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ABSTRACT

Circulation and Water Mass Formation in the Northern Red Sea
Response to Wind and Thermohaline Forcing
Lina Eyouni
Numerical simulation and remote sensing have indicated that the northern half of the
Red Sea has a significant role in the thermohaline circulation within the basin. However,
very few studies with in situ observation have been performed in a region where the
formation of Red Sea Outflow Water (RSOW) and occasionally of Red Sea Deep Water
(RSDW) take place during the winter in the northern Red Sea (NRS). This study provides
new insights into the seasonal variability and the mechanisms that drive the thermohaline
circulation of the north half Red Sea using high-resolution glider observations combined
with reanalysis and satellite datasets. The study describes the water masses
characteristics, the mesoscale activity, and the forcing mechanisms. In addition, we
examine the biogeochemical responses to the physical drivers in the northern half of the
Red Sea and how these processes alter the marine ecosystem. During winter, the
mesoscale eddy activity and heat fluxes create the necessary conditions for the formation
of RSOW in the NRS. The cyclonic circulation elevates relatively denser water in the
surface, which is exposed to the atmosphere exchange. Thus, it leads to subduction of the
surface layer forming of RSOW. The subducted water has been characterized by high
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oxygen as it has recently been ventilated. In addition, chlorophyll fluorescence has
subducted along the isopycnals, contributing to exporting material below the sunlit layer.
After the formation of RSOW, a period of strong anticyclonic circulation was observed In
late February, which stirred and mixed the advected waters from the south in the
northern region. It is accompanied by heat flux transition, and at the periphery of the
observed Anticyclonic Eddy, an uplifting of the densest water to the surface occurred. The
presence of the anticyclonic circulation enables the water advection from the south and
extends the time of the surface water for atmospheric exposure. In April, the warmer
intrusion of fresher waters from the south dominated the eastern part of the NRS,
reestablishing the cyclonic circulation. To the best of our knowledge, this is the first in situ
observation in the NRS that captured the seasonal progression of the transition of heat
flux in wintertime and water advection that terminates the formation of RSOW.
A continuous supply of northward warmer, lower salinity near the coast from the south
is observed throughout the summertime period. Strong stratification with surface mixed
layers no deeper than 25-30 meters due to the advection of lower salinity surface water
and local heating. Another change that occurred during the summer period is that the
source of low salinity inflow into the region transitioned from Gulf of Aden Surface Water
(GASW) to Gulf of Aden Intermediate Water (GAIW)—assuming that the inflow of GAIW
began with the onset of the Southwest Monsoonal winds in the south. The summertime
heating and along basin evaporation set up the system for the wintertime cooling and
additional evaporation that contributes to the formation of RSOW and RSDW. The mixed
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layer Price-Weller-Pinkel (PWP) model (Price et al., 1986) is implemented to quantify the
influence of local heat fluxes compared with horizontal advection of the Gulf of Aden
Water on the upper layer. Simulation of the mixed layer showed that advection was the
major contributor to the seasonally integrated heat content and mixed layer simulation
in summer. In contrast to winter, the timing of the mesoscale eddy activity, significant
cooling, and advection add complexity to the region. The difference in the heat content
was significant, and the PWP predicted an increasing mixed layer depth, while the
observed mixed layer depth remained relatively constant. The differences between the
calculated and simulated heat content were minimum during the absence of the
mesoscale eddy and advection from the south. Overall, the quantification suggests a
complex relationship between atmospheric forcing and advection on the heat content
and the mixed layer depth.
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“When you change the way you look at things, the things you look at change.”
-Max Plank-
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Chapter 1 : Introduction
1.1 Climate and Oceanography of the Red Sea
The Red Sea is located between Asia and Africa that extends between the latitudes 12 ˚N and 30
˚N. The Red Sea is connected to the Indian ocean in the south through the Strait of Bab el Mandab.
The Strait is a narrow, shallow channel that has a sill depth of ~160 m and a width of 25 km. At
the northern end of the basin lie two gulfs, the Gulf of Suez with a depth of 50-75 m and the Gulf
of Aqaba with a maximum depth of 1850 m (Morcos, 1970; Rasul et al., 2015). The Red Sea is
nearly 2000 km long, having an average width of ~280 km, and covers an area of about 4.6 ×
105 𝑘𝑚2 . The mean depth of the Red Sea is approximately 542 m (Morcos, 1970; Rasul et al.,
2015) (figure 1.1).
The Red Sea is a unique semi-enclosed basin, including its physical, biological and environmental
history, and is considered a natural museum that contains a diversity of coral reefs. The Red Sea’s
reef is one of the longest continuous living reefs in the world, and extends along 4,000 km of the
Red Sea’s shorelines, from 12.5 ° N to 29.5° N in latitude (Voolstra & Berumen, 2019). The Red
Sea exhibits exceptionally broad latitudinal gradients in physical properties such as temperature
and salinity. These gradients in the physical properties makes the Red Sea an invaluable natural
laboratory in which to study the water circulation that affects the ecosystem, coastal protection
and the global circulation.

1.2 Atmospheric forcing
1.2.1 Red Sea Climate
Due to its location, the Red Sea is affected by two global weather systems that fluctuate
seasonally. These two systems change the prevailing winds, rainfall, air temperature, and water
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circulation patterns. The aridity, hot climate, high level of solar radiation, lack of runoff, limited
rainfall, and seasonally variations in wind direction create tough environmental conditions. The
main weather system characteristics are:
1- Seasonal monsoonal winds over the southern Red Sea (SRS).
2- Strong dry winds in winter over the northern Red Sea (NRS) that significantly enhance
evaporation.
3- Wind jets blow across the Red Sea in summer (Toker Gap) and winter (northwestern Saudi
coast) (Jiang et. al, 2009).

1.2.2 Seasonal Cycle and local wind systems
The Asian weather system causes two main Indian monsoons responsible for the Red Sea
weather. During summer, the period of the Southwest Monsoon in the Arabian Sea, the winds are
from the north-northwest (NNW) direction along the entire basin. During winter, when the
Northeast Monsoon dominates the Arabian Sea, the winds in the southern half of the Red Sea are
from the south-southeast (SSE) (Pedgley, 1974; Patzert, 1974; Clifford et. al, 1997; Sofianos &
Johns 2003; Jiang et. al, 2009) (figure 1.1). As indicated from the monsoons, the biannual changes
in the wind direction over the southern Red Sea are driven by the Indian monsoon whereas winds
in the NRS fall under the eastern Mediterranean weather system (dry summers and mild, wet
winters) (Pedgley, 1974).

1.2.3 Evaporation
The Red Sea is affected by dry air flowing from the surrounding arid landmasses, which make the
Red Sea one of the hottest and saltiest basin in the world ocean as a result of high rates of
evaporation (Sofianos & Johns, 2002). The freshwater flux (evaporation-precipitation) estimated
using the heat and salt budgets over the Red Sea is 2.06 ± 0.22 𝑚⁄𝑦𝑒𝑎𝑟. This evaporative heat
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loss is higher than most of the world’s oceans (Morcos, 1970; Patzert, 1974 b; Ahmad & Sultan,
1987; Sofianos et. al, 2002). The majority of the precipitation is in the form of short spells of rain,
with an average rainfall of 0.5 to 0.15 𝑚⁄𝑦𝑒𝑎𝑟 (Morcos, 1970; Da Silva et. al, 1994). The
properties of the Red Sea water and the exchange with the Gulf of Aden are determined by the
excess of evaporation over precipitation (Thunell et. al, 1988; Siddall et al., 2004; Arza et. al, 2007).
Ahmed and Sultan (1989) showed that the evaporation in the Red Sea varies seasonally and
latitudinally. The evaporation rates decrease from north to south and are lower in winter than
summer. In contrast, the NRS has high rates of evaporation in winter. This variation in the
evaporative rate is attributed to the increase in the sensible heat loss and decrease in latent heat
flux in the NRS in summer compared to winter, whereas the opposite trends occur in SRS. This
latitudinal gradient is significant controls the buoyancy flux from the south (Yao et al., 2014 a).
However, the high rate of evaporation in the NRS contributes to water mass formation.

1.3 Red Sea Circulation
The circulation of the Red Sea is understood to be driven by a combination of thermohaline and
surface wind forcing (Clifford et. al, 1997; Sofianos & Johns 2003 ; Yao et al., 2014 a). The wind
stress forcing governs the horizontal circulation (surface layers) (Ahmad & Sultan, 1987; Patzert,
1974) and the overturning circulation (deeper layers) is driven by thermohaline forcing (Neumann
and McGill, 1962; Phillips, 1966; Wyrtki, 1974).
A number of studies have reported thermohaline forcing as a basic controlling mechanism of the
flow in the Red Sea (Neumann and McGill, 1962; Wyrtki, 1974; Phillips, 1966; Tragou & Garret,
1997; Yao et al., 2014 a; Langodan, et. al, 2016a; Menezes et. al, 2019). Conversely, other studies
considered wind stress forcing is more important than thermohaline forcing in determining the
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circulation pattern (Thompson, 1939 a; 1939b;

Siedler, 1969;

Patzert, 1974). Although

thermohaline forcing has a dominant role in the Red Sea, the seasonal monsoon wind patterns
have a strong effect on the water exchange through the Strait of Bab el Mandab from the Arabian
Sea (Edwards & Head, 1987; Murray & Johns, 1997). However, some areas in the Red Sea respond
differently to these two forces such as NRS (Sofianos & Johns 2003 ).
Since the Red Sea responds to robust atmospheric forcing due to wind stress and air-sea buoyancy
fluxes (thermohaline) with strong seasonal and inter-annual variability (Ahmad & Sultan, 1987),
additional measurements about from the Red Sea are needed. Only a few studies have addressed
the circulation in the Gulf of Aden in the south and Gulf of Aqaba in the North (Maillard & Soliman,
1986; Murray & Johns, 1997).
The seasonal monsoon wind patterns have been shown to strongly affect the water exchange
through the Strait of Bab el Mandab, which is enhanced by the monsoonal variation from the
Arabian Sea (Edwards & Head, 1987; Murray & Johns, 1997). Generally, the Red Sea has a typical
inverse estuarine circulation. “Fresh” water flows into the system in the upper layer, and deep
water from the Red Sea exits the through Bab al Mandab near the bottom. During winter, the
exchange through the strait is primarily in two layers, with surface water entering from the Gulf
of Aden and Red Sea Outflow Water (RSOW) leaving the basin in the lower half of the water
column (Maillard and Soliman, 1986; Morcos, 1970; Murray and Johns, 1997; Neumann and
McGill, 1962; Price et. al, 1986). During the summer, a three-layer system develops with inflow
from the Gulf of Aden at intermediate depths, and outflow at both the surface, consistent with
the surface wind pattern, and near-bottom outflow of the RSOW or Red Sea Deep Water (RSDW)
(Maillard & Soliman, 1986; Price et al., 1986; Smeed, 1997). The north-westerly wind in the Gulf
of Aden drives upwelling within the Gulf of Aden that contributes to inflow of the Gulf of Aden
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Intermediate Water (GAIW) inflow to the RS (Smeed, 1997) and pushes the surface layer through
the strait out of the Red Sea (Red Sea Surface Water: RSSW) (figure 1.2).
The structure of the exchange flow is generally well-understood. However, the mechanisms that
influence the characteristics of the GASW and GAIW within the Red Sea are still poorly explored.
In addition, more investigations are required to describe the RSOW pathways.

1.4 Mesoscale features
The semi-enclosed shape of the Red Sea provides a unique structure that controls the circulation
in the basin including the mesoscale variability. The circulation pattern across the entire basin
consists of series of eddies with a succession of cyclones and anticyclones (Maillard and Soliman,
1986; Quadfasel and Baudner, 1993; Sofianos and Johns, 2007; Zhan et al., 2014). These eddies
have a range of size over the basin. The mesoscale eddies redistribute and transfer the physical
properties (temperature, salinity), momentum, and oceanic tracers (nutrients, organic matter)
through vertical and horizontal propagations (Munk et. al, 2000)
The characteristics of the surface current circulation have been studied using observations and
numerical models, which showed a series of basin-scale eddies (Karimova and Gade, 2014;
Morcos, 1970; Morcos and Soliman, 1972; Quadfasel and Baudner, 1993). The observed gyres
are not permanent, but appear frequently at some locations such as the anticyclonic eddy
centered at 23°N and the cyclonic eddy in the NRS near 26°N (Biton et al., 2010; Clifford et al.,
1997; Sofianos and Johns 2003 ). In addition, a statistical and dynamical study by (Zhan et al.,
2014) confirmed eddies are generated across the basin but are more prevalent in certain regions
In addition to the mesoscale eddies, the boundary currents extend over hundreds of kilometers
along the eastern and western boundaries. The boundary currents have been indicated by
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numerical modelling (Sofianos and Johns 2003 ). This boundary current model simulated a
northward western boundary current from the SRS that crosses the basin at 16°N and continues
along the eastern coast to the northern end of the Red Sea. The incoming boundary current,
entering through the Bab el Mandab, is relatively warm and low in salinity at the surface layer.
This water cools and becomes more saline due to the air-sea fluxes. The returned southward
western boundary currents from the NRS are higher in salinity and density (Murray and Johns,
1997; Biton et al., 2010; Yao et al., 2014 b).
Observational studies have provided further confirmation of the boundary currents. A narrow,
subsurface, relatively cold, low-salinity and high-nutrient current was observed to flow northward
along the eastern boundary of the SRS (Churchill et. al, 2014; Wafar et. al, 2015). This subsurface
jet originates in the inflow of GAIW during the summer (Southwest) monsoon (Murray and Johns,
1997; Sofianos et al., 2002), and reaches up to approximately 19°N (Smeed, 1997; Sofianos &
Johns, 2007). A recent observational study by (Zarokanellos et. al, 2017 a) showed that the
presence of GAIW in the CRS via the eastern boundary current, which is either blocked or
redirected due to the effect of the anticyclonic eddy in the same region. Overall, the pathways of
the Gulf of Aden waters through the Red Sea significantly impact the spatial and temporal
distribution of the physical and biogeochemical characteristics. Thus, more observations are
needed to improve our understanding of the transformation of water masses and the effect of
the atmospheric and thermohaline forces.

1.5 Water Masses
The climate of the Red Sea is influenced by two distinct Indian monsoonal systems; a northeasterly monsoon and a south-westerly monsoon. The monsoonal winds are generated by the
difference in temperature between land and sea. The Red Sea water mass exchange occurs
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through the Gulf of Aden with the Arabian Sea. This physical exchange reduces the effect of high
salinity as evaporation exceeds precipitation in the whole Red Sea. Despite the uniformity of the
meteorological conditions, the extremely high rates of evaporation lead to the formation of high
salinity water.
The observations that are available for the Red Sea are mostly sporadic in space and time, which
limits the attempt to describe the three-dimensional distribution of the water masses in the Red
Sea. The exception is the Strait of Bab el Mandab, which has been the focus of several
observational efforts (Vercelli, 1931; Siedler, 1968; Maillard & Soliman, 1986; Murray & Johns,
1997). Moreover, hydrography expeditions either along the central axis (Quadfasel & Baudner,
1993; Sofianos & Johns, 2007) or in the mid-half of the basin (Bower & Farrar, 2015) have provided
a comprehensive picture of the water masses in the Red Sea.
Several distinct water masses can be identified in the Red Sea based on temperature and salinity,
and either form inside the basin or are imported from external sources. The Gulf of Aden Surface
Water (GASW) originates in the Gulf of Aden in the surface layer, and the GAIW is identified at
intermediate depth. The GASW and GAIW intrude into the Red Sea during winter and summer,
respectively, and are lower in salinity than the ambient Red Sea waters. The GASW is a fresh
surface inflow that occurs in winter with a temperature range of 25–30 °C, salinity of 36.0– 36.5,
and density surface 23.50 kg/m3. The GASW has been detected in late winter in the central Red
Sea as a warmer (> 29.8 °C) surface inflow (Zarokanellos et al., 2017 a; Kürten et al., 2019). On the
other hand, the GAIW is present in the Red Sea during summer as relatively cold water at
intermediate depths and centered at an average density between 26–26.5 kg/m3 isopycnals in
the central Red Sea (Sofianos et al., 2002; Zarokanellos et al., 2017 a).
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The other water masses that form in the Red Sea are the RSOW and RSDW. Both of these water
masses form in the NRS. Direct observations and modeling agree that the RSOW is higher in
salinity (~40.2) and lies around 27 -27.2 kg/m3 isopycnals (Sofianos & Johns 2003; Asfahani et al.,
2020). Intermediate flow carries the RSOW toward the Strait of Bab-al-Mandab (Sofianos & Johns
2003; Beal, Field, & Gordon, 2000). In contrast, the RSDW is saltier and denser than the RSOW,
and occupies the deeper layers and circulates in the Red Sea. The oxygen minimum as a
characteristic of the RSDW is the distinctly different between the RSOW and RSDW (Woelk and
Quadfasel 1996; Sofianos and Johns, 2007).

