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ABSTRACT 
Processes governing the Development of Oceanic Mixed Layers and its 

Properties in the Red Sea 
 

Georgios Krokos 
 
 

 
The importance of understanding the Red Sea (RS) circulation and its response to 

external forcing variability has become increasingly recognized in recent years. The RS 

circulation presents a complex behavior and is driven by both strong air-sea buoyancy 

fluxes and winds. The air-sea exchanges are mediated by the oceanic Mixed Layers 

(MLs), which constitute the active part of the ocean that interacts with the atmosphere 

and plays a critical role in the general circulation.  

The goal of this thesis is to build a deeper understanding of the processes that 

drive the evolution of the upper layer properties of the Red Sea, focusing on the 

development of the ML and its spatiotemporal variability. On account of the sparsity of 

observations, this is primarily achieved using state-of-the-art high resolution regional 

oceanic simulations, which are extensively validated against the available observations. 

We first analyze the model results to examine the relative contribution of the different 

components of the atmospheric forcing (buoyancy fluxes and momentum forcing) to the 

variability of the upper layer properties and the ML depth (MLD) distribution. Using 

closed and complete tracer (potential temperature and salinity) budgets, integrated over 

the MLD, we further investigate the role of internal oceanic processes in the evolution of 

the RS MLs. Our analysis separately considers the advective fluxes, diapycnal mixing, 
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and entrainment of heat and salt that ultimately define the tracer concentration inside the 

ML. We further identify anomalous years in terms of their annual MLD and investigate 

the dependence of the ML development on the interannual accumulation of heat and salt 

in the water column. In light of recent reports of warming trends in the RS that raise 

concerns about the response of the RS under an increasingly warming climate, we extend 

our analysis on longer timescales than the model simulation period, using sea surface 

temperature (SST) as a proxy of the long-term RS upper layers’ variability.  

Increased understanding of the processes governing the evolution of the RS will 

not only serve to improve our knowledge on the basin’s dynamical functioning but also 

lead to greater understanding of the physical-biological interactions in the RS. 
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1. Chapter 1 

General Introduction 

1.1.  The circulation of the Red Sea 

The Red Sea (RS) is an elongated semi-enclosed basin, which extends from 

12.5°N to 30°N in the NW-SE direction with an average width of 280 km. It has an 

average depth of 524m, although maximum depths along the axial trench may exceed 

3000m. A very shallow and narrow constriction, the Strait of Bab-al-Mandeb (hereafter 

BAM), connects the RS to the Gulf of Aden (GoAd) and through it to the Indian Ocean 

(Fig. 1.1). The RS connects to the Gulf of Aqaba (GoAq) in the northeast and the Gulf of 

Suez (GoS) in the northwest (Fig. 1.1). Strong air-sea buoyancy fluxes and wind stress 

drive an energetic and complex three-dimensional circulation pattern (Sofianos and 

Johns, 2015; Yao et al. 2014a,b). 

The importance of understanding the RS circulation has become increasingly 

recognized in recent years on account of its fundamental role in controlling the RS’s 

remarkable biological diversity and productivity, and because of its vital importance for 

various commercial, industrial and governmental operations and activities (Carvalho et 

al., 2019; Hoteit et al., 2020). The general circulation of the RS is driven by strong air-sea 

buoyancy fluxes and winds (e.g. Yao et al., 2014a,b; Sofianos and Johns, 2015). 

Although the RS is situated in the tropics, between two of the world’s largest deserts, it 

exhibits a weak annual net heat loss (7 W/m2, Patzert, 1974; 11 ± 5 W/m2, Sofianos et al., 

2002). Due to its arid setting, the RS experiences one of the largest evaporation rates in 
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the world’s oceans, with an annual freshwater loss of approximately 2 m/year (Privett, 

1959; Tragou et al., 1999). As a consequence of strong solar insolation and high air 

temperatures, the RS surface temperatures exhibit an increasing gradient towards the 

south, while salinity increases towards the north due to the gradual effect of strong 

evaporation, reaching maximum values in the Gulf of Suez (Sofianos & Johns, 2017). 

The RS is generally characterized by strong stratification that varies both seasonally and 

latitudinally. The thermocline is shallower in the southern basin, while in the northern RS 

stratification reaches its highest variability.  

 

Figure 1.1 Bathymetric map of the model domain, covering the Red Sea and the adjacent Gulfs. 

