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Abstract. Hypersaline overflows from marginal seas con-
tribute to global ocean circulation and climate variabil-
ity. The Persian/Arabian Gulf (P/AG) contributes dense,
saline, oxygenated deep outflow into the Arabian Sea’s
Oxygen Minimum Zone (OMZ). Here, we present high-
resolution hydrographic mapping of the United Arab
Emirates-Oman margin in the northwestern Arabian Sea,
integrating conductivity-temperature-depth profiles, multi-
beam bathymetry and remotely-operated vehicle imagery.
The P/AG outflow forms a thin (10-30 m) bottom-attached
layer that, on crossing an abrupt bathymetric step, undergoes
a hydraulic transition and thickens to 200 m over the rough,
irregular seafloor of the unstable shelf, where dilution and
loss of bottom contact occur. Near-bottom salinity, oxygen,
and pH decrease systematically downstream in association
with enhanced mixing. Distinct benthic assemblages coin-
cide with attached versus detached flow sectors, consistent
with differing near-bed hydrodynamic regimes. These obser-
vations indicate that the bathymetric step/hydraulic transition
is responsible for the near-field plume transformation fol-
lowed by the lower effect of bathymetric roughness. Because
outflow density depends on Gulf warming and evaporation,
modest climatic shifts may alter outflow dynamics, its de-
tachment depth, pathway geometry, and intermediate-depth
ventilation of the Arabian Sea OMZ.

1 Introduction

Marginal seas produce water masses with properties dis-
tinct from the open ocean and provide pathways for cli-
mate signals to penetrate the ocean interior (Melet et al.,
2022). Net evaporation in basins such as the Persian/Arabian
Gulf (P/AG), the Mediterranean, and the Red Sea increases
salinity and drives dense outflows into adjacent basins. Ex-
change between marginal seas and the open ocean is often
regulated by hydraulic controls, and the resulting overflows
undergo strong diapycnal mixing due to bottom friction, tur-
bulence, and entrainment, substantially modifying their prop-
erties (Melet et al., 2022; Peters and Johns, 2005; Pratt and
Lundberg, 1991).

This study focuses on the Oman-United Arab Emi-
rates (UAE) margin of the northeastern Arabian Plate, where
the P/AG outflow enters the Gulf of Oman as the northwest-
ern mouth of the Arabian Sea and interacts with a broad
continental shelf characterized by strong spatial variabil-
ity in seafloor morphology. P/AG water is characterized by
high salinity, temperature, and comparatively elevated oxy-
gen content (Brewer and Dyrssen, 1985; Yao and Johns,
2010; Swift and Bower, 2003; Font et al., 2024). It exits the
Gulf as a dense near-bottom flow through the Strait of Hor-
muz, entraining ambient water until reaching neutral buoy-
ancy at relatively shallow intermediate depths. Mixing within
the strait itself may already condition the outflow, since in-
ternal tides generated over the bathymetric highs and steep
near-coastal topography of the Strait of Hormuz have been
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suggested to influence water mass transformation and ex-
change through the strait (Subeesh et al., 2025). The outflow
then follows the southern margin of the Gulf of Oman as a
gravity-driven current and spreads into the Arabian Sea and
the broader Indian Ocean, with its signature traceable as far
as the Bay of Bengal (Bower et al., 2000; Pous et al., 2004b;
Jain et al., 2017; Sheehan et al., 2020; Ezam et al., 2010;
Prasad et al., 2001). Dynamical processes within the Gulf of
Oman, such as eddy—topography interactions and mesoscale
eddy field strain, play a central role in determining the open-
ocean signature of P/AG water (L"Hégaret et al., 2015, 2016;
Queste et al., 2018; Vic et al., 2015; Font et al., 2024). Such
eddies can trap and redistribute the outflow, while double-
diffusive processes such as salt fingering have been observed
beneath the plume in the Arabian Sea (L’Hégaret et al., 2021;
Turner, 1967).

Previous hydrographic and acoustic Doppler current pro-
filer observations show that, after exiting the Strait of Hor-
muz, P/AG water cascades down the continental slope and
spreads along the Gulf of Oman margin (Pous et al., 2004b).
Along the Omani coast, the outflow core occurs at a depth
of 200m with a potential density range of 25.5-27 kgm™3
(Font et al., 2024). Climatological and historical analyses
indicate that P/AG water typically equilibrates between ap-
proximately 200 and 350 m (Prasad et al., 2001; Swift and
Bower, 2003). Observations off Oman document that the
P/AG outflow pathway and thermohaline properties vary
with the mesoscale field, which can eject boundary water off-
shore through near-shelf dipoles and lee eddies (L' Hégaret et
al., 2015). High-resolution simulations and process analyses
demonstrate that remotely generated mesoscale eddies inter-
act with the steep slope to generate frictional boundary lay-
ers and submesoscale vortices that peel P/AG water from the
boundary, thereby enhancing lateral dispersion and dilution
(Vic et al., 2015).

The Arabian Sea Oxygen Minimum Zone (OMZ) ranks
among the strongest globally, with suboxia spanning much
of the intermediate depths in its northern and northeastern
sectors, including the Gulf of Oman (Rixen et al., 2020;
Schmidt et al., 2021). OMZs host distinctive biogeochem-
ical pathways and exert a significant influence on carbon
and nitrogen cycling relative to their area, shaping ecosys-
tems through habitat compression and contributing to out-
gassing of greenhouse gases (Gruber and Galloway, 2008;
Hood et al., 2024; Stramma et al., 2010). Nearby source wa-
ters, notably P/AG water, are estimated to oxygenate ~ 35 %
of the OMZ (Davila et al., 2023). Consequently, it is poised
to respond rapidly to variations in P/AG water properties
(Ditkovsky et al., 2023; Hood et al., 2024; Lachkar et al.,
2019, 2022, 2023).