1.6 Dissertation
As a result of the transformative processes including property exchanges with the atmosphere
(air–sea fluxes) or adjacent water masses (mixing and advection), the NRS is an important region
for understanding the remote and local water mass transformation of RSOW and Gulf of Aden
water (GASW and GAIW). The formation of the cyclonic eddy circulation in the NRS during winter
has also been attributed in large part to thermohaline forcing (Chen et al., 2014; Sofianos and
Johns 2003 ). However, in some cases, eddy circulation can be initiated by wind stress (Zhai and
Bower, 2013). Therefore, it is important to understand the role of the heat flux in modifying the
upper water column of the Red Sea, especially through the interaction of heat flux with the
surface layer.
Latitudinally, the NRS is located at the end point of physical (temperature and salinity) and
biogeochemical (chlorophyll and oxygen) gradients. Moreover, the lateral advection in the
boundary current from the SRS is affected by the heat loss in the NRS. Therefore, this area is
influenced by the local atmospheric forcing (cold, dry air that enhances evaporation) and the
remote effect of lateral advection from the south.
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The lack of in-situ measurements, as most results are model-based, limits our ability understand
the Red Sea circulation. Many models emphasize the thermohaline overturning circulation
(Phillips, 1966; Tragou et. al, 1999; Murray and Johns, 1997; Sofianos and Johns, 2007; Yao et al.,
2014 a) and there have been insufficient observational studies to describe the complexity of Red
Sea circulation. Since the relationship between atmospheric and thermohaline forces is not linear,
this research is aims to:
1-

Understand the wintertime processes that contribute to water mass formation in the NRS
and the associated temporal variability, and investigate the role of atmospheric forcing and
mesoscale activities in the NRS and CRS.

2-

Describe the effect of the summertime period on the Gulf of Aden Water mass
transformation in the NRS.

3-

Determine the relative contribution of the local effect of atmospheric forcing (heat flux and
evaporation) and remote lateral advection to the circulation patterns in the NRS using 1-D
numerical modeling.

1.6.1

Outline and approach

In order to achieve the goals outlines above, a combination of in-situ observations, satellite
imagery, atmospheric reanalysis products, and numerical modelling will be utilized. Glider
observations will be obtained during winter and summer to track physical and biogeochemical
variability and the water transformation dynamics. Satellite and reanalysis data will be used to
cover the mesoscale features in a broader spatial scale of the northern half of the Red Sea, and
also help to study the effect of the larger features in the NRS. Moreover, a 1-D mathematical
model will be used to explain the relative contribution of local atmospheric forcing and remote
lateral advection.
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The thesis is organized as follows: The introduction summarizes the background information and
important gaps in the knowledge of the water mass transformation and the role of the local
atmospheric forcing and remote lateral advection. Chapter 2 focuses on the processes that drive
water mass formation and transformation in the northern half of the Red Sea in winter of 2019.
In-situ glider observations obtained during winter in the NRS and CRS (Figure 1.3) are utilized to
track the variability and the regional evolution of physical and biogeochemical characteristics.
Additionally, we utilize reanalysis meteorological data and remotely sensed sea level anomaly
(SLA). Chapter 3 describes the effect of the summertime period on preconditioning the advected
water, based on data collected by the glider in the NRS during summer 2019, satellites sea surface
temperature (SST) as well as reanalysis of meteorological data. Chapter 4 quantifies the response
of the mixed layer to local atmospheric forcing and remote lateral advection, employing glider
observations collected during winter and summer, reanalysis of meteorological data, and
implementation of a 1-D vertical mixing model. Chapter 5 provides the general summary of the
main findings of this project.
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Figure 1.1: Red Sea topography and primary, seasonal wind directions.

Figure 1.2: Vertical sketch of the two circulation patterns in the Strait of Bab el Mandeb. Left: winter, Right: summer.
SW = surface water, GAIW = Gulf of Aden Intermediate Water, RSOW = Red Sea Overflow Water, SBM = Strait of Bab
el Mandeb, and GA = Gulf of Aden (reproduced from Smeed, 2004).
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Figure 1.3: Location of Seaglider deployment during 2019.
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Chapter 2 : Underwater Glider Observations of the Overturning Circulation Mechanism
in the Northern Red Sea

Abstract

The North Red Sea (NRS) is a significant area that drives the formation of the intermediate
and occasionally deep waters of the Red Sea. Few sustained observations have been
obtained in the northern half of the Red Sea to describe the overturning circulation.
Wintertime observations describe the formation mechanisms and pathways of
intermediate waters in the northern half of the Red Sea. The water mass characteristics,
the dynamics of the water column, the forcing mechanisms, and the biogeochemical
responses to the physical drivers are explained for the northern half of the Red Sea. Based
on a set of in situ, reanalysis, and satellite datasets, the cyclonic eddy activity, and the
intense cooling and evaporation create the necessary pre-conditions for formation of
dense water in the NRS. The cyclonic circulation upwells dense water, which is then
exposed to the atmosphere, and undergoes additional cooling and evaporation. It also
leads

to

oxygenation

through

phytoplankton

growth

(increased

chlorophyll

concentration) due to upwelled nutrients and light availability, and exchange with the
atmosphere. The elevated oxygen and chlorophyll observed as deeply as 250m along the
28.2 kg/m3 isopycnal imply water subduction. Despite the similarity in atmospheric forcing
between the CRS and NRS, the warmer, fresher surface water advecting into the CRS from
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the south creates strong stratification that inhibits exchange with the deeper water. In
late February, a period of strong anticyclonic circulation was observed in the NRS, which
stirred and mixed the advected waters in the northern region. It is accompanied by the
uplifting of dense water to the surface. The presence of the AE in the NRS blocks the
advection from the south and extends the time that surface water in the NRS is exposed
to the atmosphere. The cooling throughout the entire period results in preconditioning
the transported surface waters in the NRS. At the end of the observational period, the
warmer intrusion of fresher waters from the south dominated the eastern part of the
NRS, reestablishing the cyclonic circulation. To the best of our knowledge, this is the first
in situ observation in the NRS that captured the seasonal progression of the transition of
heat flux in wintertime and water advection that terminates the formation of RSOW.
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2.1 Introduction
The Red Sea is a narrow, elongated, meridionally oriented basin lying between the Asian
and African continents. Its subtropical location results in significant buoyancy losses due
to high evaporation (nearly 2 m/yr), negligible precipitation, and no riverine inputs,
resulting in it being one of the world’s saltiest and warmest seas (Edwards and Head,
1987; Smeed, 1997; 2004; Sofianos et al., 2002 The Red Sea experiences seasonally
reversing winds over its southern regions due to the Arabian Sea’s monsoonal forcing.
The reversing winds control the circulation and water mass exchange through the Strait
of Bab al Mandab (Abualnaja et al., 2015; Patzert, 1974). These processes, along with the
thermohaline forcing, drive the large-scale circulation (Bower and Farrar, 2015; Murray
and Johns, 1997; Patzert, 1974; Sofianos and Johns, 2007). Evaporative water loss in the
Red Sea is compensated by inflow from the Gulf of Aden, which advects northward,
contributing to the overall gradient in salinity and temperature. This horizontal advection
of relatively fresh and warm water from the south has an important role in the
stratification (Asfahani et al., 2020; Churchill et al., 2014; Sofianos and Johns, 2007;
Zarokanellos et al., 2017b) with the annual volume flux reaching up to 0.22 Sv (Sofianos
and Johns, 2002). Gulf of Aden water is traceable northward to 28˚N (Zarokanellos et al.,
2017a; Asfahani, 2017). It is modified through heating, evaporation, and mixing as it
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progresses northward (Cember, 1988; Sofianos and Johns, 2003; Sofianos and Johns,
2007).
Significant mesoscale activity is found along the Red Sea’s main axis, with a series of
energetic eddies (Morcos, 1970; Morcos and Soliman, 1972; Quadfasel and Baudner,
1993; Sofianos and Johns, 2007; Zhan et al., 2014) that are formed due to baroclinic
instabilities (Zhan et al., 2014), and the presence of an Eastern Boundary Current (EBC)
(Zarokanellos et al., 2017 a, b; Biton et al., 2010; Biton et al., 2008; Bower and Farrar,
2015; Eshel et al., 1994; Eshel and Naik, 1997; Sofianos and Johns, 2007). It has been
reported that some of these mesoscale eddies are permanent features, in particular, the
cyclonic eddy (CE) in the Northern Red Sea (NRS) and the anticyclone (AE) in the Central
Red Sea (CRS) (Chen et al., 2014; Yao et al., 2014b). The CE in the NRS plays a crucial role
in the formation of Red Sea Outflow Water (RSOW) (Asfahani et al., 2020; Sofianos and
Johns, 2007). The AE in the CRS can redirect or deflect the advected northward flow
(Zarokanellos et al., 2017). These mesoscale eddies substantially affect heat and salt
transport and distribute the biogeochemical properties (Chen et al., 2014; Raitsos et al.,
2013; Triantafyllou et al., 2014). Biogeochemical properties often provide useful tracers
of physical processes. Eddies also transfer energy and momentum to the mean flow,
driving the circulation (Lozier, 1997).
Most water mass transformation typically occurs in the surface ocean in specific regions
where air-sea interaction can act powerfully on the upper ocean (Emery, 2001; Iselin,
1939). Significant surface cooling and evaporation results in buoyancy loss that can
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contribute to convection to great depths. The transformation occurs as the mixed layer
interacts with the underlying water column. The NRS has been considered as the main
area of RSOW formation and, occasionally, Red Sea deep water (RSDW) (Papadopoulos
et al., 2015; Sofianos and Johns, 2003; Sofianos and Johns, 2007; Yao et al., 2014 b), due
to the high evaporation rates and significant surface water cooling occurring during
winter (Papadopoulos et al., 2013). The cyclonic eddy uplifts isopycnals in the eddy center
and preconditions the water for the formation of the RSOW and RSDW (Abualnaja et al.,
2015; Asfahani et al., 2020; Sofianos and Johns 2003; Yao et al., 2014 b; Zhai et al., 2015).
The newly formed RSOW gradually sinks until it reaches an equilibrium density near 27.5
to 27.7 kg/m3 throughout the basin (Zhai et al., 2015) and flows southward until it exits
the Red Sea through the strait of Bab-El-Mandeb (Cember, 1988; Sofianos and Johns
2003; Yao et al., 2014 b). Once it enters the Gulf of Aden, it sinks rapidly and is mixed due
to the mesoscale eddy activity in the Gulf of Aden at depths between 400 and 1000 m
(Bower and Furey, 2010). Despite significant dilution, RSOW has been observed as far
southward as the Agulhas Current below 32˚S (Beal et al., 2000) and as far east as the Bay
of Bengal (Jain et al., 2017). Numerical simulations and in-situ observations suggest three
potential mechanisms of the RSOW formation. The first mechanism, open-ocean
convection, associated with a cyclonic gyre in the NRS (Sofianos and Johns, 2007), is
considered a semi-permanent feature of the study area (Papadopoulos et al., 2015).
Strong atmospheric forcing in the region and the presence of the cyclonic eddy creates
favorable conditions for convection events. The second mechanism is mixed layer
deepening during winter, resulting from large negative heat flux (Zhai et al., 2015). The
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third mechanism is the combined effect of the cyclonic gyre and the weakening of the
stratification that results from strong atmospheric forcing (Chen et al., 2014; Clifford et
al., 1997; Manasrah et al., 2004; Morcos and Soliman, 1972; Yao et al., 2014 b).
Concurrent with the formation of the RSOW, the RSDW forms in the NRS when strong
cooling and evaporation occur in the gulfs of Suez and Aqaba (Cember, 1988;
Papadopoulos et al., 2015; Sofianos and Johns 2003; Yao et al., 2014 b). The RSDW is
evident in depths below 300m, while the RSOW is typically found between 200 m to 300
m and is distinguished from the RSDW due to its relatively high oxygen concentration. The
regionally formed RSOW has a significant role in the overturning circulation, as indicated
by the in-situ observations and numerical simulations (Papadopoulos et al., 2015;
Sofianos and Johns, 2003; Zhai et al., 2015). In addition, RSOW contributes to the
ventilation of the Red Sea (Papadopoulos et al., 2015; Sofianos and Johns, 2007; Woelk
and Quadfasel 1996; Yao et al., 2014 b; Zhai et al., 2015), and the salt budget of the Indian
Ocean due to the high salinity present at intermediate depths (Beal et al., 2000). However,
the RSOW and the overall importance of the mesoscale activity on the mean flow are not
fully explored.
The primary objective of this study is to understand the temporal variability and processes
that drive the water mass formation in the NRS and the biogeochemical response to these
physical processes. Secondly, to investigate the role of atmospheric forcing and
mesoscale activities in the NRS and CRS. To the best of our knowledge, this study serves
as the first effort to compare the characteristics of these two regions. This paper is
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organized as follows: in-situ, reanalysis, and the remote sensing data used in this study
are presented in section 2. The results follow in section 3, describing the coupling of the
atmospheric forcing and the in-situ observations. The comprehensive description of the
flow variability and the mechanism of RSOW formation are described, including the
coupling between physical and biogeochemical processes in the study areas. Lastly,
conclusions and discussion are in section 4.
2.2 Data and Method
2.2.1

Glider Observations

Glider observations were obtained as part of on-going research in the Red Sea focused on
understanding the annual cycle of physical and biochemical variability and water mass
transformation in the NRS. Gliders are buoyancy-driven autonomous underwater
vehicles, remotely piloted and designed to sample the ocean along a sawtooth pattern
from the surface to programmed depths, utilizing their positive or negative buoyancy in
conjunction with their wings to convert vertical velocity into forwarding motion (Davis et
al., 1992). The sensor payload is adaptable depending on the research goals. The gliders
used here are equipped with a CTD (conductivity, temperature, depth), a dissolved
oxygen sensor (DO), and bio-optical sensors measuring Colored Dissolved Organic Matter
(CDOM) and chlorophyll fluorescence (Chl). Data and command information are relayed
through the Iridium network when the vehicle surfaces.
Two Seagliders were deployed (figure 2.1 a)– one in the NRS (Duba line) (figure 2.1 b) and
one in the CRS (referred to as the KAUST line) (figure 2.1 c). The missions were designed
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to run in parallel lines, oriented approximately perpendicular to the coast. The
deployments spanned the period from January through March 2019 in the CRS and from
February into April 2019 in the NRS, with an overlap period of 33 days (table 2.1, figure
2.1).
Based on prior knowledge in the literature about the influence of the mesoscale
contribution on the water mass formation, hydrographic (temperature and salinity) and
biogeochemical parameters are selected to study the mechanism of the water mass
formation. In addition, these parameters are used to evaluate the influence of the air-sea
exchange that contributes to the surface buoyancy. For broader implications,
biogeochemical components can be used as tracers of the physical processes. Chl is
selected as an indicator of phytoplankton biomass. The DO concentrations as a
conventional tracer reflect atmospheric supply to the ocean photosynthesises and the
loss through respiration through the biological activity.
The raw glider data for each vertical profile has been examined for spikes and outliers
before analysis. No evidence of thermal lag on temperature and conductivity has been
detected in the glider data sets. Conductivity drift was observed for the CRS glider from 8
to 19 February. It has been corrected using the linear regression between the conductivity
and potential temperature based on the directly proportional relationship between the
two parameters. The FL3 fluorometer was factory calibrated. The Chl observations have
been corrected using Roesler et al., (2017) method that recommended fluorescent
chlorophyll be scaled by a factor due to the difference between factory calibration and
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natural variability. The oxygen concentration was corrected to the oxygen concentration
derived from the factory calibration. The factor was calculated as the ratio of the median
oxygen saturation concentration in the near surface 10m, calculated from temperature
and salinity, to the reported oxygen concentration based on the factory calibration for
the same depth range.
The collected data are projected and interpolated onto a grid with a vertical resolution of
2 m depth and horizontal spatial interval of 2.5 km, the nominal surfacing interval, to
facilitate processing and analysis of the data. In this study only the upper 500 m of the
water column is considered. The NRS transect started about 4 km away from the coastline
and extended offshore for a distance of about 70 km length, where the offshore endpoint
was inside of the Saudi Exclusive Economic Zone (EEZ) boundary. The gliders completed
the 70 km transect in approximately 3.5 days, and the complete roundtrip in about 7 days,
while diving between the surface and ~750 m depth. The average vertical speed is ~20
cm/s, and each dive cycle took ~3 hours to complete depending on the target depth,
topography, and sea conditions in each region. Mixed Layer Depth (MLD) is calculated for
each vertical profile of density based on the depth at which the density increased to 0.03
kg/m3 greater than the near-surface value at 10 m depth for that profile (de Boyer

Montegut et al., 2004). In addition, the Brunt-Vaisala frequency (BVF) has been computed
to evaluate the stratification in the study area. Furthermore, we have calculated the
geostrophic velocities in both CRS and NRS. The geostrophic velocity is computed
perpendicularly to the glider path.

