oriented (Quadfasel and Schott, 1982).
In summer, rather than in the Socotra Passage, RSOW signature was
measured east of the island, underneath the Socotra Gyre (Fischer et al.,
1996). This route may be another path out of the Gulf of Aden. More
recent measurements from an Argo float in the same region (Carton
et al., 2012) offer additional support for the route east of Socotra.

After crossing the Socotra Passage, the RSOW pathway may split
into multiple branches in the Somali Basin (Fig. 1). Besides the branch
hugging the Somali slope, another one, farther offshore, appears in the
diagrams of Rochford (1964) and Shapiro and Meschanov (1991). How-
ever, in situ observations supporting this offshore (southward) branch
are contradictory. For instance, wintertime measurements from Schott
and Fischer (2000) south of the Socotra near 53° E do not show it but
this offshore branch appears in the measurements from Warren et al.
(1966) and Fischer et al. (1996) (also around 53° E but summer). A
third branch, also originating in the Somali Basin, would advect the
RSOW across the Arabian Sea toward India in summer (Gamsakhur-
diya et al., 1991; Shapiro and Meschanov, 1991). Rochford (1964)
also described a possible cross-basin pathway but slightly northward
than the ones from Gamsakhurdiya et al. (1991) and Shapiro and
Meschanov (1991). Rochford’s cross-basin path would connect the
north of Socotra to India’s southern tip (compare the dashed blue
paths south of 14° N in Fig. 1). Despite these early descriptions, Beal
et al. (2000) did not find conclusive evidence for an eastward pathway,
although summertime hydrographic measurements from Beal et al.
(2003) and He et al. (2020) show patches of RSOW at 8°N near
60°E and 73°E and Chowdary et al. (2005) describe RSOW between
12°-16° N and 63°-71° E based on Argo floats. This evidence suggests
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an eastward export of RSOW to the Arabian Sea interior. The occur-
rence of isolated patches or lenses of RSOW (sometimes referred to
as Reddies), especially in the central Arabian Sea, seems common.
The mechanisms sustaining these patches in the Arabian Sea are not
clear to date (Beal et al., 2000; de Marez et al., 2020; Gamsakhurdiya
et al., 1991; Meschanov and Shapiro, 1998; Shapiro and Meschanov,
1991; Shapiro et al., 1994) although submesoscale dynamics may play
a significant role in their formation in the Gulf of Aden (e.g., Morvan
et al., 2020).

In addition to the pathways east and west of Socotra, another
export route for the RSOW is likely the mouth of the Gulf of Aden,
although its importance is still uncertain. Several observational studies
show the RSOW high-saline fingerprint at intermediate depths in this
region (Al Saafani and Shenoi, 2007; Beal et al., 2000; Carton et al.,
2012; de Marez et al., 2019, 2020; Premchand et al., 1986; Sastry
and D’Souza, 1972; Schott and Fischer, 2000; Shapiro and Meschanov,
1991; Rochford, 1964; Warren et al., 1966). However, Schott and
Fischer (2000) suggest the RSOW export via the Gulf’'s mouth is oc-
casional, and Shapiro and Meschanov (1991) find it hard to trace
this route north of 17°-18°N based solely on salinity observations.
Along these lines, some studies argue that the RSOW would not spread
north of 17°-18° N, although historical observations are scarce in this
region (Chowdary et al., 2005; Premchand et al., 1986; Rochford, 1964;
Sastry and D’Souza, 1972; Shenoi et al.,, 1993; Varma et al., 1980).
Based on the much more extensive Argo dataset, L’Hégaret et al. (2021)
also rarely detected RSOW signal north of 20° N, perhaps because the
RSOW loses its signature along the way due to isopycnal mixing with
fresher Arabian Sea waters. Recently, Schmidt et al. (2020) performed
a set of Lagrangian particle tracking simulations by advecting virtual
particles into a high-resolution numerical model that assimilates in situ
and satellite observations. The aim was to investigate the ventilation of
the Arabian Sea Oxygen Minimum Zone (ASOMZ) located in the north-
eastern Arabian Sea (300-1000 m). In contrast with the salinity-based
identification, the simulations revealed a pronounced northeastward
RSOW pathway along the Yemeni—Omani slope as farther as 22°-24° N
(Fig. 1), with a high probability of RSOW reaching the western coast
of India.

Despite the pathway toward the east being unknown, several stud-
ies (Babu et al., 1980; Beal et al., 2003; Shankar et al., 2005; Shenoi
et al., 2005; Varkey et al., 1979; Vimal Kumar et al., 2008; You, 1998)
describe the RSOW fingerprint in the eastern boundary, hugging the
Indian slope, with signal decaying offshore and decreasing equator-
ward. Based on the observational pattern, which seems to indicate
advection from north to south, Shankar et al. (2005) propose two
possible pathways for RSOW to arrive in the eastern boundary (Fig. 1).
One possibility would be northward along the Yemeni-Omani slope,
then westward along the slope off Iran and Pakistan, and southward
off India’s west coast, similar to the pathway found by Schmidt et al.
(2020) for the RSOW to ventilate the ASOMZ. Another possibility
would be a deep, open-ocean, cross-basin flow connecting the western
Arabian Sea to the northern portion of the Indian slope.

1.2. Lagrangian Approach

Traditionally, the RSOW spreading has been investigated based on
in situ observations by tracing its salty/spicy signature (e.g., Beal et al.,
2000; L’Hégaret et al., 2021). Unfortunately, in situ observations are
not homogeneous in time and space over the entire Arabian Sea, which
may explain why a clear picture of the RSOW spreading pattern is still
missing. Here, a different approach is employed. The present study uses
Lagrangian particle tracking simulations to investigate the preferred
advective pathways and transit times of the RSOW spreading in the
Arabian Sea. In this approach, large sets of virtual passive particles
are integrated in time within three-dimensional, time-evolving velocity
fields commonly from Ocean General Circulation Models (OGCMs) (van
Sebille et al., 2018).
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A growing number of studies have been using this technique to
study pathways, timescales, and connectivity between oceanic regions,
as recently reviewed by van Sebille et al. (2018). For instance, Dur-
gadoo et al. (2017) investigated the water mass sources for the Agulhas
Current (that include the RSOW) using Lagrangian simulations, Schmidt
et al. (2020) used it to study the ASOMZ ventilation, and Sheehan et al.
(2020) to characterize the Persian Gulf Water route from the Gulf of
Oman to the Bay of Bengal.

Lagrangian simulations have also been widely used to study path-
ways of other overflow waters around the globe, for example, the
Iceland-Scotland Overflow Water (Zou et al., 2017, 2020), Mediter-
ranean Overflow Water (Burkholder and Lozier, 2011), Denmark Strait
Overflow Water (Saberi et al., 2020), and overflow waters of subpolar
origin in the North Atlantic (Lozier et al., 2012), to cite a few studies.
In none of these Lagrangian studies, the underlying OGCMs (with
horizontal resolutions between 1/12° and 1/10° ) resolve overflow dy-
namics whose processes (e.g., mixing driven by frictional processes at
the bottom boundary layer, entrainment of ambient water, hydraulic
control at narrow straits and sills) occur at scales much smaller than the
model grid-scale (Colombo et al., 2020; Fox-Kemper et al., 2019; Ilicak
et al., 2008; Legg et al., 2009). The overflows are rather parameterized
in OGCMs. Legg et al. (2009) give a nice overview of the challenges
involved in these parametrizations for readers interested in this subject.

A common issue is that the modeled overflow waters do not have
the same spiciness/density as in nature (e.g., Colombo et al., 2020;
Marzocchi et al., 2015; Zou et al., 2020), especially in OGCMs that use
z-level vertical coordinate schemes (Colombo et al., 2020; Legg et al.,
2009). Despite the limitations, the Lagrangian trajectories simulated
from such OGCMS can be useful for understanding the overflow waters
spreading pattern in basin-scale, which is not feasible based on sparse
observational records alone. This approach is strongly increasing the
understanding of the North Atlantic overflow waters pathways (e.g.,
Zou et al., 2020), but has not been explored in the case of RSOW
spreading in the Arabian Sea and its path to the east yet.

1.3. This study

In the present study, the Lagrangian simulations are based on the
state-of-art and high spatial resolution (1/12°) Mercator Global Ocean
Reanalysis (GLORYS12) version 1 (GLOBAL REANALYSIS PHY 001_
030) (Fernandez and Lellouche, 2018; Lellouche et al., 2018) dis-
tributed by the Copernicus Marine Environment Monitoring Service
(CMEMS). GLORYS12 compiles most satellite and in-situ observations
collected in the Arabian Sea in the last 25-years, including Argo floats.
GLORYS12 suffers from the same issues as the above-cited models in
terms of overflow water mass properties as later described but has the
advantage of being constrained by observations, especially Argo floats
and satellite altimetry sea surface height (SSH) data. The assimilation
of SSH data improves the representation of mesoscale eddies in GLO-
RYS12, which is essential for the RSOW spreading pathways in the Gulf
of Aden (e.g., Bower and Furey, 2012).

In the Lagrangian simulations, the virtual particles were released in
the Red Sea outflow region at the RSOW layer as a proxy indicator
for the RSOW. A series of experiments of differing complexity were
performed to characterize the RSOW preferred pathways and transit
times quantitatively. Experiments were designed to identify the typical
RSOW pathways in a climatological sense, evaluate how the eddy field
impacts the probability distributions (and time scales) and the effects
of the intermediate circulation seasonal variability.

The paper begins by presenting GLORYS12 climatological (Eulerian)
fields to assure the readers that despite the overflow parametriza-
tion, GLORYS12 reproduces typical characteristics of RSOW in the
Gulf of Aden as described in the literature. Then, a comparison be-
tween Lagrangian simulations based on GLORYS12 and trajectories
from RAFOS (SOund Fixing And Ranging spelled backward) floats from
the Red Sea Outflow Experiment (REDSOX) in the Gulf of Aden are
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presented (Bower and Furey, 2012; Furey et al., 2005). This comparison
aimed to evaluate the statistical skill of GLORYS12 in reproducing the
mid-depth circulation. Last, Argo trajectories are presented as observa-
tional support for some RSOW pathways identified in the Lagrangian
simulations.

1.4. Manuscript organization

The paper is organized as follows: Sections 2 and 3 describe the
datasets and the particle tracking Lagrangian experiments, respectively;
Section 4.1 takes a brief look at how GLORYS12 reanalysis represents
typical climatological characteristics of the RSOW in the Gulf of Aden;
Section 4.2 presents an evaluation of GLORYS12 synthetic trajectories
and temperature and salinity (T-S) properties against in situ observa-
tion from the REDSOX experiment. Section 4.3 examines the proba-
bilities of particle positions in the Arabian Sea, the RSOW spreading
and transit times; Section 4.4 investigates the connectivity, preferred
pathways, and salinity dilution, and Section 4.5 offers observational
evidence from Argo trajectories. Section 5 discusses the preferred ad-
vective pathways in light of the occurrence of RSOW reported in the
literature. Section 6 provides a summary and conclusion.

2. Data
2.1. GLORYSI12 reanalysis

Daily-average fields of zonal («) and meridional (v) velocities, (po-
tential) temperature, and (practical) salinity from the eddy-rich GLO-
RYS12 version 1 (Drévillon et al., 2018; Fernandez and Lellouche,
2018; Lellouche et al., 2018) were used for the Lagrangian simula-
tions: Velocity fields for computing particle positions and temperature—
salinity fields to determine the water properties along the trajectories
as described in Section 3.1.

GLORYS12 spans the satellite altimetry era (Jan-1993 to the
present), with occasional updates. In this study, the GLORYS12 fields
span from 1-Jan-1993 to 25-Dec-2018. The fields have horizontal grid
resolution of 1/12°x 1/12° (approximately 8 km in the Arabian
Sea) in 50 unevenly-spaced vertical levels (z-coordinates) from the sea
surface to the seafloor. Vertical resolution decreases from the mixed
layer (22 levels in the upper 100 m, spaced by 1-2 m) to the abyssal
oceans (~ 450 m) (Lellouche et al., 2018). The GLORYS12 fields are
interpolated from the native Arakawa C-grid to an A-grid before public
availability. In the RSOW layer within the Arabian Sea, the vertical
resolution is around 100 m (541.1 m, 643.6 m, and 763.3 m).

GLORYS12 is based on the LIM2/NEMO 3.1 machinery (Louvain-
la-Neuve Sea Ice Model/Nucleus for European Modeling of the Ocean).
The oceanic component is forced by the European Centre for Medium-
Range Weather Forecasts (ERA)-Interim atmospheric reanalysis, with
correction for precipitation and radiative fluxes. The initial oceanic
conditions are derived from the Met Office Hadley Centre database
(EN.4.2.0). Internal-tide-driven mixing is parameterized, as the oceanic
component does not explicitly represent tides (Lellouche et al., 2018).
At Gibraltar and Bab al-Mandab straits, a relaxation toward the
EN.4.2.0 decadal climatology is applied to minimize spurious mixing
(i.e., excessive and non-physical) over topographic constraints (Drévil-
lon et al., 2018; Lellouche et al., 2018), which is a common issue
in OGCMs using z-coordinates such as NEMO (Colombo et al., 2020;
Legg et al., 2009). The relaxation toward the climatology is centered
at 12° N-46°E and applied only below 500 m with relaxation terms
increasing linearly between 500 and 700 m and then constant toward
the seafloor. The time scale is 50 days, with time increasing to infinity
5° away from the area center (Lellouche et al., 2018).

GLORYS12 is constrained by along-track SSH from multiple satellite
altimetry missions, satellite-based sea surface temperature (SST) from
AVHRR sensors (Advanced Very High-Resolution Radiometer), in situ
vertical profiles of temperature and salinity from the CORA (Coriolis
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Ocean Dataset for Reanalysis) dataset version 5.1 (which includes Argo
floats and CTD (Conductivity-Temperature-Depth) observations), and
sea ice concentration. Ocean bottom topography is from ETOPO1 (1-
arcmin global relief model) for the deep ocean, with GEBCO8 (General
Bathymetric Chart of the Oceans) used for coastal areas and conti-
nental shelves. Observations are assimilated using a three-dimensional
variational (3D-VAR) approach, with correction for the slowly-evolving
large-scale biases in temperature and salinity (Artana et al., 2019;
Drévillon et al., 2018; Fernandez and Lellouche, 2018). Drévillon et al.
(2018) describe the many improvements implemented in GLORYS12
components for readers interested in this subject as well as a global
assessment of the GLORYS12 performance against in-situ and satellite
observations. The latter authors show that in the Arabian Sea at 800 m
depth (RSOW layer), the mean salinity difference to the WOA13 (World
Ocean Atlas 2013) is + 0.05. In the Arabian Sea, data from this
reanalysis have also been recently analyzed by Sheehan et al. (2020)
and de Marez et al. (2020).