Red lines indicate the boundaries of the individual analysis regions (NRS, CRS and SRS) 

referenced in text. 
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Winds in the RS follow a general north-south direction along its axis. The 

northern RS is affected by large scale atmospheric systems originating in the 

Mediterranean Sea, which drive cool and dry southward winds, especially during winter 

(Pedgley, 1974; Abualnaja et al., 2015; Viswanadhapalli et al., 2017). The southern part 

of the basin is influenced by the Indian monsoon system, so that southeast winds blow 

during the winter period (October-April), while they reverse to northwest winds in 

summer (May-September) (Pratt et al., 1999; Langodan et al., 2017). During winter, the 

southeast winds meet the northwest winds from the Mediterranean Sea, creating an 

intermediate zone of calmer winds in the Central Red Sea (CRS), known as the RS 

Convergence Zone (RSCZ; Pedgley, 1966; Langodan et al., 2017). Gaps in the coastal 

mountain chains parallel to the RS axis strongly affect the surface winds on smaller 

scales (Jiang et al., 2009; Langodan et al., 2014, 2017). 

The strongest air-sea exchange occurs in winter in the northern parts of the RS. 

The wintertime surface ocean heat loss in the northern RS is of pivotal importance for the 

RS ecology as it drives formation of the intermediate and deep waters that ventilate the 

deep parts of the RS. Strong convective mixing leads to the formation of two highly 

saline water masses: the denser RS Deep Water (RSDW) and the relatively lighter RS 

Intermediate Water (RSIW) (Phillips, 1966; Sofianos and Johns, 2003; Yao et al., 

2014a,b). These two dominant locally formed water masses are associated with two 

thermohaline cells in the RS: an upper cell confined within the top 300 m associated with 

the RS Outflow Water (RSOW), and a deep cell associated with the RS Deep Water 

(RSDW) that fills the basin below the level of 150-250 m. The RSOW flows southward 

to form the main core of the RS deep outflow to the Indian Ocean through the GoAd (e.g. 



24 
 

Sofianos and Johns, 2015). The RS deep outflow is a major source of warm and highly 

saline water to one of the most important intermediate water masses in the Indian Ocean 

(e.g. Plähn et al., 2002). The RSDW ventilates the near bottom layers of the RS and 

transfers significant amount of nutrients from the deeper layers higher up into the water 

column (e.g. Yao et al., 2019). There is little evidence for RSDW escaping through the 

bottom of the Strait of BAM. It is therefore assumed that it upwells into the base of the 

RSOW layer at a rate that approximately equals the rate of RSDW formation (Sofianos 

and Johns, 2015). Several studies using radioactive tracers, hydrographic data, and model 

simulations suggested that the renewal time of the deep cell is between 35 to 100 years 

(Cember, 1988; Woelk and Quadfasel, 1996, Yao et al., 2014b, Yao and Hoteit, 2019), 

but the renewal time remains highly debated.  

The outflow from the RS through the strait of BAM is balanced by an inflow of 

fresher waters from the GoAd. The exchanges at the BAM present a distinct seasonal 

pattern governed by the monsoon wind reversal and the associated upwelling in the 

GoAd (Patzert, 1974; Yao et al., 2014b; Xie et al. 2018). During the winter period, the 

mean circulation exhibits a two-layer pattern, when a deep outflow of the RSOW is 

balanced by the inflow of the GoAd Surface Water (GASW). During the summer period, 

the surface circulation reverses direction, and the RS Surface Waters (RSSW) flows 

towards the GoAd. The balance is maintained by the intrusion of fresher and cooler 

waters at intermediate depths, the GoAd Intermediate Water (GAIW), with a relatively 

weaker deep outflow of RSOW throughout the summer period (Yao et al., 2014; Xie et 

al., 2018). A schematic representation of the main thermohaline cells in the Red Sea 

circulation is provided in Figure 1.2. 
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Figure 1.2 Schematic representation of the main thermohaline cells in the Red Sea circulation 

(Based on Figure 2 on Sofianos and Johns, 2015). Blue colors represent fresher waters while red 

colors represent saline and denser water masses. Mesoscale features, cyclonic and anti-cyclonic 

eddies, are schematically represented by spirals. 

 

Previous modeling studies suggested that the general northward transport in the 

upper layers takes place through a complex near surface circulation (Quadfasel and 

Baudner, 1993; Sofianos and Johns, 2003; Yao et al., 2014b). The northward upper layer 

flow is stronger during winter when GASW enter the RS through the BAM. Surface 

currents that transport this warm and fresher water northward are initially intensified 

along the western boundary of the South RS (SRS). In the CRS the flow transitions from 

the western to the eastern shore of the RS through meandering currents and eddies, and 

continues up to the North Red Sea (NRS) mostly along the eastern shore (Sofianos, 2002; 

Yao et al., 2014b; Zhai et al., 2015). During summer a weakened general northward 

transport is sustained mainly in the subsurface layers, while the northern winds drive a 

shallow southward surface flow (Yao et al., 2014). 
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Figure 1.3 Schematic representation of the mesoscale features, cyclonic and anti-cyclonic eddies 

in the Red Sea (Created by Ivan Gromicho, Research Communication and Publication Services, 

KAUST). 

