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Abstract

This study presents the first comprehensive investigation of the barrier layer (BL) in the Red Sea (RS) based on Argo
float observations from 2012 to 2018, combined with sea level anomaly (SLA) data. The BL is defined as the layer
between the temperature-based mixed layer (MLT) and the density-based mixed layer (MLD). The RS is divided into
three regions — north (26°N-22°N), central (22°N-18°N), and south (18°N-14°N) — to analyze the spatial and temporal
variability of the BL. The results show strong evidence of BL presence in all three regions during winter, with maximum
thickness observed in January—February, decay by April, and almost no BL during summer. The BL is thickest in
the north due to winter cooling and convection, with salinity stratification deepening the MLT below the MLD. It
is more moderate and persistent in the central basin, and thinner and short-lived in the south. Buoyancy frequency
and salinity analysis confirm that haline stratification stabilizes the water column and sustains the barrier layer. SLA
data were used to examine the impact of mesoscale eddies, indicating that anticyclonic eddies (AEs) enhance BL
thickness through convergence and downwelling, whereas cyclonic eddies (CEs) tend to erode the BL by shoaling the
mixed layer. In the northern RS, unusual deep mixed layers sometimes occur within CEs, which is consistent with the
convective overturning during winter. These findings provide the first description of BL characteristics, which improve
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our understanding of Red Sea upper ocean dynamics, vertical mixing, and climate interactions.
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1. Introduction

The vertical stratification of the ocean reveals three dis-
tinctive layers: the surface layer or mixed layer (ML), the
thermocline, and the deep layer. The mixed layer serves
as an interface between the atmosphere and the underly-
ing ocean, where active mixing processes lead to relatively
uniform physical properties. However, the most substan-
tial vertical gradients in properties such as temperature
and salinity typically occur beneath the mixed layer, within
the thermocline, which acts as a transition to the deeper
layer (Sprintall and Cronin, 2001; Kantha and Clayson,
2003). Of particular interest within the surface layer is
the barrier layer (BL), which acts as a separator between
the surface mixed layer and the thermocline. This divi-
sion results in the splitting of the mixed layer into two
distinct layers: the surface mixed layer and an underly-
ing layer of homogeneously warm water, referred to as

© 2026 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

the isothermal layer (Sprintall and Cronin, 2001). The
thickness of the BL is defined as the difference between
the depth of the isothermal layer (i.e., the temperature-
based mixed layer MLT) and the density-based mixed layer
depth (MLD), also known as the isopycnic layer. The BL
has the same properties as the surface layer but a higher
density. Salinity-driven stratification is responsible for BL
formation. Extensive research efforts have been dedicated
to investigating BL formation mechanisms and exploring
their spatial and temporal variability. Studies in the west-
ern Pacific Ocean showed variation between the depths of
the isothermal and isopycnic layers (Lukas and Lindstrom,
1991), whereas a global analysis conducted by Sprintall
and Tomczak (1992) using the World Ocean Atlas (Levitus,
1982) provided valuable insights into the BL across the
tropical oceans. They developed a high-resolution climatol-
ogy that revealed seasonal variations in BLT and improved
ML depth estimates. Their work advanced the understand-
ing of how BL modulates vertical mixing and stratification
across seasons.
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Subsequent studies by De Boyer Montegut et al. (2007)
and Mignot et al. (2007) expanded this research to cover
the global ocean. Mignot et al. (2009) introduced an en-
hanced global BLT climatology, incorporating a modified
calculation method called ‘porosity’ to account for observed
variations. These studies highlight the importance of salin-
ity in ocean dynamics, introduce the (BL) concept, and
discuss efforts to characterize its global thickness and dis-
tribution.

The BL formation mechanism has been inves-
tigated in several studies; Cronin and McPhaden (2002)
outlined four BL formation mechanisms in the tropical Pa-
cific Ocean, including horizontal advection, tilting, stretch-
ing, and rainfall. Maes and Belamari (2011) suggested
that the BL emerges as a result of a tilting-shearing mech-
anism in response to westerly winds. Additionally, Zeng
and Wang (2017) discussed BL formation within three
systems: the flux system, the combined system, and the
wind system. Furthermore, the subduction of high-salinity
waters can lead to the development of shallow salinity
stratification that forms BL (Thadathil et al., 2008). Ad-
ditionally, Rudzin et al. (2017) examined BL formation
in eddy regimes and found that warm-core eddies in the
eastern Caribbean Sea can develop a BL, which reduce
vertical mixing and traps heat in the upper ocean. This
structure may impact tropical cyclone intensity by limit-
ing cooling in the ocean surface layer during storms. Pan
etal. (2019) provided a detailed analysis of BL features
and formation mechanisms in the tropical Pacific Ocean.
They documented its evolution across various El Nifio-
Southern Oscillation events and highlighted the persis-
tent challenges associated with understanding and pre-
dicting BL dynamics. Several studies, such as Qu and Mey-
ers (2005) and De Boyer Montegut et al. (2007), have
explored BL formation mechanisms related to the horizon-
tal advection of freshwater from local precipitation or the
influence of monsoon currents, as observed by George et
al. (2019), Thadathil et al. (2007), Shenoi et al. (2004),
and Cronin and McPhaden (2002). Regions with major
estuaries, such as the Amazon River, exhibit strong BL sig-
natures, as reported by Silva et al. (2005) and Pailler et al.
(1999).