Because RSOW spreads along isopycnals (27-27.6 kg/m?) (e.g., Beal
et al., 2000; L'Hégaret et al., 2021), several experiments described in
Section 3.1 were performed on isopycnal surfaces. To generate the
appropriate Eulerian fields for running these simulations, potential den-
sity anomaly fields referenced to the sea surface were first calculated
from potential temperature and practical salinity using the Gibbs-
SeaWater (GSW) Oceanographic Toolbox (IOC et al., 2010; McDougall
and Barker, 2011). Then, the GLORYS12 daily fields were mapped from
the original z-coordinates to o,-coordinates (with a vertical resolution
of 0.1 kg/m?) using linear interpolation.

Additionally, for comparison with temperature from the RAFOS
floats described below, the GLORYS12 potential temperature was con-
verted to in situ temperature using the GLORYS12 salinity fields and
the GSW toolbox. GSW was also used to convert to conservative tem-
perature and absolute salinity when appropriate.

2.2. REDSOX experiment

For evaluating the particle tracking simulations based on GLO-
RYS12, in situ Lagrangian observations of temperature, pressure, po-
sition, zonal, and meridional velocities obtained from 49 acoustically
tracked isobaric RAFOS floats in the Gulf of Aden were used (Fig. 2a).
GLORYS12 did not assimilate these observations.

The RAFOS system is composed of neutrally buoyant subsurface
floats equipped with hydrophones that listen for timed acoustic sig-
nals transmitted by moored sound sources. These acoustic signals are
used to determine the float position (by triangulation) at each time
step (Rossby et al., 1986). To calculate positions, the float needs to
listen from at least two different sound sources. As described in Rossby
et al. (1986), the position determination depends on sound source
power level, ambient noise, and acoustic propagation considerations
such as the depth of the float in relation to the sound source channel
axis. Unlike an Argo, a RAFOS is not a vertical profiler float and stays
submerged at a pre-defined pressure (or density surface) for the whole
mission length. At the end of its mission, the float drops its weight and
rises to the sea surface to transmit all stored data via satellite.

The floats used here belong to the REDSOX experiment that took
place between February 2001 and March 2003 (Furey et al., 2005).
For tracking the floats, Furey et al. (2005) deployed four sound source
moorings in the first of the two project cruises (REDSOX-1; 5-Feb to 15-
Mar 2001). Three of these moorings were deployed in the western Gulf
and one in the eastern. An additional sound source mooring was added
to the east in the second cruise (REDSOX-2; 21-Aug to 12-Sep 2001).
Sound sources used in the REDSOX had a higher frequency (780 Hz)
than the ones used in open-ocean applications (260 Hz) (Furey et al.,
2005). Thus, they had a much lower range since low-frequency sound
waves travel further than high-frequency waves. The combination of
fewer sound sources in the eastern (the second was deployed about
6-months later) and the lower range of the REDSOX sound sources
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Fig. 2. REDSOX Experiment. (a) Location and number of RAFOS deployments between
2001 and 2003. Dot’s color indicates the number of floats released in the respective
position. Color shading shows the ETOPO2 bottom topography, the pink dashed line,
the maximum range of sound sources, and the black box (10° N-12.6° N; 43° E-45° E)
the region where virtual particles were released in the EXP-RSOW experiments. TJ
stands for Tadjoura Rift (about 12° N; 43° E). (b) and (c) show the CTD stations during
the REDSOX-1 campaign in winter (17-Feb to 12-Mar-2001) and REDSOX-2 in summer
(21-Aug to 12-Sep-2001), respectively. Blue-Purple shading indicates the GLORYS12
Eulerian mean salinity fields over the respective cruise periods at 763 m. SoP stands
for Socotra Passage between Africa and the Socotra island and AS to the Arabian Sea.
The black contours in the maps are the 700 m isobath. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

made float tracking in the eastern Gulf much more difficult than in the
western. In consequence, the maximum longitude for trajectories was
50° E-52° E. Also, it was impossible to track any float in the Socotra
Passage because the acoustical signals transmitted by the sources could
not reach so far. Nevertheless, Furey et al. (2005) and Bower and Furey
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(2012) show that eight floats (16.3% of the total) from the REDSOX
experiment reached the Arabian Sea (east of 52° E). Two of these floats
resurfaced (to transmit the data) in the Somali Basin around 8° N-52° E
and six to the northeast, along the Yemeni coast, although by unknown
pathways (Furey et al., 2005; Bower and Furey, 2012).

Although isobaric floats drift approximately at the same pressure
level as they are released, small vertical displacements may happen
in regions of strong horizontal density gradients (Lankhorst and Zenk,
2006), which also happened in REDSOX as described in Furey et al.
(2005). The RAFOS dataset used here has been extensively analyzed
by Bower et al. (2005), Bower and Furey (2012) and Furey et al. (2005),
and the readers are referred to those papers and report for further
information about REDSOX data.

The floats recorded pressure and temperature data twice a day and
position fix every six hours. No salinity observations were collected.
Each float was tracked for one year (Bower and Furey, 2012; Furey
et al., 2005). At the end of the respective one-year mission, each float
rose to the sea surface and transmitted the entire record via Argos
satellite system (Furey et al., 2005; Wooding et al., 2005). The floats
were ballasted for 650 dbar but were, on average, 73.7 dbar heavier
than planned (Furey et al., 2005). Thus, they drifted with currents
around 724 dbar. The closest GLORYS12 vertical level is at 763 m.

Most floats (34) were released during the two REDSOX cruises. The
rest of the floats were initially anchored to the seafloor and released
every 2-months. Fig. 2a shows the number of RAFOS deployments at
each location.

Besides the RAFOS-derived observations, GLORYS12 was also com-
pared against the CTD observations collected during the REDSOX
cruises (Figs. 2b and 2c, respectively). These observations were an-
alyzed by Bower et al. (2002), Bower et al. (2005), and Bower and
Furey (2012). During the winter REDSOX-1 cruise, 163 CTD stations
were occupied in the Gulf of Aden and 123 in the REDSOX-2. Vertical
profiles of conservative temperature, 6,4, and absolute salinity were
derived for each station from in situ temperature, practical salinity,
and pressure measurements using the GSW toolbox. For comparison
between GLORYS12 and CTD observations, the reanalysis fields were
bi-linearly interpolated to the station positions, and the CTD profiles
(linearly) interpolated from the original 1-m resolution to the model
vertical levels. These CTD observations have not been assimilated in
GLORYS12 as they are not part of CORA.

2.3. Ancillary data

In addition to the RAFOS floats described above, trajectories derived
from Argo floats were used as ancillary data. Unlike RAFOS, Argo floats
drift at a programmed parking depth over days and ascend to the sea
surface at the end of the drifting cycle to measure vertical profiles
of temperature, salinity, and pressure. Argo can be considered as a
semi-Lagrangian float. In Argo, positions are obtained from satellites
(no acoustical tracking) when the float is at the surface. Depending
on the satellite system used (e.g., Argos), a float may need to stay
for a few hours at the surface to transmit the collected data. Because
of that, there is potential contamination of deep velocities estimated
from such trajectories, an issue nonexistent in RAFOS floats that stay
submerged at a pressure or density level over the entire mission period.
Also, positions along the Argo trajectories are obtained every few days
— exact number depends on how the floats are programmed, but the
standard cycle is ten days. Thus, the Argo trajectories have much lower
resolution than RAFOS.

The number of Argo floats deployed in the Arabian Sea since 2002 is
relatively small, especially in the western basin. In the CORIOLIS Argo
global database (http://www.coriolis.eu.org/), there are 307 floats in
the region between 8° N-26° N and 42° E-80° N (mostly with parking
depths between 900-1200 m). However, only 263 floats have trajec-
tories of more than 100-days of data, which is the subset used here.
Thirty-two of these floats were launched inside the Gulf of Aden, and
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several of these have been individually analyzed by, e.g., Carton et al.
(2012).

For readers interested on the Argo space-time distribution, L’Hégaret
et al. (2021) and de Marez et al. (2019) present a detailed description
for the Arabian Sea. While the Argo vertical temperature and salinity
profiles were assimilated in GLORYS12, their trajectories were not.

3. Methods
3.1. Lagrangian particle tracking simulations

The present study used Parcels (Probably A Really Computationally
Efficient Lagrangian Simulator) (Delandmeter and van Sebille, 2019;
Lange and van Sebille, 2017) to perform the particle tracking simula-
tions. Briefly, virtual (passive) particles were released in a set of initial
positions at time ¢ and integrated forward in time using the following
equation for each particle i:

t+At
X,(t + A = x,.(t)+/ v(x,7) dt ¢))
t

where X; is the spatial position of a virtual particle i, and v(x, 7) is
the Eulerian velocity field (here, from GLORYS12) interpolated at the
particle position using the scheme described by Delandmeter and van
Sebille (2019) for A-grid. The Eulerian velocity field v(x, ) is equal to
the Lagrangian velocity field dX/dt when evaluated at X(r) = x (van
Sebille et al., 2018). Here, the integration was done through a fourth-
order Runge-Kutta scheme with a time step of 10-min (other time steps
produced similar results). At every time step, temperature and salinity
data were assigned for each particle i by linearly interpolating the
GLORYS12 temperature and salinity fields to the particle position.

Two goals guided the setup of the numerical experiments in this
study. The first one was to assess the statistical skill of GLORYS12 to
capture the Gulf of Aden circulation at the RSOW layer as measured
by REDSOX RAFOS floats. The second goal was to investigate the
typical advective pathways and transit times of the RSOW spreading
in the Arabian Sea using particles as a proxy indicator for the RSOW,
including the effects of the intermediate circulation seasonal variability
and the mesoscale eddy field.

In total, six numerical experiments were performed, as shown in
Table 1. Experiments 1-3 are related to the REDSOX and prefixed
as EXP-RAFOS. The first experiment (EXP-RAFOS) was tailored to be
similar as possible to the in situ floats. The particle’s initial positions
were taken from the 49 RAFOS (Fig. 2a), except at the Tadjoura rift at
the mouth of the Red Sea (42.5° E-43.3° E) in which the GLORYS12
fields are undefined near the RAFOS pressure level (see, e.g., the
salinity fields in Fig. 2b-c). To circumvent that, their initial positions
were displaced to the closest GLORYS12 valid grid point (<16.7 km
distance). In this experiment, the particles were released at three
vertical levels within the RSOW layer: 541 m, 644 m, and 763 m to
verify which of those vertical levels better reproduced the RAFOS sta-
tistical characteristics. Since the REDSOX floats were almost isobaric,
EXP-RAFOS did not consider vertical motions such as upwelling and
downwelling; thus, the virtual particles drifted for their entire lifespan
at the vertical surface they were released. The synthetic trajectory data
(position, time, temperature, and salinity) were recorded every 6-hours,
mimicking the REDSOX characteristics. Zonal and meridional velocities
along the trajectories were estimated based on position and time data.
The releasing time and tracking period were as in the REDSOX (see
Furey et al., 2005, their Table 1).

EXP-RAFOS-SIGMA was identical to EXP-RAFOS except virtual par-
ticles followed isopycnal surfaces similar to the observed RSOW. The
particles were released at 27, 27.3, and 27.6 kg/m? surfaces (top, core,
and bottom of the RSOW layer; Table 1). EXP-RAFOS-REP consisted
of having multiple realizations of the EXP-RAFOS experiment over the
REDSOX period (2001-2003) to increase the statistical significance (see
discussion in van Sebille et al., 2018). In this case, 49 particles were
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released every day for two years (2001 and 2002) at 763 m, totaling
about 10* particles and 731 repetitions of EXP-RAFOS (Table 1). The
763 m depth was chosen for this experiment because EXP-RAFOS
statistics at this level were the best compared to RAFOS as described in
Section 4.2. Each virtual particle in the EXP-RAFOS-REP was tracked
by 1-year as in the REDSOX.

Experiments 4-6 are related to the second objective of this study
and are prefixed as EXP-RSOW (Table 1). All of them are centennial
simulations. The first two EXP-RSOW experiments use daily velocity,
temperature, and salinity fields of a climatological year. The aim was
to minimize interannual variability and highlight the typical RSOW
spreading patterns. For that, the GLORYS12 fields were averaged over
25 years for each day of an idealized year. This procedure was executed
for each vertical level (z or ). There is no jump between the first
and last days of this idealized year (not shown), and it contains both
the seasonal cycle and sub-seasonal variability. This approach is in the
spirit of what is done for normal-year atmospheric forcing fields, as
described in Large and Yeager (2004) and Large and Yeager (2009)
and similar to one of Schmidt et al. (2020) Lagrangian simulations.
These daily normal-year data were then repeated multiple times over
the simulation period.

In experiment 6, the original GLORYS12 fields were used as a
control run to evaluate whether more energetic mesoscale eddy fields
would impact the probabilities and transit time statistics. The initial
conditions for this experiment are based on the year 1993. Investigation
of the interannual variability in initial conditions is left for a future
study. The particles were released in the first year of the reanalysis
and integrated over the simulation period (100-yr). Hence, particles in
this experiment were subject to interannual variability in mid-depth
circulation while in the Arabian Sea. The GLORYS12 spans a relatively
short period (25-years), which is insufficient for particles spreading all
over the Arabian Sea. To circumvent this issue, a technique known as
“recycling" was employed (e.g., Gary et al., 2014; van Sebille et al.,
2012, and references therein). It consists of repeating (looping) the
Eulerian fields sequentially over the simulation period, here a hundred
years. van Sebille et al. (2012) used this technique to extend their
Eulerian model outputs from 27 to 300 years.

Notice that the normal-year daily-mean fields used in experiments
4-5 are rich in mesoscale eddies (Fig. 3a) since 25-years is short to fade
out these features in eddy-rich regions such as the Gulf of Aden and
the Arabian Sea. Therefore, the simulations based on these fields also
include mesoscale effects, although the strength of the eddies is reduced
when compared with GLORYS12 original fields used in experiment 6
(Fig. 3b).

In the EXP-RSOW experiments, instead of using the RAFOS positions
that spread over the entire Gulf of Aden, the virtual particles were
released in the westernmost area of the Gulf of Aden (box in Fig. 2a)
as a proxy indicator to evaluate the RSOW spreading pattern due to
intermediate-level circulation. Specifically, 183 particles (one particle
per valid horizontal grid point, #8 km apart) were released every 5-
days for one year at three vertical levels, with each particle tracked
for 100 years—similar to Durgadoo et al. (2017). The particles were
released at a 5-day interval instead of daily as in EXP-RAFOS to
minimize the computational time since the EXP-RSOW experiments are
centennial simulations. The total of particles per vertical level was in
the order of 10* (Table 1). The synthetic trajectory data were recorded
daily. In these simulations, the amount of particles at each releasing
time is constant year-round. Thus, the simulations do not consider the
known seasonal variation of the Red Sea outflow transport to the Gulf
of Aden. This setup was chosen because the present study aimed to
evaluate the spreading pattern and time scales associated with the Gulf
of Aden/Arabian Sea intermediate circulation.