In addition to the thermohaline conveyor belt that drives the general circulation of 

the RS and the exchanges at its straits, the upper-layer circulation is influenced by a 

complex array of mesoscale features and strong eddy activity (Quadfasel and Baudner 

1993; Quadfasel 2001; Sofianos and Johns 2007; Zhan et al. 2014) (Fig. 1.3). Mesoscale 

features in the RS exhibit strong seasonality, with higher activity during winter (Zhan et 

al., 2014). Spatially, the central and northern RS show the highest eddy kinetic energy 

during both seasons, while their effect in the water column is limited to about 400 m and 

intensifies towards the surface. The eddy kinetic energy was found to dominate over the 

mean flow kinetic energy (Zhan et al., 2016), indicating their significant role in the 

transport of tracers in the RS (Raitsos et al., 2017). The northward gradient of heat loss 



27 
 

over the RS tilts the density isopycnals, which gradually deepen towards the north and 

intensify mesoscale activity, favoring the creation of eddies (Zhan et al., 2014, 2019). 

1.2.  The development of the Red Sea Mixed Layers 

Oceanic Mixed Layers (MLs) constitute the active layers of the ocean that 

interacts with the atmosphere and mediate the air-sea exchange of heat, mass and 

momentum. Gradients in the distribution of the MLD drive the baroclinic circulation and 

intensify mesoscale activity, favoring the creation of eddies (Zhan et al., 2014, 2019). 

During strong mixing events, important for ML deepening, formation of RS deep and 

intermediate water masses drive the basin’s overturning circulation and ultimately 

influences the exchange of waters with the GoAd.  

The ML also plays a crucial role for the biochemistry through the air-sea gas 

exchanges (such as oxygen), thus strongly impacting marine life (Gaube et al., 2018). 

Deepening of the MLs in winter can entrain nutrient rich waters, which enhances the RS 

productivity (Acker et al., 2008; Gittings et al., 2018, 2019). In contrast, intense 

stratification inhibits the vertical transfer of nutrients and partly explains the oligotrophic 

nature of the RS (Triantafyllou et al., 2014). 

MLs are formed by turbulent mixing, so that water properties (such as 

temperature, salinity or density) are nearly vertically uniform within this layer (Kara, 

2003). The air–sea exchange of heat, water, and gases, such as oxygen and carbon 

dioxide, occurs through the near-surface vertically well-mixed layer. Deepening of the 

mixed layers redistributes these properties in the water column and mediates the 

sequestration of heat and gases from the atmosphere into the sea, influencing the 
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physical, chemical, and biological characteristics of the sea. Turbulent mixing is 

primarily driven by winds and surface heat and freshwater fluxes. In winter, ML 

deepening is primarily controlled by air-sea buoyancy loss (cooling and evaporation) that 

destabilizes stratification and drives convective mixing (Alexander et al., 2000; Kantha & 

Clayson, 2002; Carton et al., 2008). The general and mesoscale circulation may also have 

a significant impact on the mixed layer depth (MLD) distribution. This is particularly the 

case when the general circulation transports water masses with very different q and S 

properties, strongly influencing the upper and the intermediate layer characteristics, and 

thus also the MLD distribution. Energetic and long-lived mesoscale eddies affect the ML 

by homogenizing the upper layers through mixing with the surrounding waters, 

distributing laterally the effects of buoyancy forcing. Strong gyres, such as the one in the 

Northern RS, further act as a preconditioning factor for mixing to reach deeper layers 

(Papadopoulos et al., 2015). 

Despite the crucial importance of the ML development for the Red Sea circulation 

and ecosystem, the ML observations in the Red Sea are very sparse. Using observations 

collected at a high temporal and vertical resolution, Carlson et al. (2014) reported that the 

MLDs in the northern GoAq (Eilat) vary between less than 50 m in September to more 

than 350 m in May. Using temperature profiles, Abdulla et al (2018) recently investigated 

the monthly climatology of MLD in the RS based on a historical collection of in-situ 

observations spanning the period 1934-2017. The study revealed strong seasonal 

variability, with deep MLDs in winter and shallow MLDs in summer. Due to winter 

cooling of the highly saline surface waters, the MLDs are particularly deep in the 

northern part of the RS, while wind has a dominant role in controlling the MLD 
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variability in the southern RS (Abdulla et al., 2018b). Ocean eddies and local wind jets, 

such as the Tokar Gap winds, may also significantly alter the MLD structure (Zhan et al., 

2016; Abdulla et al., 2018). However, the understanding of the spatiotemporal 

distribution of the MLD in the RS is hindered by the sparsity of available observations. 