BL influences the upper-ocean thermal balance by mod-
ifying the vertical heat flux at the base of the ML, trapping
heat in the surface layer and inhibiting vertical mixing with
the underlying thermocline (Mignot et al., 2009; Lukas and
Lindstrom, 1991; Sprintall and Tomczak, 1992). Since the
BL temperature closely matches that of the ML, it restricts
vertical heat transfer, thereby affecting the seasonal cycle
of sea surface temperature and sea surface salinity, and in-
tensifying the effects of hurricanes and cyclones in regions
with significant BL thickness (BLT) (Pathirana et al., 2017;
Foltz and McPhaden, 2008; Dong et al.,, 2015; Echols and
Riser, 2020; Balaguru et al., 2011, 2012). The (BL) also
impacts marine ecosystems, limiting the upward transport
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of cold, nutrient-rich waters necessary for phytoplankton
growth (Mackey et al., 1995; Radenac and Rodier, 1996;
Radenac et al,, 2013; Ruardij et al.,, 1997; Cabrera et al,,
2011).

The Red Sea represents a unique marine ecosy-
stem strongly influenced by the distinct environ-
mental, geographical and climatic conditions sur-
rounding it. This region is characterized by limited-
precipitation, high evaporation rates, and pronounced tem-
perature variability. The wind exhibits strong seaso-
nality, with wind flowing along the Red Sea axis from north-
northwest across most of the basin during summer-
whereas in winter the wind direction reverses in the south-
ern region flowing from south-southeast (Bower and Far-
rar, 2015; Alsaafani and Shenoi, 2004 and Aboobacker et al.,,
2017).

Circulation in the Red Sea is influenced by wind
stress, buoyancy forcing, and seasonal thermohaline
variability, resulting in a reversing exchange system
(Morcos, 1970; Edwards and Head, 1987; Zhai,
2013). Wind forcing induces southeasterly surface wa-
ter flow in summer, while the monsoon drives surface
waters from the Gulf of Aden into the Arabian Sea. Dur-
ing winter, the flow pattern in the southern Red Sea and
Gulf of Aden reverses due to the northeasterly monsoonal
winds over the Gulf of Aden, leading to westward flow in
the Gulf and enhanced surface inflow into the Red Sea.
These variations produce a distinct circulation exchange
structure, characterized by a two-layered pattern in win-
ter and a three-layered pattern in summer, promoting the
inflow of nutrient-rich waters from the Gulf of Aden into
the southern Red Sea (Murray and Johns, 1997; Alsaafani
and Shenoi, 2004; Zhai, 2013; Sofianos and Johns, 2015).
The Red Sea density structure exhibits pronounced spatial
and temporal variability driven by temperature and salin-
ity changes. Surface salinity ranges approximately from
36.5 PSU in the south to 41 PSU in the north. February
records the lowest sea surface temperatures, reaching ap-
proximately 17.5°C near the Gulf of Suez, approximately
22°C in the northern Red Sea and 27°C in the southern
basin. By late June, sea surface temperatures exceed 28°C
in the north and peak above 31°C in the southern basin
until September (Morcos, 1970; Edwards and Head, 1987;
Zhai, 2013).

This study aims to identify the presence and character-
istics of the BL in the Red Sea basin, addressing gaps left
by previous investigations. Specifically, this research ex-
amines the formation, erosion, seasonal variability, spatial
distribution, and thickness of the BL within the Red Sea.
The findings of this study provide valuable insights into the
oceanographic features of the Red Sea, underscoring the
importance and uniqueness of investigating BL dynamics
in this region. The paper is organized as follows: Section
2 outlines data and methodology, Section 3presents the
results and discussion, and Section 4 concludes the paper.
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2. Data and methodology

2.1 Data

This study identified 11 Argo buoys in the Red Sea, and
their profiles were obtained from the Coriolis Data Center
(http://www.coriolis.eu.org/Data-Products/Data-Del
ivery/Data-selection). The data were carefully extracted
from NETCDF files for each Argo buoy and subjected to
arigorous quality assurance process. This extensive qual-
ity control process resulted in the selection of five Argo
floats that provided high-quality and reliable hydrographic
information (Table 1). Temperature and salinity profiles
were collected from five Argo floats between 2012 to 2018,
with measurements acquired every 2 to 4 days allowing
seasonal variability to be examined.

To analyze the impact of mesoscale eddies on the BL,
this study utilized sea level anomaly (SLA) data from the
Copernicus Marine Service for the period corresponding
to the Agro float observations (2016-2018) (https://doi.
org/10.48670/moi-00148). The altimeter-derived grid-
ded SLA data were computed relative to 20-years mean
(1993-2012) and have a spatial resolution of 0.25° X 0.25°
and a daily temporal resolution.

2.2 Methodology

This study focuses on analyzing the vertical structure of
the upper ocean in the Red Sea. The Red Sea is divided into
three regions: Northern (26°N to 22°N), central (22°N to
18°N), and southern (18°N to 14°N) (Figure 1). Langodan
etal. (2017) described this division based on the distinct
climatic conditions and events unique to each region.