No vertical advection was considered in the EXP-RSOW experi-
ments. This approach was adopted after a careful analysis of synthetic
trajectories from a preliminary short-term experiment (3-years) that
took into account vertical advection. There are no native vertical
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Table 1
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Lagrangian particle tracking simulations. The left columns identify the experiment number. The central part gives information about the particles released in each experiment
(position, time, and vertical level). The right side shows the tracking period and the number of particles per vertical level. Note that at 27.6 kg/m?, about 31% of the released
particles were not advected. On average, in the EXP-RSOW-SIGMA, the isopycnals in the release points are shallower by 50 m in relation to EXP-RSOW-SIGMA-93 and deeper by
100 m in summer.

Experiment Release Particles
# id Position Time Vertical levels Tracking period Particles per level
01 EXP-RAFOS REDSOX REDSOX 541, 644, 763 m REDSOX 49
02 EXP-RAFOS-SIGMA REDSOX REDSOX 27, 27.3, 27.6 kg/m? REDSOX 49
03 EXP-RAFOS-REP REDSOX every day for 2-years 763 m 1-year 35819
04 EXP-RSOW outflow region every 5-days for 1-year 541, 644, 763 m 100-year 13359
05 EXP-RSOW-SIGMA outflow region every 5-days for 1-year 27, 27.3, 27.6 kg/m? 100-year 13359
06 EXP-RSOW-SIGMA-93 outflow region every 5-days in 1993 27, 27.3, 27.6 kg/m> 100-year 13359
(a) 1-dJan-0000 763 m (b) 1-Jan-1993 763 m
26°N
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Fig. 3. Example of daily GLORYS12 velocity fields at 763 m used for the EXP-RSOW simulations. The left panel shows a long-term daily average over 25-years of the reanalysis,
and the right, an instantaneous daily field in 1993. Both are rich in mesoscale eddies, although the eddies are weaker in the long-term average. The gray contour is the 700 m
isobath from ETOPO2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

velocity fields (w) available in GLORYS12, and w was estimated from
u and v fields by integrating the continuity equation, assuming zero
vertical velocity at the sea surface and the seafloor similar to Wang
et al. (2019). However, these w fields were estimated from the already
interpolated A-grid, which introduces numerical noise. Moreover, GLO-
RYS12 assimilates observations using a 3D-VAR approach that disturb
the ocean model’s dynamical balance, and estimated vertical velocities
must be interpreted with caution since errors can be substantial in
eddy-rich areas for this kind of assimilation approach (e.g., Pilo et al.,
2018). In the short-term experiment, there were a few outliers trajec-
tories in which some particles sank to the seafloor in the Gulf of Aden,
which may or not be correct. Because of the uncertainties associated
with the w calculation and the fact that the observed RSOW mostly
spreads along isopycnals (weak diapycnal mixing) within 27-27.60,
layer (Beal et al., 2000; Bower et al., 2000, 2005; Matt and Johns,
2007; L’Hégaret et al., 2021), out of caution, no vertical advection was
considered for the 100-year simulations. Most results presented in the
next sections are based on the isopycnal simulations, but the isobaric
ones are briefly described to keep consistency with the EXP-RAFOS.
Particles on isopycnal simulations go up and down in the water column
as a result of isopycnic heaving.

Despite the limitation cited above, the synthetic trajectories reveal
the preferred pathways of the RSOW spreading in the Arabian Sea in
a similar way that trajectories computed from altimetry and drifter-
derived velocity fields, which have non-zero horizontal divergence, also
provide valuable diagnostic information about the surface flows (van
Sebille et al., 2018). Similarly, Cedarholm et al. (2019) used isopycnal
Lagrangian simulations to investigate the advective pathways in the
North Pacific Ocean of the cesium released during Japan’s Fukushima
Daiichi Nuclear Power Plant disaster in 2011.

In all numerical experiments described here, an artificial boundary
current was implemented to push away virtual particles that got stuck

over the shelf break since velocity fields are not defined there at the
RSOW layer (400-800 m). This artificial current, normal to shelf-break
contour, had a value of 1 m/s exactly at the contour and zeroed every-
where else. With an integration time step of 10-min, this is equivalent
to a displacement of about 0.6 km, just enough for particles to be
advected again. This implementation is similar, for instance, to Onink
et al. (2019) and Sterl et al. (2020), who showed that the results
with or without an artificial boundary current are similar outside the
boundaries, except that more synthetic trajectories are available for
statistical analyses in the former case.

Advection of particles stopped when the particles exited the Ara-
bian Sea (8° N-26° N; 42° E-78° E). In the 100-year simulations, 83.4%
(EXP-RSOW-SIGMA), 98.0% (EXP-RSOW-SIGMA-93), and 96.3% (EXP-
RSOW) of particles had left the Arabian Sea when the simulation
ended, but none in the short-term EXP-RAFOS. The particles within
the Arabian Sea were everywhere over the domain in the long-term
simulations (not shown), without any defined spatial pattern.

3.2. Statistical analyses of virtual particles

Several statistics were computed based on the synthetic trajectories
to assist the investigation of the preferred RSOW pathways and transit
times. Mean quasi-Eulerian velocity and eddy kinetic energy (EKE)
fields (Lankhorst and Zenk, 2006; Sparrow et al., 2002) were calcu-
lated into a regular grid with cells of 0.25° (EXP-RAFOS experiments)
and 0.5° when the Arabian Sea domain was considered (EXP-RSOW
experiments). The present study refers to these gridded fields as quasi-
Eulerian to differentiate them from the GLORYS12 Eulerian fields,
following the nomenclature adopted by Sparrow et al. (2002). To
generate the gridded fields, for each grid cell, the mean velocity (&
and 7) was computed by averaging all Lagrangian velocity data (u, v)
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within the cell, and mean EKE as 0.5’ + 0'*), with «' = u — @ and
V' = v— 0. Because the regional circulation reverts direction seasonally,
including the intermediate depths where the RSOW lies (e.g., Schott
and McCreary, 2001), the mean EKE and velocity maps were also
calculated separately for the winter (December—March) and summer
(June-September) monsoons.

Two types of probability distribution maps were also calculated
for each experiment (van Sebille et al., 2018). One map expresses the
likelihood of a region being visited by particles. It is calculated by
counting all particle positions crossing a grid cell (n,,;), which may
include multiple visitations by a single particle, and dividing it by
the total number of particle positions (over all grid cells) such that
Pysi (s J) = ngo(i, j)/ny00- The other map expresses the probability of
a region being visited by distinct particles. It is calculated by counting
the number of unique particles that visited a grid cell and dividing it
by the total number of distinct particles released in the experiment
PonigueC> 1) = Nunique(is )/ Mrejeasea)- These maps represent normalized
particle density distributions. They were both computed using the
entire particle datasets or subsets of them. For instance, maps were
built for particles released at a specific depth/isopycnic or released at
a particular season (winter and summer), as described in Section 4.2.

To estimate the advective timescales of the RSOW spreading in
the Arabian Sea, for each particle i, the time interval between the
releasing point (origin) and the first arrival in specific regions (des-
tination) were calculated (4T; = T;(d) — T;(0)). Here, the destinations
are the grid cells. For each grid cell, the AT; set forms a transit time
distribution (TTD), and several statistics can be estimated, such as
modal value (most frequent), mean, and standard deviation (van Sebille
et al., 2018). These statistical parameters were estimated for each cell
into 0.5°x 0.5°grid. To analyze whether the seasonal variability of
the intermediate circulation in the Red Sea outflow area influences
transit times, similar statistics were also computed separately based
on particles released in winter and summer. Additionally, transit time
statistics were computed for particles exported from the Gulf of Aden
via the Socotra Passage and the Gulf’s mouth (Fig. 2c, pink lines). For
all statistical calculations, only the transit times of the first cross were
taken into account.

Like TTD, the strength of salinity dilution in the Arabian Sea was
inferred by calculating the salinity anomaly for each particle in relation
to the salinity at the initial particle position: 4S; = S;(d) — S;(0). Then,
statistics (mean, modal, and standard deviation) were computed for
each bin in a 0.5° grid.

All statistics shown in the present study only consider particles that
were advected of their initial positions. In the isopycnal simulations,
the densest isopycnic (27.60,) does no always exist in the outflow area.

4. Results
4.1. Climatological perspective of the RSOW in GLORYS12

Before analyzing the Lagrangian simulations based on GLORYS12
velocity fields, this section takes a brief look at how the reanalysis
represents typical climatological characteristics of the RSOW in the Gulf
of Aden. For that, monthly-mean climatological fields were computed
for all variables over the 1993-2018 period. In addition, the velocity
fields near the Strait of Bab al-Mandab were rotated into along- and
across-strait directions similar to Murray and Johns (1997) aiming to
capture the Red Sea outflow better.

Fig. 4a shows GLORYS12 along-strait velocity (color) and salinity
(contours) averaged over a section at the strait (section B in Fig. 5a).
It can be seen that GLORYS12 reproduces reasonably well the typical
features and seasonal cycle of the circulation at the strait as described
by Murray and Johns (1997), Sofianos et al. (2002), and Sofianos
and Johns (2015). A two-layer system exists in winter (October-May),
characterized by a relatively fresh (36-36.2) inflow at the surface
(the Gulf of Aden Surface Water) and a saltier (37-39.8) outflow (the
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Fig. 4. GLORYS12 monthly-mean climatology (1993-2018). (a) averaged along-strait
velocity (color) and salinity (contours) over section B in Fig. 5. Positive values indicate
currents from the Red Sea to the Gulf of Aden (outflow) and negative values toward the
Red Sea (inflow). (b) seasonal cycle of along-strait volume transport (100-220 m). 1 Sv
= 10° m?/s. Positive values indicate transport out of the Red Sea. (c) zonal transport
at 50° E for the upper layer (0-400 m; pink curve) and RSOW layer (400-800 m; blue
curve) (section M in Fig. 5). Positive values (toward the Arabian Sea) are highlighted
in pink and negative in gray. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

RSOW) at depth. In summer (June-September), a three-layer system
develops, with a shallow surface outflow (top 30 m), an inflow of the
fresher Gulf of Aden Intermediate Water (<35.8-36), and a diminished
RSOW outflow (Fig. 4a). Also, velocities in GLORYS12 are comparable
to in situ observations of Murray and Johns (1997) and Sofianos et al.
(2002). They described currents up to 1.2 m/s at the RSOW layer in
winter with a surface inflow of 40-60 cm/s, which GLORYS12 (Fig. 4a,

color) is in agreement with.
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Following Murray and Johns (1997), the outflow volume transport
at the strait was calculated as:

z2 L(z)
Vesow = /1 '/0 v(x,z)dxdz (2)
zZ

where v(x, z) is the along-strait velocity component, L(z) is the width
of the strait at each depth, and z; and z, are the vertical limits of
the RSOW layer defined here (based on Fig. 4a) as 100 and 200 m,
respectively.

In the same range of observations made by Murray and Johns
(1997), the RSOW transport in GLORYS12 varies from 0.76 Sv in winter
to about zero in summer (0.02 in July), with a shut off in August.
Specifically, in the measurements of Murray and Johns (1997) (1995-
1996), transport peaks at mid-february (0.7 Sv) and is reduced to about
0.05 Sv in July to mid-September (essentially shut-offing briefly in early
September).

While the RSOW transport into the Gulf of Aden is known from
observations, the export from the Gulf to the Arabian Sea is not. Han
and McCreary (2001), based on a back-of-the-envelope calculation,
estimated an annual mean of 1.2 Sv of RSOW being transported out of
the Gulf at 50° E (M section in Fig. 5a). They argue that the increased
RSOW transport is due to the isopycnal mixing of the source RSOW
with ambient waters. Here, the zonal transport at 50° E was computed
for the 400-800 m layer. In GLORYS12, the annual transport is 0.8
Sv (+0.6), which is of order estimated by Han and McCreary (2001).
Furthermore, in GLORYS12, there is a clear seasonal cycle in the RSOW
export to the Arabian Sea (Fig. 4c, blue curve). Maximum transport
occurs in December (1.8 Sv). In summer, the transport is reduced and
even shut off in July and August. In GLORYS12, the RSOW transport to
the Arabian Sea is in phase with the outflow transport at the Strait of
Bab al-Mandab, and in opposite phase with the surface layer (0-400 m)
(Fig. 4c, pink curve). At the surface, the Gulf of Aden imports water in
winter (maximum of 2.57 Sv) and exports in summer (peak in July,
1.78 Sv), consistent with the seasonal cycle of evaporation in the Red
Sea (Menezes et al., 2019) that drives the overturning circulation and
the RSOW formation.

Fig. 5 shows the monthly mean climatology of salinity at 27¢,
(top of the RSOW). For comparison, other RSOW climatologies can be
found in Bower et al. (2000) and Carton et al. (2012), and also in
Figures S1-S3. Supplementary figures include the World Ocean Atlas
2018 (WOA18; Zweng et al., 2018), the (free-run) 1/10° OGCM for
the Earth Simulator (OFES; Sasaki et al., 2008), and Estimating the
Circulation and Climate of the Ocean (ECCO v4r4; Forget et al., 2015).
In addition, there is Figure 10 of Bower and Furey (2012) who have
produced salinity maps on three isopycnal surfaces (27, 27.2, and
27.480,) for REDSOX-1 and REDSOX-2 measurements.

Salinity at 276, in GLORYS12 decreases from west to east, reflecting
the isopycnal mixing of the RSOW with fresher ambient waters, such
that in the Gulf’s mouth, salinity is lower, around 35.8. The high saline
tongue (>36.6) originating at the Strait of Bab al-Mandab concentrates
along the Gulf’ southern boundary, which agrees with the climato-
logical description of the RSOW given by Bower et al. (2000). This
salty feature also appears in REDSOX maps of Bower et al. (2002)
and Bower and Furey (2012), and in the numerical simulations of Ilicak
et al. (2011). In GLORYS12, a seasonal cycle is apparent. The salty
tongue is stronger in the first half of the year and is well defined
west of 47°E in early winter. As the winter progresses, this feature
extends more and more to the east. It reaches maximum extension
in summer (June) when its fingerprint is seen as far as 52°E. This
description is consistent with Bower et al. (2000), which found the
greatest longitudinal extension of recently injected RSOW in June. It is
also in agreement with Carton et al. (2012). The latter authors describe
intensified zonal gradients of temperature and salinity in May, which is
shifted eastward, and weaker in November. However, their low-spatial
resolution climatology does not show structures within the Gulf, as seen
in GLORYS12 or the REDSOX maps of Bower et al. (2002) and Bower
and Furey (2012).
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Compared with other climatologies (Figures S1-S3), GLORYS12 is
more consistent with the accumulated knowledge in the literature
about the RSOW (e.g., Bower et al., 2000, 2002; Bower and Furey,
2012). For instance, it is hard to identify the RSOW in WOA18 (Figure
S1) because salinity in the Gulf is overall low (<35.8) and much more
homogeneous in space (no clear signature of RSOW). This is likely
due to the smoothing of the statistical interpolation used to produce
the WOA18. Salinity is even much lower in OFES (<35.5; Figure S2),
which also has reduced gradients. In ECCO, salinity is comparable with
GLORYS12 as ECCO is also constrained by observations, but salinity
decreases monotonically from east to west due to ECCO’s low spatial
resolution (2100 km) to resolve Gulf’s features.

