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Abstract
Argo floats are one of the eminent ocean observation systems which retrieve frequent measurements of temperature and salinity
profiles in the remote marine environment and provide vital information about the world ocean with or without direct access to
the human. The Argo floats available in the Red Sea are not well explored by the research community so far. In the present study,
the temperature and salinity data from two Argo floats available in the central Red Sea for a period of 2 years are used to examine
the mixed layer depth variability in the region. The mixed layer in the region is maximum during February associated with a
decrease in static stability and shallowest during August due to an increase in static stability. A noticeable difference is observed
in the existingmixed layer structure by the presence of eddies. The analysis of monthly mean thermal and haline structure showed
that the warming of the surface layer is intense from March to August followed by cooling from September to February. The
surface layer salinity increased fromMay to October and decreased in the following months. A noticeable east-west difference is
observed in the thermal and haline structure, where the eastern side of the region is warmer by ~0.3 °C and less saline by ~0.1
PSU.
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Introduction

The near surface quasi-homogenous layer is an imperative
oceanographic variable in understanding the dynamics of the
oceanic upper layer. The depth of this layer, often defined as
mixed layer depth orML, is vital in influencing the interaction
between the atmosphere and ocean and associated physical
and biological processes (Chen et al. 1994; Polovina et al.
1995). The availability of temperature and salinity profiles
from Argo floats along with direct measurements improved
our understanding on mixed layer regionally (D’Ortenzio
et al. 2005; Zeng and Wang 2017; Abdulla et al. 2019) and

globally (Gaube et al. 2019; Bessa et al. 2020; Sohail et al.
2020).

Red Sea is an important marginal sea, known for hot and
saline characteristics, oriented north and northwest between
12°N to 30°N with about 2300 km long and 280 km wide
on average, separated by the African and Asian continents,
and plays an important role in the world’s navigation routes,
maritime transport, and connecting countries (Morcos 1970;
Shanas et al. 2017; Abdulla et al. 2018). The Red Sea is con-
nected to Indian Ocean through the strait of Bab-el-Mandab
and the Gulf of Aden with surface and surface water exchange
throughout the year. The influence of hot-arid climate sur-
rounding the Red Sea, along with the lack of freshwater input,
relatively strong evaporation, and presence of multiple num-
ber of eddies, results in complex dynamical processes in the
region (Albarakati and Ahmad 2013; Zhai and Bower 2013;
Zhan et al. 2014; Aboobacker et al. 2017; Abdulla et al. 2018).

The battery-powered Argo floats are capable to automati-
cally profile remote ocean regions, where manual profiling is
difficult for various reasons, up to a depth of 2000 m and for a
period of 4 to 5 years. This advantage of Argo profiles in
oceanographic research is not yet well explored in the Red
Sea. The availability of in situ observation from platforms like
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Argo floats will help in understanding ongoing physical
mechanisms and be beneficial to validate ocean models in
remote regions.

The information on the variability of MLD in the central Red
Sea is restricted to very few studies mainly due to data scarcity.
The availability of the Argo profiles is helpful in solving this
issue to a large extent. The available study (Abdulla et al.
2018) has used temperature profiles only to describeMLD along
the axial line of the Red Sea based on data from different sources
which are scattered in both space and time. The present study is
based on continuous profiles for a period of 2 years from simul-
taneously existed two Argo floats in the same region, with better
temporal resolution of approximately 4 days or less. The data
also covers both eastern and western coastal regions, which
helped understand the east-west difference in hydrographic con-
ditions and mixed layer structure. Comparing to the previous
study, the present study has the advantage of better temporal
resolution and coverage toward both eastern and western coastal

regions. Further, the present study is based on both temperature
and salinity profiles, while the previous was only based on tem-
perature profiles. The sections in this paper are arranged as fol-
lows. “Data and methods” describes the datasets and methodol-
ogy. “Results and discussion” discusses the temporal evolution
of MLD variability in the central Red Sea and the role of local
physical process onMLDvariability. The summary of the results
and conclusions are given in “Summary and conclusions.”

Data and methods

Datasets

The Argo profiles used in the present study are received from
Coriolis data center, which involves 7 institutes in operational
oceanography in France that jointly do efforts to organize and
maintain data acquisition in real time as well as delayed mode.

Fig. 1 a The geographical location of the central Red Sea, and the trajectory of the Argo floats b Argo-1 and c Argo-2
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The Argo profiles available in the Red Sea with an approxi-
mate interval of 4 days for a period of 2 years from 1
March 2016 to 15 March 2018 are used in the present study
(http://www.coriolis.eu.org/Observing-the-Ocean/ARGO).