BLT was calculated following De Boyer Montegut et al.
(2007) as the difference between the temperature-based
MLT and the density-based MLD (Equation 1). For this
analysis, the upper 300 m of each profile were used, as the
mixed layer in the Red Sea is almost always shallower than
this depth. The reference depth for mixed layer estimation
was set to 10 m, deep enough to minimize near-surface
variability while remaining shallow enough to represent
local sea surface temperature and salinity.

Several temperature thresholds were tested to define
MLT and MLD at the Argo float locations. The calculations
were repeated with thresholds of 0.2, 0.5, 0.8 and 1.0°C
relative to the temperature at 10 m. The 0.2°C threshold
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ARGO Floats in Red Sea
- ———

ARGOs in the Red Sea
ARGO NO.6900425
ARGO NO.1901521
ARGO NO.2901441
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Figure 1. Argo float trajectories in the Red Sea with dashed
lines indicating the three regions. The locations of stations
203, 255, and 38 are marked on the map.

often produced MLT and MLD that differed by less than
5 m, even in profiles that exhibited a clearly stratified layer
beneath the mixed layer, which led to systematic underes-
timation of BLT. In contrast, thresholds larger than 0.5°C
yielded unrealistically deep MLT values and excessively
thick BLs that were inconsistent with the depth range of
strong salinity stratification and with previous estimates
of winter mixed layer depth in the Red Sea. A threshold of
0°C provided MLT and MLD values most consistent with
visual inspection of the profiles and with published mixed
layer depths in this region, and this value is also commonly

Table 1. Argo floats used in this study, showing their temporal coverage and the number of profiles before and after

quality control.

Argo No. Period Location Number of profiles Number of profiles
before quality control after quality control
1900959 April 2015-December 2018 Central-South 337 329
2901441 October 2012-July 2014 South-Central 173 173
1901521 November 2015-December 2018 North 277 277
6900425 April 2016-December 2018 South-Central 229 229
1900960 April 2015-December 2018 Central 262 262
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Figure 2.Sensitivity test illustrating the effect of different temperature thresholds ( 0.2, 0.5, 0.8, and 1°C) on MLT and

MLD estimation.

adopted in global BL studies. A temperature difference
of 0.5°C was therefore used to define both MLT and MLD
in all subsequent analyses. An example of the sensitiv-
ity analysis for the different thresholds is presented in
Figure 2.

In this framework MLD is defined as the depth at which
potential density has increased relative to its value at 10 m
by an amount equivalent to a cooling of 0.5°C (Equation
2; Sprintall and Tomczak, 1992), whereas MLT is defined
as the depth at which temperature is 0.5°C lower than the
value at 10 m (Equation 3). The BLT is given by Equa-
tion (1). When the effect of salinity on density stratifica-
tion is weak, MLD and MLT are nearly identical, and BLT

approaches zero.

BLT = MLT — MLD (D
MLD =depth  where 06 =009, +Ac0 (2)
where

466 = 56019, — 0.5°C, S10m» P) — 50 (010m» S10ms P)

MLT = depth where 6 =0,0,—05°C  (3)
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where 06 denotes the potential density, 8 denotes poten-
tial temperature, S denotes salinity, and P denotes pres-
sure. To characterize the stability of the upper water col-
umn, the buoyancy frequency (Brunt-Vaisald frequency)
N2, was computed from the vertical density gradient fol-
lowing Maes and O’Kane (2014) and George et al. (2019).

N? is particularly significant in the context of the BL
in the ocean. High values of N? indicate strong stability
in the water column, facilitating BL formation and main-
tenance. To illustrate the contribution of salinity, N2 was
decomposed into a temperature controlled part, N2, and
a salinity controlled component, N&.

gop oT as
N2=2_"» — _gB—
p 0z <ga62 9‘862
N? = N7 + N2 (4)
where,
dp dp
_ —12F _ —12F
“=p g PP
NZ = oT
T_gaaz
NZ =N2—N?

Here, § is the haline contraction coefficient, a is the ther-
mal expansion coefficient, g is gravitational acceleration,
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p is seawater density, T is temperature, S is salinity, and z
is depth.

The term N# reflects the contribution of temperature
alone, and NS2 represents the additional contribution of
salinity to the total N2. The difference between N? and
N2 thus gives NZ and identifies the depths where salinity
stratification stabilizes the water column. In the figures N2
and N? are plotted, with NZ used in particular to highlight
the depth range where haline stratification is strongest,
and BL formation occurs.

3. Results and discussion

3.1 Barrier layer detection in the Red Sea
To estimate BLT, salinity, temperature, and density profiles
from all Argo floats in the northern, central, and southern
regions of the Red Sea were organized by year and further
categorized into seasons: fall, winter, spring, and summer.
Monthly mean profiles were derived from those individual
profiles to estimate the monthly thickness of the BL in the
Red Sea. Figure 3 shows the time series of monthly BLT
derived from the five selected Argo floats, indicating the
presence of the BL. The peaks represent the maximum
BL thickness; which is notably present during the winter
months from December to February. The presence of the
BL was observed in all three regions.