4.2. Evaluation of GLORYS12 against REDSOX observations in the Gulf of
Aden

Given that GLORYS12 represents relatively well typical climatolog-
ical characteristics of the RSOW as shown in the previous section, the
attention now turns to how the synthetic trajectories compare with the
trajectories from RAFOS floats during the REDSOX experiment in the
Gulf of Aden.

The Gulf of Aden is dominated by mesoscale eddies and subme-
soscale processes including the RSOW layer (e.g., Bower et al., 2002,
2005; Bower and Furey, 2012; Carton et al., 2012; Fratantoni et al.,
2006; Morvan et al., 2020; Al Saafani et al., 2007). In such environ-
ments, synthetic trajectories are not expected to reproduce the observed
ones but instead their statistical properties (e.g., van Sebille et al.,
2009). Take, for example, the synthetic trajectories shown in Fig. 6a.
The virtual particles and RAFOS floats were released at the same
position (12°E; 45°E), at similar depths, and concurrent dates. The
two sets are composed of convoluted trajectories, with a dominance
of mesoscale eddies but distinct evolution. In general, the synthetic
trajectories are characterized by loops with larger diameters, which is
not a surprise given the horizontal and temporal resolutions of the Eule-
rian velocity fields used for the simulations (1/12° and daily-averages).
In the most western part of the Gulf, these GLORYS12 trajectories at
763 m do not reproduce the presence of a small energetic cyclonic
(counterclockwise) eddy between 44° E-45°E that was measured by
floats and hydrography during REDSOX (Bower et al., 2002, 2005;
Bower and Furey, 2012). In Fig. 6a, one virtual particle escaped the
Gulf through the Socotra passage between Socotra Island and the Horn
of Africa, which is consistent with Schott and Fischer (2000).

Unlike the synthetic trajectories, the RAFOS trajectories are not
continuous east of 49° E, and (apparently) no float followed the Socotra
Passage or escaped the Gulf in Fig. 6a. All RAFOS trajectories are
limited to 50° E-52° E. This is not a fault of GLORYS12 simulations as
it could be imagined but rather an observational issue. As previously
mentioned, during the REDSOX, float tracking was limited because of
the absence of sound sources that reached these far regions (see sound
source locations in Fig. 6a; Furey et al., 2005). Argo floats have not such
limitations. From the 32 Argo trajectories in the Gulf of Aden over the
last 18 years, 17 have crossed the 50° E meridian (Fig. 6b).

Despite the differences discussed above, collectively, the statistical
properties from the EXP-RAFOS and EXP-RAFOS-REP (731 realizations
of EXP-RAFOS) are similar to RAFOS statistics. Statistics for RAFOS
and synthetic trajectories were calculated within the Gulf until 52° E
(and do not include the Socotra Passage). Bower and Furey (2012)
described that mid-depth velocity based on the RAFOS is weakest in
the western Gulf and fastest in the eastern (their Fig. 16). Similar
description was given by Carton et al. (2012) based on Argo floats.
This longitudinal pattern in velocity is robust and reproduced both by
EXP-RAFOS and EXP-RAFOS-REP (Fig. 7a). Mean velocity and standard
deviation increase from 6.5 + 3.8 cm/s at 44.5°E to 14.3 + 8.0 cm/s
at 51.5°E (6.0 + 4.0 to 14.7 + 9.1 cm/s for EXP-RAFOS-REP). These
statistics are of same order as RAFOS (8.1 + 5.1 to 15.9 + 7.9 cm/s;
Fig. 7a). Not only the mean and standard deviation are consistent
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(Gulf of Aden’s mouth).

with RAFOS, but also the probability distributions of speed, u, and v
velocities (Figs. 7c, 7e and 7f, respectively).

In contrast with velocity, temperature statistics are not entirely
reproduced by GLORYS12 at 763 m (Fig. 7b). West of 46.5°E, the
observed mean temperature decays by about 4 °C from the Tadjoura
rift to 46° E, while in GLORYS12, there is no significant variation in
temperature in this region. Neither a reduction in standard deviation is
observed (Fig. 7b, dashed curves). Thus, the reanalysis does not capture
the RSOW transformation in the western Gulf.

In both EXP-RAFOS and EXP-RAFOS-REP, warm water classes
(>14 °C) that were measured by the floats are absent at 763 m as seen
at the histogram shown in Fig. 7d. These differences are corroborated
by the T-S diagrams based on independent CTD observations (Fig. 8).
The modeled RSOW west of 45°E is lighter in the T-S diagrams,
with the data tending to concentrate toward the 27¢,. In contrast,
the observed RSOW is much saltier and spreads within the 27-27.606,
layer in this region. GLORYS12, however, captures the seasonality in
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the RSOW layer, with saltier/warmer water in winter as expected and
consistent with the climatology shown in the previous section.

The disagreement between GLORYS12 and in situ observations in
the western Gulf described above is likely due to excessive numerical
mixing over the overflow sill in the oceanic model and the relaxation to
the climatology applied to mitigate it (Lellouche et al., 2018), since, at
the Strait of Bab al-Mandab, GLORYS12 reproduces relatively well the
RSOW salinity and transport into the Gulf (Figs. 4a-b). As described in
the Introduction, this is a common issue in OGCMs, especially models
using z-level coordinates (Colombo et al., 2020; Legg et al., 2009) such
as NEMO, the underlying model in GLORYS12. Additional evidence of
excessive numerical mixing appears when the temperature distributions
of EXP-RAFOS at 541 m and 644 m are contrasted with RAFOS. In this
case, there are water classes with temperatures higher than 14 °C in the
reanalysis (Figure S4d), and the change from warmer to colder water
is apparent west of 46°E although weaker than in the observations
(Figure S4b). Thus, the water properties in the western Gulf are closer
to observed RSOW in these shallower depths. The shallowness of the
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modeled RSOW also appears in the T-S diagrams, especially in winter,
in which water above 15 °C is closer to the 27¢, in GLORYS12 and
denser than that in the observations (Fig. 8). While in the western Gulf,
the mean temperature and standard deviation are closer to observations
at these shallow levels, in the eastern Gulf, the simulation at 763 m
agrees better with RAFOS (compare Figs. 7b and S4b).

Nevertheless, the absence of salty/warm water classes west of 46° E
is likely not to affect the modeled Arabian Sea water mass properties
and the large scale mid-depth circulation since the Arabian Sea receives
a diluted version of the RSOW after intense isopycnal transformation
of this water mass in the Gulf of Aden. In the Gulf’s mouth, the
mean temperature and standard deviation at 763 m are close to the
observations (Fig. 7b), as well as the T-S properties in the RSOW
layer (Fig. 8). This is also because more Argo observations exist in the
Arabian Sea to constrain GLORYS12.

For the sake of clarity, henceforth, the analyses focus on the 763 m
simulations because, as a whole, their statistics better agree with
RAFOS.

4.2.1. Mean and seasonal circulation/EKE patterns from RAFOS, EXP-
RAFOS and EXP-RAFOS-REP

The mean circulation fields derived from EXP-RAFOS and EXP-
RAFOS-REP at 763 m show weak mean currents (<10 cm/s) at 763 m,
a basin-scale eastward flow in the central-southern portion of the Gulf,
and a presence of a well-defined cyclonic eddy in the west between
44° E-47° E. At GLORYS12, this basin-scale geostrophic eastward flow
is driven by a weak mean north-south density gradient at mid-depths
(400-1000 m). Due to the RSOW presence, the mid-depth waters are,
on average, slightly denser in the southern part in GLORYS12, similar
to in situ observations (e.g., Bower et al., 2000; Schott and McCreary,
2001). The observed mean currents derived from RAFOS are also weak
and overall eastward, but simulations and observations have different
patterns (Fig. 9d—e). The observed cyclonic eddy in the western Gulf is
weaker and has half of the diameter (44° E-45° E) than the simulated
ones. Also, there is a distinct anti-cyclonic feature between 50° E—
52°E that is not present in EXP-RAFOS, and EXP-RAFOS-REP mean
fields. Visual inspection of individual trajectories (not shown) revealed
four trajectories in EXP-RAFOS and three in RAFOS following an anti-
cyclonic eddy in the region. However, the RAFOS has much fewer
data east of 50° E due to tracking issues, and the anti-cyclonic became
imprint in the mean fields.

A strong agreement exists between the mean circulation from EXP-
RAFOS (based on 49 virtual particles) and EXP-RAFOS-REP calculated
from a much larger number of particles (order 10*). Also, EXP-RAFOS
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is consistent with the Eulerian mean computed directly from the GLO-
RYS12 fields over the REDSOX years (Figure S5) and with other levels
in the RSOW layer (Figure S6). If velocity data are binned by season, the
winter (December to March) and summer (June-September) patterns
are similar to the mean (not shown). In all cases, currents are weak,
dominated by eddy features, but with an eastward background mean
flow.

For the EKE, the EXP-RAFOS pattern at 763 m is also consistent with
RAFOS (Fig. 9a—c). Both have similar amplitudes, maximum around
200 cm?/s?, with EKE increasing eastward. West of 46° E, the EKE tends
to be slightly lower in the simulations than in the observations. In the
seasonal timescale, maps are in agreement with observations. EKE is
slightly higher in winter (Figure S7) when westward propagating eddies
are known to enter the Gulf (e.g., Al Saafani et al., 2007). Seasonal
Eulerian means based on GLORYS12 fields at 763 m over the REDSOX
period are almost identical to EXP-RAFOS-REP (not shown).

In conclusion, GLORYS12 captures the fundamental characteristics
of the mesoscale field in the Gulf of Aden, which is crucial because
the spreading of the RSOW is strongly affected by eddies (Bower et al.,
2002; Bower and Furey, 2012; Carton et al., 2012).

4.2.2. Simulated and observed particle probability distributions in the Gulf
of Aden

Fig. 10 shows the probability distributions of particle positions
based on RAFOS, EXP-RAFOS, and EXP-RAFOS-REP at 763 m. Two
kinds of probability maps are plotted. The left side maps indicate the
likelihood of a bin to be visited by a particle over the experiment
period, which include multiple visitations by a single particle (P,,,;;),
while the maps on the right side show the percentage of unique
particles visiting a bin (P,,;,,.)- See Section 3.2 for details about these
quantities.

Overall, simulated and observed probability maps are alike (Fig. 10).
The P, maps show a high probability of particles staying in the
western Gulf—where the velocities and EKE are weak—and a lower
likelihood of reaching the Gulf’s mouth even when year-round EXP-
RAFOS-REP is considered. The probability in the western Gulf is lower
in the simulations than in RAFOS (complementarily, Figure S8 shows
differences), which is likely related to the cyclonic eddy previously
described. The high differences in probability between observations and
simulations at the Gulf’'s mouth are likely artifacts due to the REDSOX
tracking limitation in this region.

There is strong connectivity within the Gulf. At least 35%-40%
of the released particles/floats visited most regions, confirming the
turbulent nature of the mid-depth circulation (Fig. 10, right column).

nique
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legend, the reader is referred to the web version of this article.)
In the simulations, P,,,,. is more homogeneous in space and reaches
higher values, reflecting the meso-to-large scale nature of GLORYS12.
In RAFOS, it is clear that the influence of the small energetic cyclonic
eddy between 44° E-45°E.

On a side note, the probability maps for particles at 541 m and
644 m resemble the ones at 763 m (Figure S9), except that the particle
density in the western Gulf is slightly lower in these shallow levels. A
large portion of the released particles are likely to follow a pathway
along the southern boundary west of 48° E (about 65% of the released
particle followed this pathway at 541 m). Consequently, the differences
between these shallow levels and RAFOS are larger than 763 m (Figure
$10).

As previously stated, the RAFOS floats were only tracked within
the Gulf to 52° E. Most floats (83.7%) remained in the Gulf for their
entire 1-year mission. However, eight floats (16.3% of total) resurface
to transmitted data in the Arabian Sea, with two on the southeast of
Socotra. Similarly, eleven Argo floats released in the Gulf were exported
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(For interpretation of the references to color in this figure

to the Arabian Sea. The numerical simulations do not suffer from the
sound source tracking limitation or reduced number of trajectories,
which allows the calculation of statistics about the export of particles to
the Arabian Sea. An in-depth analysis of the export of virtual particles
as a proxy for the RSOW export will be presented in Section 4.3 based
on the long-term simulations.

4.2.3. Isopycnal simulation in comparison with RAFOS

To evaluate the difference between isobaric particles, such as the
floats used in the REDSOX, and isopycnal particles, which is best for
capturing the RSOW advective spreading patterns, simulations using
the same configuration as EXP-RAFOS were run except that at three
isopycnal surfaces within the RSOW layer (Table 1). At = 27.60
(bottom of the RSOW layer), 38.8% of the released particles were not
advected since this isopycnic does not always exist in GLORYS12 in the
western Gulf, as shown in the previous sections.