The identified patterns were obtained from an admixture of profiles from different 

decades with very inhomogeneous spatial coverage. Furthermore, scientific cruises are 

known to take place during periods with smoother sea conditions that may create biases 

or skew MLD distributions, limiting the identification of strong variations. 

1.3.  The evolution of the Red Sea in a changing climate 

The RS presents a complex behavior in its thermohaline circulation that is shown 

to respond strongly to atmospheric forcing variability. Interannual and long-term changes 

in atmospheric forcing may have a strong impact on the dynamical functioning of the RS, 

especially through their influence on DWF processes that drive its overturning 

circulation. Moreover, similar to other marginal seas, the RS has a shorter renewal time 

than the global ocean and is expected to have faster response to the reported global 

climate change (Belkin, 2009).  

The study of long-term variability of the oceans is hindered by the lack of 

consistent measurements that can adequately describe the variability of its properties. 

Modeled datasets can provide a three-dimensional description of the ocean dynamics, but 

are also limited by the availability of in-situ datasets that can validate the simulated 

trends. In contrast to the interior of the ocean, the sea surface temperature (SST) may be 

monitored using available high resolution remotely sensed datasets and long-term 
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reconstructions based on in-situ observations. SST can provide a first estimate of the 

response of the oceans to atmospheric forcing variability, especially in the near surface 

mixed layers. The study of SST evolution allows the investigation of the variability of 

this active part of the oceans on longer timescales and can provide important information 

on its response to local and global climate variability. Its evolution can further reveal 

internal modes of variability and can help evaluate its current state and allow the 

estimation of future trends. 

 

Figure 1.4 (Adapted from Fig. 5 in Carvalho et al., 2019) Remotely sensed area averaged sea 

surface temperatures over different areas of the Red Sea. The averages have been computed for 

the period 1985−2015 based on the AVHRR High Resolution Sea Surface Temperature (Reynolds 

et al., 2007).  

 

During the 20th century, the majority of Earth’s oceans have suggested an 

increasing trend in SST, with signs of intensification in the last few decades (Ting et al., 

2009; Large & Yeager, 2012; Reid & Beaugrand, 2012). Recent reports of warming 



31 
 

trends in the RS raise concerns about the response of the basin’s fragile ecosystem under 

an increasingly warming climate. Raitsos et al. (2011) reported a sudden rise of SST in 

the RS that coincides with a reported global temperature shift, while Chaidez et al., 2017 

detected trends in the maximum SST, with spatial patterns showing higher trends in the 

northern parts of the basin. shows the evolution of SST averaged in different regions of 

the Red Sea for the period 1985−2015 from satellite observations (AVHRR High 

Resolution Sea Surface Temperature, Reynolds et al., 2007). The RS presents a 

noticeable increasing trend of 0.25 °C per decade, which appears higher in its northern 

part (Fig. 1.4). 

In accordance to the reported changes in surface temperatures, Langodan et al. 

(2017b) reported a general decreasing trend in the intensity of winds and the respective 

wave heights in the RS. This study, based on a 40 year atmospheric reanalysis product 

(Viswanadhapalli et al., 2016), provided evidence of significant trends in time and in 

their climate. These trends were also linked to the previously reported decrease in wind 

activity and northwesterly storms observed in the Mediterranean Sea (Conte and 

Lionello, 2013).  

The reported trends that have been observed at least for the modern instrumental 

period (1980−today), raise important questions on the variability of the RS functioning 

and the future of its complex and fragile ecosystem in a changing climate. 

1.4.  Research Objectives  

The goal of this thesis is to build a deeper understanding of the processes that 

drive the evolution of the upper layer properties, the development of the MLs and their 
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spatiotemporal variability. On account of the sparsity of observations, this will be 

primarily achieved using numerical model outputs. Using state of the art regional 

atmospheric products that have been developed at KAUST and have been extensively 

validated against observations, we will perform oceanic simulations at very high 

resolution to study relevant processes and circulation features. Because of the complexity 

of the Red Sea circulation and the small scale of the important topographic features, 

particular attention will be given to developing the ocean numerical model setup, the 

results of which will be extensively validated against the available observations.  