In all regions of the Red Sea, BL formation begins in
November-December and reaches its maximum thickness
in January-February. Beginning in March BL thickness de-

Monthly BLT from all ARGOs

50
— 1901521
m— 6900425
e 2001441
e 1900960
40l 1900959
30t
E
a
¢ 20f
<
= I
= ]
| L
| " A A i)
10 | I I 1 ]
05/11/12 09/23/13 02/05/15 06/19/16 11101117 03/16/19
Date
Figure 3. Monthly mean BLT for the period 2012-2018 derived from all available Agro floats in the Red Sea.
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creases gradually, reaching its minimum value of approxi-
mately 10 m, in April. By May, the BL vanishes and remains
absent throughout the summer months until September. In
the southern region, evidence of BL presence is observed
during September (Figure 3).

The following sections investigate BL formation and
decay using Argo floats profiles collected between 2012
and 2018 to examine presence of BL across three regions.
The 2017-2018 profiles were used for the northern and
central regions starting from October 2017. For the south-
ern region, the 2012-2013 profiles were used due to a lack
of Argo data for the later period.

Temperature (°C)

Depth (m)

A ® ® ® ® ®
Qq\\ & R 0\\ ,\j\«\\ > W S &N ¢ W '\P\\
oo U VY Y ¢
Time

Density (Kg m’)

Depth (m)

R N N\ R W
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3.2 Northern Red Sea

To visualize water-column characteristics throughout the
year, contour plots of temperature, salinity, density, N2,
and NZ were generated for all seasons. For clarity, only
figures corresponding to the winter season are presented
here. Additionally, multi-axis profiles of temperature, salin-
ity, and density were constructed for the winter season,
highlighting the thickness of the BL.

3.2.1 BL formation phase during autumn (October-November
2017)

During this season sea surface temperature ranges be-

tween 27°C to 30°C, while salinity gradually increases from

39.5 to 40.5 PSU. The temperatures remain nearly uniform
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Figure 4. Vertical distribution of temperature (a), salinity (b), density (c), N2 (d) and NZ (e) during winter 2017-2018
(December-February) in the northern region. The magenta line represents MLT and the green line represents MLD.
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up to a depth of 50 m, salinity remains uniform from the
surface to approximately 40 m , whereas the MLD varies
around 50 m. By the end of November,; a BL formed marked
by salinity at approximately 0.2 PSU higher than surface
values and a gradual temperature decrease. In Novem-
ber, the BL persists only briefly, likely due to continued
deepening of the MLD driven by the wintertime convective
process (Figure S1). A more persistent BL is observed by
the mid-December; discussed in the following section. MLD
deepening is driven by the increased water column den-
sity with decreasing temperature, consistent with previous
findings (Krokus et al.,, 2021). According Langodan et al.
(2017) and Krokus et al. (2021) wind input decreases dur-
ing early autumn, and surface buoyancy loss in the Red Sea
is primarily driven by surface cooling. Furthermore, previ-
ous reports stated that the correlation between buoyancy
flux and ML depth increases overall, with the deepest ML
occurring in regions experiencing the greatest buoyancy
fluxes.

3.2.2 The growth phase during winter (December—February)
2018

Figure 4 shows the temperature, salinity and density sec-
tions during winter, with MLD and MLT marked through
the period and, deepening to a maximum of approximately
100 m MLT and 90 m for MLD. The BLT represents the dif-
ferences between the MLT (magenta) and MLD (green). BL
formation began in mid-December 2017 and intensified un-
til mid-February 2018, reaching a maximum thickness of
approximately 50 m in February. The influence of salinity
stratification is described in the N2-NZ Section (Figure 4d
and e), where elevated NS2 coincides with the maximum
extent of the MLD relative to total N2.

During this season, a rapid temperature decrease from
27°C to 25°C occurs by the end of December, reaching its
lowest levels in January and February, where it stabilizes
at 24°C. Below the surface, the temperature remains rela-
tively uniform up to a depth of 100-150 m. Surface salinity
starts at 39 PSU and gradually increases with depth, reach-
ing 40.2 PSU at a depth of 100 m or greater as shown in
Figure 4. This cooling increases the density of the sur-
face layer, resulting in the deepening of the ML. As the
surface layer deepens, differences in the deepening rates
of MLT and MLD lead to BL formation, as illustrated in
Figure 4.

BLT increases from December and reaches its maxi-
mum extent by the end of winter, aligning with the maxi-
mum MLD depth. These winter changes have a significant
impact on the water column. The increased stratified sta-
bility can then cause the formation and deepening of the
BLT (Shenoi et al., 2004).

In the northern basin, the largest wintertime N g values
occur where MLT lies between approximately 50 and 80 m,
corresponding to the depth range in which MLT is below
MLD, and BLT, is the largest (Figure 4e). This confirms that
BL is associated with enhanced haline stratification rather
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than temperature alone and that salinity plays a key role
in stabilizing the water column at the base of the mixed
layer.

During the winter season, particularly in the north-
ern basin, there is significant variability in BL and ML
depths. This finding is consistent with previous studies
of mixed-layer dynamics, including those by Abdulla et
al. (2018) and Krokos et al. (2021). This pronounced
variability is attributed to a combination of factors identi-
fied in earlier studies, including surface cooling and fresh
water loss (buoyancy loss), wind stress, and anticyclone
activity.