Overall, the experiment at 27.3c, (RSOW core) compares better
with RAFOS (Figure S11). For this isopycnic, the statistical distributions
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Table 2

Export of particles from the Gulf of Aden for different simulations. The first and second columns identify the experiments and the vertical level for which statistics were calculated.
The third column shows % of advected particles that were in the Gulf of Aden (GA) and the Arabian Sea (AS) at the end of their life. The fourth column indicates the percentage
of advected particles that visited the Arabian Sea at some point of their lifetime; the portion of particles that visited the Arabian Sea crossing the Socotra passage (SoP) or through
the Gulf’s mouth. The fifth column shows the respective transit time estimated from the transit time distributions. The first value is the modal value (the most frequent), the

second value is the mean transit time, and the third the standard deviation.

id Level Last position

Exported particles

Transit time (days)

GA AS AS SoP Mouth SoP Mouth
EXP-RAFOS 763 m 65.3% 34.7% 40.8% 30.0% 70.0% 120-130 [199.0 + 91.0] 300-310 [249.9 + 89.2]
EXP-RAFOS-REP 763 m 60.3% 39.7% 46.0% 20.6% 79.4% 130-140 [201.6 + 83.0] 250-260 [227.8 + 81.6]
EXP-RAFOS-SIGMA 27.3 o, 57.1% 42.9% 46.9% 17.4% 82.6% 120-130 [215.6 + 83.9] 280-290 [204.7 + 87.7]
541 m 0.1% 99.9% 100% 19.6% 80.4% 160-170 [576.8 + 588.4] 200-210 [652.3 + 575.3]
EXP-RSOW 644 m 0.1% 99.9% 100% 4.7% 95.3% 250-260 [633.4 + 504.1] 220-230 [683.9 + 538.6]
763 m 0.1% 99.9% 100% 0.8% 99.2% 460-470 [1021 + 553.4] 250-260 [830.8 + 576.0]
27.0 o, 0.1% 99.9% 100% 30.0% 70.0% 120-130 [611.5 + 518.7] 180-190 [595.7 + 522.5]
EXP-RSOW-SIGMA 27.3 o, 0.1% 99.9% 100% 1.2% 98.8% 450-460 [891.6 + 563.2] 240-250 [776.7 + 609.0]
27.6 o, 41.5% 58.5% 68.6% 0% 100% 1010 [1090.3 + 477.9]
27.0 o, 0% 100% 100% 28.2% 71.8% 310-320 [333.3 + 235.2] 100-110 [321.9 + 277.9]
EXP-RSOW-SIGMA-93 27.3 o, 0% 100% 100% 15.2% 84.8% 250-260 [321.9 + 198.1] 160-170 [437.2 + 362.1]
27.6 o, 6.7% 93.3% 93.3% 0% 100% 960 [3842.3 + 3049.4]

of velocities are similar to the observed ones. Velocities and standard
deviation are the same order as the observations, with a gradual
increase in speed toward the east. In this case, slightly more particles
were exported through the Gulf’s mouth (47%) than in the isobaric
experiment at 763 m (42%) (Table 2). However, the transit times are
similar in both isobaric and isopycnic cases, showing that the Socotra
Passage is the faster advective route to RSOW export to the open ocean.
A detailed analysis of this route is presented in the next sections based
on EXP-RSOW-SIGMA.

4.3. Spreading in the Arabian Sea of particles released in Red Sea outflow
area from EXP-RSOW experiments

In the previous sections, it has been shown that GLORYS12 repro-
duces relatively well the climatological seasonal cycle of the RSOW and
essential characteristics of the mid-depth circulation in the Gulf of Aden
as measured during the REDSOX. Let us now look at the probability
distributions (Section 4.3.1), spreading patterns (Section 4.3.2), and
transit times (Section 4.3.3) of the outflow particles in the Arabian Sea
based on the long-term simulations.

In the normal-year simulations (except at 27.60,), all advected
particles visited the Arabian Sea at some point in their lifetime, and
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very few (0.1%) were in the Gulf when the simulation ended. In the
EXP-RSOW-SIGMA-93, which is based on the 1993-2018 daily velocity
fields and initial conditions of 1993, the results were similar (Table 2).
In all long-term simulations, no particle arrived in the Arabian Sea
through the Socotra Passage at 27.60, (Table 2).

4.3.1. Probability distributions

Fig. 11 shows probability distributions of particle positions for
the normal-year isopycnic (a, d) and isobaric (b, e) simulations after
100 years. The patterns are similar. The outflow particles tend to
concentrate along the western boundary south of 22°N. But, a con-
siderable number (10%-20%) also reach the northern (Gulf of Oman)
and the eastern side of the Arabian Sea (Fig. 11a-b). Despite fewer
particles arriving on the east, the likelihood of the northeastern Arabian
Sea (north of 14°N) to be visited by a particle originated in the
outflow area is not much lower than the western boundary (Fig. 11d-e).
Based on more energetic eddy field, EXP-RSOW-SIGMA-93 gives similar
probability distributions (Fig. 11c, f). These facts taken together point
to a robust recirculation in the eastern side of the basin (few particles
visiting multiple times the same area). Indeed, the seasonal quasi-
Eulerian mean circulation maps calculated from the virtual particles



V.V. Menezes Progress in Oceanography 199 (2021) 102697
(d) RAFOS
18°N 18°N
16°N— 16°N—
14°N- 14°N-
12°N+ 12°N+
10°N 0°N

— 1 T T T 1 T T T T T T T T T T1T7
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E  60°

(b) EXP-RAFOS

N — 1 T T 1 1 T 1 T T T 1T T T1T°7
E 42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E

(¢) EXP-RAFOS

ON|

1

N

16°N—

14°N+

12°N A

— 71 T 1 1 1 1 T 1T T T T T T 717
44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°

10°N — 71 T 1 T 1 1 1 1T T T T T 717
44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E

42°E E 42
(c) EXP-RAFOS-REP (f) EXP-RAFOS-REP
18°N 18°N
16°N+ 16°N-
14°N 14°N-
12°N 12N
10°N — 1 1 1 T 1 1 1T T T 1T T T T 717 10°N 71 1 1 1 1 1 1T 1T T 1T T 1T T 717
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E  42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E  60°E
AT T T T T ITT <
10 30 50 70 90 110 130 150 170 190 1 3 5 7 9 11 13 15

mean EKE(cm?/s?)

Fig. 9. Quasi-Eulerian mean eddy kinetic energy (EKE) (a—c) and mean current speed:

(EXP-RAFOS and EXP-RAFOS-REP). Black contour is the 700 m isobath from ETOPO2.

mean speed (cm/s)

s (d-f) calculated from trajectories of the RAFOS and two isobaric simulations at 763 m
EXP-RAFOS and EXP-RAFOS-REP fields are only plotted where RAFOS is defined. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

show large-scale gyres on the eastern side. In winter, there is an
anticyclonic (clockwise) gyre centered at about 14° N-66° E (Fig. 12a,
¢, ). In summer, there is a cyclonic gyre on the northeastern side
(north of 14° N) with a northward current along the eastern boundary
and another cyclonic gyre at about 10° N-64° E (Fig. 12b, d, f). These
features also appear in the Eulerian mean velocity fields computed
directly from GLORYS12 outputs (not shown). On the western side,
mesoscale eddies dominate the mean circulation, and EKE is highest
(not shown).

A diagonal line across the basin separates the areas of high (reddish)
and low (green) probabilities in Figs. 11d-f. This line extends off
Somalia from about 8° N-52°E to the eastern boundary at 14° N-74° E.
Less than 5% of the particles reached the region south of this line
(Figs. 11a—c). Consequently, most particles that visited the north and
central-eastern basins exited the Arabian Sea off Somalia, not through
India’s southern tip.

Three areas of enhanced probability can be identified in the long-
term simulations (Fig. 11a—c). The main area is along the eastern side of
the Socotra toward the south and then along the western boundary (off
Somalia). The second area is oriented northeastward along the Yemeni-
Omani coast. The third area connects the western to the eastern basins

in the central Arabian Sea between 14° N and 18° N. The latter is more
evident in the normal-year isopycnic simulation. As a matter of fact,
particles are more likely to reach east of 60°E (north of 12° N) along
isopycnic than isobaric surfaces. In general, the isopycnic surfaces in
the RSOW layer deepens from the Gulf of Aden to the Arabian Sea
interior (Figure S12). For instance, the 27.30, is around 650 m in the
Gulf of Aden and deeper than 763 m (the deepest surface at the isobaric
simulations) in the eastern Arabian Sea.

Compared with the other two long-term simulations, the EXP-
RSOW-SIGMA-93 probability map has larger features. For instance,
the northeastward path along the Yemeni-Omani coast is not narrow
as in EXP-RSOW-SIGMA and EXP-RSOW. Also, the link between the
western and eastern basins in the central Arabian Sea. Despite that, the
probability maps for particles from the outflow area are qualitatively
alike in the Arabian Sea for the three long-term simulations, even if a
strong eddy field is considered as in EXP-RSOW-SIGMA-93.

No significant difference exists if probabilities are computed based
only on particles released in winter (Figure S13) or summer (Figure
S14). Consequently, the RSOW pathways in the Arabian Sea are not
directly linked to the seasonal variability of the circulation in the out-
flow area. But, they are affected by the seasonal changes in mid-depth

14



V.V. Menezes

Progress in Oceanography 199 (2021) 102697

(a) RAFOS (d) RAFOS

% unique particles

16°N— 16°N—

14°N+ 14°N;

12°N 120N;

IONtT——T——7 71 71 7171 717 1 0N 7 1 1 T T 71
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E 42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E  60°E

(b) EXP-RAFOS (e) EXP-RAFOS

18°N

probability of a bin to be visited

16°N—
14°N+

12°N

1\ % unique particles

— T T T T =TT T
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E  60°

(c) EXP-RAFOS-REP
18°N

16°N—

14°N-

12N

10°N+———————————
42°E 44°E 46°E 48°E 50°E 52°E S54°E 56°E 58°E 60°
diERETT T T T T TTT T T
-7 -6.6 -6.2 -5.8 -54 -5

log(probability)

10°N

E

18°N
16°N
14°N
12°N

10°N

E

—T T T T T T T
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E

(f) EXP-RAFOS-REP

% unique particles

42°E ' 44|°E ' 46|°E ' 48|°E ' 50|°E ' 52|°E ' 54|°E ' 56|°E ' 58|°E ' 60°E
[T T
0.05 015 025 035 045 0.55
probability

Fig. 10. Probability distributions (histograms) of particle positions based on the RAFOS observations and virtual particles from two isobaric simulations at 763 m (EXP-RAFOS and

EXP-RAFOS-REP). (a—c): P,

multi

the probability of a bin to be visited by a virtual particle or float, including multiple visits. (d—f): P,

the likelihood of an individual particle/float

unique

visits a specific bin (particles/floats are counted once). Black contour is the 700 m isobath from ETOPO2.

currents in the Arabian Sea. Fig. 13 shows the probability distributions
of particle positions based on wintertime and summertime positions.
These maps reflect the most probable areas where the particles are in
each season, respectively. To highlight the differences, the probabilities
are given in relation to the total number of particle positions. Particles
are likely to be off Socotra-Somalia in winter (Fig. 13a, c; for the
sake of conciseness, only isopycnic simulations are shown). In summer,
particles tend to be off Yemen-Oman (Fig. 13b, d).

In addition to the three areas described above, the outflow particles
also escape the Gulf of Aden via the Socotra Passage, as previously
described. It is hard to see this path on the maps shown in Fig. 11
in which all particles are taken into account together. But, this path
emerges when the probability maps are calculated individually for
different vertical levels. The Socotra Passage pathway is constrained by
the bathymetry and more common at 27 kg/m? (Figs. 14a and S15a)
and 541 m (Fig. 14d). At these shallow levels, between 15%-30% of
the outflow particles escape the Gulf of Aden via the Socotra Passage
(Table 2). At the short-term EXP-RAFOS simulations, there were many
more particles exported through this pathway. However, the particles
in these simulations were released over the entire Gulf and not just
within the outflow region as at EXP-RSOW experiments. As will be
shown later, the Socotra Passage route is seasonal, occurring in winter.
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In contrast with the Socotra Passage, the eastern Socotra route is
more noticeable at 27.30, at the RSOW core (Figs. 14b, e, and S15b).
Most of the outflow particles that contour eastern Socotra crossed the
Gulf’s mouth (southern side). Indeed, the Gulf’s mouth is the main path
for particles exiting the Gulf of Aden for all long-term simulations,
independent of their destination in the Arabian Sea (Table 2).

In the deep RSOW levels (27.6 kg/m? and 763 m), the western—
eastern connection at the central Arabian Sea is highlighted (Figs. 14c, f
and S15c), particularly at EXP-RSOW-SIGMA-93. In the isopycnal case,
it is visible a returning route south of 14°N (Figs. 14c, and S15c).
Section 4.4 will discuss the individual pathways in detail.

For the sake of conciseness, hereafter, this study focuses on the
isopycnal simulations, particularly the normal-year. The reason is
twofold. First, the observed RSOW spreads along isopycnal surfaces
within a well-defined layer in the Arabian Sea (and beyond) as de-
scribed by several studies in the literature (e.g., Beal et al., 2000;
L’Hégaret et al., 2021). Second, the derived pathways and transit times
of the three simulations are not qualitatively different.
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Fig. 11. Probability distributions of particle positions in the Arabian Sea based on the long-term simulations: (a, d) EXP-RSOW-SIGMA (¢, = 27, 27.3 and 27.6 kg/m?); (b, €)

EXP-RSOW (z = 541, 644 and 763 m), and (c, f) EXP-RSOW-SIGMA-93 (o,
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the likelihood of an individual particle visiting a specific bin

unique

the probability of a bin to be visited by a virtual particle, including multiple visitations. Black contour is the

700 m isobath from ETOPO2. The black rectangle shows the source region (S) where the particles were released (the outflow area). EXP-RSOW-SIGMA probabilities are based on

35,989 particles, and EXP-RSOW on 40,077 and EXP-RSOW-SIGMA-93 on 35,551 (see text for details).

reader is referred to the web version of this article.)

4.3.2. Spreading pattern

Fig. 15 shows the spreading pattern in the Arabian Sea for isopycnal
particles released in winter in the outflow area for the EXP-RSOW-
SIGMA experiment. After only one year, particles have spread over the
entire Gulf of Aden, with many exported to the Arabian Sea. There are
already clear pathways western and eastern Socotra toward the western
boundary off Somalia. Some particles have followed northeastward
off Yemen-Oman, but none have reached the Gulf of Oman or the
eastern Arabian Sea. After two years, particles were advected further
northeastward, reaching 22° N, but only after three years, they reached
the Gulf of Oman, in the extreme north.

It took about 4-5 years for particles starting to move to the east-
ern boundary south of 22°N, with a pathway at the central Arabian
Sea (14° N-18°N) emerging during this period. Also noticeable is the
eastward spreading of particles south of 12°N up to 66°E. In the
subsequent years, the particles spread southward very slowly along the
eastern boundary. Even after nine years of release, very few particles
reached the southeastern corner of the Arabian Sea (8-14°N; 60-
76° E) in agreement with the low probability of particles reaching this
region (Fig. 11). As time passes, the route through the Socotra Passage
(western) fades, indicating that this path is the fastest way out of the
Gulf of Aden for the outflow-originated particles.

If the particles released in summer are plotted, the overall spreading
pattern is similar to those described above (Figure S16). Exceptions
are observed off Somalia in the western boundary: the Socotra Passage
route is not well defined for summer-released particles; and, the parti-
cles are much more dispersed in the western boundary (off Somalia),
especially for the first two years of releasing. As will be shown later,
the Socotra Passage route is seasonal. In short, on the western side,
the particles are advected fast because mid-depth currents and EKE
are relatively strong and slowly advected in the eastern Arabian Sea,
where currents and EKE are weak and well-defined recirculation gyres
are present (Fig. 12).

In the EXP-RSOW-SIGMA-93 (not shown), particles tend to disperse
faster than in the normal-year simulation, such that particles cover most
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(For interpretation of the references to color in this figure legend, the

of the Arabian Sea in three years. As before, the Socotra Passage path-
way fades off after two years, and few particles reach the southeastern
corner in nine years.