46
2.2.2

Remotely sensed data

2.2.2.1

Sea level anomaly (SLA)

Satellite observations and numerical simulation indicate a permanent cyclonic eddy
located in the NRS, where the RSOW water mass is formed. Concurrently in the CRS,
remote sensing and in-situ observations have shown high mesoscale activity. Therefore,
Sea Level Anomaly (SLA) was used to characterize the spatial pattern and temporal
evolution of the surface circulation in the CRS and NRS. SLA was obtained from the multimission altimeter Archiving Validation and Interpretation of Satellite Oceanographic
(AVISO) data provided by Copernicus Marine Environment Monitoring Service (CMEMS).
The data are mapped onto a regular 0.258˚ x 0.258˚ grid spacing. The obtained data were
taken from the domain extending from 20˚ to 28˚ N and 32˚ to 42˚ E to study the
characteristics of the study areas. Afterward, the data were averaged within the special
domain of the NRS from 26 ˚ to 28 ˚ N and 33 ˚ to 37 ˚ E (figure 1) and temporally averaged
for one-week periods to approximate the glider transect duration (i.e., 5 days)
(http://marine.copernicus.eu/services-portfolio/access-to-products/).
2.2.2.2

Sea Surface Temperature (SST)

Since the sea surface temperature (SST) is a fundamental variable for understanding the
fluxes of heat, the remotely sensed sea surface temperature (°C) data are used over the
Red Sea. The moderate Resolution Imaging Spectroradiometer (MODIS) provides
continuous daily data with a spatial resolution of 0.0125° × 0.0125°. The data are
extracted freely for the year 2019 with an accuracy of 1°C and a spatial resolution of 4
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km. The obtained data were taken within the domain from 24˚ to 28˚ N to identify and
determine the spatial and temporal evolution of the large-scale patterns at the surface.
(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Daily/4km/sst/2019/).
2.2.3

Atmospheric Reanalysis Products

The Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2) was used, providing daily mean values of the atmospheric parameters of the spatial
resolution 0.5° × 0.652° grid with one-hour temporal resolution (Rienecker et al., 2011).
The reanalysis data (MERRA-2) is preferable dataset for the Red Sea (Al Senafi et. al,
2019). The data were extracted within a spatially averaged box over the NRS (between 26
˚N and 28 ˚N and from 33 ˚E to 37 ˚E) (figure 2.1 b). The second was over the CRS (23 ˚N
to 21˚N and from 36 ˚E to 40˚E) (figure 2.1 c), the dimension of the boxes is determined
to cover the glider paths.
The daily mean of the atmospheric data was obtained by averaging hourly values. The
selected parameters are wind, surface net heat flux (𝑄𝑛𝑒𝑡 ), and evaporative heat flux, the
driving components of heat loss in the Red Sea (Sofianos ad Johns, 2003). The data are
extracted from January to April in 2019.
The 𝑄𝑛𝑒𝑡 is produced using the Coupled Ocean-Atmosphere Response Experiment
(COARE 3.0) formulation (Fairall et al., 1996) consists of the sum of shortwave (Qsw,
absorbed), longwave (Qlw, emitted), latent (QL, evaporation), and sensible (QS,
conductive) heat fluxes, and all terms are positive when they are heating the water
column. The quantity 𝑄𝑛𝑒𝑡 is calculated from the following formula:
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𝑄𝑛𝑒𝑡 = 𝑄𝑠𝑤 + 𝑄𝑙𝑤 + 𝑄𝑆 + 𝑄𝐿
2.2.4

Empirical Orthogonal Function (EOF) Analysis

The EOF analysis is calculated to study the spatial and temporal patterns of the variability
with eigenvectors, which describe the spatial pattern at all time ranges. In addition, the
explained variance with the eigenvalue gives a percentage that represents the
contribution of variability in specific modes. At the same time, the Principal Components
(PC) describes how spatial pattern varies with time. The date is simultaneously scaled as
the glider observations (one round trip equals ~ one week) for a more straightforward
interpretation. The processing of EOF is carried out on the SLA throughout five months of
data (January to May) for 2016, 2017, 2018 and 2019 to determine spatial and temporal
variability in that period (wintertime). This analysis is to compare 2019 with the other
years.
2.3 Results
2.3.1

Surface characteristics

Figure 2.2 shows the weekly averaged SLA and geostrophic current in the northern half
of the Red Sea. The spatial and temporal evolution of the surface circulation is presented
from 1 February to 30 March 2019. During the observation time, a persistent AE spanning
the basin width was present in the CRS between 22˚N to 24˚N (figure 2.2 b-g). Although
the eddy persisted through the two months, two-week-long periods of apparent
weakening occurred in the last week of each month (figure 2.2 d, 2h).
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In the NRS, the northward geostrophic flow was observed during the first three weeks of
February (figure 2.2 a-c). In the last week of February (figure 2.2c), an AE developed that
resulted in the reversal of the coastal flow (figure 2.2 d). Through March, the AE gradually
migrated southward (figure 2.2 e-f), and the southward coastal flow decreased. Within
the context of these two regional circulations, we compare the variability of the gliderbased hydrographic sections during their period of overlap in February.
An EOF analysis was used to evaluate the spatial and temporal variability of sea level
anomaly in the northern half of the Red Sea (20 ˚N to 28 ˚N) for the five months from
January to May for the years 2016, 2017, 2018, and 2019. The average of the five months
for the four years is calculated. The spatial distribution of the first mode and its temporal
variability for each of those years are shown in Figure 2.3 a and 3b, respectively. The first
mode accounted for 89% of the variance for this region and time frame (figure 2.3 a). The
years 2016, 2017, and 2018 show similar magnitudes of variability throughout these five
months periods; 2019 stands out with a significant rise in the EOF in February followed by
the same magnitude of decrease in March (figure 2.3 b).
This steep rise in EOF1 during February coincides with a strong northwards current along
the northern coast. The rapid decline of EOF1 in late February parallels the development
of the AE in the NRS.
2.3.2

Atmospheric forcing

The heat flux and the wind stress are considered to have a strong role in water mass
transformation in the NRS (Yao et al., 2014b; Papadopoulos et al., 2015; Asfahani et al.,
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2020). The wind stress and the heat fluxes from our observational period are shown in
the figure 2.4. Given the differences in water mass transformation that are reported to
exist between the NRS and CRS, one might expect that significant differences exist in the
atmospheric forcing between the two regions. During the period of observation, wind
speeds and directions were very similar between the two areas (figure 2.4a). The mean
wind speeds were 3.8 m/s and 4.4 m/s and directions from the north-northwest in the
NRS and CRS, respectively. However, the wind speed fluctuated more in the CRS than the
NRS, with a high variance of the north-south component 10.6 m/s compared with the
east-west component 2.3 m/s. In comparison, the variance in NRS has a similar wind
speed for the two components, 4.9 m/s and 4.6 for east-west and north-south
components, respectively.
A close inspection of the daily measurements in the NRS shows evidence of intense
evaporative heat loss events in the association with the wind, such as in mid and late
February, late March, and late April 2019 (figure 2.4b). The same result has been revealed
in the CRS in 2019 (figure 2.4a, b). Surprisingly, the evaporative heat flux was very similar
for the two regions. The mean values of the latent heat flux were 205.6 kJ/kg and 180
kJ/kg for NRS and CRS, respectively (figure 2.4b). However, there is a significant difference
in the net heat fluxes between the two regions, 122 W/m2 in the NRS and 54 W/m2 in the
CRS (figure 2.4c).
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2.3.3

In-situ response – glider observations

2.3.3.1

Cyclonic phase

During early February, SLA indicated a strong northward geostrophic flow along the
eastern half of the NRS and southward flow in the western half of the basin (figure 2.2 a,
b). The glider section from 6 to 10 February in the NRS corroborated these observations
showing a strong isopycnal downward tilt toward the coast resulting in northward
geostrophic currents on the order of 0.5 m/s (figure 2.5d). A portion of the southward
flow on the western half of the basin was captured on the offshore end of this section. At
the center of this cyclonic circulation, the 28 kg/m3 isopycnal reached the surface, and the
upper water column was stratified to the surface, as shown by the BVF (figure 2.5c). This
isopycnal descended to 200m near the coast where the deepest MLD, nearly 100m, was
observed. The 28 kg/m3 isopycnal intercepts the surface, between 50 and 60 km offshore,
high near-surface chlorophyll is observed, and the highest DO concentrations for water
denser than 28 kg/m3 are observed (figure 2.6 a, b).
Observations from NRS during 6 to 10 February (figure 2.5 top) show an isopycnal
elevation offshore where the 28 kg/m3 isopycnal intercepts the surface. The isopycnals tilt
downward toward the coast, where the 28 kg/m3 isopycnal descends by more than 200m.
The structure is consistent with the eastern side of a CE circulation. In the core of the
surface outbreak, the temperature is less than 23 ˚C and the salinity is greater than 40.3
(figure 2.5 a, b). The NRS and the cyclonic circulation have previously been described as
the area of the RSOW formation (Sofianos and Johns, 2003; Asfahani et al., 2020). Not
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surprisingly, the strongest stratification lies at the base of the mixed layer, which extends
from the surface offshore to about 100m onshore (figure 2.5c). The offshore uplift in the
pycnocline results in a stratified offshore upper layer, whereas the nearshore deepening
of the pycnocline contributes to the deep mixed layer of warmer, saltier water. In turn,
this result enhances the diapycnal mixing and uplifting of the high-density waters. In the
deeper layers of the CE structure, the stratification values decreased. The transect shows
a northward current extending up to 55 km off the coast with the core (up to 0.5 m/s in
the first 100 m) located at ∼ 30 km (figures 2.5 d). The northward flow is compatible with
the CE, consistent with thermohaline structures in a dome shape.
Close inspection of the upper boundary of the nutricline, indicated by the 180 µmol/kg
oxygen isopleth (Naqvi et. al, 1986), shows that the nutricline was within the surface layer
at 50 m depth offshore. The same isopleth was found at about 250 m depth nearshore,
far below the euphotic zone (figure 2.6a). The biogeochemical indication from the upper
boundary of the nutricline shows an apparent outcropping isopycnal (28 kg/m3) at the
surface in the center of the CE to below 250m near the coast. The high Chl concentration
in the eddy core revealed that the nutrients are lifted due to the upwelling reaching the
surface (figure 2.6b). Relatively high concentrations of Chl and dissolved oxygen,
associated with the 28.2 kg/m3 isopycnal, are observed at nearly 250 m depth near the
coast below the mixed layer and euphotic zone. Moreover, the concentrations between
nearshore and offshore exhibit an elevation of 28.2 kg/m3 isopycnal at 200m, with the
values of - 0.15 mg/m3 for chlorophyll and 150 µmol/kg for oxygen (figure 2.6 a, b).
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During the glider passage between 6 to 9 February in the CRS (figure 2.5 bottom), the
isopycnal lines are relatively flat with an offshore slope below 150 m. The closeness of the
isopycnals within 27 kg/m3 to 28.2 kg/m3 indicates stratification with a greater density
gradient nearshore (25 km). With this strong stratification, a relatively shallow MLD is
placed in an average of 30m with a density of less than 27 kg/m3 (figure 2.5e). The surface
layer can be recognized by lower density water that caps a steep pycnocline (26.8 kg/m3)
and is present between 100 and 200 m where density increases from 27 kg/m3 to 28.2
kg/m3 near the coast. This water is warm and lower in salinity (figure 2.5e, f) and is

presumably inflow from the Gulf of Aden, which is characterized by salinity (39.2) and
temperature (27 ˚C). The corresponding BVF vertical section (figure 2.5g) assesses
stratification. In this phase, there is a clear distinction of stratification in the upper layers.
High BVF values between 50-75 m and 100-170 m depth indicate strong stratification. It
can be assumed that, during this time, a possible intrusion of warmer and less saline water
occurs within this layer. Since BVF is greater than zero, the stratification is stable. By
comparing the results of BVF, temperature, and salinity (figure 2.6 bottom), the maximum
values of stratification are found at 100m. The observed geostrophic velocity (figure 2.6
h) shows different cells with alternating directions to the north and south velocities,
between 0.4 m/s to the south and 0.2 m/s to the north, extending down to 150 m beneath
the surface.
Due to strong stratification, the deep chlorophyll maximum (DCM) is distributed below
the MLD at the subsurface layer between 20 to 70 m with relatively higher values
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nearshore between 0.2 to 0.4 mg/m3 (figure 2.6d). The relatively elevated isopycnals near
the coast suggest another water property associated with the maximum chlorophyll and
the density gradient. The subsurface DCM concentration and the depth of the upper
boundary of the nutricline (28 kg/m3), below the euphotic zone between 150 to 170m,
confirm the intrusion of nutrient-rich waters, which can be attributed to the northward
advection from the south.
The above results from the glider sections are intended to describe the characteristics of
the water column and the satellite images used to evaluate the surface features and
evolution of the SLA (figure 2.2). The cyclonic rotation at 21 ˚N enhances the water
advection from the south that supports the presence of the warm and less salty waters in
the CRS. At the latitude between 22- 24 ˚N, there is evidence of AE that might reduce the
amount of water advection, which is not depicted by the glider transect in the NRS.
Moving to the further north, the signature of cyclonic circulation reveals the northward
geostrophic flow direction, consistent with the previous result from the glider in the NRS.
The low SLA (0.33 cm) at the center of the NRS is further evidence of the cyclonic
circulation presence (figure 2.2).
2.3.3.2

Transitional phase

Following the apparent intense cyclonic circulation in early February, the distribution of
the isopycnals from February 18 to 22 in the NRS (Figure 2.7 top) reveals relaxation in the
tilted isopycnal surfaces, indicating reduced geostrophic shear. The thickness of the MLD,
compared to early February, is increased to an average of 125m. Due to the mixing, the
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vertical distribution of the physical properties (Figure 2.7 a,b) shows a homogenous
structure, hence a weak density gradient. For this snapshot, the water in the upper layers
is relatively warmer (~24 ˚C) and less salty (40.1) than the ambient water. The stability of
the water column is illustrated by computing the BVF (Figure 2.7 c). The low BVF (average
0.125 s-1) indicates an unstable well-mixed water column. It leads to instability in the
water column and favors eddy-like perturbation. The maximum values associated with
the pycnocline were found in the deeper layers (100-150m).
The physical processes are reflected in the DO and Chl distributions above the MLD (figure
2.8 a,b), which indicate a break in the DCM as a consequence of the mixing processes.
Since the DO responds to both physical and biological processes, a high DO concentration
(180 μml/kg) is found within the mixed layer (figure 2.8 a). In addition, Chl concentrations
are in the detectable levels (0.2- 0.3 mg/m3), which increase with the deepening of the
MLD (figure 2.8 b). However, some peaks of the distributed Chl might result from the diel
signal. The high concentration (0.3 mg/m3) is revealed in 25-30 km between 25 to 100 m,
and there is also another maximum of (~0.2 mg/m3) from the surface to 100 m at 40-50
km offshore. In a closer look at the 28.2 kg/m3 isopycnal, there is a signature of Chl (0.15
mg/m3) is present around 200m below the MLD, which coincides with DO (190 μml/kg).
These characteristics might be the residual from the previous phase (figure 2.6b). Since
there is no clear evidence of the advected flow in the NRS during this period (15 to 21
February), the SLA image (figure 2.2c) shows that the existence of AC located in the CRS
might block the northward advection or recirculate the southward flow from the north.
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The CRS (figure 2.7 bottom) from 17 to 24 February reveals some similarities to the earlier
period of February (figure 2.5 bottom), but the MLD is placed deeper at 60m. The density
gradient lies between 27.2-28.2 kg/m3 isopycnals. The stratified water mass is still evident
in 75-150m with warm (25.5 ˚C) and less salty (39.5) characteristics (figure 2.7 d,e).
However, a patch of relatively cooler (~24 ˚C) and saltier (39.8) water is observed at the
surface (~100m) offshore area of the transect (60km). The downward tilt of the isopycnals
towards offshore is consistent with the thermohaline characteristics (figure 2.7 d,e). It
can be attributed to the advected southward flow from NRS (figure 2.2 c,d). The
temperature was lower in the southward flow, and salinity was higher in the upper mixed
layer (generally less than 80m). Therefore, it reflects different water masses in the CRS
due to advection from the south and north. The analysis of BVF (figure 2.7f) reveals strong
horizontal gradients in vertical stratification, with the highest values at the subsurface
layer (100-190m). By comparing the results of BVF, the stratification frequency is found
to be at a maximum within the pycnocline. It indicates the stability of this layer compared
to the upper and deep layers. There is an indication of southward flow along the eastern
boundary within the first 25km distance onshore of the geostrophic velocity transect
(figure 2.7d). This flow is associated with an AE with a velocity around 0.2 m/s. At 35 km,
there is a northward flow of 0.4 m/s which indicates the CE in this domain. The observed
circulation are consistent with the AE attached to the eastern coast and the movement
of CE to the west (figure 2.2 d,f).
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The biogeochemical indicators (figure 2.8c, d) show that the DCM peak remains below
the MLD between 50 to 100m at the subsurface layer, as would be expected. This result
occurs when the water column is stratified. The depth of the 28 kg/m3 isopycnal, the proxy
for the nutricline, is shallower than the early February, lying 100-125 below the euphotic
zone and the DCM (figure 2.8 c, d).
2.3.3.3