Specifically, during this period, the dynamics shift from
wind-induced mixing to convective processes. Convection
triggers the creation of denser water, which decreases
stratified stability. The northern basin is characterized
by a strengthening anticyclonic eddy during winter, as
reported by Zhan et al. (2014) and Zhan et al. (2019),
which in turn promotes mixed layer deepening (Gaube et
al,, 2019). Figure 5 presents the vertical profile of temper-
ature, salinity, and potential density for station 203 during
the winter season. The stratification induced by salinity
limits the MLD to approximately 20 m, whereas the MLT
extends to around 70 m, resulting in a BLT of about 50
meters.

In the northern basin strong wintertime cooling and
evaporation produces large surface buoyancy loss and
drives deep convection, which increases the mixed layer
density. The underlying water masses are influenced by
advection and subduction of saltier waters formed far-
ther north, as well as large-scale overturning circulation,
thereby maintaining a pronounced salinity increase with
depth beneath the mixed layer. As a result, density stratifi-
cation within the BL depth range is largely controlled by
salinity, while temperature remains nearly uniform.

3.2.3 Decay phase during spring (March—April) and summer
(May—September), 2018
During the spring season, as temperature continues
to rise, strengthened thermal stratification leads to
gradual MLD and MLT shoaling across most of the Red
Sea compared with winter conditions. Consequently, the
BL begins to weaken by mid-spring, and disappears by
the end of spring, except for a brief BL formation event
at the beginning of April caused by salinity stratification,
which decays shortly thereafter (Figure S2). Abdulla et
al. (2018) and Krokos et al. (2021) suggest that intensi-
fied wind stirring and convective mixing, driven by surface
cooling, can penetrate to the top of the thermocline, de-
pending on the mixed layer and potentially eroding pre-
existing or newly formed BLs. This mechanism explains
the disappearance of the BL by late spring as noted by
Thadathil et al. (2007), who reported that wind stresses
tend to suppress BL formation by enhancing surface tur-
bulent kinetic energy. Thus, the same factors that promote
mixed-layer deepening also contribute to BL disappear-
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Station No. 203
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Figure 5. Temperature, salinity, and density profiles for station no. 203 on 8 February 2018 in the northern Red Sea,
obtained from Argo 1901521. The MLD represented by green line and magenta for MLT, the BLT is the difference between

both lines.

ance. In the summer, the presence of BL is not evident
(Figure S3).

3.3 Central Red Sea
3.3.1 Formation phase during autumn (October—November
2017)

The hydrographic structure in the central region during
the fall season shows nearly uniform temperature from the
surface to a depth of about 50 m with surface temperature
of approximately 30-31°C throughout the season. Salinity
ranges from 39.5 to 39 PSU over the course of the season,
with uniform salinity observed to a depth of 50 m in Octo-
ber deepening to approximately 80 m in November (Figure
S4). A thin BL appears during this season with a thickness
of approximately 10 m.

A relatively fresh and cold water mass enters the sur-
face layer to a depth of approximately 100 m. These water
masses appear in November and exhibit salinity values
approximately 0.5 PSU less than the surface salinity, rep-
resenting Gulf of Aden Surface Water (GASW) entering
through the strait. Studies conducted by Zarokanellos et
al. (2017) have proven that GASW flows northward into
the Red Sea through the Bab al-Mandab Strait, reaching
the central region by November. This inflow enhances
nutrient levels in the upper layers, supporting biologi-
cal productivity, with mesoscale eddies further enhanc-
ing nutrient distribution through horizontal and vertical
transport.

Eddy activity is intense in the central basin, as noted
by Zhan et al. (2014, 2019). Those eddies contribute to
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Figure 6. Vertical distributions of temperature (a), salinity (b), N? (c), density (d) and N2 (e) during winter 2017-2018
(December-February) in the central region. Magenta line represents MLT, and green line represents MLD.

ML deepening during anticyclonic eddy and shallowing
ML during cyclonic eddy (Gaube et al,, 2019). The con-
ditions in this region are favorable for BL development,
which starts growing by the end of November (Figure not
shown). Krokos et al. (2021) and Langodan et al. (2014)
showed that during this period the wind pattern shifts to-
ward the winter regime in the southern region (SSE), while
northern winds (NNW) still prevail in the central region
(18°N-22°N)) and remain relatively weak compared with
other seasons. Therefore, during the fall, the effect of buoy-

ancy prevails over the effect of wind. This is one of the
factors contributing to the formation of BL.

3.3.2 The growth phase during winter (December—February
2018)

During winter, the temperature remains uniform

from the surface to about 50 m and deepens to 100 m

by the end of the season. At the BL formation site,

salinity differs by about 0.5 PSU from the surface value.

During this season, the mixed layer reaches its maximum
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depth, extending to 100 m in February (Figure 6). This
period exhibits a pronounced difference between MLT and
MLD, leading to BL formation and maximum thickness, as
salinity stratification limits MLD, with peak MLD depths
coinciding with elevated N2 and NZ values. In particu-
lar, peaks in NZ are collocated with the depth interval
between MLD and MLT, which indicates that the BL in
the central basin is maintained by salinity-driven strat-
ification. Figure 7 presents vertical profiles of tempera-
ture, salinity, and potential density for station 255 during
winter. The MLD reaches about 50 m, while the MLT ex-
tends to about 75 m, resulting in a BLT of approximately
25m.