Despite decades of study, key aspects of the near-field
transformation of P/AG water remain poorly constrained, in-
cluding outflow thickness variability, detachment behaviour,
bathymetric role in mixing, downstream oxygen modifi-
cation, and links between physical structure and benthic
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communities. Here we present high-resolution observational
mapping of the P/AG outflow along the Oman—UAE mar-
gin using CTD profiles, multibeam bathymetry, and ROV
imagery. The dataset resolves spatial variability in outflow
thickness, identifies zones of bottom attachment and detach-
ment, documents downstream oxygen and pH modification,
and reveals benthic assemblages consistent with boundary-
layer structure.

2 Data and methods
2.1 Data

This study wuses 51 Conductivity, Temperature, and
Depth (CTD) profiles collected in the Gulf of Oman, offshore
Fujairah, between 9 and 18 July 2025 (Fig. 1). Profiles were
obtained using a Sea-Bird SBE 19plus V2 SeaCAT CTD op-
erating at 4 Hz and attached to a rosette water sampler to en-
sure stability during deployment. However, we did not col-
lect water samples to adjust the CTD measurements. The
profiling speed during downcasting was ~ 0.35ms~! (me-
dian value for all CTD profiles), resulting in a vertical sam-
pling interval of ~ 0.0875 m. During profiling, we stopped
at 50 m intervals to collect continuous oxygen measurements
for a few minutes for another purpose unrelated to the cur-
rent work. However, as the data quality control (Fig. S1 in
the Supplement) illustrates, these stops had no significant ef-
fect on salinity or density. The original CTD resolution was
used for hydrographic parameters, Brunt-Viisild frequency
squared, Turner angle, and the subsequent Thope-scale anal-
ysis. High-resolution multibeam bathymetry was collected
using a Kongsberg EM712 system with Seafloor Informa-
tion System (SIS) software. This bathymetry dataset can be
accessed from Abdelmaksoud et al. (2025a). ROV imagery
was also used to assess relationships between benthic com-
munities and the outflow.

2.2 Methods
2.2.1 CTD analysis and parameter mapping

Practical Salinity and in situ temperature were first con-
verted to Absolute Salinity (Sp) and Conservative Tempera-
ture (®) using the TEOS-10 Gibbs SeaWater MATLAB tool-
box (McDougall and Barker, 2011). Vertical sections were
generated for salinity, temperature, dissolved oxygen, pH,
and turbidity — using Ocean Data Viewer (ODV; Schlitzer,
2024). The P/AG water fraction (P/AGwys) was calculated
following Font et al. (2024) based on the composite-tracer
approach of Jenkins (1999). The endpoints used are 1°C
and 34.86gkg™! for Indian Ocean Deep Water (IODW),
29.56 °C and 41.04 gkg~! for P/AG water, and 23.45 °C and
36.37 gkg™! for Indian Ocean Central Water (IOCW), simi-
lar to those of Font et al. (2024).
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Figure 1. Bathymetry and CTD data. (a) A high-resolution multibeam bathymetry of the northwestern Arabian Sea superimposed over re-
gional bathymetry, showing acquired CTD data (cyan dots with station numbers), with an inset showing the P/AG and the Gulf of Oman
as the mouth of the Arabian Sea. The white line denotes the CTD section of Fig. 2. (b) Absolute salinity versus conservative temperature
plot showing four distinct water masses across the water column of the Arabian Sea. BOFNF stands for Batinah Offshore Normal Fault;
ASHSW, Arabian Sea High Salinity Water; IOCW, Indian Ocean Central Water; IODW, Indian Ocean Deep Water; P/AG Outflow, Per-

sian/Arabian Gulf Outflow.

Parameter maps were produced for the deepest measure-
ments (~ 5m above the seafloor). Additional maps of the
upper depth of the outflow and its thickness (H) were de-
rived using a P/AGwr threshold of > 0.3. This threshold rep-
resents water parcels in which P/AG contributes at least 30 %
of the local mixture and remains a substantial hydrographic
component of the outflow. This more conservative threshold
excludes weak peripheral P/AG water influence and better
isolates the dynamically coherent mixed plume. The plume
core is defined by P/AGw¢ > 0.55, corresponding to mixtures
in which P/AG water is the dominant water mass component.

Turner angle (Tu =tan™'(@®O.+ B9 (S4)., a®O, —
ﬂ@(SA)Z)) and Brunt-Viisidld frequency squared (N 2=

2 BOASA—a®AB .
g p———xp——) were then calculated using the TEOS-10
functions from individual CTD downcasts before horizon-
tal interpolation. Where ASy, A®, and AP are the differ-
ences between absolute salinities, conservative temperatures,
and pressures, respectively. p, A€, and «® are the density
and saline contraction and thermal expansion coefficients, re-
spectively. The calculated T u values were classified into four
regimes: statically unstable, | Tu |> 90°; diffusive convec-
tion, —90° < Tu < —45°; doubly stable, —45° < Tu < 45°;
and salt fingering, 45° < Tu < 90° (McDougall et al., 2009;
McDougall and Barker, 2011; Roquet et al., 2015; Ruddick,
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1983). Positive values of N represent statically stable strat-
ification, and negative values represent density inversion.
Density inversions were interpreted as physically meaning-
ful overturning only where the associated density structure
exceeded the adopted density-noise threshold and passed the
Thorpe-overturn quality-control criteria (Sect. 2.2.2).