Anticyclonic phase

After the cyclonic phase that contributes to the RSOW formation followed by the
transitional period associated with mixing in late February, the water column shows
significant changes in the tilt of the isopycnals (figure 2.9). Figure 2.9 illustrates the period
from 1 to 5 March of the completely reversed system compared with the early February
observations in the NRS, indicating a transition to the southward flow along the eastern
coast. This snapshot of the system may indicate about half of an AE. An upwelled salty
(40.5) and cold-water mass (22.5 ˚C) is detected near the coast and a possibly downwelled
warmer, fresher water mass to the center (Figure 2.9a, b). The deep MLD is accompanied
by the AE placed at 150m in the core and shallower at the flank of about 75m depth.
The vertical distribution of the BVF (figure 2.9c) shows a decrease of stratification at a
pycnocline depth within the layer of the density gradients between 150-200m. The
maximum reduction in stratification is observed in the core of AE below 150 m and at its
periphery 70 m near the coast. In AE the surface waters have uniform characteristics, the
BVF is reduced (i.e., the decrease of stratification). The reduction in the stratification may
lead to higher mixing strong winds or winter convection. Therefore, the MLD exceeds 100
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m. The corresponding geostrophic velocity shows a wide intensified and southward
current, indicated by the negative sign (figure 2.9d). It reaches a value of -0.4 m/s. The
SLA maps display the evolution of the anticyclonic eddy in the NRS and might have a
lifespan of ~15 days from late February until mid-March (figure 2.2 d-f), associated with
high values of SLA. The AE on the eastern coast starts to migrate southward (figure 2.2e)
before the late March dissipation (figure 2.2g).
Despite the shallowing of isopycnals nearshore, the nutricline, indicated by the 180
µmol/kg isopleth of oxygen, has not been elevated into the upper 100m (figure 2.10a).
The 28 kg/m3 isopycnal is parallel to the 180 µmol/kg isopleth placed at approximately
150 m depth offshore and 50 meters depth near the coast (figure 2.10 a, b). The deep ML
penetrates the nutricline, and the shallow isopycnals nearshore increase biomass. The
evidence can be explained from the Chl and oxygen concentrations which are
redistributed above 150 m. Chl concentration varies from 0.2 to 0.3 mg/m 3 and the
oxygen concentration is from 180 to 210 µmol/kg (figure 2.10b). A closer look at the Chl
concentrations shows some significant peaks within the ML that might be related to the
dial variability.
2.3.3.4

Restoration phase

Complementing the dynamical processes, the system exhibits moderate relaxation
features from 19 to 22 March in the NRS. Figure 2.11 shows a flattening of the isopycnals
compared with the previous phases, with no significant variation in the vertical density
between 28.2 kg/m3 to 28.4 kg/m3 due to the restoration. The vertical section of the water
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column displays cold (~22.5 ˚C) and salty waters (40.6) in the area (figure 2.11 a, b). During
this time, the AE releases its energy to the mean flow as indicated from the flattened
isopycnals and weak stratification with a maximum value of (~0.01×10-4 s-1) (figure 2.11
c). The weak stratification permits the MLD stated to at an average depth of 75m. The
flattened isopycnals imply that the water column is not substantially affected by the
surface wind. It homogenized the water column supported strong baroclinic current as
shown in figure 2.11d.
The biogeochemical indicators (figure 2.12 a, b) show a high oxygen concentration of ~220
µmol/kg at the surface layers (figure 2.12 a). This result is due to the combination of the
air-sea exchanges that make the surface water saturated and the high productivity. Chl
concentration peaks at 0.45 mg/m3 near the coast, and 0.35 mg/m3 offshore and are
observed with the majority of the bloom showing subsurface maxima of 0.3 mg/m3
around 30-50 m depth (figure 2.12 b).
2.3.3.5

Cyclonic re-establishment phase

During the homogenous cool and salty period, there was no presence of water less than
28 kg/m3 at the surface layer, which begins to appear near the coast in the beginning of
April (figure 2.13). During this phase, an intensification of cyclonic features is observed by
the offshore – onshore tilt of isopycnal indicated from northward geostrophic flow (figure
2.13 d). The uplift of water denser than 28.2 kg/m3 to the surface is attributed to the
intensification of the cyclonic feature. As a result, it developed high chl at the surface and
the nearshore chl became deeper to nearly 200m (figure 2.14b). These processes increase
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the productivity of the water more than 28.2 kg/m3 and increase the oxygen concentration
(figure 2.14a).

2.4 Discussion
The overturning circulation in the RS takes place in the northern part, which drives the
formation of the intermediate and occasionally deep water (Eshel et al., 1994; Woelk and
Quadfasel, 1996; Eshel and Naik, 1997; Sofianos and Johns, 2003, 2007; Biton and Gildor,
2011a,b; Papadopoulos et al., 2013, Yao et al., 2014a,b; Abualnaja et al., 2015). The
Northern Red Sea is under the influence of strong atmospheric forcing that creates the
necessary pre-conditions for dense water formation. Both modeling and observational
studies have demonstrated the role of cyclonic eddies, wintertime cooling, and deep
convection in the formation of RSOW (Asfahani et al., 2020; Sofianos and Johns, 2003;
Papadopoulos et al., 2015).
Our observations show the critical role of the lateral advection of low salinity, warm water
in the region (south origin; GASW). The water mass characteristics, the dynamics of the
water column, the forcing mechanisms, and the biogeochemical responses to the physical
drivers are explained for the northern half of the RS. The utilized data were in-situ
reanalysis, and satellite datasets from February to March of 2019. First, the cyclonic phase
in early February, followed by the winter mixing period, resulted in the formation of a
new water mass in the NRS, while the water column in the CRS is stratified. In the
meantime, the surface waters travel from the south along the eastern boundary and
reach the CRS traced by the SST imagery (figure 2.15). This relatively warm surface water
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is evident in the middle of January (figure 2.15a). Previous studies have identified it in the
upper layer as a warm and low salinity water mass as known as GASW (Zarokanellos and
Jones, 2021). The northward propagation of the GASW in the NRS is enhanced by the CE
(figure 2.15b, c) (figure 2.13 Zarokanellos et al, 2017a). In early March, the AE
accompanied by a relatively warmer core and cooler periphery stopped the northward
transport of warmer water from south of 26˚N (figure 2.15d).
Distinct from previous observations, a period of strong anticyclonic circulation was
observed. Subsequently, the AE stirred and mixed the northern region of the Red Sea,
homogenizing this region as demonstrated in both glider observations and SST images
(figure 2.11 a,b; figure 2.15e). Despite the intensity of the AE and its two-week duration,
no clear relationship between the atmospheric forcing and the eddy formation could be
resolved. At the end of the two-week period, the cyclonic circulation is reestablished. It
enhances the surface outbreak of the water denser than 28.2 kg/m3 and uplifts nutrientrich, cold and saltier waters to the surface layer. Due to the intensification of the cyclonic
feature, the uplifted waters expose and interact with the atmosphere and become much
more oxygenated, and the water that was at the surface is moved down nearly 200 m.
The surface layers respond to the heat loss with an decrease in temperature and increase
in salinity and density (figure 2.16 a,b,c). The air-sea interaction primarily affected the
upper 200 m, while the deeper layers remained stable with no significant changes. The
accumulative effect of the cooling through the entire winter period resulted in the
formation of the densest waters in late March with a minimum variation in temperature
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and salinity between the surface and the deep layers (figure 2.16 a,b,c). However, the net
heat flux became neutral after the cooling phase (figure 2.16c). At the beginning of April,
the transition to positive heat fluxes resulted in an increase of temperature by 1 ˚C and
salinity decreased by 0.2 units, decreasing density in 23 days (figure 2.16 a,b,c). The signal
of the advected warm waters from the south is present again in the area. These warm
and lighter waters can cap the extant denser waters, isolating them from the surface.
In regions characterized by high baroclinic instability, which is the case of the eastern NRS,
the CE can transfer water mass from the ML into deeper layers by inducing subduction
(Marshall, 1997), which, in our case, is the driving agent for the RSOW formation. The
subducted water lies along the 28.2 kg/m3 isopycnal which in the coldest period extended
from the surface down to more than 200m. The newly formed water spreads southward
in the basin, and can be detected southward as mentioned by Zarokanellos and Jones
(2021).
Although the regional atmospheric forcing is similar in the NRS and CRS, the water column
is less perturbed in the CRS as stronger stratification stabilized it. The observed
stratification in the CRS is imposed by the salinity gradient preventing a deeper mixing,
resulting in the minimum salinity gradient in the NRS. Accordingly, the same amount of
evaporation gives a much more compressed temperature and salinity and less steady
water column than CRS. The cooling through the entire period from early January results
in preconditioning the transported surface water in the NRS. The presence of the AE in
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the NRS enables the advection from the south. It contributes to the surface waters to the
atmosphere.
The results presented in this study are the first in-situ observations to continuously span
the transition from significant wintertime cooling to springtime warming in the NRS. Near
the end of the cooling period, the surface water reached its maximum density and the
reestablishment of the cyclonic feature occurs when the heating is pronounced.

2.5 Conclusion
The mechanism of the RSOW formation in the NRS is well connected with the presence
of the cyclonic eddy and the strong winter atmospheric cooling, as has been described by
Asfahani et al. (2020), Sofianos and Johns (2003), and Papadopoulos et al., (2015). An
additional process that is likely included in the formation of RSOW is water mass
subduction. Moreover, the transition from negative heat flux to positive heat flux and the
reestablishment of the northward flow of the water along the eastern coast of the RS
terminates RSOW formation. The subducted water contributes to the downward flux of
carbon from the surface to deeper layers. Based on joint observations and model
simulations, more studies will be needed to examine the role of the causes of the change
in the eddy polarity and the robustness of the mechanism explained on seasonal time
scales. These will be essential to understand the relation to the water mass formation and
its relative contribution to the overturning circulation in the Red Sea.

64

Table 2.1: Glider Deployment Dates

Period
Location

(Deployed /
Recovered)

Duration
(days)

Time
overlapping

Sensors

(days)

Seabird, unpumped
CT Sail
NRS

30.01.2019 /
22.04.2019

Parameter

CTD
(Conductivity,
Temperature,

83

Salinity)

Optical

33

WET Labs EcoPack

backscattering

(BB3)

(535, 650,
880 nm)

CRS

08.01.2019 /
03.03.2019

Chl
55
Fluorescence (FL3)

CDOM
Phycocyanin

65
Aanderaa Optode

DO

(4330)

Figure 2.1: a) Bathymetric map of the Red showing the study regions (right) with the glider transects (white), b) NRS c)
CRS, and d) Timeline of the glider observations in the NRS and CRS in 2019. The red rectangle highlights the period of
overlap between NRS and CRS glider deployments.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.2: Weekly SLA (m) spanning the period 1 February to 29 March of 2019.
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Figure 2.3: EOF analysis from weekly means of SLA on the first mode. (a)the spatial pattern of the first mode. (b) PC
graph of the first mode, Blackline represents 2016, the red line represents 2017, the green line represents 2018, and
the blue line represents 2019. Shaded areas reveal the selected period. 1) Cyclonic phase (yellow), 2) transitional phase
(gray), 3) anticyclonic phase (red) and 4) restoration phase (blue).
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(a)

(b)

(c)

Figure 2.4: Daily atmospheric forcing from 1 January to 30 April. a) Wind, b) Evaporation, c) net heat flux. Shaded
areas reveal the selected period. 1) Cyclonic phase (yellow),2) transitional phase (gray), 3) anticyclonic phase (red) and
4) restoration phase (blue). In panels a) and b), red lines indicate the northern Red Sea, and black lines the central Red
Sea, and c) in the top is the NRS, and the bottom is the CRS.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.5: Glider Section from the NRS (top) and CRS (bottom). (a, e) Potential Temperature, (b, f) Salinity, (c, g)
Brunt–Väisälä frequency, (d ,h) Geostrophic velocity , from the mission during the period of 4 to 10 February 2019 for
the NRS and 6 to 9 February 2019 for the CRS. Isopycnals contour interval 0.2 kg/ m3, solid magenta line for the mixed
layer depth.
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(a)

(b)

(c)

(d)

Figure 2.6: Glider Section from the NRS (top) and CRS (bottom). (a, c) Oxygen, and (b, d) Chlorophyll-a sections derived
from the mission during the period of 4 to 10 February 2019 for the NRS and 6 to 9 February 2019 for the CRS.
Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for the mixed layer depth, the solid green line for the
upper boundary of nutricline (28 kg/ m3), and the solid yellow line for dissolved oxygen concentration isopleth (180
μmol/kg).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.7: Glider Section from the NRS (top) and CRS (bottom). (a, e) Potential Temperature, (b, f) Salinity, (c, g)
Brunt–Väisälä frequency, from the mission during the period of 18 to 22 February for the NRS and 17 to 24 February
2019 for the CRS. Isopycnals contour interval 0.2 kg/ m3, solid magenta line for the mixed layer depth.
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(a)

(b)

(c)

(d)

Figure 2.8: Glider Section from the NRS (top) and CRS (bottom). (a, c) Oxygen, and (b, d) Chlorophyll-a sections derived
from the mission during the period of 18 to 22 February 2019 for the NRS and 17 to 24 February 2019 for the CRS.
Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for the mixed layer depth, the solid green line for the
upper boundary of nutricline (28 kg/m3), and the solid yellow line for dissolved oxygen concentration isopleth (180
μmol/kg).
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(a)

(b)

(c)

(d)

Figure 2.9: Glider section from the Northern Red Sea. (a; top left) Salinity, (b; top right) Potential Temperature, (c;
bottom left) Oxygen, and (c; bottom right) Chlorophyll-a sections derived from the glider mission during the period 1 to
5 March 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for the mixed layer depth.
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(a)

(b)

Figure 2.10: Glider section from the Northern Red Sea. (a) Oxygen, and (b) Chlorophyll-a sections derived from the
glider mission during the period 1 to 5 March 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for
the mixed layer depth, the solid green line for the upper boundary of nutricline (28 kg/ m3), and the solid yellow line
for dissolved oxygen concentration isopleth (180 μmol/kg).
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(c)

(d)

Figure 2.11: Glider section from the Northern Red Sea. (a; top left) Salinity, (b; top right) Potential Temperature, (c;
bottom left) Oxygen, and (c; bottom right) Chlorophyll-a sections derived from the glider mission during the period 19
to 22 March 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for the mixed layer depth.
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(a)

(b)

Figure 2.12: Glider section from the Northern Red Sea. (a) Oxygen, and (b) Chlorophyll-a sections derived from the
glider mission during the period 19 to 22 March 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta line
for the mixed layer depth, the solid green line for the upper boundary of nutricline (28 kg/ m 3), and the solid yellow
line for dissolved oxygen concentration isopleth (180 μmol/kg).
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Figure 2.13: Glider section from the Northern Red Sea. (a; top left) Salinity, (b; top right) Potential Temperature, (c;
bottom left) Oxygen, and (c; bottom right) Chlorophyll-a sections derived from the glider mission during the period 29
March to 2 April 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta line for the mixed layer depth.
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Figure 2.14: Glider section from the Northern Red Sea. (a) Oxygen, and (b) Chlorophyll-a sections derived from the
glider mission during the period 29 March to 2 April 2019. Isopycnals contour interval 0.2 kg/ m3, the solid magenta
line for the mixed layer depth, the solid green line for the upper boundary of nutricline (28 kg/ m 3), and the solid
yellow line for dissolved oxygen concentration isopleth (180 μmol/kg).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.15: Temporal evolution on the daily surface SST images (˚C) within the period 1 January to 4 April of 2019. The
red lines are the glider paths.
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(a)

(b)

(c)

(d)

Figure 2.16: Glider Time series from the Northern Red Sea. (a) temperature, (b) salinity, (c) density, and (d) the daily
total net heat flux from MERRA-2 data. The solid lines from the first 10m and the dashed line are from the 500m. the
blue line is at 10km offshore, the green line is from 40km offshore, and the red line is from 65km offshore. Magenta
boxes outline the period of the densest water from 17 to 31 March.
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Chapter 3 : Summertime stratification and inflow into the Northern Red Sea using high
resolution glider and remote sensing observations