The sea level anomaly (SLA) data is available on daily time
scale with spatial resolution of 0.25° × 0.25° from AVISO
data center. The data is available from 1992 to present. For
more information on AVISO sea level anomaly merged prod-
uct, please refer to LaTraon and Dibarboure (1999) and Ducet
et al. (2000). The SLA data is downloaded from ftp://ftp.aviso.
altimetry.fr/global/delayed-time/grids/msla/all-satmerged/h/.

Methods

The Argo data is quality checked following Gould (2005).
Initially, the Argo-1 has a total of 186 profiles of temperature

and salinity, while the Argo-2 has a total of 180 profiles. As
part of the quality check, 6 profiles fromArgo-1 and 4 profiles
fromArgo-2 are removed. The trajectory and the timing of the
Argo floats are presented in Fig. 1.

MLD can be estimated from temperature and salinity
(density) profiles using different methods. In the present
study, MLD is estimated for individual profiles based on seg-
ment method (Abdulla et al. 2016). Segment method is capa-
ble of overcoming the possible short-range gradients within
the mixed layer and is an efficient method to estimate reliable
MLD.We have also compared theMLD based on temperature
and density profiles in the region, and no significant difference
is observed between the temperature-based and density-based
MLD estimates throughout the year except for some profiles
during late winter (February–March). The results in the pres-
ent study are based on density-based MLD estimates.

The eddy center is located based on sea level anomaly data
from satellite altimetry following Chelton et al. (2011). The
seasons are considered as December to February (winter),
March to May (spring), June to August (summer), and
September to November (fall).

Results and discussion

Mean thermal and haline structure in the central Red
Sea

The monthly evolution of thermal and haline structure in
the central Red Sea is investigated using profiles from two
Argo floats located in the central Red Sea. The shallowest
depth measured in a profile ranges from 0 to 10 m, and
therefore, the depth 10 m is considered as surface. The

Fig. 2 The average monthly profiles of temperature and salinity for the 2-year period

Table 1 Monthly mean temperature and salinity at the surface, 100 m,
200 m, and 500 m

Temperature Salinity

Surface 100 200 500 Surface 100 200 500

Jan 26.89 25.10 22.33 21.63 38.97 40.10 40.45 40.59
Feb 26.25 25.43 22.37 21.63 39.09 39.97 40.45 40.59
Mar 26.74 24.52 22.29 21.62 38.58 40.07 40.47 40.58
Apr 27.74 24.66 22.46 21.62 38.45 39.89 40.43 40.57
May 29.35 24.68 22.39 21.62 38.34 39.93 40.45 40.57
Jun 30.09 25.02 22.51 21.62 38.51 39.85 40.43 40.58
Jul 31.44 24.93 22.47 21.63 38.54 39.97 40.44 40.58
Aug 31.74 24.94 22.47 21.63 38.58 39.99 40.43 40.57
Sep 31.67 24.75 22.40 21.62 38.86 39.96 40.44 40.57
Oct 31.14 24.36 22.28 21.62 39.15 40.01 40.47 40.58
Nov 30.62 24.72 22.24 21.62 39.07 40.03 40.49 40.59
Dec 28.45 24.91 22.22 21.63 39.03 40.13 40.48 40.59
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monthly mean profiles of both temperature and salinity
are shown in Fig. 2, and the average temperature and
salinity in the surface, 100-m, 200-m, and 500-m depths
are compared in Table 1.

The warming phase in the evolution of thermal structure
is active from March to August (Fig. 2, Table 1), where the
mean SST (sea surface temperature) recorded an increase
from 26.7 °C (March) to 31.7 °C (August). The cooling
phase commenced by October (31.1 °C) and existed until
February (26.3 °C). The intensity of warming is higher
during April–May and that of cooling during December–
January. The evolution of haline structure shows a clear
seasonality with a maximum SSS (sea surface salinity) in
October (39.2 PSU) and a minimum in May (38.3 PSU).
The annual variability in temperature and salinity at 100 m
is 0.5 °C and 0.1 PSU, respectively, which is less than 1/
4th of the surface. The thermal and haline variability below
200 m is very limited, where nearly constant temperature
and salinity is observed at 500 m and below throughout the
year. The findings are consistent with previous results from
previous studies (Sofianos and Johns 2007; Albarakati and
Ahmad 2013; Alsaafani et al. 2017).