As MLs play an important role in the general circulation and the ecology of the 

RS, we aim to examine in detail their spatiotemporal variability and determine the 

dominant physical processes, as well as their relative contributions, in governing the ML 

development and its temporal variability. We will employ analytical tools, such as 

analysis of temperature and salinity budgets, to quantify the relative contributions of heat 

and salinity forcing in the development of the MLs. Using exact closure of temperature 

and salinity budgets within the ML (Kim et al., 2006), we aim to identify and quantify the 

relative importance of the atmospheric forcing and internal oceanic processes, such as 

diapycnal mixing, advective fluxes and entrainment.  

Additionally, we will investigate the current state of the RS in terms of climate 

variability. As SST is representative of the upper layer temperatures and SST datasets are 

available over much longer timescales than the simulation period, we will use SST to 

evaluate the simulated interannual variability and trends and examine their relation to 

long-term climatic variability. This will allow us to evaluate whether the simulation 
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results, especially WMF processes and their interannual variability, are representative 

over long term climatic scales.  

 

The contributions of this thesis folds in the following streams: 

• The development of a new state-of-the-art ocean model for the RS, forced by 

available high resolution (approximately 5 km) novel atmospheric product. The 

simulation setup has been carefully developed in order to resolve complex 

circulation patterns and small-scale dynamical features that play an important role 

in setting up the upper layer properties and the development of the MLs.  

• The use of the high-resolution model simulation is used to provide a detailed 

description of the spatiotemporal variability of the Mixed Layers in the RS and its 

relation to the air-sea interactions. We examine the relative contribution of the 

different components of the atmospheric forcing (buoyancy fluxes and 

momentum forcing) in setting up the upper layer properties and the MLD 

distribution. 

• We then identify and quantify the role of internal processes in the development of 

the RS MLs. Analysis of closed and complete potential temperature and salinity 

budgets vertically integrated over the MLD will aim to identify processes that 

play an important role in setting up the upper RS stratification and ultimately 

define its seasonal variability. The analysis separately considers the advective 

fluxes, diapycnal mixing, and entrainment of heat and salt, and their relative 

contribution in determining the ML density. 
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• The analysis is then extended to cover the interannual variability of the MLs 

during the simulation period. We utilize the potential temperature and salinity 

budgets analysis to investigate the processes that govern the interannual 

variability of density changes in the RS, that ultimately define the evolution of the 

ML development. 

• Finally, we investigate the long-term response of the RS to local and global 

climate variability, using SST as a proxy of the evolution of the basin and 

especially the active upper part of the basin that interacts with the atmosphere. 

Availability of long-term SST datasets, spanning a period of more than a century, 

are analyzed to examine the long-term variability of the RS upper layers, the 

existence of trends, and their relation to external forcing and the potential role of 

internal processes.  

1.5.  Dissertation outline  

This PhD dissertation combines outputs of ocean model simulations and 

contemporary oceanographic measurements in order to investigate the processes that 

drive the evolution of the upper layer properties, the development of the MLs and their 

spatiotemporal variability in the Red Sea. The dissertation includes an Introduction, six 

separate chapters and a general conclusion. Additional contributions in the research of 

physical and biological understanding of the Red Sea are also provided. 

In Chapter 2, we describe the development of a state-of-the-art regional RS 

circulation model, forced by recently developed downscaled atmospheric products, with 

unprecedented horizontal resolution over the RS region, for the period of 2001-2015. An 
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extended validation of the numerical model results against available observations is 

provided, while additional detailed verification of the model outputs is provided in 

Appendix A. 

In Chapter 3 we investigate the spatiotemporal variability of the MLs in the RS, 

focusing on the seasonal MLD distribution, and examine their relation to the momentum, 

heat and FW exchanges with the atmosphere. We present the climatology of atmospheric 

forcing using the novel model simulation and qualitatively examine the relative 

contribution of the wind and surface buoyancy fluxes in inducing vertical mixing, which 

drives the ML deepening. We also discuss the effects of the general circulation and the 

local circulation dynamics on setting up the upper layer properties and the MLD 

distribution. 

Chapter 4 focuses on the contribution of the individual processes governing the 

seasonal evolution of MLD using the results of the high-resolution numerical simulations. 

We identify and quantify the relative importance of atmospheric forcing, diapycnal 

mixing, and divergence of the advective flux of 𝜃 and S within the ML using the daily-

averaged model-closed potential temperature (𝜃) and salinity (S) budgets. We further 

estimate the entrainment heat advection based on the exact closure of the ML 𝜃 and S 

budgets. We examine the role and potential of each of the aforementioned processes in 

the water column that ultimately define the relative contribution of heat and freshwater 

changes in density, which in turn determine the development and evolution of the ML. 