4.3.3. Transit times

The transit time statistics obtained from TTD at each grid point
quantify the assessments above. In the normal-year isopycnal simula-
tion, it takes about six months for outflow-originated particles to spread
over the entire Gulf of Aden and one to two years to be exported along
the western boundary both southward toward Somalia and northeast-
ward, off the Yemeni-Omani coast (Fig. 16a). The most frequent transit
times are not significantly different for particles released in winter and
summer (Fig. 16d—-g). In contrast, reaching the eastern boundary takes
longer. North of 14° N, the most frequent time is around 10-15 years,
and at the southeastern side (8-14°N; 60-76° E) about 20-25 years
(with mean of 35-40 years). Thus, it is no surprise that the latter region
is mostly empty on the dispersion sequence shown in Fig. 15.

Depending on the pathway, particles can arrive much faster or take
longer to reach the same destinations. In consequence, the mean transit
times are larger than the most frequent (Fig. 16a-b). Despite that, the
spatial distributions of both statistics are similar.

The fastest advective time and the smallest standard deviation are
on the Arabian Sea’s western side, in the Gulf of Aden, and off the
Yemeni-Omani coast (Fig. 16c-i). In the Arabian Sea interior, the
standard deviation is large, around 20-25 years. Hence, the RSOW can
often ventilate (bring oxygen) to the western Arabian Sea but not the
eastern. The RSOW holds higher oxygen concentrations as it has been
more recently in contact with the atmosphere (in the northern Red Sea)
than the oxygen-depleted mid-depth waters of the Arabian Sea.

If the TTD statistics are calculated based on EXP-RSOW-SIGMA-93,
the spatial patterns are similar to EXP-RSOW-SIGMA. The fastest arrival
times are in the western basin: the Gulf of Aden, off Yemen—Oman,
and Somalia. The slowest arrivals are found in the southeastern corner
near India’s southern tip. The differences between TTD statistics from
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Fig. 12. Quasi-Eulerian mean circulation at the RSOW layer in winter (December to March) and summer (June to September) based on: (a-b): EXP-RSOW-SIGMA simulation; (c—d)

EXP-RSOW; (e-f): EXP-RSOW-SIGMA-93. Black contour is the 700 m isobath from ETOPO2.

EXP-RSOW-SIGMA-93 and EXP-RSOW-SIGMA indicate similar transit
times in the western basin south of 18° N, although mesoscale eddies
are more energetic at the former. The differences in transit times (most
frequent and mean) in this region are less than one year (Fig. 17a-b).
However, for EXP-RSOW-SIGMA-93, particles take more time to reach
north of 18°N along the western boundary (about 5-10 years more).
It also takes much more time for particles to arrive at the southeastern
corner near the Indian southern tip (Fig. 17a).

Overall, EXP-RSOW-SIGMA-93 presents lower mean transit times
and standard deviations (Fig. 17a). These results suggest that mesoscale
eddies are important for spreading RSOW to the Arabian Sea inte-
rior given shorter timescales, but interannual variability cannot be
dismissed in this experiment.

4.4. Outflow originated particles in the Arabian Sea: connectivity and
preferential pathways

Fig. 18 summarizes the connectivity of the outflow originated par-
ticles in the Arabian Sea for the long-term isopycnal simulations. From
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the total, 8% (EXP-RSOW-SIGMA) and 2% (EXP-RSOW-SIMGA-93) of
particles were never exported out of the Gulf of Aden. These Gulf
resident particles occurred at 27.6¢,.

In both simulations, more than half of the outflow-originated par-
ticles spent their lifetime within the western basin domain (west of
63° E). However, a significant portion of particles (more than one-
third) visited the central-eastern Arabian Sea (east of 63° E), indicating
advective pathways toward the eastern boundary. Moreover, about
20%—-25% of the outflow particles were advected to the extreme north
along the Yemeni-Omani coast. They reached the Iranian-Pakistani
slope in the eastern boundary through this northward route.

The main export route for RSOW out of the Gulf of Aden was via
the Gulf’'s mouth. This route accounted for 80%—-82% of the particles.
In contrast, only 12%-16% of the outflow particles were exported
through the Socotra Passage, and mostly at 270, (Table 2). Indeed,
much more particles reached the Somali continental slope crossing the
Gulf’'s mouth, and then through eastern Socotra—about half of the
particles followed this route on their way to the south.



V.V. Menezes Progress in Oceanography 199 (2021) 102697

(a) winter EXP-RSOW-SIGMA (b) summer  gxpRsow-siamA

I | I I |
50°E 60°E 70°E

(c) winter  exp.rsow-siama-93 (d) summer  exp.rsow-siama-93

I | I I | I I | I
50°E 60°E 70°E 80°E

I | I I | I | I I | I I |
50°E 60°E 70°E 50°E 60°E 70°E

— 1 [ T [ | | o

0.05 0.15 0.25 0.35 0.45
probability

80°E

80°E

Fig. 13. Probability distributions of particle positions (P,,,,.) in the Arabian Sea based on the long-term isopycnal simulations for winter (December to March) and summer (June
to September). The maps express the likelihood of an individual particle to be at a specific bin in winter and summer, respectively (particles are counted once per bin). Black
contour is the 700 m isobath from ETOPO2, and black rectangle shows the source region (S) where the particles were released (the outflow area). Probabilities are given in relation
to the total advected particles in each experiment (35,989 for EXP-RSOW-SIGMA and 35,551 for EXP-RSOW-SIGMA-93).
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Fig. 14. Probability distributions of particle positions in the Arabian Sea at different isopycnics (a—c) and depth levels (d—f) within the RSOW layer from EXP-RSOW-SIGMA and
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figure legend, the reader is referred to the web version of this article.)

the Somali Undercurrent domain (8° N-9° N; 50° E-54° E), while only

In GLORYS12, the preferred route for outflow particles in the Ara-
3%-4% reached the southern tip of India (8° N-9° N; 72° E-78° E).

bian Sea was off Somalia. About 70%-80% of the particles reached
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For characterizing the different pathways in the Arabian Sea, dis-
joint subsets of particle trajectories were selected based on the analyses
above. The formed subsets accounted for 81% of all simulated EXP-
RSOW-SIGMA trajectories (73% in EXP-RSOW-SIGMA-93) and were
defined as follow:

(a) Crossed the Socotra Passage and reached the Somali Under-
current domain (8°-9°N; 50°-54°E) [11.6% of all trajecto-
ries in EXP-RSOW-SIGMA and 12.0% in EXP-RSOW-SIGMA-93].
Hereafter, the Socotra Passage Pathway

Crossed the Gulf’s mouth, stayed during the entire simulation in
the southwestern Arabian Sea (<23° N; <63° E) and reached the
Somali Undercurrent domain [42.8% of all trajectories in EXP-
RSOW-SIGMA and 33.6% in EXP-RSOW-SIGMA-93]. Hereafter,
the Southwest Pathway

Crossed the Gulf’s mouth, visited the northwestern Arabian Sea
(23°-26° N; 56°-63°E) and reached the Somali Undercurrent
domain [14.9% in EXP-RSOW-SIGMA and 12.5% in EXP-RSOW-
SIGMA-93]. Hereafter, the Northwest Pathway

Crossed the Gulf’'s mouth, visited the southeastern Arabian Sea
(<23°N; > 63°E), but not the tip of India, and reached the So-
mali Undercurrent domain [8% in EXP-RSOW-SIGMA and 11.2%
in EXP-RSOW-SIGMA-93]. Hereafter, the Central Pathway
Crossed the Gulf’s mouth, did not visit the Somali Undercurrent
domain, and reached the southern tip of India (8°-9°; 72°-
78°E) [1.9% and 2.0% in EXP-RSOW-SIGMA-93]. Hereafter, the
Eastern Pathway

Crossed the Gulf’s mouth, reached the Somali Undercurrent
domain, and visited the southern tip of India (8°-9°; 72°-
78°E) [1.8% and 1.3% in EXP-RSOW-SIGMA-93]. Hereafter, the
Southern Pathway

(b)

(c)

d

-

(e

—

®

Fig. 19 gives an overview of these pathways for the EXP-RSOW-
SIGMA simulation. Maps for EXP-RSOW-SIGMA-93 are very similar for
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(For interpretation of the references to

the Southwest and Northwest pathways, but the Southern pathway is
not well defined in EXP-RSOW-SIGMA-93 (not shown). Hereafter, the
focus is on the EXP-RSOW-SIGMA for the sake of conciseness. This
choice was dictated by the main objective of this study—to draw a
clear picture of the preferred advective RSOW pathways with reduced
influence of interannual variability.

4.4.1. Socotra Passage pathway

The Socotra Passage is constrained by bathymetry (maximum depth
<1200 m) and is very narrow in the RSOW layer (~50 km). This export
pathway out of the Gulf of Aden is more prominent for the upper RSOW
(Table 1). While 30% of the exported particles crossed through the
Socotra Passage at 270, in EXP-RSOW-SIGMA, none crossed at 27.606,.
A similar pattern was observed for EXP-RSOW-SIGMA-93.

In EXP-RSOW-SIGMA, the Socotra Passage is also the fastest way out
of the Gulf of Aden, with the most frequent transit time being only four
months at 270, (Table 1), although the mean value is around two years
(Fig. 20d). If only particles released in winter are taken into account,
the most frequent time (1.5 years) is closer to the mean value (Fig. 20d,
gray bars). In both cases, about 50% of particles took less than two
years to reach the passage and 65% less than three years. Only 5% of
the particles took more than five years to reach the Socotra Passage.

After crossing the Socotra Passage, almost all particles (99.7%) in
EXP-RSOW-SIGMA followed to 8°N attached to the continental slope
(Fig. 20a, blue trajectories). They were advected southward by the
Socotra and Somalia Undercurrents. The particle density map shown
in Fig. 20b reflects this behavior with more than 95% of the Socotra
particles hugging the continental slope. Few particles (0.3%), however,
followed a more convoluted pathway (Fig. 20a, gray trajectories). They
were first southward advected by the Socotra and Somalia Undercur-
rents but recirculated back to the Socotra Passage into the Gulf of Aden
to be finally exported east of Socotra. This recirculation is associated
with the seasonal reversion of the mid-depth currents (Fig. 21c-d).
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Fig. 16. Transit times in the Arabian Sea for outflow-originated particles based on the EXP-RSOW-SIGMA simulation. The first column shows the most frequent transit time in
years (modal value), second column the mean transit time, and the third column the respective standard deviation. The top row is based on all synthetic trajectories, second and
third rows in particles released in the winter (December-March) and summer (June-September). The black rectangle shows the source (S) region of released particles.
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Fig. 17. Transit time differences between EXP-RSOW-SIGMA-93 and EXP-RSOW-SIGMA simulations for (a) most frequent transit time in years (modal value), (b) mean transit
time, and (c) standard deviation. The black rectangle is the source (S) region of released particles. Differences were calculated as EXP-RSOW-SIGMA-93 minus EXP-RSOW-SIGMA.
Negative values mean EXP-RSOW-SIGMA-93 is faster than EXP-RSOW-SIGMA and positive otherwise.

In summer, the circulation is toward the Gulf of Aden in the Soco-
tra Passage, with a relatively strong northward current (maximum of
35 cm/s). Northeastward currents are also observed in eastern Socotra.
In winter, the main undercurrents reverse in the Arabian Sea. In the
Socotra Passage, mid-depth flow is out of the Gulf of Aden, flowing
into a strong southwestward Somali Undercurrent.

The particles with convoluted trajectories cross the Socotra Passage
in late winter/spring and reach the Somali Undercurrent in early
summer. This period is when the regional circulation reverts from
predominantly southwestward to northeastward. Fig. 21a shows an
example of this kind of trajectory. The particle, released in March,
arrived in the Socotra Passage one year later. Then, it was advected
southward by the Socotra and Somali Undercurrents. By the end of
spring, the large-scale mid-depth circulation reversed, and the particle
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detached from the continental slope to form an anticyclonic (clock-
wise) loop centered at 8.75° N-52.5° E. After looping, the particle was
advected northwestward, back toward Socotra Passage, crossing the
passage in late summer (September). The particle was then advected
out of the Gulf of Aden, reaching eastern Socotra in February when the
circulation reverted again to southwestward. Other particles followed a
similar pattern, with more/less convoluted trajectories (Fig. 20a, gray
trajectories).

In contrast, the particles with straightforward trajectories along the
Somali continental slope arrive in the Socotra Passage in winter when
the currents are predominantly southwestward (independent of releas-
ing time). Fig. 20b shows a two-dimensional histogram of the seasonal
distribution of particles that crossed Socotra Passage in relation to
the releasing and (first) crossing months. Almost all particles crossed
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Fig. 18. RSOW connectivity in the Arabian Sea from the EXP-RSOW-SIGMA and EXP-RSOW-SIGMA-93 simulations. All percentages are reported to the total of particles advected
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Aden in 100 years, the exported Gulf of Aden particles that stayed in the western Arabian Sea (west of 63° E), and particles that reached the eastern Arabian Sea crossing the gray
dashed line in the mid-basin. The two red lines in the Gulf of Aden outflow indicate the percentage of particles that (first) crossed the respective lines (Gulf of Aden’s mouth and
the Socotra Passage). The black line, eastern of Socotra, indicates the particles that crossed that line and reached the Somali Undercurrent region (8°N-9°N; 50° E-54° E). The
four boxes (red and blue) show the number of particles that crossed the respective box. The blue line in the eastern Arabian Sea indicates the number of particles that reached
the eastern boundary crossing the line. Gray contour is the 700 m isobath from ETOPO2. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

the Socotra passage in winter (November—March), predominately in
January-February. The few particles that crossed in April and June are
the ones with the convoluted trajectories described above.

4.4.2. Export via the Gulf’s mouth and pathways

Unlike the export via the Socotra Passage, in which almost all
particles follow southward off Somalia in winter, the export through
the Gulf of Aden’s mouth happens year-round based on the EXP-RSOW-
SIGMA simulation, but with a preference for spring to late summer
(Fig. 22a). These preferences agree with the probability maps shown
in Fig. 13 in which particles are more likely to be off Yemen-Oman in
summer than winter.

While the Gulf’'s mouth is the main advective export route for the
outflow particles, it is the only route at the 27.60, (Table 2). The most
frequent advective transit time —from the particle’s initial positions to
the Gulf’'s mouth—increase with isopycnal deepening within the RSOW
layer, from six months to about three years (Table 2).

21

The particles crossing the Gulf’s mouth follow different pathways in
the Arabian Sea, albeit most particles will end up in the Somali Under-
current domain (8° N-9° N; 50° E-54° E). Fig. 19 shows five advective
pathways calculated from the adjoining subsets previously described.
The most common is the Southwest Pathway (about 43% of all tra-
jectories). Particles, in this case, are advected through eastern Socotra
and then southward off Somalia until 8° N (Fig. 19a). This route was
followed by particles crossing the Gulf’s mouth year-round, but it was
more frequent for particles that arrived there in April and August
(Fig. 22b). Most particles that follow the Southwest Pathway route were
at 27 and 27.3¢, (Fig. 19a, inset).