From the analysis of individual profiles, the maximum SST
recorded in the central Red Sea by Argo-1 and Argo-2 are
respectively 32.05 and 32.07 °C while that of the minimum
are respectively 25.67 and 25.39 °C. The maximum SSS

recorded are respectively 39.62 and 39.49 PSU, while the
minimum SSS observed are 37.91 and 37.60 PSU, respective-
ly. Relatively small differences are noticed in the measured
temperature and salinity data from Argo-1 and Argo-2. The
observed difference is expected mainly due to the distance
between two profiling spots.

Comparison betweenmeasurements from Argo-1 and
Argo-2

A comparison of the seasonal mean temperature and salinity
from Argo-1 and Argo-2 is shown in Table 2. The measure-
ments from both the Argo floats are nearly equal with rela-
tively small difference of less than or close to 0.15 °C.

A noticeable difference between eastern and western Red
Sea is observed in the thermal and haline structure. The pro-
files fromMarch to May 2016 are used to check the east-west
difference when the Argo-1 and Argo-2 are located respec-
tively in the eastern and western parts of the region. The west-
ern part is cooler and more saline than the eastern side by ~0.3
°C and by ~0.1 PSU, respectively, which are consistent with
the previous measurements (Luksch 1898; Vercelli 1927;
Morcos 1970). The SSE surface wind in the southern Red
Sea during winter and the associated northward current gen-
erate a pileup of surface warm water in the eastern Red Sea. A
clockwise circulation is generated at right angles to the wind

Fig. 3 Time-depth section of
sigma-t for the upper 200-m layer
from Argo-1

Table 2 The seasonal mean of
temperature and salinity at the
surface, 200 m, and 500 m

Season Surface (~5 m) 200 m 500 m

Argo-
1

Argo-
2

Diff. Argo-
1

Argo-
2

Diff. Argo-
1

Argo-
2

Diff.

Temperature Winter 27.13 27.27 −0.14 22.26 22.35 −0.09 21.63 21.63 0

Spring 27.91 27.99 −0.08 22.4 22.37 0.03 21.62 21.62 0

Summer 31.13 31.04 0.09 22.3 22.67 −0.37 21.62 21.63 −0.01
Fall 31.08 31.21 −0.13 22.24 22.37 −0.13 21.62 21.63 −0.01

Salinity Winter 38.99 39.07 −0.08 40.44 40.48 −0.04 40.56 40.61 −0.05
Spring 38.46 38.46 0 40.43 40.47 −0.04 40.55 40.59 −0.04
Summer 38.48 38.6 −0.12 40.44 40.43 0.01 40.56 40.6 −0.04
Fall 39.03 39.02 0.01 40.45 40.48 −0.03 40.56 40.6 −0.04
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direction associated with the pileup of warm surface water in
the eastern side and the upwelling of the westward moving
deep water at the western side. This results in a cooler and
more saline water in the western side compared to that of the
eastern side (Thompson 1939; Morcos 1970; Robinson 1974;
Alraddadi 2013). The above mechanism occurs almost all
along the coastal region except the wind convergence zone,
which is roughly between 18°N and 19°N (Zhai and Bower
2013; Abdulla et al. 2018).

The temporal evolution of MLD in the central Red Sea

The temporal evolution of MLD in the central Red Sea is
examined using the density profiles from Argo floats. The
MLD estimated for individual profiles Argo-1 and Argo-2
are shown in Figs. 3 and 4, respectively. The mixed layer in
the central Red Sea is deeper during January–February and
shallower during April–Maymonths. The static stability of the
water column is estimated and shown in Fig. 6, which in-
creased fromminimum value during February to its maximum
during August coinciding with MLD variability. During sum-
mer, Argo-1 shows more stability than Argo-2 (Fig. 5).

In general, the mixed layer is deeper during winter associ-
ated with reduced stability and shallower during summer
linked with increased stability. A close evaluation of individ-
ual profiles revealed that the presence of shallower MLD in-
stances during winter and deeper MLD instances during sum-
mer. For example, Fig. 6 shows the profiles measured on 26
and 29 December 2016 by Argo-1 (red) and Argo-2 (blue)

from nearby stations (distance < 50 km), which shows that
the MLD recorded by Argo-1 is of the range 20 m, while that
of Argo-2 is greater than 35 m. These differences might be
attributed to factors controlling MLD variability. The contri-
bution of each factor is investigated. The analysis shows that
the wind and net heat flux are similar for both the Argo floats
(figures not shown), while the sea level analysis displayed a
significant difference.