We expand upon this work in Chapter 5 and investigate the interannual variability of the 

MLs in the RS, the evolution of the MLD and the role of the different processes in 

driving the annual variability of its properties. 



36 
 

In Chapter 6 we utilize long term datasets SST as a proxy for the evaluation of the 

state of RS, its spatiotemporal variability and response to local and global climate 

change. We show that the long-term variation of the SST over the Red Sea is influenced 

by a natural oscillation related to the Atlantic Multidecadal Oscillation (AMO). We 

further evaluate the reported trends based on satellite-era datasets in relation to this 

oscillation and provide projections of the its evolution. 
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2. Chapter 2 

Data and Methods 

2.1. Introduction 

The aim of this Chapter is to describe the development and validation of the state-

of-the-art ocean general circulation model (OGCM) simulation of the RS circulation. Our 

work is based on - and extends - the capabilities of the RS modeling system (iReds) 

(Hoteit et al., 2021). The iReds is a comprehensive system comprising a set of state-of-

the-art modeling components for simulating the atmosphere, ocean, waves, transports, 

and biogeochemistry and to support oil spill prediction efforts (Hoteit et al., 2021). The 

ocean part of the iReds modeling system comprises of the regional RS configuration of 

the Massachusetts Institute of Technology general circulation model (MITgcm). Access 

to the exceptional computing Cray facility at KAUST SHAHEEN II, enables atmospheric 

and oceanic simulations over long time periods at very high-resolutions. 

The model is implemented on a high-resolution grid to enable the improved 

representation of the complex bathymetry of the RS, including the shallow and narrow 

constrictions of the adjacent gulfs, important for the accurate representation of the RS 

overturning circulation (Sofianos and Johns, 2015). The increased model resolution was 

further motivated by recent observational (Zhan et al., 2014a; Raitsos et al., 2017) and 

modeling (Chen et al., 2014; Yao et al., 2014a,b) studies that revealed complex 

circulation patterns with a wide range of scales. These small-scale dynamical features 

play an important role in the development of the MLs.  
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To properly simulate the atmospheric circulation of the relatively small two gulfs 

in the north, and the presence of small scale features associated with the complex 

regional topography (particularly narrow mountain gap winds), we utilize recently 

generated downscaled atmospheric products (Viswanadhapalli et al., 2017), with 

unprecedented horizontal resolution over the RS region. The importance of atmospheric 

fields that accurately describe the local topography and follow the complex orography 

surrounding the RS basin, has been emphasized in numerical studies of the RS, especially 

for the accurate simulation of the oceanic velocity field and the associated mesoscale 

features (Clifford et al., 1997).  

The model output has been extensively validated against a wide range of available 

observations. Special attention has been given in the validation of the upper layers’ 

distribution of temperature and salinity, the main features of the RS circulation dynamics, 

the ML development and its spatiotemporal variability. Specifically, the upper layer 

model temperature, salinity and density are validated against all available CTD profiles 

during the model simulation period (2001-2015). The MLD estimates from the model are 

subsequently compared with these derived from the CTD observations. Additionally, we 

compare the model outputs with satellite-derived daily estimates of SST and sea level 

anomalies. Finally, comparison with the available velocity observations has been used to 

validate the model representation of the energetic mesoscale field.  

2.2. Model Description 

We performed a regional RS hydrodynamic simulation using the MITgcm 

(Marshall et al., 1997). The model setup builds upon that of Yao et al., (2014a,b), and 
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includes the implementation of significant improvements motivated by recent 

observational and modeling results. These include the use of a higher horizontal and 

vertical resolution in the model, and the use of recently developed atmospheric fields 

(Viswanadhapalli et al., 2017) characterized by much finer spatial and temporal 

resolutions (Dasari et al., 2019; Langodan et al., 2017).  

The model has a horizontal grid spacing of approximately 1 km (1/100°) and 50 

vertical, non-uniformly spaced vertical layers (z-coordinates), with an exponentially 

increasing thickness ranging from 4 m near the surface to 250 m in the deepest layer. 

There are a total of 18 layers in the first 150 m of depth. The model is forced with a 

higher-resolution atmospheric fields that were specifically generated for the RS region 

(Hoteit et al., 2021). 

The model domain includes the RS, the GoS, the GoAq, and a large part of the 

GoAd (Fig. 1.1). The bathymetry dataset is derived from the GEBCO 2014 product 

(Weatherall et al. 2015). The model has an open boundary located at approximately 50°E, 

which is forced with temperature, salinity, sea surface height and velocities conditions 

obtained from GLORYS2 (version 4), the most recent ocean reanalysis product by 

Mercator Ocean (http://marine.copernicus.eu/). Data are available for the period 1993 to 

2015, with a 1/4° horizontal resolution and 75 vertical layers, forced by the ERA-Interim 

reanalysis product created by the European Centre for Medium-Range Weather 

Forecasts.  