2.2.2 Hydrographic proxies for hydraulic adjustment
and mixing

Because neither Acoustic Doppler Current Profiler (ADCP)
current measurements nor turbulence microstructure profiles
are available, hydrographic overturn proxies were used to
quantify relative mixing intensity from the CTD density fine
structure. These proxies are not interpreted as direct mea-
surements of turbulent dissipation or absolute turbulent dif-
fusivity. Instead, they are used to identify relative mixing
hotspots along the section. The Thorpe length scale (Lt),
also called the Thorpe overturn scale (Thorpe, 1977), rep-
resents the root-mean-square vertical displacement required
to reorder an unstable density overturn into a statically stable
profile. Physically, Lt is the vertical size of CTD-resolved
density overturning. Larger Lt indicates greater vertical re-
ordering of water parcels and therefore stronger overturning
evidence in the CTD profile (Galbraith and Kelley, 1996;
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Gargett and Garner, 2008; Jalali et al., 2017; Park et al.,
2014).

The Thorpe analysis was performed on the CTD profiles
and each used density profile was quality-controlled fol-
lowing Park et al. (2014) and Gargett and Garner (2008),
retaining only vertically coherent, well-resolved overturns
(Figs. S1-S4 and Table S1 in the Supplement). The Thorpe
analysis was performed using the original-resolution profiles.
Pressure reversals and observations with smoothed positive-
down profiling speeds below 0.25dbars™! (~0.25ms™1)
were removed before the hydrographic and overturn analy-
ses. Following Park et al. (2014), the first 20 m below the
sea surface were excluded from the analysis because near-
surface measurements are often highly contaminated, likely
by turbulence generated by the hull. The density variable
used for overturn detection was the potential density anomaly
referenced to the surface or 0 dbar (o9, IOC et al., 2010). Ap-
parent density inversions were initially treated as candidate
overturns. They were retained only if they were vertically
coherent, exceeded the adopted density-noise threshold, and
passed the overturn-ratio criterion. A fixed dataset-level ef-
fective residual density noise floor was estimated from de-
trended o residuals within screened, locally well-mixed in-
tervals. The median residual root-mean-square density vari-
ability was 4.9 x 10 kgm~3. Thresholds corresponding to
three-, four-, and fivefold this value were tested. The prin-
cipal overturn distribution varied only slightly among these
tests. The five-times-RMS value, 2.46 x 1073 kg m~3, was
adopted for the primary analysis because it produced the
clearest and most stable overturn boundaries while retain-
ing the principal vertically coherent patches. The estimated
RMS is interpreted as a dataset-specific effective residual
noise floor that may include unresolved natural fine struc-
ture in addition to instrumental noise. Top-down and bottom-
up intermediate-density profiles were constructed using the
adopted density-noise threshold following Gargett and Gar-
ner (2008) and Park et al. (2014). The average of the top-
down and bottom-up intermediate profiles was then used for
the primary overturn analysis. Sensitivity tests using the mea-
sured, top-down, bottom-up, and averaged intermediate pro-
files showed that the averaged profile retained the principal
overturns identified in both processing directions while min-
imizing isolated and direction-dependent features. Candidate
overturn patches were identified using the MixSea Thorpe-
reordering procedure (Voet et al., 2023). The overturn ra-
tio (R,), which represents a data-filtering criterion used to
distinguish genuine turbulent density overturns from artifi-
cial, instrument-induced false inversions (Gargett and Gar-
ner, 2008), was also used. Only candidate patches satisfying
R, > 0.25 were retained. Sensitivity tests using R, values
from 0.10 to 0.30 produced the same principal overturn pat-
tern, whereas R, = 0.35 removed several otherwise coherent
patches. A minimum of 0.5m for Lt and 1.5m for patch
thickness were used as additional Thorpe QC criteria.
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The Ozmidov length, L,, represents the largest turbu-
lent length scale that is not strongly constrained by stable
stratification and was defined as L, = /(¢/N 3), where € is
the turbulent kinetic energy dissipation rate, and N is the
buoyancy frequency. The empirical Dillon-type relationship
was expressed as L, =L, where « is the Ozmidov-to-
Thorpe scale ratio. An « value of 0.80 was adopted. Com-
bining the Ozmidov-scale definition with this relationship
gives the Thorpe-derived dissipation proxy €; = azL%N 3 and
therefore €; = 0.64L%N 3. The diapycnal diffusivity estimate
based on Thorpe scales (K /(;T) ) was calculated using the Os-
born relationship K p‘™ = I'ep/N?, which gives K p» =
o’ L%N . A mixing efficiency of I' =0.20 was assumed.
Using & =0.80 and I'=0.20 gives Kp™ =0.128L2N
(Dillon, 1982; Ozmidov, 1965; Osborn, 1980). In the calcu-
lations, the average value of N 2 over an overturn is used.
The resulting L, T, and K p‘D estimates are interpreted as
relative hydrographic indicators of overturning and mixing
susceptibility rather than direct turbulence measurements.

The diffusivity estimates from Thorpe scale analysis bear
large, unquantified uncertainties and can be interpreted as a
mixing proxy; as relative indicators of mixing hotspots rather
than absolute turbulence measurements (Fig. 3). The princi-
pal accepted overturn patches satisfied the profiling-speed,
background-stratification, density-noise, overturn-ratio, and
minimum patch thickness and L criteria. Some patches nev-
ertheless contain large pointwise Thorpe-displacement ex-
cursions associated with extended constant-density intervals
in the averaged intermediate profile (Fig. S4). Because sam-
ples with identical intermediate-profile density values lack a
unique stable sorting order, the precise magnitude and sign
of individual Thorpe displacements may partly reflect sort-
ing ambiguity. These excursions do not necessarily invali-
date the corresponding overturn patch, but they increase the
uncertainty of sample-scale displacement estimates.