During this season, northwesterly winds that blow over
the northern region and extend into the central basin are

Station No. 255
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particularly strong over the western parts of the
basin, as demonstrated by Langodan et al. (2017),
leading to increased wind stress (Krokos et al,
2021). Strong winds enhance the presence of cyclonic and
anticyclonic eddies in the central basin, which peak during
winter (Zhan et al., 2014, 2019). The detected BL becomes
thicker in winter compared to fall, providing additional
evidence of BL thickening, possibly due to the influence
of anticyclonic eddies. Zhan et al. (2014) showed that
AEs are more active and stronger during winter compared
to CEs.

The combined effects of a decrease in temperature,
salinity increase (buoyancy loss), wind stress, and eddy
activity lead to BL formation and thickening in the central
basin during winter.
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Figure 7. Temperature, salinity, and density profiles for station no.255 on January 21, 2018, in the Central region,
obtained from Argo float 1900959. The MLD represented by green line and magenta for MLT, the BLT is the difference

between both lines.
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Although there is no significant local freshwater input
in this region, the observed haline stratification can be
explained by basin scale processes. In winter, surface cool-
ing and evaporation increase the density of surface waters
and drive convective deepening of the mixed layer. At the
same time northward advection of relatively fresh Gulf of
Aden Surface Water and the action of anticyclonic eddies
trap fresher water above saltier subsurface water that is
connected to the overturning circulation in the northern
Red Sea. The resulting vertical salinity gradient at the base
of the mixed layer is therefore not a purely formal con-

erth (m)

W2 42 % %] % J % %
\\ N Q\\ q\\ N N \\ N

NN
Q Q

Time
Density (Kg m3)

erth (m)

[?epth (m)

(e)

11/21

sequence of the chosen temperature threshold. Still, it
reflects the underlying water mass structure and circula-
tion.

3.3.3 The decay phase during spring (March—April) and
summer (May—September 2018)

In spring, enhanced thermal stratification causes the mixed

layer to shoal across the Red Sea. During this period, buoy-

ancy fluxes are weak in the central basin, as reported by

Krokos etal. (2021) and Abdullah et al. (2018). As aresult,

the mixed layer shoals, while the BL begins to erode and
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Figure 8. Vertical distribution of temperature (a), salinity (b), N2 (c) density (d)and NZ (e) during winter 2012-2013
(December-February) in the south region, the magenta line represents MLT. and the green line represents MLD.
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gradually disappears by the end of the season (Figure S5).
In summer, the BL in the central basin is generally weak
or absent due to the relatively shallow ML, which is typi-
cally less than 20 m deep and reaches a maximum depth
of about 40 m (Figure S6). This shallow ML inhibits the
formation of a distinct BL. However, the BL can intermit-
tently appear with a small thickness of approximately 5 m,
particularly in association with wind forcing during Tokar
Gap events and the transitional wind months, highlighting
the dynamic interplay of physical processes in the region.

3.4 Southern Red Sea

3.4.1 Formation phase during autumn (October—November
2012)

In the southern region, Argo floats data were available only

from 2012 to 2014, preventing a direct comparison with

the northern and central regions for the same year. During

fall, surface temperatures range approximately 32°C and

Station No. 38
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28°C, with relatively homogeneous salinity around 39 to
38 PSU up to 50 m deep. At a depth of approximately 75 m
a water mass with a temperature around 20°C and a salin-
ity about 37 PSU was observed, indicating Gulf of Aden
Intermediate Water, which enters the Red Sea through the
Bab al Mandeb Strait during summer. In contrast to other
regions of the Red Sea, the BL in the southern basin is
either absent or only weakly developed at the beginning
of October, with a thickness of approximately 10 to 15 m
(Figure S7).

Previous studies have shown that by mid-September,
the exchange between the Red Sea and Gulf of Aden shifts
to a winter two-layer system (Sofianos and Johns, 2003;
Alsaafani and Shenoi, 2004; Zhai et al., 2013). This transi-
tion coincides with a decrease in NNW wind intensity and
the onset of SSE wind in the southern region during winter
(Langodan etal., 2014). This circulation pattern fully devel-
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Figure 9. Temperature, salinity, and density profiles for station no. 38 on 21 February 2013 in the southern Red Sea,
obtained from Argo 2901441. The MLD represented by green line and magenta for MLT, the BLT is the difference between

both lines.
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Figure 11. Vertical sections of temperature (left) and salinity (right) in the central region, A dashed line represents
station no. 178 location at the AE site (a) and dashed line represents station no. 165 at the CE site (b).
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ops in early November and continues until March. during
which GASW enters the southern Red Sea as a surface layer
from the Gulf of Aden.