Abstract
As part of the Red Sea’s thermohaline driven circulation, the northern Red Sea (NRS) is the
location where Red Sea Outflow Water (RSOW) and Red Sea Deep Water (RSDW) are formed
during wintertime. However, apart from brief snapshots, little is known about variability in the
NRS during summer. To provide insight into the summertime dynamics and variability, an
autonomous glider was deployed in the summer 2019 for 2 months to capture the summer
evolution of the system. Throughout this period, the geostrophic currents were northward near
the coast, providing a continuous supply of warmer, lower salinity from the south. While the lower
salinity is clearly evident in the glider sections, the warmer temperatures are apparent in both the
glider and remotely sensed SST observations. Throughout this period, stratification remained
strong with surface mixed layers no deeper than 25-30 meters, due to both the advection of lower
salinity surface water, and to local heating. During this period the surface heat flux transitioned
from a net heating prior to August 17, to net cooling following August 17 due to lessening of the
shortwave flux. Another change that occurred during this period is that the source of low salinity
inflow into the region transitioned from Gulf of Aden Surface Water (GASW) prior to August 22,
to Gulf of Aden Intermediate Water (GAIW) after August 22, 2019. Assuming that the inflow of
GAIW began with the onset of the Southwest Monsoonal winds in the south, we estimate that
the transit time from the Strait of Bab al Mandab to the glider line (~1800 km) is approximately
80 days, yielding an average along-basin transit rate of 22.5 km/day (or ~ 0.26 cm/s). The summer
time heating and along basin evaporation set up the system for the wintertime cooling and
additional evaporation that contributes to the formation of RSOW and RSDW.
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3.1 Introduction
The Red Sea undergoes seasonal changes due to the Indian Ocean monsoonal system that
governs the wind variability. Therefore, the surface wind reverses twice each year. Northwesterlies (from the NNW) dominate throughout the year due to the northeast monsoon
(October-May), and south-easterlies (from the SSE) are seen in winter over the southern
part during the southwest monsoon (June-September) (Pedgley, 1974; Patzert, 1974a;
Clifford et. al, 1997a; Sofianos & Johns 2003; Jiang et. al, 2009). The southern Red Sea
(SRS) exhibits distinct, characteristic biannual changes in the wind direction, while the
northern Red Sea (NRS) regulated by the eastern Mediterranean weather system
(Pedgley, 1974). Continental atmospheric conditions with cold, dry air dominate the NRS,
and lead to high rates of evaporation exceeding 2 m/yr (Jiang et al., 2009; Sofianos &
Johns, 2002; Murray & Johns, 2002). This loss is balanced by in- and out-flow from the
southern Red Sea (Spall, 2011). Under certain atmospheric conditions (Papadopoulos et.
al, 2012) and existence of the cyclonic eddy during winter (Sofianos and Johns, 2007), the
NRS produces the most saline water mass in the Red Sea, Red Sea Outflow Water (RSOW),
during winter (Abualnaja et al., 2015; Asfahani et al., 2020; Sofianos and Johns 2003; Yao
et al., 2014 b; Zhai et al., 2015). This water exits the basin mostly during winter, entering
the Arabian Sea and spreading as far southward as southern tip of Africa (Beal et. al,
2000), and eastward into the Bay of Bengal (Jain et al., 2017).
Two distinct water masses from the Gulf of Aden can be distinguished based on their
physical and biochemical characteristics in the Red Sea. Water from the Gulf of Aden
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spreads in the Red Sea northward during winter as a warmer surface layer known as Gulf
of Aden Surface Water (GASW), and in summer as a relatively colder intrusion at
intermediate depths, known as the Gulf of Aden Intermediate Waters (GAIW). The GAIW
is less oxygenated than the Red Sea waters (Sofianos & Johns, 2007) and detected
between 26–26.5 kg/m3 isopycnals in the central Red Sea (Sofianos et al., 2002;
Zarokanellos et al., 2017a).
The GASW usually begins to advect into the Red Sea in early September and lasts until the
end of March (Barlow, 1934; Sofianos et al., 2002). As the advected water compensates
for the greater evaporative loss in the winter, the GASW inflow is more homogeneous
and voluminous than the GAIW inflow (Murray and Johns, 1997; Sofianos et al., 2002).
The GASW moves northward within several mesoscale eddy circulations, which modifies
the GASW path and the its biogeochemical properties (Grasshoff, 1969; Zhan et al.,
2014; Zarokanellos et al., 2017b; Zarokanellos and Jones, 2018, Kürten et. al, 2019). On
the other hand, the GAIW flows northward at speeds as much as 30–65 cm/s−1 (Siedler,
1968; Jones and Browning, 1971; Churchill et al., 2014) and GAIW inflow lasts from
approximately summer to late fall (Murray and Johns, 1997). GAIW flows as an eastern
boundary current north of 16°N and a reverse southbound flow along the northwestern
coast (Barlow, 1934; Sofianos and Johns, 2007; Churchill et al., 2014; Bower and Farrar,
2015).
The northern Red Sea (26–28°N) is where Red Sea Outflow Water (RSOW) and Red Sea
Deep Water (RSDW) are formed. The NRS is located at the end of the latitudinal gradient

92
in terms of the northward transport of Gulf of Aden water. However, information
regarding the NRS is limited by both low spatial and temporal coverage (Vercelli, 1931;
Thompson, 1939 a, 1939b; Siedler, 1968; Morcos, 1970; Morcos & Soliman, 1974;
Maillard, 1974; Maillard & Soliman, 1986; Murray & Johns, 1997). Moreover, the existing
information on the basin-scale circulation north of 17°N was derived from numerical
modeling (Clifford et al. 1997; Eshel and Naik 1997; Sofianos and Johns 2003). These
simulations show the presence of a number of cyclonic and anticyclonic eddies, as well as
seasonal boundary currents. However, existing in-situ observations were collected either
during winter (Asfahani, 2017) or early fall (Wafar et. al, 2015, Bower & Farrar, 2015) with
very little data from summer (Sofianos & Johns, 2007) when the two-layer flow occurs
through the strait of Bab al Mandab (Siedler, 1968; Maillard & Soliman, 1986; Murray &
Johns, 1997). The key intriguing finding from these studies is that the flow of the GAIW
extends northward in summertime as a coastal, subsurface boundary current (Jones &
Browning, 1971; Smeed, 1997; Sofianos & Johns, 2007; Churchill et al., 2014; Wafar et al.,
2015; Bower & Farrar, 2015; Zarokanellos et. al, 2017a). Although GASW is largely
uncharacterized in the NRS, patches of the GASW have been traced as far as 23.5°N in fall
(Kürten et al, 2019). GASW advects northward within the Red Sea via mesoscale eddies
(Kürten et al, 2019) by transport around the peripheries of the eddies (Zarokanellos et al.,
2017b). In chapter 2, we showed that the GASW is blocked from advecting into the NRS
during a certain period in winter when vertical mixing occurs in the NRS, and the GASW
begins to appear again in the NRS in April.
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Given the absence of major continental inflows and the presence of seasonal thermocline,
the NRS has low productivity due to a strong nutrient limitation, which inhibits
subpycnocline nutrients from mixing into surface waters where most primary production
occurs (Edwards, 1987). The main nutrient source for the Red Sea is through the GAIW
entering southern part of the Red Sea (Sheppard et al., 1992). The strong cyclonic
circulation in the NRS during winter change to "upwells subpycnocline nutrients into the
euphotic zone (e.g. Kheireddine et al., 2017).
Remote sensing and modeling have indicated that the NRS undergoes significant heating
and stratification during summer (Yao et. al, 2014a). Thus, we assume that the summer
period plays a crucial role in preconditioning the advected water in preparation for the
winter period of RSOW and RSDW formation. The fresher GASW that enters the Red Sea
is subjected to the aforementioned evaporation, which is estimated to be 2.06 ± 0.22 11
m⁄yr for the entire Red Sea (Sofianos et al., 2002). Gulf of Aden Water represents the
advected contribution to the net fluxes of heat, salt and nutrients in the basin. However,
the dynamics and mechanisms of this water transformation have not been fully studied.
This chapter represents the first published time series of sustained summertime
observations in the NRS. This work aims to provide a better understanding of the
transport of Gulf of Aden Waters into the NRS in summer, and to clarify the dynamic
processes in the NRS that act on this water mass. To address these questions, in-situ
observations from a glider, sea surface temperature (SST) imagery from satellites, and
atmospheric forcing data were obtained in the NRS during summer 2019. The chapter is
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organized as follows: section 3.2 briefly describes the data, the rest of section 3 discusses
the response of the NRS to the transition from the two-layer winter structure to the
summer three-layer structure, and section 4 summarizes the main findings of the study.
3.2 Data and Method
This study focuses on the characteristics of the NRS during the summer period. This
investigation of the regional physical and biogeochemical processes utilized a
combination of in-situ observations, remote sensing imagery (sea surface temperature),
and modelled atmospheric parameters (net heat flux and wind). In-situ observations were
used to track the variability and regional evolution of physical and biological
characteristics of the water masses. Satellite and modelled atmospheric products were
used to provide a broader spatial coverage of the NRS and support the identification and
characterization of the dynamic features during the summer period.
3.2.1

Glider Observations

Buoyancy-driven gliders move in a sawtooth trajectory from the surface to a maximum
depth of 1000 m. Wings convert the vertical motion into forward momentum along
programmable routes via two-way satellite communication. They glide using selfcontrolled buoyancy to sink and rise at typical forward speeds of 20-25 km/day remain at
sea for up to a few months. As the glider is moving both vertically and horizontally, it
records physical and biogeochemical parameters. The data collected are transferred via
the bidirectional iridium satellite link each time the glider surfaces.
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The summertime deployment in the NRS (Duba) 27˚ 21.500 N 35˚ 36 ˚E (Figure 3.1)
extended from 3 July to 2 September, 2019. The glider transect was approximately 70 km
in length. With a horizontal speed of approximately 20-24 km/day, the glider covered the
distance in about 3.5 days. The glider line was oriented perpendicular to the coast and
extended from 5 km off the coast to mid-basin near the Exclusive Economic Zone (EEZ)
boundary. The Seaglider profiled to a maximum depth of 800 m depending on the
topography. The data was interpolated onto a standard grid having a horizontal spacing
of 2.5 km and a vertical resolution of 2 m. The glider was equipped with an unpumped
Sea-Bird CTD (conductivity, temperature and pressure) sensor, a WETLabs ECO Puck
measuring chlorophyll fluorescence, and an Aanderaa optode 4330 measuring dissolved
oxygen (DO). Pre- and post-deployment calibration were conducted by the Coastal and
Marine Resources Core Lab (CMOR) at King Abdullah University of Science and
Technology (KAUST), including, ballasting, operation and dark count of the optical
sensors.
The data were processed by removing spikes from the raw measurements of
hydrographical and biogeochemical parameters. The CTD showed no evidence of thermal
lag. The conductivity sensor showed some drift from late July to the beginning of August,
and the data collected during that time was corrected based on the assumption that the
water mass characteristics between 500 and 700 m were stable over the period of the
deployment. Dissolved oxygen was calculated using the factory calibration of the sensor.
As direct measurements of oxygen concentration via a Winkler iteration were not
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available, the data were adjusted by determining a correction factor which was the ratio
of the saturation concentration in the surface layer (0-10 m) to the instrument
concentration for the same depth range (Johnson et. al, 2015; Pedgley, 1974). Chl
measurements were corrected according to Roesler et al. (2017), who recommended that
the chlorophyll values estimated by the factory calibration are high by a factor of 2. Mixed
layer depth (MLD) was calculated for each vertical profile based on the criteria of de Boyer
Montegut et. al, (2004), who defined the mixed layer as the region where the density
variation is less than 0.03 kg/m3 relative to the density at a depth of 10 m. The vertical
distribution of Brunt-Väisälä frequency was calculated from the density profiles to
characterize the stability of the water column. The Brunt-Väisälä frequency, N, is defined
as:

𝑁 = (−

𝑔 𝑑𝜌 1⁄
) 2
𝜌 𝑑𝑧

where ρ is the density at depth z and 𝑔 is the earth’s gravitational acceleration.
3.2.2

Atmospheric Forcing

To evaluate the dependence of the variability on local atmospheric forcing, atmospheric
fluxes (shortwave, longwave, sensible and latent heat) and wind data were obtained from
the Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2) (Gelaro et al., 2017). This atmospheric model provides atmospheric parameters using
a grid with a spatial resolution of 0.5° × 0.652° and one-hour temporal resolution. The
data were extracted within a spatially averaged box over the NRS (between 26 ˚N and 28
˚N and from 33 ˚E to 37 ˚E) to cover the glider path (figure. 3.1), and the daily mean values
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were obtained by averaging the hourly data from 1 July to 30 September, 2019. The time
period selected was the whole summertime.
The surface net heat flux (Qnet ) was produced using the Coupled Ocean–Atmosphere
Response Experiment (COARE 3.0) formulation (Fairall at. al, 1996). Qnet consists of the
sum of shortwave (Qsw, absorbed), longwave (Qlw, emitted), latent (QL, evaporation), and
sensible heat (Qs, conduction). All terms are positive when they are heating the water
column. The quantity Qnet was calculated using the following formula:
𝑄𝑛𝑒𝑡 = 𝑄𝑠𝑤 + 𝑄𝑙𝑤 + 𝑄𝑆 + 𝑄𝐿
3.2.3

Satellite Images (sea surface temperature)

Remotely sensed sea surface temperature (SST) and sea level anomaly (SLA) data were
used to place the glider observations within the larger context of the northern Red Sea.
The SST data was obtained from the Moderate Resolution Imaging Spectroradiometer
(MODIS), which provides a continuous daily dataset with a spatial resolution of
0.0125˚ × 0.0125˚. The SST images used in this paper have a resolution of 4 km.
(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Daily/4km/sst/2019/).

3.3 Results
3.3.1

Atmospheric Forcing

Since the monsoonal cycle controls the wind over southern part of the Red Sea, its
direction changes seasonally from north-northwest during summer to south-southeast
during winter (Sofianos & Johns, 2002; Patzert, 1974). This seasonal wind pattern
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modulates the exchange through the strait of Bab El Mandeb (Murray and Johns, 1997;
Smeed, 1997). The wind speed and direction over the NRS and SRS during 2019 are
presented in Figure 3.2. The prevailing wind recorded over the NRS is northwesterly and
highly variable in magnitude (Figure 3.2a).
The southern portion of the Red Sea reflects the typical climatological seasonal pattern
of wind between winter and summer (Figure 3.2b) (Sofianos & Johns, 2002; Patzert,
1974). During summer, wind from the NNW dominates the SRS during the Southwest
Monsoon and then the direction reverses to the SSE in October with the onset of the
Northeast Monsoon over the Arabian Sea.
Heat flux over the NRS is shown in Figure 3.3. The time series of heat flux indicates a clear
seasonal pattern of heat gain and loss. From mid-April through mid-August the NRS
experienced net warming due primarily to the short-wave heat flux. During the winter
months net loss results from a combination of reduced short-wave flux, and increased
losses due to sensible heat loss and the evaporative flux. During the observational period
the rates of evaporation were lower than observed during the winter cooling period (not
shown).
3.3.2

Sea Surface Temperature (SST)

To better understand the processes of surface evolution, remotely sensed SST was used
to describe the spatial patterns and temporal changes of the surface temperature. Figure
3.3 shows the SST images during the period of the glider measurements. The time series
of SST images reveal two distinct patterns in July and August: northward advection along
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the eastern coast and cyclonic eddy in the northwestern corner in July (Figures 3.4 a-e),
and an apparent upwelling event along the Egyptian coastline in August (Figures 3.4 g,h).
In early July, warmer temperatures, contiguous with warmer water from the south, are
present along the eastern side of the basin (Figures 3.4 c-g). A distinguishable cold-core
ring is present in the northwest, indicative of a cyclonic eddy. A sharp thermal and salinity
front occurred at the interface of the northward flowing warm water from the south and
the offshore cooler eddy approximately 30-40 km offshore. Temperature decreased 2˚C
across this front and salinity increased by about 0.3 across the front (Figures 3.4b and 3.7)
The influx of warmer water along the eastern boundary during July diminishes this front
as the amount of warmer water present in the region increases (Figure 3.4 c). The
advected warm waters wrap the cold and saltier water at the center of the NRS (Figure
3.4 c). It appears that the flow from the south becomes cut off in late July. During this
period temperature increases throughout the region and SST becomes spatially
homogenized by early August (Figure 3.4 g). One week later, coastal SST gradients appear
with cooler water (28 °C) along the western boundary of the NRS, suggestive of coastal
upwelling (Figure 3.4 h). A week-long shift in winds occurs in early-mid August that may
contribute to the upwelling (Figure 3.2a). The presented wind pattern only covers the
eastern half of the NRS. Thus, the shift in winds shown in Figure 3.2 could be accompanied
by northward or eastward winds along the western boundarythat would be upwelling
favorable. The period from the third week of August shows warm water flow through the
end of August (Figures 3.4 i,j).
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3.3.3

T-S characteristics

Figure 3.5 shows the seasonal evolution of water mass structure, as expressed in T-S
diagrams, through the period. The T-S diagram from early April (Figure 3.5a) provides a
reference relative to the end of the winter season. It is very clear that at this time the
surface water had a maximum temperature of about 24˚C, a minimum salinity of ~40, and
density of more than 27.4 kg/m3 . At the onset of the summer deployment, the water is
much warmer, almost 30˚C, and salinity slightly less, ~39.9, than observed in early April.
We attribute this primarily to the increased heat flux due to increased solar heating with
the transition into summer and proximity to the summer solstice (chapter 2). Lower
salinity along the eastern half of the transect suggest advection from the south bringing
GASW into the NRS (Figure 3.5 a).
Later in July and August, near surface temperatures were all greater than 29.5˚C and
salinities were greater than 40. The series of T-S diagrams show that changes in density
were primarily driven by increases in near surface temperature attributed to the solar
heating. Three water masses are distinguishable: 1) a surface salinity maximum between
densities of 25 kg/m3 and 25.5 kg/m3 and most evident in Figure 3.5c; 2) a subsurface
salinity minimum near 27.2 kg/m3 (Figure 3.5 b); and 3) a salinity minimum at intermediate
depths (70 m) with a density of approximately 26.5 kg/m3 (Figure 3.5 f) that appeared in
late August.
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3.3.4