Bathymetric roughness was quantified from the
multibeam-derived bathymetric profile extracted along the
CTD section. The horizontal resolution of the bathymetric
grid, hence the bathymetric profile, is 10 m. For each along-
section location, we calculated an effective local roughness
amplitude, A, as one half of the bathymetric relief within a
moving window of +1km: & = 0.5(Dmax — Dmin), Where
Dmax and Dpjp are the maximum and minimum depths
within the window. The full window length is therefore 2 km.
The roughness-to-plume-thickness ratio was then calculated
as: hy / H where H is the local P/AG plume thickness. This
ratio is used here as a geometric relative roughness-height
index, analogous to the roughness-height to current-depth
ratios used in laboratory and numerical gravity-current
studies, where obstacle or roughness height is normalized
by the thickness of the dense current (Cenedese et al., 2018;
Maggi et al., 2022; Ottolenghi et al., 2017, Ozgﬁkmen and
Fischer, 2008). h; / H is not a direct measurement of form
drag, velocity shear, bottom stress, or turbulent dissipation;
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it is interpreted as a geometric plume-roughness interaction
proxy and is evaluated together with CTD-derived plume
thickening, P/AGws decay, N 2 structure, turbidity, and
overturn-based mixing proxies.

To place the plume-thickness variations in a hydraulic
context, we computed a critical velocity, ¢; = 4/(g'H), the
along-section speed at which the Froude number of the
bottom-attached layer, Fr = U/./(g'H), equals unity. Here
g = gAp/po is the reduced gravity from the density contrast
between the P/AG plume and the overlying ambient water,
and H is the local plume thickness. The plume-to-ambient
density contrast was calculated as Ap = pp, — pa, where pp is
the plume density (P/AGw-weighted mean potential density
referenced to O dbar) and p, is the ambient density (median
potential density within the 50m layer immediately above
the plume top). A flow with speed exceeding c¢; is super-
critical (Fr > 1), and a slower flow is subcritical (Fr < 1).
Because current measurements are unavailable, the Froude
number cannot be estimated but ¢;, calculated from hydro-
graphic properties, provides a velocity scale that can be com-
pared with independent current estimates from the literature.
Because ¢; depends on the product g’ H, downstream plume
thickening may partly or fully compensate for a decrease in
plume-to-ambient density contrast. It is interpreted as con-
sistent with, rather than proof of, a change in hydraulic state.

3 Results
3.1 Water mass structure and double-diffusive stability

Four distinct water masses were identified at the mouth
of the Gulf of Oman during summer (Fig. 1b). The upper
layer, termed Arabian Sea High-Salinity Water (ASHSW),
is shallow and characterized by an absolute salinity of ~
37.2gkg™! and temperature of ~ 33 °C. Indian Ocean Cen-
tral Water has a salinity of ~ 36.6 gkg~! and temperature of
~ 28 °C. The P/AG outflow exhibits very high salinity (37.0—
39.8 gkg™!) and moderate temperatures of 20-27 °C. Indian
Ocean Deep Water, the deepest layer, has lower tempera-
tures (~ 13-20 °C) and salinities (~ 36.0-37.0 g kg_l). Oxy-
gen concentrations are 4-5 mL L~! in the Arabian Sea High-
Salinity Water and 5-6mLL~" in IOCW. The P/AG out-
flow shows intermediate values (1.5-3.5mLL~'), whereas
IODW exhibits the lowest oxygen (< 1 mLL™!).

The Turner-angle section (Fig. 2f) characterises the sus-
ceptibility of the water column to double diffusion between
these water masses. Where the warm, salty P/AG core over-
lies cooler, fresher deep water (IODW), mainly where the
plume detaches and lifts off the seabed, downstream con-
ditions favour salt fingering at the base of the plume; the
interior is largely doubly stable, with diffusive-convection-
favourable conditions occurring where cooler, fresher water
overlies the core (at depths of around 100-200 m, from sta-
tion 32 to station 06). N2 distribution shows negative val-
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ues, coinciding mainly with the Gulf outflow plume after the
bathymetric step (at depths of around 150-300 m, from sta-
tion 32 to station 06) (Sect. 3.3).

3.2 Characteristics and thickness variability of the
P/AG outflow

The outflow forms a distinct layer characterized by elevated
salinity, temperature, oxygen, and pH (Fig. 2a and b). As the
outflow enters the Gulf of Oman, it separates into three lateral
sectors. Across the mouth of the Gulf of Oman over relatively
flat and shallow bathymetry (depths < 130 m) of the stable
shelf, properties are highest (salinity ~ 39.0 gkg ™!, tempera-
ture ~ 26 °C, oxygen ~ 3.0 mL L', pH~ 8.51; Figs. 2a,c, e
and 4a—c). Over the unstable shelf (depths of 130-370 m),
which is characterized by pockmarks and erosional features,
values decrease to ~ 38.5 gkg’l, ~23.5°C,~2.5mLL !,
and pH ~ 8.42. Farther south over the lower shelf and up-
per slope (depths >370m), properties decline further (~
37.2gkg™!, ~22°C, ~2.0mLL~!, pH~ 8.35). The west-
ern shallowest occurrence of the outflow is at ~ 110 m depth.
A high-turbidity layer occurs above the seafloor and thickens
basinward from ~ 20 m above the flat shelf to > 400 m above
the upper slope (Fig. 2a and b). P/AGwy values reach ~ 0.7
over the stable shelf and exhibit along-flow lateral varia-
tions, largely coincident with the rough, eroded bathymetry.
The outflow core and plume are thin over the stable shelf
and are disrupted by rough bathymetry (Fig. 3c). The core
fades shortly after these flow disruptions. The roughness-
to-plume-thickness ratio (h, / H) is used as a measure of
the dynamical interaction between the P/AG outflow plume
and the seabed. The &,/ H increases to > 1 immediately
after the bathymetric step (Fig. 3d, near station 32 south-
wards). The top of the outflow occurs at depths of 50—100 m
above the flat shelf, with a very thin layer that has a thick-
ness of 10-30 m, exhibiting a southeastward deepening and
thickness increase (Fig. 4e and f). The upper depth of the
P/AG outflow increases up to 170 m in the center, then be-
comes shallower at the extreme southern portions, reaching
~ 130-140 m (Fig. 4e). The thickness increases up to 200 m
above the lower shelf and upper slope (Fig. 4f).