The RS model was forced by atmospheric fields with a 5 km horizontal 

resolution. The high-resolution atmospheric dataset was generated by downscaling the 

ERA-Interim reanalysis (Dee et al., 2011) using the Advanced Research version of 
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Weather Research and Forecasting (WRF) model, and assimilating available in situ and 

satellite observations of the region. This substantially improved the representation of 

regional atmospheric features (Viswanadhapalli et al., 2016; Langodan et al., 2017a,b; 

Hoteit et al., 2021). The atmospheric fields were made available every three hours to 

account for the high diurnal variability of atmospheric conditions, especially near the 

coastal regions. Wind stress was derived following the parameterization of Large and 

Yeager (2004), considering the relative velocity of the atmospheric wind speed to the 

simulated ocean surface current velocity. The atmospheric flux components were 

estimated using the Large and Pond (1981) bulk formulas. Evaporation is represented as a 

virtual salt flux. The vertical distribution of downward shortwave radiation in the water 

column has been parameterized following Paulson and Simpson (1977), through an 

exponential decay with depth, assuming water type IB as defined by Jerlov (1968).   

The RS MITgcm configuration follows that of Brannigan et al. (2015). A third-

order, nonlinear, direct space-time flux limited scheme was used to model the 

temperature and salinity advection, with scale-selective diffusion and viscosity. Adaptive 

viscosity schemes were employed with a Smagorinsky coefficient of 3 and corresponding 

Leith coefficients equal to 1. Biharmonic operators were applied for diffusion and 

viscosity, for both salinity and temperature. The biharmonic horizontal diffusion 

coefficient for heat and salt was 1 × 107 m 4 s−1. In addition, a Laplacian operator with a 

diffusion coefficient of 4×10−6 m2 s−1 was applied for the vertical mixing of both 

temperature and salinity. The unresolved upper ocean mixing processes including 

turbulence induced by wind stress and the associated vertical shear were parameterized 

using the K-profile parameterization (KPP; Large et al., 1994). The KPP scheme 
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enhances vertical mixing in a boundary layer under the destabilizing influence of surface 

buoyancy and momentum forcing (Large and Gent, 1999). The KPP scheme further 

introduces a vertical non-local transport to account for vertical convective mixing. A no-

slip boundary condition was applied on the lateral boundaries, while a quadratic drag 

coefficient of 2 × 10−3 was applied at the bottom. A sponge layer of 10 grid boxes with a 

relaxation period of five days was implemented for the velocity fields at the open 

boundary. Evaporation in the model is represented as an equivalent virtual salt flux and 

the velocities at the open boundary were adjusted accordingly to enforce zero net volume 

fluxes (e.g. Yao et al., 2014a; Hoteit et al., 2021). No tidal forcing was used in the 

simulation and no tracer relaxation was applied. A time step of 90 s (smaller than the 

CFL criteria requirements) was used to ensure model stability over long-term 

simulations. After a five year spin-up run using periodic forcing corresponding to that 

from the year 2001, the model forced with the downscaled WRF fields was integrated 

over the period from 2002 to 2015. Daily averaged outputs were stored for all the 

required diagnostic variables. 

2.3. CTD observations 

We have analyzed a total of 831 conductivity-temperature-depth (CTD) casts 

from the RS, spanning a time period of more than 40 years (1982-2013); 551 of which 

fell within the time period of the model simulation (2001-2015). The sources, temporal 

and spatial coverage of the CTD profiles, and the number of CTD casts, are listed in 

Table 2.1. These include observations collected during all the major expeditions that took 

place in recent years (also listed in Alraddadi, 2013), which were supplemented herein 
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with observations from several of the most recent expeditions. The geographical and 

temporal distributions of these observations are shown in Fig. 2.1. 

Table 2.1 Expedition name, time period, spatial coverage, number of casts and the source of the 

available CTD observations considered in this work. 