Surface Variability
3.3.4.1

Intrusion of GASW

Gulf of Aden Surface Water (GASW) enters the Red Sea during the period of the Northeast
Monsoon over the Arabian Sea, when winds in the southern Red Sea are from the SSE
(Figure 3.3). At the beginning of the summer observations GASW was evident along the
eastern half of the glider transect, evidenced by the tongue of warm water extending
northward along the Saudi coast. This warm water is entrained by the cyclonic circulation
in the north and wraps it around to the western side of the basin (Figures 3.3 a-d). It is
evident in the glider section from early July where the surface water along the eastern
side of the transect (0-30 km offshore) has salinity less than 40, and temperature in excess
of 29˚C (Figure 3.6 a,b). The presence of the GASW intensifies the local stratification as
illustrated by the Brunt-Väisälä frequency (Figure 3.6 c).
Although local heating may contribute to increased surface temperature, the lower
salinity waters indicate that the fresher water is advected from the south. As stated
earlier, GASW enters the Red Sea during the NE Monsoon, and the we assume that this
lower salinity water originally entered during the period prior to the first week of June.
GASW, as described by Al Saafani & Shenoi (2007), enters the Red Sea with a core density
anomaly of about 23.5 kg/m3 (Al Saafani & Shenoi, 2007). By the time this water reaches
the northern Red Sea, it has experienced significant heating and evaporation such that
the water seen in early July is more than 29˚C and saltier than 39.9. Its density has
increased to 25.25 kg/m3 in the NRS. The downward tilt of the isopycnals towards the
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coast indicates a northward geostrophic flow consistent with the transport of water from
the south. Fresher water at 55-60 km can also be observed in the surface layer, likely due
to the wrapping of the GASW flow by the cyclonic circulation (Figure 3.4b). the northward
flow of GASW into the saltier NRS resulted in a frontal boundary between the offshore
saltier water and the coastal warm and fresh GASW flow (Figures 3.6, 3.7 b). Throughout
these two sections the stratification was quite strong, primarily due to the very warm
(T>29˚C) water. This stratification increases through the summer as surface temperature
rises to more 30.5˚C while salinity shows only moderate variation.
During August 4-7, the surface layer was more saline (40.2) than the layer immediately
underneath (Figure 3.9 a). Beneath this layer, the subsurface layer at depths of 30–50 m
becomes thinner and lower in salinity by 0.1 unit. Surprisingly, the signal of the nearshore
less salty water erodes and mixes with surrounding waters. In terms of temperature,
progression of the northward flow is still visible by the increase in the slight tilt of the
isopycnals (Figure 3.9 b). However, surface temperature remains high due to heat gain
during this period.
3.3.5

Arrival of Gulf of Aden Intermediate Water (GAIW)
3.3.5.1

Signature of GAIW

The most distinct feature in summertime T-S characteristics is the low salinity ‘bulge’ at
the density level of 26.5 kg/m3 (Figure 3.5 f), which began to appear in mid-August (Figure
3.5 e) as indicated by the lower salinity along the 26 kg/m3 isopycnal. At the time that this
lower salinity feature appears the coastal current is predominantly northward
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transporting this lower salinity, comparatively cool water into the region. (Figures 3.9 a,
b, and e). This water lies on the 26.5 kg/m3 isopycnal consistent with previous
observations of the density of Gulf of Aden Intermediate water (e.g., Churchill et al., 2014;
Sofianos and Johns, 2007). Bower and Farrar (2015) observed similar characteristics in the
NRS in September-October, 2011. GAIW enters the Red Sea through the strait of Bab al
Mandab during the SW Monsoon when the winds in the southern part oof the Red Sea
are toward the SSW (Murray and Johns 1997; Smeed 1997; Sofianos et al. 2002; Sofianos
and Johns 2007). Thus, the appearance of this water suggest that this water entered the
Red Sea following the onset of the SW Monsoon.
When GAIW first appears, more saline waters (nearly 40.2) are present at the surface in
in the offshore portion of the section (Figure 3.9b). Their higher salinity suggest that these
waters have been in the NRS for a longer period allowing time for evaporation to occur.
Unfortunately, our observations are limited to the eastern half of the NRS and we cannot
resolve the spatial extent of this higher salinity water.
By late August the GAIW subsurface layer has expanded to span the 30-100 m depth range
near the coast (Figure 3.10 b). The GAIW layer is capped by higher salinity, but warmer
surface water thus compensating in density for increased salinity of the surface layer
(Figure 3.10 b). The water column remains highly stratified, although the stratification is
less within the GAIW layer (Figure 3.10 c).
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3.3.5.2

Biogeochemical tracers of GAIW

The distribution of the deep chlorophyll maximum (DCM) reflects the nature of the source
water. For the mature NRS water, the DCM is centered on the 28.3 kg/m3 isopycnal. In the
lower salinity water that has recently arrived in the NRS, and has its more recent origin in
the Gulf of Aden, the DCM is found on the shallower 27.3-27.7 kg/m3 isopycnal (Figure
3.10f). Due to arrival of the GAIW in August (16 to 19), the the nearshore DCM becomes
distinct from the offshore peak as it develops above the 28 kg/m3 isopycnal, while the
offshore DCM is below 28 kg/m3 (Figure 3.11 a). As described in Chapter 2, during winter
water as dense as 28.2 kg/m3 can be exposed to the surface, and certainly intersects with
the euphotic zone, thus depleting water up to 28-28.2 kg/m3 of nutrients. However,
because GAIW enters the Red Sea subsurface and is denser than Red Sea Surface Water
its signature of elevated chlorophyll and lower oxygen concentrations often remains
intact for the duration of its transit to the NRS (Figures 3.11 a, b). Thus, oxygen
concentrations in the core of the GAIW are slightly lower than oxygen concentrations at
a similar density level offshore.

3.4 Discussion
The goal of the present study is to describe the hydrographic variability that occurs in the
NRS during summer and understand the summer conditioning that acts on Gulf of Aden
Water advecting into the NRS. Linking the physical dynamics (i.e., inflow of water from
the Gulf of Aden, stratification, and mesoscale activity) with atmospheric forcing,
provided an understanding the of mechanisms that regulate the transition of this water.
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The sustained glider observations provide a time series of variability that enables us to
understand the summer time evolution of the NRS, describe the physical dynamics of this
transition, and characterize the flow in the eastern half of the NRS.
To examine the contribution of along-basin advection in the Red Sea circulation, it is vital
to understand the pathways and the temporal variability of the Gulf of Aden water. It is
well recognized that the northeast monsoon enhances the flow of surface water (GASW)
into the Red Sea (Murray and Johns 1997; Smeed 2004; Sofianos and Johns 2002; Yao et
al. 2014b). During this monsoon, GASW enters when the winds in the SRS are from the
south-southeast (Figure 3.2). Compared with the southern Red Sea, GASW is low in
salinity and often high in temperature. While it transits through the southern Red Sea,
this surface water typically gains heat due to the significant solar heat flux at the lower
latitudes. Thus, its thermohaline characteristics provide an excellent tracer of GASW
entering the NRS from the south. GASW appeared in late winter in the year of 2019
(chapter 3). This northward advection moves within a complex system consisting of large,
energetic eddies (Zhan et al., 2014). Anticyclonic eddies in the CRS appear to change the
path of the northward flow by blocking or redirecting the EBC (Zarokanellos er al, 2017).
GASW was observed in the CRS in the winter of 2014-2015 and its distribution was
structured by the eddy field (Zarokanellos and Jones, 2021). When the monsoonal forcing
over the Arabian Sea switches from the northeast to the southwest monsoon, the wind
direction over the southern Red Sea and strait of Bab el Mandab becomes from the NNW.
It is at this time that GAIW begins to enter the southern Red Sea Red Sea (Murray and
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Johns, 1997; Smeed, 1997; Sofianos and Johns, 2002; Yao et al, 2014a). Yao et. al (2014a)
estimated that GAIW flows northward at a velocity of 25 km/day for approximately three
months during the SW monsoon. Thus, the summertime appearance of the GASW and
GAIW in the NRS can be explained by the flow of GAIW into the Red Sea through the strait
of Bab al Mandab. Both GASW and GAIW were detected in the NRS as a northward flow
is enhanced by the cyclonic circulation.
then the transit speed to cover the 1800 km distance from the strait of Bab al Mandab
to the glider line was 21-25 m/day., consistent with Yao et al. (2014a)

The Gulf of Aden Water intrusions exhibit seasonal and episodic characteristics (Churchill
et al. 2014; Sofianos and Johns 2007; Zarokanellos et al. 2017a). As Gulf of Aden water
moves northward it physical and biogeochemical characteristics are modified by a
combination of mixing, atmospheric interaction and biogeochemical activity. The SST data
provide evidence of the upper-layer northward flow of Gulf of Aden water along the
eastern boundary (Bower and Farrar, 2015; Zarokanellos et al., 2017a).
Stratification in the NRS is a major barrier to mixing, preventing water from passively
mixing across the thermocline boundary. The prolonged exposure of the surface layer to
heating and evaporation results in a warm, high salinity, yet buoyant surface layer. When
the less dense GASW enters the region, it overrides the saltier northern Red Sea water
and separates it from the direct interaction with the atmosphere. The Gulf of Aden Water
prominently appeared during warm seasons due to the domination of the northwesterly
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wind over the NRS (Blythe et. al, 2011). This surface layer contributes to the main cyclonic
circulation with warmer, higher salinity water capping the GAIW.
The western half of the NRS was unfortunately not observed during the glider survey.
However, Sofianos and Johns (2007) observed southward flow near the western
boundary in the NRS. Kheireddine et al, (2020) observed persistent southward transport
of a profiling float that was deployed in the NRS for a period of 18 months. On the basin
scale, the cyclonic circulation in the north is consistent with the high salinity features
observed in the CRS (Zarokanellos & Jones, 2021). The spread of high-salinity southward
flow suggests that the thermohaline-driven eastern boundary current follows the
coastline and turns southward along the western boundary fueling the western,
southward boundary current.
With the onset of the SW Monsoon, winds become northerly (southward) over the entire
Red Sea basin. When this transition occurs, cool, fresher GAIW enters the southern Red
Sea as a subsurface feature typically between 50 and 100 m depth (Sofianos and Johns,
2007; Churchill et al, 2014). The GAIW reached the NRS in mid-August, approximately 70
days after the onset of northerly winds in the SRS. Assuming that the inflow of GAIW
began at the onset of the northerly winds, then the transit speed to cover the 1800 km
distance from the strait of Bab al Mandab to the glider line was 21-25 m/day., consistent
with Yao et al. (2014a).
The stratification of the surface water of the NRS affects the depth and the concentration
of chlorophyll in the DCM. The high chlorophyll layer is constrained below the low salinity
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surface layer. The shift in the DCM from a denser isopycnal off-shore to less dense nearshore isopycnal correlates with intrusion of the GAIW. The regional DCM occurred
densities of 28-28.2 kg/m3) and at depths between 80 and 150 m, while the DCM related
to the GAIW centered on density of about 27.5 kg/m3 at depths between 50 and 100 m.
Since the NRS tends to be oligotrophic in summer, the inflow of GAIW provides a flux of
chlorophyll and, hence, organic matter into the NRS. The flow of the subsurface layer with
a chlorophyll concentration of ~0.35 mg/m3, centered on a density of 27.5 kg/m3, is
consistent with the Gulf of Aden water’s lower salinity core.
As the atmosphere acts on the Gulf of Aden water transported into the NRS, net
evaporation from the sea surface increases the salinity of the water and over time, as the
shortwave flux decreases in the fall and winter, the heat loss will contribute to the
formation of Red Sea outflow water.
Additional effort is required to understand the role of summertime processes in
preconditioning the water for the formation of Red Sea outflow water and deep water
that occurs in winter. However, the consistency between these observations and that
provide by Bower and Farrar (2015) supports the importance of the transport of Gulf of
Aden water into the NRS and its interaction with the atmosphere that results in its
transformation. This result is indicating the evolution of the summertime processes to
Fall, as shown in Figure 3.12 The figure illustrates the spatial variability of salinity averaged
in the upper 100m from the glider compared to the transect located near 27°N from the
cruise survey of Fall 2011. The figure points out the last eight days of August and the
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evolution of the high salinity waters at the beginning of September from the glider data.
Although there is a discontinuity between the two datasets, we can speculate the
evolution of the high salinity and cold waters. This result can be supported by the annual
net freshwater flux to the atmosphere as it reaches minimum during summer Sofianos
and Johns (2002).
The timing of the appearance of Gulf of Aden Water in the NRS is linked to the reversal of
wind direction over the SRS. Our result suggests that the northward advection of the
GASW interacts somehow with the local atmospheric forcing in the NRS and inhabitant
its effect during winter. However, the GASW is more pronounced in summer since
stratification and local heating are enhancing GASW characteristics. It also emphasizes
the importance of the water advection from the south during summer in the NRS.
Much remains to be understood about the dynamics of the overturning circulation and
the contributing forces over the small-scale range in the Red Sea. Some speculations can
be provided by Models and remote sensing observation. However, it remains challenging
to achieve sustained measurements in the NRS due to the presence of lateral advection,
stratification, and mesoscale eddies as key elements in the transport process. There are
few in situ observations. Sustained data that resolves both temporal and spatial variability
are required to better understand the dynamics of this region.
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Figure 3.1: Map of the northern Red Sea showing the path of the glider. The large red rectangle indicates the
atmospheric parameters converge area.
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Figure 3.2: Daily wind speed and direction as derived from the model simulation (MERRA-2) during the period from 1
January to 31 December 2019. a) NRS and b) SRS. Daily net heat flux from 1 January to 31 December 2019 as derived
from the high-resolution model simulation (MERRA-2) is in panel c. The red rectangle indicates the duration of the
glider observations from 1 July 2019 until 5 September 2019.
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Figure 3.3: Daily SST (°C) spanning the period from 1 July to 31 August, 2019. Source: MODIS SST
(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Daily/4km/sst/2019/)

(a)

(b)

(c)

Figure 3.4: Glider section from the NRS. (a) Salinity, (b) Potential Temperature (°C), and (c) Brunt-Väisälä frequency
(𝑠 −1 ) for the period of 5 to 10 Apr, 2019. Isopycnals contour interval 0.2 𝑘𝑔⁄𝑚3 , solid magenta line for the mixed
layer depth.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 3.5: TS plot of glider observations in the NRS from July to August, 2019; the colors of the dots represent the time
of the observations and potential density contours are superimposed.

(a)

(b)

(c)

Figure 3.6: Glider section from the NRS. (a) Salinity, (b) Potential Temperature (°C), and (c) Brunt-Väisälä frequency
(𝑠 −1 ), derived from the mission during 8 to 11 July, 2019. Isopycnals contour interval 0.2 𝑘𝑔⁄𝑚3 , solid magenta line
for the mixed layer depth.
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(b)

(c)

Figure 3.7: Glider section from the NRS. (a) Salinity, (b) Potential Temperature (°C), and (c) Brunt-Väisälä frequency
(𝑠 −1 ), derived from the mission during 15 to 18 July, 2019. Isopycnals contour interval 0.2 𝑘𝑔⁄𝑚3 , solid magenta line
for the mixed layer depth.

(a)

(b)

(c)

Figure 3.8: Glider section from the NRS. (a) Salinity, (b) Potential Temperature (°C), and (c) Brunt-Väisälä frequency
(𝑠 −1 ), derived from the mission during 4 to 7 August, 2019. Isopycnals contour interval 0.2 𝑘𝑔 ⁄𝑚3 , solid magenta line
for the mixed layer depth.
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(b)

(c)

Figure 3.9: Glider section from the NRS. (a) Potential Temperature (°C), (b), Salinity, (c) dissolved oxygen (µmol/kg), d)
Brunt-Väisälä frequency (s-2), e) geostrophic velocity (m s-1) and f) chlorophyll (µg/L) for the glider transect of 16 to 19
August 2019.
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a)

b)

c)

d)

e)

f)

Figure 3.10: Glider section from the NRS. (a) Potential Temperature (°C), (b), Salinity, (c) dissolved oxygen (µmol/kg), d)
Brunt-Väisälä frequency (s-2), e) geostrophic velocity (m s-1) and f) chlorophyll (µg/L), for the glider transect of 25 to 28
August 2019.
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Figure 3.11: Chlorophyll (top panel) and dissolved oxygen (bottom panel) plotted versus density for the glider transect
for August 16-19, 2019, corresponding to the section shown in Figure 3.9.
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(a)

(b)

Figure 3.12: Salinity and temperature averaged in the upper 100 m that has been measured by glider and WHOIKAUST cruise during September – October 2011 the transect located near 27°N.
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Chapter 4 : Upper Layer Response to Atmospheric Forcing and Horizontal Advection in
the Northern Red Sea
Abstract

The Northern Red Sea (NRS) is an energetic, dynamic system that can be affected by heat
flux, mesoscale eddies, and northward flow. Wintertime in the NRS is characterized by
heat loss from the upper layers to the atmosphere, whereas lateral advection is dominant
in summer. The arrival time of the water advection from the southern Red Sea to the NRS
is highly spatially variable and falls under the influence of atmospheric forcing during its
movement. In this study, we show that the influence of atmospheric effects and
horizontal advection of Gulf of Aden Water on the upper layer of the NRS. Using in-situ
temperature and salinity observations collected in the NRS in winter and summer of 2019
along with satellite imagery, we document the advection of a warmer and less salty water
at the surface in both winter and summer and an additional subsurface layer of fresher
water in summer. This advected water is modified by heating and shoaling of the mixed
layer in summer. Simulation of the mixed layer using Price-Weller-Pinkel (PWP) vertical
mixing model showed that advection of heat and buoyancy was important
for maintaining stratification in the NRS during summer. In contrast, in winter, the timing
of the water mass formation due to evaporation and significant cooling, and the presence
of advection add complexity to the region. The PWP model is unable to reproduce the
mixed layer and the difference in the heat content compared with observations was large
except during the absence of the mesoscale eddy and when advection was minimal.
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Overall, this study suggests that there is no direct relationship between either
atmospheric forcing or advection and the mixed layer depth, except during specific events
in summer and winter. When there is significant advection of water from the south, the
PWP model and observations differ in the trends of heat content and mixed layer depth.
During periods when flow the south is blocked, then the PWP model and the observations
show similar trends in mixed layer, indicating the strong interdependence of the northern
Red Sea dynamics on the interplay between local forcing and advection of warmer,
buoyant water from the south.