The critical velocity ¢; mirrors this structure (Fig. 3c).
Over the stable shelf ¢; is low, falling to a minimum of
~0.15-0.20m s~ immediately upstream of the bathymet-
ric step, where the plume is thinnest. At the step, ¢; increases
sharply to ~ 0.8 ms~! with subsequent fluctuations and the
eventual convergence to ~ 0.8—1.0m s ™! across the unstable
shelf and downstream, following the thickening of the plume.

3.3 CTD-derived Thorpe-scale and diffusivity proxies
The Thorpe-scale section (Fig. 3a) shows that CTD-resolved
density overturning is spatially heterogeneous along the

P/AG outflow transect. Over the stable shelf, where the
P/AG plume is thin and bottom-attached, Lt values are gen-
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Figure 2. An NNW-SSE CTD transect (along the hydrographically inferred P/AG plume corridor; the white line in Fig. 1a) showing
P/AG outflow and its relation to the seafloor irregularities. The parameters include salinity (a), turbidity (b), temperature (c), Brunt-Viisilad
frequency (d), dissolved oxygen (e), Turner angle (f), pH (g), and P/AGwy (h). (i) Along-transect thickness of the P/AG outflow core and
main plume. (j) The local seabed roughness relative to the height and plume thickness (i / H), plotted with the plume thickness. (a)—(g) are
superimposed by P/AGwy contours, whereas h is superimposed by density contours.
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Figure 3. An NNW-SSE CTD transect (along the hydrographically inferred P/AG plume corridor; the white line in Fig. 1a) showing CTD-
and bathymetric-derived proxies. The parameters include Thorpe scale (a) and the diapycnal diffusivity (based on Thorpe scales) proxy (b)
plotted for the accepted overturns only, as well as the along-transect thickness of the P/AG outflow core and main plume and the CTD-derived
critical velocity, ¢; (c), and the roughness-to-plume thickness ratio 4, / H plotted with the plume thickness along the transect (d). (a) and

(b) are superimposed by P/AGws contours.

erally low, indicating limited overturning within the com-
pact plume. Toward the stable-to-unstable shelf transition
(Fig. 3a, at station 32), Lt increases coinciding with the
zone where the plume thickness curve shows rapid thick-
ening (Fig. 3¢) and where the high-P/AGw¢ core begins to
weaken (Fig. 2h). Across the rough unstable shelf, elevated
Lt extend through a broader part of the plume and its upper
interface, consistent with stronger vertical reordering of den-
sity in the same sector where salinity, temperature, oxygen,
and pH decrease downstream.

The section of diapycnal diffusivity based on the Thorpe
scales, K, 0 (Fig. 3b), shows a similar distribution along the

transect. Low K, (D over the stable shelf (stations 45 and 46)
reflects the hmlted overturning in the thin attached plume.
Higher K ) values (up to 0.03 m? s~ ! at station 32, depths of
~ 150—200 m) occur mainly near the bathymetric transition
and across the unstable shelf (e g.,~0.02 mZs~!at~250m
depth of station 29, ~ 0.025m? s~! at ~ 300 m depth of sta-
tion 19, and ~ 0.025m?s~! at ~275-350 m depth of sta-
tion 16), where the plume-thickness curve indicates rapid ex-
pansion of the P/AG layer (Fig. 3c) and the P/AGwy section
shows progressive dilution of the plume core (Fig. 2h). These
enhanced diffusivity-proxy patches indicate locations where
CTD fine structure records stronger overturning and vertical
exchange within the transforming outflow.

Comparison with the along-transect i, / H curve (Fig. 3d)
shows that the strongest Thorpe-derived signals occur
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where seabed roughness becomes large relative to the lo-
cal P/AG plume thickness (Fig. 3a, b, and d). In the sta-
ble shelf sector, low h,/ H, small plume thickness, and
weak Thorpe-derived signals are consistent with a com-
pact, bottom-attached plume. Immediately after the bathy-
metric transition, &, / H increases as roughness elements be-
come comparable to the plume thickness, while the Lt and
K ,()T) sections show enhanced patchiness within the plume.
Farther across the unstable shelf, the combined pattern of
high or varlable hy / H, plume thickening, elevated LT, en-
hanced K , PPAGwr¢ decay, reduced oxygen, and increased
turbidity supports localized roughness-modulated overturn-
ing and dilution of the P/AG plume.

3.4 Benthic evidence for P/AG outflow bottom
attachment-detachment

Near-seafloor parameters (Fig. 4a—c) show sharp lateral tran-
sitions (salinity 3836 gkg™!, conservative temperature 25—
15°C, oxygen 3 to <0.5mLL~!") across the depth range
where the outflow shifts from bottom-attached to detached
flow. Where the outflow remains attached (Fig. 5c), the
seabed consists of exposed or semi-consolidated substrate
with little fine-sediment drape, consistent with persistent
near-bottom shear and resuspension. At deeper sites where
the near-bottom hydrographic signature of the outflow weak-
ens (Fig. 5d), the seafloor is dominated by fine-sediment ac-
cumulation beneath a detached outflow layer.
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Figure 4. Near-seafloor parameters maps, as well as maps for outflow top depth and thickness. CTD maps above the seafloor, including salin-
ity, conservative temperature, oxygen content, and P/AGwy (a—d, respectively). The top depth and thickness variation of the P/AG outflow
are also mapped (e, f, respectively).
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Superimposed on this downstream decline are two local-
ized patches of reduced near-bottom P/AGwy, accompanied
by lower salinity, temperature and oxygen, one in the north
(near station 36) and one to the southwest (Fig. 4a—d). In
both, the outflow signal persists near the seabed but is locally
weakened rather than absent.