3.4.2 The growth phase during winter (December—January
2013)
The BL becomes more pronounced during winter, reach-
ing a thickness exceeding 25 meters by mid-December.
BL thickness decreases briefly before reappearing by mid-
January and persists until the end of February, as shown
in Figure 8. During this season, south-southeasterly (SSE)
winds predominate south of 18°N. These winds originate
in the Arabian Sea as part of the northeastern monsoon
system and enter the Red Sea through the Bab al Mandab
Strait (Abdulah et al,, 2019; Langodan et al., 2014). Be-
tween November and April, NNW winds converge with
SSE winds in the southern region, forming a convergence
zone around 16-18°N (Langodan et al., 2014; Zhai, 2013).
This wind coverage results in surface buoyancy in the cen-
tral and southern part of the basin, promoting deepening
of the ML (Krokos et al.,, 2021). The low salinity water
masses observed during autumn may have advected north-
ward or mixed into the surface layer to depths of up to 100.
These mixing processes may result in an increased mixed
layer depth, as demonstrated by (Krokus et al., 2021).
Figure 8c shows the combined effects of temperature
and salinity on water column stability, while Figure 8(e)
demonstrates the role of salinity in stratification. Salin-
ity stratification has a significant impact on the boundary
layer, as illustrated in Figure 8e. This stabilization results
in a shallower MLD, particularly when salinity gradients
are more effective. On the other hand, temperature-driven
stratification primarily impacts the MLT. Seasonal varia-
tions, such as freshwater influx or evaporation, modulate
N? and N? leading to regional and temporal differences
in BL across the Red Sea. Overall, salinity-driven stratifi-
cation plays a more dominant role in shaping BL during
this period. At depths between 50 and 100 m as shown
in Figure 8, elevated N2 values indicate strong stratifica-
tion influenced by both temperature and salinity gradients
which suppress vertical mixing. The maxima of N val-
ues are again located between the depths of MLD and MLT,
which indicates that the winter BL is supported by the ha-
line gradient between the advected fresher Gulf of Aden
Surface Water that enters at the surface and the saltier un-
derlying Red Sea water. Figure 9 presents vertical profiles
of temperature, salinity, and potential density for station
38 during winter. The MLD reaches about 25 m, while the
MLT extends to about 65 m, resulting in a BLT of approxi-
mately 40 m.

3.4.3 Decay phase during spring (March—April) and summer
(May-September) 2013

During the spring season, sea surface temperature exhibits

a progressive increase from approximately 26.5°C at the

beginning of the season to around 29°C by its end. Sur-

15/21

face salinity remains relatively constant at about 37.5 PSU.
Vertically, within the BL depth range, salinity values in-
crease from approximately 38.5 to 39.5 PSU, indicating
a pronounced subsurface salinity gradient that contributes
to BL formation and maintenance (Figure 8S). The MLD
during spring is shallower than that during winter leading
to the formation of a BL with a thickness of approximately
30-35 m, centered near a depth of 50 m. The vertical struc-
ture observed in the southern region is strongly influenced
by monsoon wind patterns and the region’s proximity to
the Bab al Mandab Strait.

During this period, the wind field maintains a winter-
like pattern but with reduced intensity, characterized by
southeasterly flow over the southern Red Sea (Alsaafani
and Shenoi, 2004). The predominance of SSE winds dur-
ing winter drives the inflow of fresher and colder GASW,
which plays a key rolein increasing (BLT). Similar to the
mechanisms described by (Cronin and McPhaden, 2002)
in their study on BL formation during westerly wind bursts
in the equatorial Pacific, the unique winter conditions in
the southern Red Sea - characterized by enhanced surface
cooling and freshwater input - create favorable conditions
for BL development. In this region, BL formation typically
begins in early December and persists through March and
April, in alignment with the seasonal evolution of ML.

During summer, the SSE wind system gradually weak-
ens and transitions to NNW winds which prevail along
the entire Red Sea (Langodan et al., 2017; Langodan et al,,
2014). In addition, surface heat flux increases during this
season and the flow of the warm surface layer moves south-
ward. The exchange circulation transforms into a three-
layer system, consisting of warm surface outflow, inter-
mediate inflow of fresher colder water, and saline outflow
at the bottom (Sofianos and Johns, 2003; Alsaafani and
Shenoi, 2004; Krokos et al., 2021). During the summer
season the mixed layer is shallow, with a depth of approx-
imately 30 m (Figure 95), consistent with the findings of
Krokus et al. (2021) and Abdullah et al. (2018). These
factors contribute to the formation of a temporary BL at
the summer’s onset, usually less than 15 m thick. However,
this temporary BL dissipates as wind intensity decreases
and solar heating intensifies, strengthening thermal strati-
fication.

In the central and southern Red Sea some profiles in-
dicate density compensated layers associated with tem-
perature inversions, which may modify vertical exchanges
at the base of the mixed layer. However, a detailed inves-
tigation of these structures lies beyond the scope of the
present study.

3.5 Impact of eddies on the barrier layer

In this section, SLA data are used to examine the influ-
ence of anticyclonic (AEs) and cyclonic eddies (CEs) on
BL variability with a focus on the central and northern
Red Sea during the winter of 2016-2017 and 2017-2018.
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Figure 12. Profiles of temperature, salinity and density from Argo stations no. 128 on February 27, 2017 (a), and station
no. February 27,2017 (b). Both stations are located in the northern of the Red Sea. A magneta line represents MLT
green line represents MLD, and their difference represents the BL. SLA maps of the same date is plotted to the right of
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The analysis compares Argo float observations with the
locations of CEs and AEs, identified using SLA data. Eddy
activity is most intense in the northern and central regions,
particularly north of 18°N, where the long-lived eddies
predominantly form between 18°N and 24°N. These ed-
dies are driven by strong wind stress curls associated with
seasonal wind jets along the northwestern Red Sea coast.
These winds promote enhanced evaporation, surface heat
loss, and deep water convection thereby playing a key role
in eddy generation and persistence (Zhan et al., 2014; Zhan
etal, 2019).