Key words:
Ocean models, surface mixed layer

129
4.1 Introduction
The ocean interacts with the atmosphere through the surface mixed layer which
interfaces directly with the atmosphere. This layer regulates the exchange of heat,
momentum, and gases and has the ability to buffer climate change by absorbing and
storing heat and gases (Belcher et al., 2012). Thus, accurate mixed layer models are
essential for climate models to properly couple the ocean and atmosphere.
The upper layer of the ocean is subject to turbulent mixing driven by local and advective
processes. Locally, both surface wind stress and atmospheric cooling contribute to the
enhanced vertical mixing through the mechanical mixing and convective overturning
deepen the mixed layer (ML). In contrast, atmospheric warming increases stratification
and reduces the mixed layer depth (MLD).
During summer, subsurface water is capped by warmer, more buoyant surface waters,
resulting in a stratified water column where vertical mixing is inhibited. This stratification
has large impacts on upper ocean biogeochemistry (e.g. Sverdrup, 1953), air-sea heat and
gas exchange (Belcher et al., 2012), and water mass formation (Worthington, 1953). In
particular, the air-sea interaction regulates the cooling, warming and evaporation of the
upper layers and hence contributes to the thermohaline circulation. Due to the higher
heating and and horizontal buoyancy flux, shoaling of the MLD occurs due to an increase
in buoyancy such as the Red Sea. The heating and advection can be used as inputs to
determine the net surface heat flux that shallows the MLD to overcome the mixing and
convection that happen in winter.
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Marginal seas are often regions of net buoyancy loss as a result of cooling and/or
evaporation. The changes in the surface fluxes contribute to the thermohaline circulation
through the transport of heat and salt. The Red Sea, one of the Indian Ocean’s marginal
seas, has an elongated shape that spans almost 20˚ of latitude, a length exceeding 2000
km, and a maximum width of around 350 km. This semi-enclosed sea is connected with
the Mediterranean Sea through the Gulf of Suez at the north, but little water exchange
occurs through the Gulf. The primary connection of the Red Sea with the global ocean is
through Strait of Bab al Mandab where it connects via the Gulf of Aden to the Arabian Sea
and Indian Ocean.
The Red Sea is surrounded by Africa and the Arabian Peninsula, both extremely arid
regions. This semiarid basin is subject to extreme evaporation that exceeds 2 𝑚/𝑦𝑟
(Morcos, 1970; Sofianos et al, 2002), low precipitation, and a lack of runoff (Morcos,
1970; Eshel et al, 1994). Additionally, the varied topography surrounding the area and
coastal effects result in marked zonal and meridional gradients in atmospheric forcing.
The comparatively fresh net inflow from the Indian Ocean compensates for the water
deficit produced by excessive evaporation (Murray & Johns, 1997; Sofianos & Johns, 2002;
Aikia et al, 2006). The water enters at the surface and gradually becomes saltier as it flows
toward the northern Red Sea (NRS), where the surface salinity typically exceeds 40. This
water is eventually subducted during winter (Asfahani, 2017; chapter 2 in this
dissertation), forming the Red Sea Outflow Water (RSOW).
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Regions like the NRS are subject to the complex dynamic effects of strong atmospheric
forcing (Papadopoulos et al., 2013) that trigger water formation due to cooling
(Papadopoulos et al., 2015; Sofianos & Johns, 2003 ). The Mediterranean weather system
is dominated by dry, cold air that initially mixes the water with the underlying warmer
and saltier water in the region, and further heat loss leads to formation of the RSOW. Gulf
of Aden Water enters the Red Sea through the Strait of Bab el Mandab and is gradually
transformed along its path throughout the entire basin. RSOW is formed in the NRS, from
where it spreads southward, and leaves the Red Sea through Bab al Manab (Sofianos et
al., 2002; Sofianos and Johns, 2003; Yao, et al., 2014a,b; Zhai et al., 2015). The NRS is
considered as the end point of the extensive spatial gradients in the heat flux and
horizontal advection, giving the NRS unique characteristics important for the overall
thermohaline circulation of the Red Sea.
One of the simplest approaches to understand the relative effect of the atmospheric
forcing and lateral advection in the evolution of the mixed layer is using one-dimensional
mixed layer model (e.g. Kraus & Turner, 1967; Price et al, 1986; Large et al, 1994). These
models provide the physical assumptions that allow mixed layer deepening caused by
wind mixing and convective overturning to be balanced by shallowing due to surface
warming and freshwater flux. The Price–Weller–Pinkel (PWP) model is one of the most
efficient bulk mixed layer (1D) vertical mixing models for MLD simulations. This model is
driven by the local surface heat and momentum fluxes and constrained by the stability
criteria (Price et al., 1986). The PWP model was created to investigate diurnal thermal
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cycling in the upper ocean, which is dependent on solar heating, cooling, and wind mixing
within the ML. The PWP model has been implemented to study ocean physics and
biogeochemistry (e.g., Lazarevich et al, 2004; Frantsa et al., 2013; Johnson et al., 2016;
Viglione et al, 2018; Farahat & Abuelgasim, 2019).
In the present work, we combine in-situ observations of the mixed/stratified layer in the
NRS from both winter and summer with atmospheric data and one-dimensional
modelling to quantify the effects of surface fluxes and lateral advection on the upper
layer. This work also assesses the relative importance of local heat fluxes versus
horizontally advected buoyancy flux in each season. The paper is organized as follows.
Section 2 describes the data used for the study. Section 3 discusses the contrasting
surface responses of the NRS and the physical mechanisms that control these responses,
followed by the summary and conclusions in Section 4.
4.2 Data and Methods
4.2.1

Satellite data – Sea Surface Temperature

To supplement in situ observations, MODIS-Aqua Sea surface temperature (SST) daily
images were used with a 4 km spatial resolution covering the period from 1 January to 31
December 2019 (http://modis.gsfc.nasa.gov/). Daily images were extracted for the spatial
region of 22˚-30 ˚ N, 32 ˚ - 39 ˚ E covering the NRS to observe the variability in SST during
winter and summer. Since SST images were frequently limited by cloud cover only the
images with significant coverage were selected. To describe the local variation in the SST
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across the NRS, the time series of the spatially-averaged SST was calculated within box
boundaries of 26.5 ˚ – 27.5 ˚N, 34.3 ˚– 36.2 ˚E.
4.2.2

In-situ Observations – Seagliders

Seagliders are autonomous underwater, buoyancy-driven vehicles with interchangeable
and customizable science bays (Eriksen et al., 2001). These mobile sensor platforms
profile the water column in a sawtooth pattern and can reach a maximum depth of 1000
m. Their movement is supported by the positioning of internal masses (battery packs) that
control the gliding and pitch forward to rise. When there is a net positive or negative
buoyancy, wings generate lift, which propels the Seaglider forward. The Seagliders are
remotely controlled and can travel at speeds up to 40 km/day for a few months of
operation before recovery. When a Seaglider surfaces, it communicates through an
iridium satellite transmitting data to shore and receiving new mission plans defined by
the sampling strategies of the operator.
For this study, a Seaglider was deployed in the NRS (Duba line; Figure 4.2) originating near
the coast at 27˚ 21.5' N 35˚ 36' E, and extending approximately 70 km offshore
perpendicular to the coastline. The wintertime mission spanned from 1 February to 22
April, 2019 (81 days), and the summer mission, from 3 July to 5 September, 2019 (64
days). The missions were designed to capture the seasonal properties of the mixed layer
to better understand the physical processes causing mixed layer changes and the impacts
of these changes on the biogeochemical processes.
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The Seaglider was equipped with an unpumped Sea-Bird CTD (conductivity, temperature,
and pressure) sensor. The pre- and post-calibration procedures were conducted by the
Coastal and Marine Resources Core Lab (CMOR) at King Abdullah University of Science
and Technology (KAUST), including ballasting, glider operation, and dark counts of the
optical sensors before and after glider deployment. CTD profiles were collected between
the surface and ~750 m, along the glider trajectory. The Seaglider completed a one-way
transit of the glider line over approximately 3-3.5 days at a speed approximately 20-24
km/day. The data were then gridded onto a uniform grid having a horizontal spacing of
2.5 km and vertical resolution 2 m.
Since the main contributors to surface heat fluxes in the northern Red Sea are the
atmospheric heat flux and advective fluxes. The raw measurements were processed by
eliminating spikes in the hydrographical variables. There was no visible temperature lag
between conductivity and temperature in the CTD data. The MLD was defined as the
vertical region where the density variation is less than 0.03 kg/m3 for a given profile
relative to the density at a depth of 10 m (de Boyer Montégut et al, 2004). The
temperature data for the upper 10 meters collected by the glider were averaged and
compared with the SST and predicted temperature at the same depth.
4.2.3

Model Data – Atmospheric Forcing

Since no direct observations of atmospheric forcing are available over the NRS, we
analyzed modelled data generated by the satellite data GEOS-5 atmospheric model from
MERRA-2 (Modern-Era Retrospective analysis for Research and Application; Gelaro et al.,
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2017). The horizontal resolution is 0.5°×0.625° and the temporal interval is one hour. The
data were extracted over the NRS within the box defined by 26.5 ˚N and 27.5 ˚N and from
34.3 ˚E to 36.2 ˚E. Because no significant diel signature was observed in the glider physical
measurements, daily averages of the MERRA data were used for input into the mixed
layer modeling.
The surface heat flux consists of shortwave radiation (absorbed, 𝑄𝑠𝑤 ), longwave radiation
(blackbody emission, 𝑄𝑙𝑤 ), latent flux (evaporation, 𝑄𝐿 ), and sensible heat flux
(conductive, 𝑄𝑆 ) . All terms are positive when they are heating the water column. Wind
stress components (𝜏𝑥 𝑎𝑛𝑑 𝜏𝑦 ) were directly calculated from zonal and meridional wind
speed 𝑈 and 𝑉, respectively.
𝜏𝑥 𝑎𝑛𝑑 𝜏𝑦 components were computed as:
𝜏𝑥 = 𝜌𝑎𝑖𝑟 𝐶𝐷 𝑈 2 𝑠𝑖𝑛𝜃
𝜏𝑦 = 𝜌𝑎𝑖𝑟 𝐶𝐷 𝑉 2 𝑠𝑖𝑛𝜃
where 𝜌𝑎𝑖𝑟 is the density of air (1.2 kg/m3), 𝐶𝐷 is a dimensionless drag coefficient, 𝑈 and
𝑉 are the wind speed components, and  is the angle of the wind vector from true north.
The drag coefficient depends on the roughness of the surface and the lapse rate. The drag
coefficient 𝐶𝐷 for the ocean surface has a non-linear relationship with the wind speed,
and generally increases with wind speed.
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4.2.4

Model Data – 1D Mixed Layer Model

The Price-Weller-Pinkel (PWP) mixed layer is used to quantify the relative contribution of
1D vertical processes on the vertical structure of the mixed layer compared to 3D
processes (Price et al., 1986). The PWP takes as input radiative heat flux (shortwave,
longwave, latent and sensible heat), freshwater flux that includes evaporation and
precipitation (𝐸 − 𝑃) term, and wind stress components (𝜏𝑥 𝑎𝑛𝑑 𝜏𝑦 ). In this study,
precipitation is considered as negligible (P=0).
To evolve the mixed layer calculations, the model was executed at sequential time steps
where thermodynamic variables are modified at each time step using the vertical profiles
of temperature and salinity. The PWP model produces a de-stratified mixed layer through
vertical exchange process between the air and sea, and vertical mixing. Then, the model
re-stratifies the mixed layer through surface heating and precipitation (advection of
fresher water). The model interpolates the momentum components induced by winds,
cooling, and evaporation by inducing convective instability, entrainment from the
pycnocline, and a mixing term generated from vertical current shear.
The convective adjustment in the PWP model starts with grid cells with unstable
stratification being homogeneously blended with neighboring cells. The convective
correction follows the bulk mixed layer parameterization, where the mixed layer deepens
when the bulk Richardson number, 𝑅𝑖𝑏 , falls below a threshold value of 0.65 (Price et al.,
1986). The bulk Richardson number is expressed as:
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𝑅𝑖𝑏 =

∆ 𝜌𝑔
𝜌0 (∆𝑈)2

where ∆ 𝜌 and ∆ 𝑈 are the difference between the density and velocity within the mixed
layer when considered as a single unit, and the density and velocity below the mixed layer,
respectively (Price et al., 1986). The variable 𝜌0 is the reference density and 𝑔 is the
gravitational acceleration. The third step adds local shear instability below the mixed
layer, where mixing due to strong shear is parameterized on the basis of a threshold
gradient Richardson number, 𝑅𝑖𝑔 , defined as:

𝑅𝑖𝑔 =

𝑁2
𝑆2

= 0.25
𝑔 ∆𝜌

(𝑆 2 is the square of the shear below the mixed layer and 𝑁 2 = 𝜌 ∆𝑧 ).
As the best fit to our study region, the model was initialized with the average for one
complete transect early in the deployment period during winter and summer separately,
and run for a duration of 70 days. Momentum and heat fluxes were applied from MERRA2 at 1-day intervals. The daily time step was selected due to the insignificant diurnal
variability in our temperature and salinity observations.
At each time step, the PWP model numerically integrates the conservation equations for
heat, salinity, and momentum in the vertical direction to determine the respective flux
profiles. Density is calculated using a linear equation of state. For this application, the
vertical resolution of the model depth bin was 2 meters. The model was initialized with
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selected temperature and salinity profiles and then stepped forward in 24-hour
increments subject to the heat, freshwater, and momentum fluxes.
The momentum and vertical diffusivity were set to 10−5 and 0, respectively (Zhai et al,
2015). The maximum depth of the PWP experiment for the run and the initial profiles of
salinity and temperature was 400 m, the depth at which the divergence between summer
and winter was minimal.
Heat content is calculated from each temperature profile using:
0

𝐻𝐶 = ∫ 𝑐𝑝 𝜌 𝑇(𝑧) 𝑑𝑧
ℎ

where 𝑐𝑝 is the heat capacity, 𝜌 is the measured potential density, 𝑇𝑧 is the measured
temperature profile, and 𝑑𝑧 is the bin depth size. The heat content is integrated from the
surface to ℎ depth using a trapezoidal method. For the purpose of this study, we selected
h as 400 m, where the changes in temperature and salinity were minimal.
Estimation of the MLD at each time step throughout the PWP run was achieved by
determining the depth at which the density difference exceeded 0.03 kg/m3 above the
reference density at 10 m depth (de Boyer Montégut et al, 2004).
4.3 Results
4.3.1

Overview of SST in the NRS during winter and summer

Figure 4.3 shows the SST images during wintertime from 3 February to 22 April. The data
reveal three major features: 1) northward advection along the eastern boundary in
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February (top panels) as indicated by the warmer water along the coast; 2) a
homogeneous cold period from early March until early April (middle panels); and 3)
reestablishment of the northward eastern boundary current in April (bottom panels). The
images clearly demonstrate the temporal evolution of the arrival of the northward
advection of water from the southern Red Sea (Gulf of Aden Water). The middle panels
emphasize the cessation of the northward advection during March, which is accompanied
by the cooling and homogenization of temperature in the NRS.
While the temporal evolution of SST in the NRS is strongly affected by advection of
warmer water from the south, the regional SST response is also affected by the heat
exchange with the atmosphere. The summertime evolution of SST imagery is shown in
Figure 4.4. As in winter, northward advection of warm GAW along the eastern boundary
is evident in the SST imagery for at least part of the time in this sequence. During July, it
appears that cool water originating in the northwestern corner of the region (the Gulf of
Suez) is mixing into the region, in part due to a cyclonic circulation in this region. During
August, the northern region warms and the temperature distribution becomes more
homogenous (Figure 4.4). Although the northward advection still provides a warm
signature along the eastern boundary, cooler water on the west side of the NRS indicates
suggest coastal upwelling along the western boundary during 10-16 August in response
to a shift in the wind patterns. Although this water mixes into the NRS region, it does not
appear to reach the eastern coast.
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Comparison of the SST for the winter and summer reveals a north-south gradient with
warmer water typically found in the southern part of these images (Figures 4.3 and 4.4),
Although the western half of the basin is cooler in both winter and summer, the
mechanisms leading to this east-west gradient may differ between seasons. As the SST
images document northward advection of warmer water into the region, the following
sections report the in-situ thermohaline characteristics from glider observations and
evaluate the relative contributions of advection and local heat fluxes to the observed
temperature patterns.
4.3.2