ROV imagery from ~ 284 m depth (Fig. 5c) shows a con-
spicuous epibenthic community on hard or firm ground,
dominated by sessile suspension feeders. Branching azoox-
anthellate scleractinian colonies and octocorals are common,
with additional scattered epifauna on exposed patches of sub-
strate. This assemblage is consistent with a relatively en-
ergetic bottom boundary layer associated with the attached
outflow. By contrast, imagery from ~ 360 m depth (Fig. 5d)
shows a flat, soft-sediment seabed with sparse epifauna; tube
anemones, consistent with cerianthids, are present and lo-
cally abundant. This shift, from coral-bearing hard-substrate
assemblages to soft-sediment, cerianthid-dominated assem-
blages, coincides with the hydrographic transition, providing
an independent benthic indicator of attachment and separa-
tion of the outflow along the margin.

4 Discussion

4.1 Distribution, mixing, and flow behaviour of the
P/AG outflow

Hydrographic CTD measurements in the northwestern Ara-
bian Sea reveal spatial variability in P/AG outflow charac-
teristics. The continental shelf of the northeastern Arabian
Plate margin is subdivided into two domains: a stable and
an unstable shelf, based on the integration of multibeam
bathymetry and seismic reflection data. The outflow waters
exit the Strait of Hormuz, hugging the flat continental stable
shelf bathymetry, with a very thin bottom-attached flow of
10-30 m (Figs. 2—4). This flow has high salinity, temperature,
and density, resulting in negative buoyancy and a compact,
coherent core with high P/AGw¢ and comparatively little di-
lution. The flow has a sharp upper interface (high N?), indi-
cating stable stratification (Fig. 2d). Outflows exiting dense
marginal seas typically begin as thin bottom-attached plumes
before being transformed by entrainment (e.g., Bower et al.,
2000).

At the transition from the stable to the unstable shelf,
the abrupt bathymetric shift serves as the initial trigger for
flow transformation. This transition marks an abrupt increase
in the seafloor depths delimited by a major gravitational
collapse, i.e., northern extension of the Batinah Offshore
Normal Fault. The outflow suffers from rapid hydrographic
and geometric adjustment, increasing in thickness from ~
20 to ~ 170 m, with localized patches of N? < 0 occurring
in the immediate vicinity of the bathymetric transition/step
(Figs. 2d and 4f). This situation is consistent with locally
statically unstable stratification and transient density over-
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turning during hydraulic adjustment of the bottom-attached
plume across the bathymetric step (Alford et al., 2013; Jalali
et al., 2017). This indicates the bathymetric step is dynami-
cally active and likely promotes enhanced turbulent entrain-
ment/mixing at the onset of plume transformation.

The critical-velocity estimate provides an independent, if
indirect, line of support for this interpretation. Independent
values for the P/AG outflow speed in this region are ~ 0.2—
0.55ms~! from moored-ADCP, lowered-ADCP, and model
studies (Bower et al., 2000; Ezam et al., 2010; Pous et al.,
2004a, b). The ¢; based on our CTD data falls to ~ 0.15—
0.20ms~! upstream of the step (Fig. 3e) which is below the
estimates from the literature, implying near-critical to super-
critical conditions (Fr 2 1) over the thin, bottom-attached
plume. Downstream of the step, ¢; rises to ~ 0.8—-1.0ms™!,
exceeding those same speeds and implying subcritical con-
ditions (Fr < 1). A transition from supercritical to subcrit-
ical flow across a topographic step is the signature of a hy-
draulic jump and is consistent with the abrupt thickening, the
transient N2 < 0, and the enhanced overturn proxies at the
same location (Figs. 2d and 3a—c). We stress that the histori-
cal current data are non-synoptic and that ci increases partly
because the plume thickens, so this comparison is indicative
rather than a direct measurement of hydraulic state. Consis-
tent with this, model results place the maximum outflow ve-
locity where the bottom slope steepens (Ezam et al., 2010).

The unstable shelf has extensive crescent-shaped and elon-
gated pockmarks and irregularities on the seafloor (Abdel-
maksoud et al., 2025b). Within this domain, the outflow
is characterized by lower salinity, temperature, and oxygen
content than the undisrupted flow above the stable shelf,
with continued plume thickening and weakening of P/AGwys.
The outflow in this domain exhibits disruption, and its com-
pact core eventually fades. Its ambient interface is consis-
tent with sustained interfacial entrainment/mixing, dilution
of the dense core, and the development of a thicker, more
diffuse interfacial mixing layer. Mechanistically, the rough-
ness effect is expressed in terms of roughness height relative
to plume thickness, i, / H. The h, / H exceeds unity imme-
diately after the bathymetric step. Where the roughness ele-
ments become a substantial fraction of plume thickness, they
enhance form drag, wake generation, and near-bottom tur-
bulence, thereby sustaining entrainment and dilution across
the pockmarked shelf sector (Cenedese and Adduce, 2010;
Cenedese et al., 2018; Maggi et al., 2022; Ottolenghi et al.,
2017; Ozgokmen and Fischer, 2008). This situation is con-
sistent with roughness-enhanced boundary-layer turbulence
and hydraulic transitions documented for other marginal-sea
overflows (Peters and Johns, 2005; Price et al., 1993).

Once the P/AG outflow water gains enough buoyancy, it
begins to detach from the seafloor above the unstable shelf
and to flow at an intermediate level (Fig. 5). The detached
flow from the seafloor has lower salinity, temperature, and
oxygen content, with its top occurring higher in the water
column, i.e., towards shallower depths (Figs. 2—4). The inten-
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sity of the mixing and dilution of the P/AG outflow changes
across the unstable shelf domain. This intensity is broadly
consistent with the density of seafloor irregularities and with
the plume thickening downstream of the bathymetric step,
with higher-mixing zones tending to occur where irregulari-
ties are denser (Fig. 5a).