The mean SLA from satellite altimetry for the period 23 to
29 December 2016 is shown in Fig. 6c. The positions of Argo
floats during this period are marked over SLA. The results
show that Argo-1 is located under the influence of a cyclonic
eddy, while Argo-2 is located under the influence of an anti-
cyclonic eddy. The cyclonic eddy resulted in shoaling of the
mixed layer, while the anticyclonic eddy leads to the deepen-
ing of the mixed layer (Chelton et al. 2011; Hausmann et al.
2017; Abdulla et al. 2018). The difference in polarity of the
eddies resulted in the observed MLD difference.

Observed difference from MLD climatology

The monthly meanMLD fromArgo profiles is compared with
the MLD climatology along the main axis of the Red Sea
(Abdulla et al. 2018). TheMLD climatology is prepared based
on profiles from a verity of sources including CTD (conduc-
tivity-temperature-density profiler), XBT (expendable bathy-
thermograph), MBT (mechanical bathythermograph), and
PFL (autonomous profiling floats). The MLD climatology is
restricted to the axial line of the Red Sea due to the insufficient
data along the coastal region.

The comparison shows that the Argo MLD is matching
well with that of climatology (Fig. 7a, b), where both datasets
show deeper MLD during winter and shallower MLD during
summer. However, in some of the months, the Argo-driven
MLD has a relatively large deviation from the climatological
MLD. Analysis based on sea level shows that the influence of
local physical processes was the main reason for the observed
difference. For example, consider two instances, (1) during
December 2016 when Argo MLD is relatively lower than
climatology and (2) during February 2018 when Argo MLD
is relatively higher than the climatology.

Fig. 5 Average static stability in the upper 200-m layer for Argo-1 (red)
and Argo-2 (blue)

Fig. 4 Same as in Fig. 3, but for
Argo-2
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In the case of the first example, during December 2016, the
MLD became shallower by the presence of a cyclonic eddy in
the region (Fig. 8a). Similarly, in the case of the second ex-
ample, during February 2018, the MLD became deeper by the
presence of an anticyclonic eddy (Fig. 8b).

Summary and conclusions

The in situ temperature and salinity profiles from Argo floats
are used to analyze the temporal variability of the thermal and
haline structure of the central Red Sea and examine the MLD
changes in the region. The seasonal variability is mostly lim-
ited to the upper 200-m water column, where the annual var-
iability of the surface and 200-m depths are 5.4 and 0.25 °C

respectively for temperature and 0.84 and 0.04 PSU for
salinity.

The east-west difference in the thermal and haline structure
in the region is analyzed using the profiles from March to
May 2016, when Argo-1 and Argo-2 are located respectively
in the eastern and western parts of the region. During this
period, the western part is cooler and more saline than the
eastern side by ~0.3 °C and by ~0.1 PSU, respectively.

The mixed layer in the central Red Sea is deeper during
winter associated with a decrease in static stability of water
column with deepest MLD in February. The shallowest mixed
layer is observed in August where the static stability is at its
maximum. The comparison with climatology MLD values
shows that the Argo-based MLD pattern is in good agreement
with that of climatology except during the presence of eddies.

Fig. 6 The a temperature and b
salinity profiles measured by
Argo-1 (red) and Argo-2 (blue)
recorded between 23 and 29
December 2016 and c the average
SLA for the period 23–29
December 2016. The Argo float
locations are marked on the SLA
map

Fig. 7 a Comparison between the
monthly mean MLD computed
from the Argo profiles for Argo-1
(line) and the monthly MLD cli-
matology (bar). b Same as in Fig.
8a, but for Argo-2
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During the presence of eddies, whether cyclonic or anticy-
clonic, a noticeable change is observed in the local mixed
layer structure. The impact of eddies varies based on the static
stability of the water column.

Argo observations are vital in investigating the dynamics
of the ocean, especially in the remote regions. Since the ocean-
ographic research in the Red Sea is limited due to scarcity of in
situ datasets, with most of the measurements confined to the
shipping channel, the availability of Argo profiles with wide
spatial and temporal coverage is very helpful to understand the
surface and subsurface physical and biological processes in
the nearshore and offshore region. The advantage of available
and ongoing in situ measurements in the Red Sea from Argo
floats needs to be well exploited for observational and model-
ing studies of the region. At present, the Red Sea has a con-
siderable number of profiles along the axis of the Red Sea, but
not along the coast. In the future, we expect that the Argo
floats will solve this issue to a large extent.
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