The second most common pathway for particles crossing the Gulf’s
mouth is the Northwest Pathway (15% of the trajectories), mostly at
270, and 27.30,. In this case, particles are advected northeastward
along the Yemeni-Omani coast, reaching the Gulf of Oman north of
23°N. A large fraction of these particles cross to the eastern boundary
off Iran and Pakistan, but return to the western Arabian Sea, to follow
southward also off Yemeni—-Omani coast. They are then advected east-
ern Socotra and southward off Somalia to 8° N (Fig. 19b). The particles
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version of this article.)

following the Northwest Pathway crossed the Gulf’s mouth mainly in
April-May and August (Fig. 22¢).

In the Central Pathway (Fig. 19c), particles follow an anticyclonic
circulation in the central Arabian Sea. First, they flow northeastward
off Yemen—-Oman up to 18°-20° N. Particles, then, turn to the eastern
Arabian Sea in a slanted route (from 18° to 14° N), which correspond to
the enhanced probability area in Figs. 11a-b and 14a—c. South of 14° N,
they return to the western boundary, east and south of Socotra, where
they flow southward off Somalia to 8° N. Particles in this pathway are
most likely to cross the Gulf’'s mouth on spring (Fig. 22d), and there is
a significant contribution (34%) of particles at 27.60, (Fig. 19¢, inset).

The two less common pathways are the Eastern (Fig. 19d) and
the Southern (Fig. 19e) that account for 1.9% and 1.8% of the total
trajectories, respectively. Predominantly, they occur at 27.60,. Very
few particles followed these pathways at 270, (Fig. 19d—e, inset).

After crossing the Gulf’s mouth, particles in the Eastern Pathway
are advected northeastward along the Yemeni-Omani coast until 20° N,
where a bifurcation exists. Near this latitude, many particles flow
eastward in the central Arabian Sea (14°-18° N), similar to the Central
Pathway described above. The remaining particles continue northward
off the Omani coast, reaching the Gulf of Oman, north of 23° N. They
form an anticyclonic gyre with particles advected southward along
the Pakistani slope. These particles return to the western boundary
at 20° N, where they follow the same eastward route in the central
Arabian Sea (14°-18°N). When reaching the eastern, at 14° N, the
particles flow southward, hugging the Indian slope until 12° N. Then,
particles do a cyclonic offshore excursion (up to 62° E) before reaching
the southern tip of India at 8°N. Particles that followed the East-
ern Pathway did not return to the Somali Undercurrent domain in
100 years. They preferentially crossed the Gulf’s mouth in January and
August (Fig. 22e), but the histogram of seasonal distribution is much
nosier than for the other pathways.

In the Southern Pathway, the particles crossing the Gulf’s mouth are
first advected southward or northeastward along the Yemeni-Omani
coast. Particles following northeastward, veer at 18° N to the east, and
follow an anticyclonic gyre like in the Central Pathway (Fig. 19e).
In the present case, however, the particles do not often reach the
Indian continental slope. From the eastern Arabian Sea, particles are
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(For interpretation of the references to color in this figure legend, the reader is referred to the web

transported back to the west, toward the south of Socotra. Once south
of Socotra, particles follow southward off Somalia independent of the
route taken after crossing the Gulf’s mouth.

Contrasting with the previous pathways, the particles in the South-
ern Pathway are much dispersed off Somalia and not attached to the
slope. In reaching the southwestern boundary at 8°-9° N, particles are
then advected eastward across the basin to India’s southern tip. In the
Southern Pathway, particles are more likely to cross the Gulf’s mouth
in April and August (Fig. 22f).

A common characteristic for all pathways described above is that
particles follow them independently of the releasing time in the outflow
area (Fig. 19).

4.4.3. Freshening along the pathways

Fig. 23 shows the salinity dilution for the main pathways described
above (also based on the EXP-RSOW-SIGMA simulation). The along-
trajectory anomalies used to generate those maps are relative to the
salinity at the particle’s initial positions. However, the reanalysis does
not capture the high salinity in the westernmost Gulf of Aden (<46° E).
Thus, the maps underestimate the freshening strength there —anoma-
lies are near zero, or even slightly positive in Fig. 23. Therefore, it
is more accurate to take the salinity differences in Fig. 23 as the
freshening relative to about 46° E rather than in relation to the RSOW
input into the Gulf of Aden. Despite this limitation, the salinity anomaly
maps give a zero-order description of the RSOW dilution in the Arabian
Sea.

In addition to being the fastest export route out of the Gulf of Aden,
the Socotra Pathway is also the pathway with the lowest freshening
in the region off Socotra and Somalia (Fig. 23a). Modal values indi-
cate a reduction of 0.5 in salinity in the Socotra Passage relative to
the outflow area and 0.6-0.7 off Somalia, with freshening increasing
southward. Mean salinity anomalies have similar values and spatial
distribution (Figures S17). The standard deviation at each bin in the
Socotra Pathway is low (Figure S18).

For the Southwest, Northwest, and Central Pathways, the freshening
is slightly higher off Somalia (0.65-0.75) than for particles follow-
ing the Socotra Pathway (Fig. 23b-d). There are a few regions with
freshening anomalies around 0.8-0.85 in the Northwest and Central
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Fig. 20. The Socotra Passage pathway at EXP-RSOW-SIGMA simulation. (a) Examples of trajectories that follow this route. Gray is used for particles that recirculate eastern Socotra
after being exported through the Socotra Passage into the western boundary. Blue is used for non-recirculating particles. In the map, there are 21 blue and 13 gray trajectories
plotted. (b) Seasonal distribution of particles in function of releasing month and Socotra Passage first-cross. Color shows the percentage of particles in relation to the total number
of particles that crossed the Socotra Passage (4170). White indicates no particle. (¢) Normalized particle density (fraction) at 0.5° grid computed for the subset of particles that
crossed the Socotra Passage. The number of particles at each bin (only the first visit is counted) is normalized by the total number of particles that crossed the Socotra Passage.
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to the web version of this article.)

Pathways. The standard deviation offshore Somalia is also much higher, 4.5. Observational evidence from Argo trajectories
with values as high as 1.5-2 in the Southwest Pathway (Figure S18).

The previous sections have described the preferential advective
pathways for the outflow particles in the Arabian Sea based on three
long-term Lagrangian simulations. A pertinent question is whether

In the Northwest Pathway, particles following northeastward off
Yemen-Oman to the Gulf of Oman present a spatially homogeneous

freshening, with a modal value of 0.65 (Fig. 23¢) and a mean of 0.5- there is observational evidence for these paths. The trajectories derived
0.55. However, in the mean, some spatial structure is noted (Figure from Argo floats provide an insight into this matter. One should keep
S17c¢). in mind that the Argo trajectories dataset in the Arabian Sea is still

insufficient to calculate unbiased statistics such as the seasonal-mean
velocity fields. The float positions on a monthly basis are relatively
small, and their spatial distribution is skewed to the eastern Arabian
Sea (see, e.g., figures in L’Hégaret et al., 2021; de Marez et al., 2019).
Eastern, and Southern Pathways (Fig. 23d—f; Figure S17d-f). The latter The latter has received most floats in the last few years as access to the

As the particles are advected eastward, mixing with fresher Arabian
Sea ambient waters is more likely to occur. Therefore, the largest fresh-
ening is found in the eastern basin for particles following the Central,

two have the highest standard deviations (1.8-2.9; Figure S18e-f), western Arabian Sea is challenging due to piracy and other geopolitical
indicating that isopycnal mixing along these pathways is variable. issues. In the Somali Current System, the Argo deployments have been
sparse.

If particles are separated into released in winter and summer, the
(modal and mean) salinity anomaly maps for these seasons are similar
to the ones shown in Fig. 23, except that the overall freshening is

Also, in this study, there was no attempt to calculate probability
distributions from Argo displacements. The reason was to avoid con-
fusion with the results of the Lagrangian simulations. By definition,
slightly reduced in summer than winter (0.05-0.1). Also, the standard Argo-based probability maps would not reflect the preferential paths of
deviation is enhanced for particles released in summer (Figure S19) outflow originated particles as the Argo initial positions are scattered
than in winter (Figure S20). over the basin and skewed to the eastern Arabian Sea. Instead, the
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Argo trajectories over the last 18 years were visually inspected to find
examples of the pathways revealed by the Lagrangian simulations.

Fig. 24 shows a subset of 30 Argo trajectories that follow some
of the pathways described in the previous sections. Individual float
information can be found in the supplementary material. For the sake
of clarity, only this subset is shown, but there are more examples found
in the Argo database. From the 32 floats deployed in the Gulf of Aden
with more than 100 days, eleven have been exported to the Arabian
Sea (about 34%). Their trajectories are displayed in Figs. 24a-d. Two
of these floats are still active as in early August 2021 —the pink in
Fig. 24a and the purple in Fig. 24b. These floats have been collecting
data over the last 2.4 yr (March 2019-to present), consistent with time
scales determined from the Lagrangian simulations.

All the eleven floats deployed within the Gulf of Aden were exported
through the Gulf's mouth, agreeing with the Lagrangian simulations
that revealed that Gulf’s mouth rather than the Socotra Passage is
the main export route to the Arabian Sea at intermediate-depths. Sev-
eral floats, without doubt, followed the Southwest Pathway, contour-
ing eastern Socotra and reaching the Somali Undercurrent domain.
Figs. 24c—d show five of such trajectories, but there are many other
examples in the Argo database. In contrast, the inspection of all Argo
trajectories did not disclose any float advected southward through
the Socotra Passage (Socotra Passage Pathway). Possibly because the

southward Socotra route is phase-locked and the number of floats
released in the Gulf over 18 years was small.

However, several examples of floats deployed in the Somali Under-
current and crossing the Socotra Passage toward the Gulf of Aden were
found. Fig. 24h show two of these trajectories (dark red and yellow,
respectively). Both floats were deployed in the Somali Undercurrent
in summer (July—August) when the regional mid-depth circulation is
predominantly northward. Their trajectories agree with the Eulerian
mean circulation for August (Fig. 20c). Another example is the purple
trajectory in Fig. 24d. The float deployed in the Gulf’s mouth followed
the Southwest Pathway toward the Somali Undercurrent domain. But,
as the circulation reverses direction, the float was advected northwest-
ward to the Socotra Passage, much like the simulated trajectory shown
in Fig. 20a.

The Lagrangian simulations indicated that it takes more than seven
years for outflow-originated particles to reach the northwestern and the
eastern Arabian Sea (Fig. 16a-b). These transit times are more than the
typical lifetime of an Argo float (about 3-5 years). Thus, it was not
surprising that none of the floats deployed in the Gulf of Aden have
made these far areas following the four longer pathways (Northwest,
Central, Eastern, and Southern). However, several Argo trajectories
deployed outside the Gulf have displacements that bear a resemblance
to some portion of these pathways. Take, for example, the pink and
orange eastward trajectories plotted in Fig. 24g. They seem to have
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traced the southern limb of the Eastern or Southern Pathways shown

in Figs. 19d-e, respectively.

Collectively, trajectories in Figs. 24b, 24f (blue and purple), and 24g

(purple and blue) are likely a fingerprint of the Northwest Pathway.
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this article.)

All floats were advected northeastward, parallel to the Yemeni-Omani
coast. One of the floats (Fig. 24g, blue trajectory) after reaching the
northernmost position (Gulf of Oman) have been advected southward
to the Somali Undercurrent domain, similar to the Northwest Pathway
in which there is a high probability of particles making this loop.

As in the Lagrangian simulations, a significative connection between
the western and eastern basins at the central latitudes of the Arabian
Sea can be seen in Argo trajectories (e.g., Figs. 24a, 24e and 24f).
These floats may have followed the Central, Eastern, or Southern
Pathways (Fig. 19). Similar to these pathways, some of the Argo
deployed on the western side were advected southward after reaching
the eastern basin (e.g., green trajectory in Fig. 24e). The southward
advection along Pakistan-Indian continental slope is a robust feature
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of the intermediate-circulation and captured by many other Argo floats
deployed in the eastern basin. Fig. 24h shows a few examples.

5. Discussion

The Lagrangian simulations uncovered six main advective pathways
in the Arabian Sea for particles originating in the Red Sea outflow
region. Fig. 25 summarizes these pathways schematically. As shown
in the previous section, Argo trajectories offer some observational
evidence for these pathways.

Compare the new picture with the schematics shown in Fig. 1,
which is based on the occurrence of RSOW reported in the literature.
There are many more paths to the Arabian Sea interior and the eastern
boundary than previously described. This fact may be the root of why
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it is hard to infer the RSOW spreading pathways in the Arabian Sea,
based solely on in situ hydrographic observations as in, e.g., Beal
et al. (2000) and more recently L'Hégaret et al. (2021). The updated
schematics based on the simulations reconcile the conflicting accounts
of the RSOW in the Arabian Sea, as discussed below.

The simulations support the Socotra Passage as an important route
for the RSOW export out of the Gulf of Aden in winter as directly mea-
sured by Schott and Fischer (2000). In the simulations and real ocean,
the wintertime Socotra and Somali Undercurrents advect RSOW south-
ward along the Somali continental slope in this route. In agreement
with the measurements of Fischer et al. (1996) (weak RSOW signature
within the Socotra Passage in summer) and Schott and Fischer (2000)
(strong signature in winter), the simulations confirm that the Socotra
Passage is mostly a wintertime pathway for the RSOW (e.g., Fig. 20b).
Also, similar to the description of Schott and Fischer (2000) in which
the southward flow of RSOW concentrated on the western part of the
Socotra Passage, most particles were attached to the 700 m isobath on
the western side of the passage.

Unlike the hypothesis of Schott and Fischer (2000), the Socotra
Pathway was not the preferred route out of the Gulf of Aden for the
particles originating in the outflow region in all simulations. Instead,
the preferred route was the Southwest Pathway. In this route, particles
are exported through the Gulf’s mouth, contour the eastern Socotra, and
then are advected southward along the Somali slope. Schott and Fischer
(2000) also inferred this route, which appears in their schematics
(their Fig. 13b), although they did not consider it the most important.
High-salinity anomalies associated with the RSOW have been observed
eastern of Socotra (e.g., Fischer et al., 1996; Carton et al., 2012), and
the Southwest Pathway can explain these measurements. Several Argo
trajectories follow this path.