Over the lower shelf to the upper slope, the near-
bottom P/AG outflow signatures weaken strongly, and the
P/AGw; near the seabed becomes small or disappears
(Fig. 2h), indicating that the bottom attachment is lost and
the plume persists higher in the water column. The outflow
transitions into a detached intermediate-depth plume, follow-
ing from the preceding thickening and dilution across the un-
stable shelf. The disappearance of the pronounced N2 max-
imum at the upper plume interface (Fig. 2d, at station 46
southward to station 32 and at 100-150m depths) shortly
after the stable-unstable shelf transition or bathymetric step
(Fig. 2d, at station 29 and around 150m depth) is consis-
tent with erosion of the initially sharp plume to the ambi-
ent density interface by entrainment and dilution until the
bottom-attached gravity current can no longer maintain a
clear near-bottom density excess. Farther offshore, the grad-
ual re-establishment of moderate N2 suggests formation of
a new, weaker and broader interface around the detached
plume as it adjusts toward its intermediate intrusion/neutral-
buoyancy depth (Fig. 2d, at stations 16, 07, and 06 at 100—
150 m depths). The detached intermediate-depth plume/in-
trusion exhibits continued along-slope propagation, and the
maps (Fig. 4) suggest that, throughout the study area, the
plume remains organized as a margin following, bathymet-
rically steered boundary plume/current, with a clear shallow-
side/upslope limit imposed by the shelf morphology. Along-
path dilution of the intermediate-depth plume within the
Gulf of Oman is also evident, with the plume exhibiting
P/AGwys of around 0.4 near the mouth of the Gulf (this study,
Fig. 2h), and the value is reduced to less than 0.3 to the south
across the Omani Margin (Font et al., 2024).

The two near-bottom low-P/AGwy patches around sta-
tions 36 and 11 (Fig. S5) are interpreted as localized lat-
eral interleaving of ambient, lower-P/AG water into the near-
bottom outflow layer. On the o¢ = 26 isopycnal, which re-
moves the effect of plume thickness and depth, the P/AGw;
field shows a lateral structure (Fig. S5), indicating inter-
leaving of P/AG-rich and P/AG-poor water across the shelf.
Such interleaving is expected at the margins of the bound-
ary plume, where mesoscale and submesoscale stirring can
peel P/AG water from the boundary and draws ambient wa-
ter inward (L’Hégaret et al., 2016; Vic et al., 2015). Be-
cause the survey is non-synoptic, a partly transient origin,
such as plume meandering on sub-seasonal timescales (Pous
et al., 2004a, b), cannot be excluded. Internal tides are
well documented in the Gulf of Oman, with generation at-
tributed to tidal flow across the shelf break off the Musandam
Peninsula (Small and Martin, 2002) and to steep topography
within the Strait of Hormuz (Subeesh et al., 2025); moored
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records further southeast on the Al-Batinah shelf show a pre-
dominantly diurnal, shoreward-propagating internal tide of
largely remote origin (Bruss et al., 2026). Reported pycno-
cline displacements are of order 10-25m, so internal tides
can displace a density interface on diurnal to semidiurnal
timescales. Because each station represents a single snap-
shot, aliasing of the internal-tide phase may contribute to the
observed patchiness, although the present data cannot sep-
arate this from mesoscale and submesoscale stirring. The
patches are therefore not attributed to the seabed erosional
features, and there is no evidence that they represent local
detachment of the outflow.

The Thorpe-scale analysis provides a quantitative hydro-
graphic basis for interpreting the fine structure and step-like
density profiles observed along the P/AG outflow pathway.
Elevated Lt and K f,T) occur preferentially near the stable-
to-unstable shelf transition and across the rough bathymetry,
where the P/AG plume thickens, the P/AGws core weak-
ens, and the sharp upper-interface N> maximum is eroded.
Lt and K /()T) estimates are not direct microstructure mea-
surements, and their interpretation is constrained by stan-
dard CTD-overturn quality-control requirements and by the
known uncertainty of overturn-based estimates near rough
topography (Galbraith and Kelley, 1996; Gargett and Gar-
ner, 2008; Jalali et al., 2017). Nevertheless, their spatial co-
incidence with high h; / H, plume thickening, P/AGw; de-
cay, turbidity enhancement, oxygen reduction, and weaken-
ing of the upper plume interface supports the interpretation
that bathymetric roughness modulates localized overturning
and dilution of the P/AG plume. This relationship is strongest
where the hydrographic overturn proxies coincide with the
bathymetric transition and rough seabed sectors, whereas iso-
lated overturns outside the plume or away from rough terrain
are interpreted more cautiously because they may also re-
flect internal-wave activity, mesoscale intrusion, or double-
diffusive layering.

Double diffusion is intrinsic to the P/AG outflow: its
warm, salty core overlies cooler, fresher deep water, favour-
ing salt fingering at the base of the plume, consistent with salt
fingering reported beneath P/AG water further downstream
in the Sea of Oman (Font et al., 2024) and in the Arabian
Sea (L’Hégaret et al., 2021). Because double diffusion oper-
ates within statically stable stratification (N 2 > 0) and trans-
fers heat and salt across the plume’s interfaces without pro-
ducing density inversions, the salt-fingering and diffusive-
convection regimes (Fig. 2f) are dynamically distinct from
the overturning detected by the Thorpe scale (Fig. 3a and b).
Double diffusion contributes to the slow, along-path erosion
of the plume’s salinity, temperature, and oxygen contrasts,
whereas the abrupt transformation at the bathymetric step is
driven by hydraulic adjustment and overturning. In the hier-
archy of processes acting on the outflow it is therefore a sec-
ondary, background contributor to interface erosion, rather
than the primary driver of the step-localised transformation.
The Turner angle diagnoses only susceptibility to double dif-
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fusion, not its flux, which, having a lower effective diffusiv-
ity and a different mixing efficiency than shear-driven tur-
bulence, is not captured by K /(,T) and cannot be quantified
without microstructure data.