In Situ Observations

4.3.2.1

Characterization of wintertime hydrography

To understand the overall variability of the glider data set, a mean profile of temperature,
salinity and density was created for each passage of the glider transect. The time series
of this averaged structure during winter is shown Figure 4.5. At the beginning of the
observations in early February, relatively warm water (24 ˚C) is present in the upper
ocean. This warmer water has relatively low salinity (40.1), indicative of the arrival of Gulf
of Aden Surface Water (GASW) in the region. This advection appeared to be cutoff during
March by the presence of an anticyclonic eddy (Chapter 2). The SST images and glider
observations are consistent in showing the cessation of warm water inflow and
homogenization of temperature in the NRS during March above 28.2 kg/m3. With the
homogenization, cool (T<23˚C), more saline (S>40.3) water dominated the glider line, and
presumably the entire NRS. Coldest temperature in the surface layer in the averaged
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data was ~22.5˚C, and warmest in April was ~23.9˚C. The temperature is increased by 1.5
˚C in April and salinity decreased as northward advection transported warmer water from
the south into the region again (chapter3). The shallow MLDs in early February and April
support the observed mean structure that is associated with the horizontal advection of
the Gulf of Aden Water.
4.3.2.2

Characterization of summertime hydrography

In contrast to region in winter, the NRS was continuously stratified with a nominal mixed
layer depth of ~25m between the 7 July and 4 September, 2019. The mean characteristics
of the water column are presented in Figure 4.6. Consistent with the SST imagery, the
Seaglider observations revealed a stratified water column due to surface warming as well
as the presence of lower salinity Gulf of Aden Water. Initially the fresher water occupied
the surface layer, but by the end of the deployment the Gulf of Aden water was
subsurface, consistent with the inflow of Gulf of Aden Intermediate Water (GAIW). Below
the shallow mixed layer, the gradients of temperature and salinity increase and we
observe a deepening of isopycnals in August, when Gulf of Aden Intermediate Water is
advected into the region. In-situ salinity observations reveal higher salinity water at the
surface layer in early August, perhaps associated with water from coastal upwelling on
the western side of the NRS. The appearance of this salty patch of water was detected in
the SST data at the same time period. The relative increase in salinity compensates for
the increase in temperature.
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Results of the PWP model
The model used daily surface heat flux and wind stress to estimate vertical structure and
mixed layer depth within the upper 400 m of the water column. Daily averages and one
day incremental model updates were used as a pronounced diurnal cycle was not
apparent in the observed salinity and temperature data.
4.3.2.3

Wintertime simulation

The evolution of mixed layer depth and heat content in the upper 400 m as estimated
from the PWP simulation are shown in Figure 4.7. The winter simulation begins on 1
February and extends for 3 months. The PWP model predicted a continuous deepening
of the mixed layer through the end of March reaching a maximum depth of about 200 m.
This is reasonable if one assumes a static one-dimensional ocean with no advective terms.
The general trend of the mixed layer, as captured by the glider fits with the deepening
during February. However, the observed trend abruptly stopped in March when the
observed mixed layer averaged about 80 meters, although the mixed layer was as deep
as 120 meters during this period. Note that figure 4.5 shows the mean profiles for each
glider pass along the Duba line, not the details within each pass. Therefore, there may be
differences between the MLD of the mean structure and the extremes of MLD that might
be observed. In particular, the model failed to capture the decrease in the MLD after the
deepening period (Figure 4.5). Two things happened in March that likely affected the
dissimilarity between the PWP modeled MLD and the observed MLD. First, advection of
water from the south ceased as an anticyclonic eddy developed in the northeastern Red
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Sea (see Chapter 2). And second, the depth of the pycnocline shallowed substantially such
that the deep pycnocline intersected with the surface. The presence of the deep
pycnocline near the surface inhibited deep mixing. This shallowing is especially evident in
late March (Figure 4.5). The cessation of advection from the south could improve the
correspondence of the observations with the model, but the shallowing of the pycnocline
created different conditions than were present at the time the model was initiated at the
beginning of February.
4.3.2.4

Summertime simulation

The period following the spring transition in the heat flux demonstrates the influence of
local heating on the upper layer stratification, and is therefore considered in the summer
analysis. Figure 4.8 shows the observed and simulated MLD and heat content of the upper
layer during summer from 7 July to 3 September 2019. Both the mixed layer depth and
the upper ocean heat content are fairly good agreement with the model. The model’s
mixed layer does show some deepening of the ML over the course of the model run. This
deepening results from a combination of the heating and wind-driven mixing that
homogenizes the model ocean’s upper layer through time. Deviations of the model from
observed observations result primarily from changes in advection into the area. In early
August, inhomogeneities in SST were observed throughout the area (Chapter 2, Figure
3.3). Based on the glider observations, some of the warmer water was apparently “older”
water in that it was both warm and somewhat higher in salinity than the water that had
been observed along the glider line (Figure 4.6). Following this, the intrusion of Gulf of
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Aden Intermediate Water (lower salinity feature centered about 40 m and in late August,
Figure 4.6) transported heat into the region in the form of thicker layer of intruding water
evident in both temperature and salinity. The onset of this intrusion affects the entire
water column as seen in the overall deepening of the isopycnals, evident throughout the
water column, through the latter half of August.
4.3.3

Comparison of observed and remotely sensed sea temperature

Given that the wind forcing was persistent through most of the year, it is expected that
SST represents the temperature of the surface layer. Therefore, it is useful to compare
the evolution of the ocean’s surface temperature from the three perspectives of remotely
sensed SST, in situ glider-based temperature measurements and the evolution of SST
based on atmospheric forcing as expressed through the PWP model. Figure 4.9 shows the
year-long record of SST from the MODIS ocean temperature sensor. The satellite data
show an expected annual cycle of SST, with the coolest water during the winter, reaching
a minimum in mid-late March of ~22 ˚C, and warming to a peak in August of nearly 31 ˚C.
The change from heating to cooling in the late summer, and the transition from cooling
to warming in the late-winter/early spring in the NRS is consistent with the annual cycle
of the surface heat flux shown in Figure 3.2 (chapter 3).

4.4 Discussion
The NRS provides a unique region to study the competition between air-sea heat
exchange and the role advection of warm, less salty water from the south. Both processes
play significant roles in in the overall thermohaline circulation of the Red Sea, and are
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reflected in significant variations in mixed layer depth and stratification. This study
employed in situ observations from an autonomous buoyancy-driven glider that collected
observations along a sustained, repeated transect during winter and summer to examine
the variability of the upper layers where mixing, mesoscale activity, and stratification
influence the NRS. The PWP (1D mixing model) was used to assess how much of the
variability in hydrographic properties could be attributed to the local atmospheric
exchange, and how much the remote (advection) and local forcing during the two
opposite seasons of winter, when Red Sea Outflow Water and Red Sea Deep Water are
understood to form, and in summer when maximum stratification due to a net positive
heat flux occurs.
A small number of studies have described the role of atmospheric forcing in winter in the
NRS as the necessary condition for formation of the RSOW (Papadopoulos et al., 2015;
Yao et al., 2014 b). Cold and dry air from the north results in strong heat loss in the region
during winter (Sofianos & Johns, 2007). The evaporative heat loss is compensated by
northward advection from the southern Red Sea (Spall, 2003). The source of the advected
water is dependent on the monsoonal wind pattern that is especially important in the
southern Red Sea and exchange through Bab al Mandab (Patzert, 1974a; Smeed, 2004).
The thermohaline flow to the north creates an eastern boundary current along the
Arabian coast (Yao et al., 2014 b; Zarokanellos et al, 2017 a)
During winter, the heat loss due to cooling and evaporation results in strong negative
buoyancy force contribution to enhanced convective mixing and subduction of the
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modified water (Chaper 2). The circulation of the cyclonic eddy may enhance advection
of the Gulf of Aden Water into the NRS. When the cyclonic eddy decays and/or reverses
to an anticyclonic circulation flow from the south is blocked, and the region tends to
become more homogenous. This was observed during both winter and summer periods.
During winter, the homogeneity and its associated deep mixing, coupled with a cyclonic
circulation can enable the exposure of deeper water to the surface where it then
experiences direct interaction with the atmospheric forcing. This exposure then results
in additional modification off the water and contributes to formation of very dense water.
During the winter-spring transition to net heating, as observed from the increase in the
SST, restratification occurs through the reestablishment of the cyclonic circulation and
the advection of warmer, less saline and hence less dense Gulf of Aden water into the
region. The time gap between the observations taken in the winter and summer missions
can be bridged to some extent with the satellite images of SST. As shown in Figure 4.9,
summertime SST variability tracks well with the nearsurface in-situ observations.
The PWP model predicted a deeper MLD in winter than was observed with the in situ
glider data. We attribute this difference to the advection of more buoyant water into the
region. During February and again in April, buoyant Gulf of Aden water is advected
northward into the region leading to shallower stratification, and thus shallower mixed
layers. Because the model is a simple 1D model, it does not account for the advective
components of the heat flux.
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In summer, the model produces a mixed layer that is similar in depth to the in-situ
observations. This indicates that the surface forcing is constrained to the nearsurface
layer due to thermal stratification; the strong stratification prevents the transfer of
mechanical energy from the wind stress that would contribute to vertical mixing.
Both atmospheric forcing (wind stress and surface heat flux) and advection contribute to
the variability of the MLD and the heat content in the upper ocean in both winter and
summer. The ability of wind stress to confer mechanical energy into the upper ocean is
dependent on reduction of stratification which is dependent on convective erosion of the
thermocline driven by the surface heat flux. Mesoscale eddy activity plays a major role in
the formation of Red Sea Outflow water during winter. In summer, both the local/regional
transfer of heat across the ocean surface and the transport or warmer, fresher water into
the region result in a strongly stratified system.
Overall, our results demonstrate that both atmospheric forcing and advection of
buoyancy into the region contribute to the shallow mixed layer in summer. The balance
between the relative contribution of the two processes varies as periods of little or no
advection occur resulting in the dominance of the local forcing to regional heat fluxes.
The PWP simulations provide a tool for separating out the role of local atmospheric
exchange compared with the role of horizontal transport. As in many regions of the world,
a complexity of processes occurs in the NRS, and the balance shifts between the role of
the local forcing and the advection of hydrographic properties from another part of the
Red Sea through time and depending in part on forcing at large scale and remotely
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Figure 4.1: NRS topography map showing the path of the Seaglider for this study.
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Figure 4.2: Time diagram for the Seaglider data available during winter and summer.
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Figure 4.3: Daily remotely sensed SST images of the NRS from 3 February to 22 April, 2019. The red line indicates the
path of the Seaglider.
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Figure 4.4: Daily remotely sensed SST images of the NRS from 2 July to 9 September, 2019. The red line is the Seaglider
path.

Figure 4.5: Mean Seaglider observations for the winter mission in the NRS from 1 February to 15 April. (a) Potential
temperature (°C), and (b) salinity. The isopycnal contour interval is 0.2 𝑘𝑔⁄𝑚3 ; the solid magenta line indicates the
mixed layer depth.
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Figure 4.6: Mean Seaglider observations for the winter mission in the NRS from 7 July to 5 September. (a) Potential
temperature (°C), and (b) salinity. The isopycnal contour interval is 0.2 𝑘𝑔⁄𝑚3 ; the solid magenta line indicates the
mixed layer depth.

Figure 4.7: Comparison of the observations (red) and PWP model predictions (blue) during the winter mission: (a)
mixed layer properties calculated from the observations and (b) heat content.
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Figure 4.8:Comparison of the observations (red) and PWP model predictions (blue) during the summer mission: (a)
mixed layer properties calculated from the observations and (b) heat content.

Figure 4.9: Time series of satellite SST (black) averaged over the study area, and the average temperature for the
upper 10 m from the Seaglider (red), and PWP model prediction (blue) December 2018 through early January 2020.
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Chapter 5 : Summary and conclusion
Several studies in recent years have relied on remote sensing and modeling to describe
the surface and overturning circulation in the Red Sea. However, few in-situ observational
studies have investigated the processes in the Red Sea from the observational
perspective. In the current study, we explored the variability in the thermohaline
characteristics in the NRS and evaluated the relationships between the circulation with
atmospheric and advective horizontal forces. Therefore, one-dimensional model (Price et
al., 1986) was employed in this study to quantify the influence of local and remote forces
in the NRS based on a combination of glider observations, satellite imagery, and
atmospheric reanalysis products during the winter and summer of 2019 in the NRS.
The characteristics of the overturning circulation in the Red Sea are mostly determined
by the processes in the NRS, which drives the formation of the intermediate and
occasionally deep water. During winter, the NRS falls under the influence of atmospheric
forcing (strong cooling and high evaporation) that creates the necessary preconditions for
formation of the RSOW. Moreover, the cyclonic eddy enhances the duration of exposure
of the deep water to the atmosphere. This exposing effect is a significant contributor to
the subductive process. Intensification of the cyclonic feature in winter enhances the
exposure and interaction of the uplifted cold waters to the atmosphere, which makes the
waters become much more oxygenated, and this surface water increases in density and
then moves down nearly 200 m (i.e., subduction).
Heat loss successfully influences the surface layers, leading to a decrease in temperature
and increase in salinity and density. The cooling throughout the entire wintertime period
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has an accumulative effect on formation of the densest waters with a minimum variation
in temperature and salinity between the surface and the deep layers. Moreover, the AE
distinctly homogenizes the densest waters in the NRS.
After strong cooling, the net heat flux becomes neutral in the spring-summer transition
due to the change to positive heat fluxes. Simultaneously, the signal of the advected warm
waters from the south presents again in the NRS in April. These warm and lighter waters
isolate and prevent the interaction of the existing denser waters with the atmosphere
due to stratification. The stratification increases the stability of the water column and
inhibits the mixing effect. The prolonged duration of exposure of the upper layer (GASW)
to heating and evaporation during summer result in a high-salinity surface layer, in which
we explain the increase in temperature compensates for the decrease in density. The
reversal in wind during summer weakens the inflow of GASW; therefore, reducing the
surface fresher water and enhances the GAIW. This transition also affects biological
properties and processes in the NRS. The timing of the appearance of the Gulf of Aden
Water in the NRS is linked to the reversal in the wind direction over the SRS in winter. This
result suggests that the northward advection of the Gulf of Aden water somehow
interacts with local atmospheric forcing in the NRS. Therefore, our observations indicate
the critical role of advection of the Gulf of Aden water on the circulation in the NRS. The
GASW contributes to the main overturning circulation as this warmer, higher salinity
water caps the GAIW that intrudes the Red Sea during the transition from NE monsoon
to SW monsoon.
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The seasonal comparison in this study reveals the evaporation rates were similar during
summer and winter, even though the heat flux varied. Thus, we explained the role of the
cooling in winter on the water formation in chapter 2 and we discussed the effect of
heating in summer on the stratification in chapter 3. The local heating in summer and
arrival of the Gulf of Aden waters are considered prerequisites for subsequent water
formation in winter.
Both atmospheric forcing and lateral advection are involved in the seasonal
characteristics of the water column; however, they are not linearly correlated. We
quantified the contribution of atmospheric forcing and lateral advection to the upper
layers using the 1D model, which reproduced the behavior of the mixed layer depths
during winter and summer. The atmospheric forcing and the lateral advection have
different effects on specific events within each season. In other words, the upper layer
variability during winter is not related to atmospheric effects. In contrast, in summer, the
upper layer variability is strongly driven by heating. This upper layer variability reflects
the mesoscale activity and strong cooling that leads to the formation of the Red Sea
Outflow Water (RSOW); however, it is complex to quantify the dominant force in the
wintertime system. The role of the mesoscale eddy activity is not as pronounced in
summer as in winter. Therefore, it made the model better prediction of the mixed layer
depth in summer.
Much remains to be understood about the dynamics of the overturning circulation and
the contributing forces over the seasonal and the small-scale range in the Red Sea. Further
studies are needed to examine the causes of the change in the polarity of the eddy, and
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to confirm robustness of the mechanism explained on seasonal time scales. These factors
are essential to understand the water formation and its relative contribution to the
overturning circulation in the Red Sea. Models and remote sensing observations can
provide some enable us to make some speculations. However, it remains challenging to
achieve sustained measurements in the NRS due to the roles of lateral advection,
stratification, and mesoscale eddy as critical elements in the transportation process.
There are no definitive in situ observations. Sustained data that resolve both the temporal
and spatial variability are required to better understand the dynamics of this region.