Together, the Socotra and Southwest Pathways carried more than
half of the outflow particles to the Somali slope. Particles were advected
in these pathways independently of the season they were released.
However, particles are more likely to arrive off Somalia in winter
(e.g., Fig. 13) when the mid-depth regional circulation is predominantly
southward. These findings agree with the previous analysis of Gam-
sakhurdiya et al. (1991) that found the seasonal cycle of currents rather
than the outflow volume transport control the distribution of RSOW in
the northwest Indian Ocean. Also, it is consistent with Beal et al. (2000)
in which salinity off Somalia in the RSOW layer is higher in winter than
summer. Although particles are more likely to reach the southwestern
Arabian Sea in winter, about 15% of the released particles are there
in summer, which can account for several summertime measurements
reported in the literature (e.g., Beal et al.,, 2003; He et al., 2020;
Chowdary et al., 2005). Here, as in Durgadoo et al. (2017), particles off
Somalia in summer were affected by the formation of the deep-reaching
Great Whirl. The particles were transported northward, explaining
the north-oriented RSOW high-salinity signature off Somalia described
by Quadfasel and Schott (1982). This summertime northward advection
was also seen in many Argo floats.

Two main differences exist in the simulations for particles following
the Socotra and Southwest Pathways. The former is the fastest way out
of the Gulf of Aden (four months to about one year depending on the
isopycnal) and has the weakest freshening (compared to the outflow
area). These facts may explain why Schott and Fischer (2000) inferred
the Socotra Passage is the main route since the T-S signature there is
closer to the non-diluted RSOW.

There is no evidence that the RSOW splits into multiple branches
after crossing the Socotra Passage as suggested by Rochford (1964)
and Shapiro and Meschanov (1991). The time evolution of the particles’
cloud in Figs. 15 and S12 show particles advected via the Socotra
Passage, eastern Socotra, and flowing northward along the Yemeni-
Omani coast; but, no branches emerge in the Somali Basin. Neither
the probabilities maps have any indication of multiple branches in this
region (Figs. 11, 14 and 19). In the Somali Basin, most particles tend
to hug the continental slope in all simulations.
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The simulations, instead, revealed a third essential route supplying
RSOW to the Somali slope —the Northwest Pathway. In this path,
particles follow a slanted anticyclonic circulation centered in the north-
west Arabian Sea. The particles are exported via the Gulf’s mouth and
advected off the Yemeni—-Omani coast toward the Gulf of Oman (north
of 23° N). They then return southward, offshore in the same area, to
the eastern Socotra. From there, they are advected southward to the
Somali slope. Hence, none of the GLORYS12-based simulations support
the idea that the RSOW is geographically limited south of 17°~18° N in
the western boundary as stated in some studies (e.g., Chowdary et al.,
2005; Premchand et al., 1986; Rochford, 1964; Sastry and D’Souza,
1972; Shenoi et al., 1993; Varma et al., 1980).

The large anticyclonic cell that forms the Northwest Pathway also
appears on the geostrophic circulation map at 1000 dbar from Reid
(2003) who suggested that this route brings RSOW northward. A
northeastward path off Yemen-Oman also emerged in the simulations
by Schmidt et al. (2020). Therefore, the Northwest Pathway seems
robust and explain RSOW observations off Yemen—-Oman reported in
several studies (e.g. Al Saafani and Shenoi, 2007; Beal et al., 2000;
Carton et al., 2012; de Marez et al., 2019, 2020). It also explains how
six RAFOS floats from the REDSOX experiments resurfaced along the
Yemeni coast (Furey et al., 2005; Bower and Furey, 2012). Argo floats
trajectories offer additional support for this route off Yemen-Oman and
the large-anticyclonic cell.

In the Northwest Pathway, the most frequent transit time is around
2-3 years (Fig. 16), and salinity dilution is moderate (Fig. 23). These
timescales may directly impact the mid-depth salinity and oxygen
budgets in the northwestern region and contribute to the eastern shift
of the ASOMZ (e.g., McCreary et al.,, 2013), subjects that deserve
investigation.

Historically, the path of the RSOW to the eastern Arabian Sea has
been poorly understood (e.g., Babu et al., 1980; Beal et al., 2003;
Shankar et al., 2005; Shenoi et al., 2005; Varkey et al., 1979; Vi-
mal Kumar et al., 2008; You, 1998). Shankar et al. (2005) proposed two
possible routes. The first —northward off Yemen—-Oman, westward off
Iran-Pakistan, and southward off India —fits well within the Northwest
Pathway. The second possibility was an open ocean, cross-basin flow
from the western Arabian Sea to India’s west coast at its northern
end. Although the Lagrangian simulations reveal two open ocean,
cross-basin routes, none directly connects the western boundary to the
northeastern. One route in the simulations runs from about 18°N in
the western boundary to 14° N in the eastern boundary and is part
of the Central and Eastern Pathways (there were several examples of
Argo floats following a similar path). The other is at about 8° N as part
of the Southern Pathway. The cross-basin routes from the Lagrangian
simulations also do not support the one proposed earlier by Rochford
(1964) from the north of Socotra to India’s southern tip. Instead, in the
simulations, the Southern Pathway advects particles to India’s southern
tip at the latitude of 8°N. This cross-basin flow resembles one of the
branches proposed by Shapiro and Meschanov (1991). However, it does
not originate from a split of the RSOW flow at the Socotra Passage
as proposed by the latter authors. Hydrographic measurements around
8°N near 60°E and 73°E (e.g., Beal et al., 2003; He et al., 2020;
Stramma et al., 2002) support the existence of the Southern Pathway
at this latitude.

From the six identified advective pathways, only two (Eastern and
Southern) bring outflow particles to the Arabian Sea’s southeastern
corner, which explains the low likelihood of outflow particles to be
found in this region, as shown in Fig. 11d-f. These pathways together
account only for 4% of the total particles. They are long pathways.
It takes a couple of decades for particles departing from the Red Sea
outflow area to arrive in the Arabian Sea’s southeastern corner. As
particles have more chance to mix (along isopycnal) with the fresher
ambient waters, they lose their salty signature (Figs. 23e—f and S13e-f).
This fact makes it hard to identify the RSOW in the T-S space alone.
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6°N

Fig. 25. Main RSOW advective pathways in the Arabian Sea based on isopycnic Lagrangian simulations. Solid curves are used for pathways mostly at upper and core RSOW (27 ¢,
and 27.30,) and dashed curves for RSOW bottom (27.60,). Pathways displayed are: Southwest Pathway, Northwest Pathway, Socotra Passage Pathway, Central Pathway, Eastern

Pathway and Southern Pathway. The gray contour is the 700 m isobath from ETOPO2.

Thus, it is not a surprise that the occurrence of RSOW based on T—
S observations in the southeastern Arabian Sea has been debatable in
the literature. However, the Lagrangian simulations show that particles
originating in the Red Sea outflow area can be advected to India’s
southern tip. This pathway may explain how RSOW reaches the Bay
of Bengal, as reported in Jain et al. (2017).

The pathways carrying particles to the southeastern Arabian Sea
are deeper than to the southwestern and are prominent at 27.6c
(e.g., Fig. 19, insets). Schmidt et al. (2020) also cite that their interior
RSOW pathway to the ASOMZ is more pronounced on the isopycnal
surface of 27.40, than 270,. These results suggest that the densest
RSOW part supplies the eastern side while the western side is by the
upper RSOW. These isopycnals correspond to two primary equilibrium
levels of the RSOW in the outflow area in the Gulf of Aden (Bower
et al., 2000, 2005). Nonetheless, a thorough investigation of the vertical
structure of the RSOW pathways is still to be done. For that, the
Lagrangian simulations should consider vertical velocities, a limitation
of the present study.

In contradiction with Schott and Fischer (2000) that suggested the
export of RSOW via the Gulf’s mouth is occasional, in all six Lagrangian
experiments executed here, the mouth was the main export route out
of the Gulf. It was also for the Argo floats deployed within the Gulf.
The maximum that Socotra Passage accounted for was 30% of exported
particles. Additionally, the export route was via the Gulf’'s mouth for
all pathways except the Socotra. Export via the Gulf’'s mouth occurred
year-round.

The mechanisms (e.g., currents, eddies, waves) behind the six ad-
vective pathways described above have not been investigated in the
present study. Still, in the Gulf of Aden, it was noticeable that mesoscale
eddies dominate the particle trajectories (Fig. 6a) as previously found
in RAFOS and Argo observations (Bower and Furey, 2012; Carton et al.,
2012). Off Somalia, the trajectories indicate that the southward trans-
port of RSOW is by the Socotra and Somali Undercurrents (Fig. 20a),
but the signature of mesoscale eddies also appears in the synthetic
trajectories (e.g., Fig. 21a) and Argo floats (Fig. 24). Moreover, the
mean transit time was overall lower in EXP-RSOW-SIGMA-93, which
was based on more energetic eddy fields than the normal-year simula-
tions. This suggests that mesoscale eddies can help to quickly disperse
RSOW to the Arabian Sea interior. In the literature, there is evidence
that meso- and sub-mesoscale eddies advect RSOW to the Arabian Sea
interior (e.g., Carton et al., 2012; de Marez et al., 2019, 2020), but
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further investigation is required. A Lagrangian perspective may offer
some light on this problem.

Until the present study, the RSOW transit time in the Gulf of Aden
and the Arabian Sea was much less known than the pathways. Little
information exists in the literature. For instance, Mecking and Warner
(1999) used CFCs (chlorofluorocarbons) measurements and a simple
box model to estimate the advective timescale of the RSOW in the Gulf
of Aden as 2.4-3 years. Bower and Furey (2012) found that most RAFOS
floats stayed in the Gulf of Aden for their entire one-year mission. The
mean and most frequent transit times estimated from the Lagrangian
simulations shown here are of the same order as these few observations.

Also, based on CFCs measurements, Fine et al. (2008) calculated the
water-mass age in the Arabian Sea at 27.30, as less than 22 years in the
Gulf of Aden to more than 28 years in the northeastern Arabian Sea.
However, CFC-based estimations reflect the last time a water parcel
was in contact with the atmosphere, which in the case of the RSOW
was in the northern Red Sea, not the advective transit times as defined
in Section 3.2 (transit times relative to the releasing point, which is
the westernmost part of the Gulf of Aden). Nevertheless, taking the
difference between the eastern and the western, it would take more
than six years for RSOW to arrive in the northeastern from the Gulf.
In the Lagrangian simulations, the most frequent time for the particles
to reach the northeastern is ten years, which is the same order. More
recently, Schmidt et al. (2020) calculated a transit time of 5.2-6.4 years
for virtual particles released at 13.04° N-49.04° E, near the mouth of
the Gulf of Aden, to reach the ASOMZ at 19° N and 62° —66.6° E.

6. Summary and conclusion

The present study investigated the advective pathways and transit
times of virtual particles released in the Red Sea outflow area as a
proxy for the poorly understood spreading of the RSOW in the Arabian
Sea. It used the Parcels toolbox, a Lagrangian framework, that allowed
simulations of tens of thousands of trajectories under different initial
conditions within the RSOW layer. The Lagrangian simulations were
based on the eddy-rich GLORYS12 reanalysis that merges almost all
in-situ (temperature-salinity) and satellite observations collected over
the last two decades into the NEMO OGCM. A limitation of the present
study was that the Lagrangian simulations did not consider vertical
motions. Exploratory experiments using vertical velocities estimated
from the continuity equation —native vertical velocity fields are not
available in GLORYS12—resulted in few particles sinking to the ocean
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floor in the Gulf of Aden, which seemed unrealistic. Out of caution, iso-
baric and isopycnic simulations were used, mainly because the RSOW
is known to spread along isopycnals (27-27.6 kg/m?) over thousands
of kilometers in the Indian Ocean (e.g., Beal et al., 2000; L'Hégaret
et al.,, 2021). Although this study did not consider vertical velocity,
the statistics presented were based on particles released over the entire
RSOW layer, which captures a large fraction of possible pathways, and
particles on the isopycnal simulations went up and down in the water
column as a result of isopycnic heaving.

Comparisons between GLORYS12 and in-situ observations from the
REDSOX experiment (Bower and Furey, 2012; Furey et al., 2005)
in the Gulf of Aden show that GLORYS12 reproduces relatively well
the statistical properties of the Gulf’s mid-depth circulation, a region
dominated by mesoscale turbulence (including the RSOW layer). These
comparisons corroborate the quality of GLORYS12 velocity fields used
for the Lagrangian simulations. However, the comparisons also pointed
out a dilution of the modeled RSOW in the western Gulf, likely due
to GLORYS12 excessive numerical mixing over the Strait of Bab al-
Mandab and the relaxation to the climatology applied to mitigate
it (Lellouche et al., 2018). Nevertheless, the fresher and colder RSOW
properties west of 46° E in GLORYS12 do not appear to have affected
the Arabian Sea mid-depth circulation and water mass properties. The
RSOW T-S properties in the reanalysis are close to the observations
near the Gulf’s mouth.

Furthermore, at the Strait of Bab al-Mandab, the RSOW volume
transport in GLORYS is in the same range and seasonality as observa-
tions (Murray and Johns, 1997). The vertical structure of velocity at
the strait (two-layer system in winter and three-layer summer) is also
reproduced by the reanalysis, and the RSOW export from the Gulf of
Aden to the Arabian Sea in GLORYS12 is of the same order as estimated
by Han and McCreary (2001). Compared with other climatologies,
GLORYS12 is more consistent with the RSOW literature.

A quantitative analysis of the virtual particles confirms the previous
results of Beal et al. (2000) based on in situ observations of temperature
and salinity, i.e., the main RSOW advective route out of the Arabian
Sea is off Somalia. More importantly, it revealed robust connectivity of
the RSOW to the Arabian Sea interior, which is supported by Argo tra-
jectories at mid-depth. Many particles follow interior pathways before
returning to the Somali basin to be exported out of the Arabian Sea.
The fact that particles have long trajectories in the interior increases
the potential of RSOW mixing with the fresher and oxygen-poor Ara-
bian Sea ambient waters, losing its spiciness and oxygen. Thus, these
differences in pathways may have profound implications for the salt
and oxygen budgets in the Arabian Sea and beyond since the RSOW
is also part of the global overturning circulation and exported out of
the Indian Ocean via the Agulhas Current (Beal et al., 2000; Durgadoo
et al., 2017).

This study can be seen as a baseline for future investigations. The
focus here was on preferred pathways and seasonal variability. The next
steps are to evaluate the dilution of RSOW along the ARGO trajectories
identified in Fig. 24 and understand the interannual variability of
the pathways and the RSOW export out of the Gulf of Aden and
how these affect the mid-depth salinity in the Arabian Sea. There is
observational evidence that the intermediate layer in the Arabian Sea
is becoming saltier (e.g., Durack and Wijffels, 2010; Helm et al., 2010),
and the RSOW may be a contributor to that. Since the Indian Ocean
circulation is fundamentally affected by the Indian Ocean Dipole and El
Nifio-Southern Oscillation (Schott et al., 2009), substantial interannual
variability of RSOW export out of the Gulf of Aden is expected. Further
investigations are also crucial to understanding the mechanism behind
the identified advective pathways (e.g., currents, eddies, and waves).
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