The outflow results in further erosion and deepening of the
seafloor irregularities of the unstable shelf. The outflow wa-
ter then carries the erosional products and deposits its load
directly after detaching from the seafloor above the lower
shelf and slope (Fig. 2b). Strong bottom flows over rough
bathymetry are known to maintain thick bottom nepheloid
layers through resuspension (McCave, 1986; Gardner et al.,
2018). Marine nepheloid layers, particularly bottom neph-
eloid layers on continental margins, mark loci of active sus-
pension and redeposition driven by energetic near-bed cur-
rents (Biscaye and Eittreim, 1977; Gardner et al., 2018).

4.2 Impact of the P/AG outflow on benthic life

Benthic zonation closely follows the attachment behaviour of
P/AG outflow. Where the outflow remains bottom-attached,
conditions consistent with an energetic near-bed boundary
layer limit fine-sediment accumulation, maintaining exposed
or semi-consolidated substrate and enhancing delivery of
suspended particles and oxygenated water. Such conditions
favor sessile suspension feeders, including corals and other
epifauna, consistent with the importance of hydrodynam-
ics and substrate availability in deep-water coral ecosystems
(Flach et al., 1998; Roberts et al., 2006).

Below the detachment depth, fine sediments dominate
and the hydrographic signature weakens, indicating lower-
energy, lower-oxygen conditions. Cerianthid tube anemones
commonly occur on such soft substrates and can form dis-
tinctive assemblages observable in video surveys (Davies et
al., 2014; Flach, 2002). The thick nepheloid layer along the
lower shelf and slope may further enhance food supply by
retaining suspended organic matter, acting as a reservoir re-
distributed by mixing (Hanz et al., 2019). These patterns pro-
vide a biological imprint of boundary-layer dynamics and in-
dependently support the hydrographic interpretation of out-
flow attachment and separation.

4.3 Implications for OMZ ventilation and climate
sensitivity of the P/AG outflow

P/AG outflow brings high-oxygen waters from the Arabian
Gulf to the Arabian Sea-OMZ, thereby ventilating the OMZ.
Glider observations off Oman directly demonstrate that P/AG
water supplies oxygen to the OMZ at intermediate depths,
quantifying its ventilation contribution along the slope (Font
et al.,, 2024). Modeling further indicates that changes in
Gulf properties can modulate OMZ intensity by altering the
density and ventilation potential of exported P/AG water
(Lachkar et al., 2019). Downstream changes in the oxygen
content and pH of the outflow water show consistent dilu-
tion and oxygen loss along the continental shelf. Layer fine
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structure and step-like profiles along transects indicate ac-
tive mixing above the seafloor. These results provide a high-
resolution continuous mapping of P/AG outflow O, modifi-
cation along the continental shelf, linking local mixing in-
tensity to the outflow’s potential to ventilate the upper oxy-
cline of the Arabian Sea. The spatial correspondence be-
tween P/AG outflow persistence and elevated near-bottom
oxygen levels suggests that the upper oxycline is effec-
tively ventilated. Where the shelf-trapped P/AG water layer
is strongest and most persistent, near-bottom oxygen is ele-
vated relative to adjacent waters, indicating effective ventila-
tion near the upper oxycline depths (Font et al., 2024; Swift
and Bower, 2003). Downstream maps show progressive oxy-
gen reduction along the outflow pathway basinwards, reflect-
ing dilution and consumption (Fig. 5). As mixing intensity
varies across the stable-unstable shelf boundary, depending
on seafloor roughness, the magnitude and spatial footprint of
P/AG outflow ventilation depend on local thickness, attach-
ment state, and mixing intensity.

The attachment—detachment thresholds documented here
imply that the P/AG outflow’s pathway is sensitive to mod-
erate shifts in source-water density, which depends strongly
on the Gulf surface temperature and evaporation. Warming in
the P/AG would reduce outflow density, alter lift-off depths,
modify downstream oxygen delivery, and potentially reorga-
nize benthic zonation along the margin, indicating a climati-
cally sensitive mechanism. Interannual to decadal changes in
evaporation and heat content modulate the density contrast
across the Strait of Hormuz and, by extension, the strength
and properties of the exported outflow (Campos et al., 2020).

5 Conclusions

High-resolution hydrographic mapping along the Oman-—
UAE margin shows that the P/AG outflow transforms from
a thin, bottom-attached plume over the smoother shelf into a
thicker, more diluted, and partly detached intermediate-depth
plume across the rough unstable shelf and upper slope. This
transformation is marked by downstream decreases in salin-
ity, temperature, oxygen, and pH, together with plume thick-
ening, weakening of the P/AGw; core, erosion of the upper-
interface stratification, and enhanced turbidity. The transfor-
mation is initiated by hydraulic adjustment at the bathymetric
step, with bathymetric roughness further modulating plume
dilution, overturning susceptibility, sediment resuspension,
and detachment across the unstable shelf, where these pro-
cesses become most pronounced. ROV observations provide
an independent benthic expression of this transition, with
attached-flow sectors associated with exposed substrate and
coral-dominated communities, and detached-flow sectors as-
sociated with finer sediments and cerianthid assemblages.
These results suggest that future changes in P/AG source-
water density may alter plume pathways, lift-off depth, oxy-
gen delivery, and benthic zonation along the margin
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