Case observations

Tracking data from Argo floats reveals a clear relationship
between eddy activity and the presence of the BL. Obser-
vations indicate that the BL tends to weaken or disappear

17/21

during periods of intensified eddy activity and, re-forms
as eddy intensity decreases. A well-defined BL is typically
observed in the inter-eddy regions, commonly referred to
as the ‘background flow’ which represents the surround-
ing water mass outside the eddy core (Rudzin et al., 2017).
The BL tends to be thicker within AEs as shown in (Fig-
ure 10a) for the central region and (Figure 10b) for the
northern region, whereas it is largely absent within CEs
(Figure 10c).

Figure 11 shows vertical section of temperature and
salinity in the central region. The primary impacts of AEs
and CEs are expressed as downward bending of the ther-
mocline and deepening of the mixed layer, accompanied
by BL formation under AE conditions (Figure 11a), and up-
ward bending of the surface layer with a shallower mixed
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Figure 13. Seasonal cycle of monthly mean BL thickness for each region, with different seasons shaded in the plot. The
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layer and absence of the BL during CE conditions (Fig-
ure 11b). These results are consistent with previous find-
ings by Gaube et al. (2019) and He et al. (2020) which
indicate that convergence and downwelling within AEs
contribute to BL thickening . This provides additional evi-
dence that anticyclonic eddies enhance BLT. Additionally,
Rudzin et al. (2017) showed that water properties inside
eddies differ from those in the background flow, which
may further contribute to BL deepening.

In the northern region, the mixed layer remains deep
during winter regardless of the presence of either CEs or
AEs. Notably, a pronounced deepening of the surface layer
is observed within CEs, contrary to typical expectations,
as shown in Figure 12. This discrepancy may be attributed
to strong wintertime convective processes in the northern
region, which likely outweigh the dynamical influence of
cyclonic eddies. This finding is consistent with Yao et al.
(2014b), who described a three-dimensional sinking pro-
cess associated with winter overturning circulation in the
northern Red Sea, between 24° and 25°N.

3.6 Seasonal cycle of BLT in the Red Sea

Monthly mean BLT was computed for each region using
Argo profiles to characterize the seasonal cycle in the Red
Sea. Time series of monthly mean BLT are presented to-
gether with schematic representations of the associated
wind patterns and exchange flow through the Bab al-Mandeb
Strait. We revealed that BL reaches its maximum thickness
during winter in all regions (Figure 13). Our findings also
revealed pronounced regional differences in BL behavior.
In the northern region, the BL is deepest during winter
compared with the other regions, whereas it is shallowest
in the southern region during the same season. In the cen-
tral region, the Bl persists for the longest duration, extend-
ing from autumn through spring. In contrast, the southern
region exhibits the shortest BL duration, with BL presence
confined mainly to winter and early spring. During the
winter season, strong wind forcing enhances surface buoy-
ance loss, increasing water density and promoting a deep
mixed layer, as summarized in the accompanying table. In
contrast, weaker winds during summer, combined with
surface warming, result in a shallower mixed layer; conse-
quently, the BL is largely absent during this season. The
circulation pattern and exchange of water masses between
the Red Sea and Gulf of Aden through the Bab al-Mandab
Strait also influence the spatial and temporal variability of
BLT, as discussed in the Results section.

4. Conclusion

In this study the existence of the BL in the Red Sea is
investigated based on Argo float profiles for the period

2012-2018 combined with satellite derived sea level anomaly

data. The study area was divided into three regions -
the northern (26° to 22°), central (22° to 18°), and south-
ern (18° to 14°) Red Sea - to assess the spatial and tem-
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poral variability of the BL. BL evolution was categorized
into three seasonal stages: a formation phase during au-
tumn (October-November), a growth phase during winter
(December-February) and a decay phase during spring
(March-April) and summer (May-September).

This study provides the first confirmation of the pres-
ence of a BL in the Red Sea. The spatial and temporal vari-
ability of the BL s closely linked to MLD and MLT variations,
as BL thickness represents the difference between these
two layers. The BL typically develops during winter when
BL thickness reaches its maximum in January-February,
weakens during spring, and is almost absent during sum-
mer.

Significant differences in BL thickness are observed
among the northern, central, and southern regions The BL
is thickest and deepest in the northern region, where win-
tertime cooling, strong evaporation and anticyclonic deep-
ening of the MLT relative to the MLD. The central region
exhibits intermediate BL thickness, with a long seasonal
duration extending from autumn to spring, whereas the
southern region displays the thinnest and shortest-lived
BL. In all regions haline stratification at the base of the
mixed layer plays a key role in BL formation, as indicated
by local maxima in the salinity contribution to the buoy-
ancy frequency N2.

SLA data and Argo trajectories were used to examine
the impact of AEs and CEs on BL variability in the central
and northern Red Sea during winter The analysis revealed
that AEs in the central region support thicker BLs through
convergence and downwelling within eddy cores, whereas
cyclonic eddies shoal the mixed layer and suppress BL for-
mations within CEs. However, in the northern Red Sea
mixed layers remain deep during winter even within cy-
clonic eddies, due to the dominance of strong wintertime
convective overturning.

Density compensated layers associated with tempera-
ture inversions are observed in the central and southern
Red Sea and may influence heat and freshwater exchange
at the base of the mixed layer, these features were not ana-
lyzed in the present study.
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