  Expedition Period Spatial coverage Num Source 

1 R/VMarion 

Dufresne 

Oct 82 Whole Red Sea 77 Maillard and Soliman, 

1986 

2 R/V Sagar Kanya May 83 Whole Red Sea 33 Quadfasel and Baudner, 

1993 

3 R/V Meteor 5/2 Feb-Mar 

87 

CRS   59 Quadfasel and Baudner, 

1993 

4 R/V Meteor 5/5 Jul-Aug 87 CRS and SRS 52 Quadfasel and Baudner, 

1993 

5 R/V Maurice 

Ewing 

Feb 99 NRS and Gulf of 

Aqaba 

80 Plaehn et al., 2002 

6 R/V Meteor leg 

44/2 

Aug 01 Whole Red Sea 77 Sofianos and Johns, 2007 

7 KAUST-WHOI Oct 08 CRS 35 Alraddadi, 2013   

8 KAUST-WHOI Mar 10 NRS and CRS 110 KAUST repository 

9 KAUST-WHOI Sep 11 NRS and CRS 262 KAUST repository   

10 KAUST 2013 Mar 16 CRS 46 KAUST repository   

 

More observations are available in the eastern part of the RS and along its central 

axis, than in the western part of the basin (Fig. 2.1 c,d). Considerably more observations 

are available from the period after 2008 (Fig. 2.1 a,c), and summer (Fig. 2.1 a-d), whereas 

the number of observations taken in winter is small (Fig. 2.1 b). From 831 (551 during 
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the 2001-2016 simulation period) casts analyzed, 535 (372) observations were taken in 

the summer period (May–September) and 261 (179) in the winter period (October–April). 

Availability of data is particularly low for the SRS during winter period (Figs. 2.1 a,d). 

Despite the sparsity of these observations, they provide valuable insight into the near-

surface stratification, and they have been used to validate the model. 

 

 

Figure 2.1 (a) Number of CTD casts in the RS per year and (c) the geographical locations at 

which the casts were taken, color-coded by the year when the individual casts were taken; (b) and 

(d) are the same as a and c, except showing the monthly distribution of the same casts. 
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2.4. Remotely sensed data used for model validation 

Daily averaged SST is validated against corresponding fields from the 

“Operational SST and Sea Ice Analysis” (OSTIA), provided by the UK Met Office 

(Donlon et al., 2012), on a 0.05° horizontal resolution grid, available from 1985 to 

present. This dataset is based on a blend of microwave and infrared satellite 

measurements, a product developed by the Group for High Resolution SST (GHRSST). 

The OSTIA product has been validated by inter-comparisons with other historical 

datasets (e.g. Reynolds Optimal Interpolation and Hadley Centre SST), and is 

continuously monitored and validated with in-situ measurements (Donlon et al., 2012). 

This is the highest resolution remotely sensed dataset available for the Red Sea that 

covers the entire period of our model simulation (2001-2015). OSTIA SST has been 

previously used to analyze the RS SST variability and trends, and has been successfully 

validated against other available satellite and historical reconstructions in this region 

(Genevier et al., 2019; Krokos et al., 2019).  

 Sea level anomaly (SLA) derived from satellite altimeter data is used to evaluate 

the persistent circulation features and mesoscale activity in the Red Sea. SLA is defined 

as a measure of the sea surface height with respect to a mean sea level, computed by long 

term averaging altimeter data. The dataset used in this study is the latest version of the 

SSALTO/DUACS products based on multi-mission satellite altimeter observations 

provided by AVISO (ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/). The 

product utilizes information from a multitude of satellite altimetry data that ensure a 

better spatial coverage and fewer mapping errors than single satellite products (Ducet et 
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al., 2000). The product is provided on a 0.25° grid with a monthly resolution for the 

period 1993-2015. 

2.5. Method for determining MLDs 

Several methods have been proposed in the literature to estimate the MLD, 

because a common difficulty is that the methods depend on the thermohaline conditions 

of the regions (e.g., Kara et al., 2003), as well as the type and vertical resolution of the 

input data (e.g. Huang et al., 2018 and references within). We sought to identify a method 

that would provide accurate MLD estimates using both the high-resolution vertical CTD 

profiles and numerical model outputs, which has a coarser vertical resolution and is 

archived as a daily average. 

Criteria that have been commonly used to determine the MLD can be separated 

into two general groups: property difference-based criteria, and gradient-based criteria. In 

the property difference-based criteria, the MLD is defined as the depth at which the 

vertical change in some oceanic property (most commonly the potential temperature or 

potential density) from the surface value at a particular horizontal location exceeds a 

threshold value (e.g., Montégut et al., 2004). Lorbacher (2006) suggested a gradient-

based criterion whereby MLD is determined as the shallowest extreme curvature of the 

near surface layer density or temperature profiles. However, since the curvature method 

relies on considering the second derivative, it may fail to provide accurate MLD 

estimates when dealing with “wiggly” profiles (Lorbacher et al., 2006). 

Huang et al., (2018) suggested a new method that provides a universal means of 

identifying the MLD. This method is based on the idea that density (as well as 
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temperature and salinity) varies more strongly as we approach the ML compared with its 

variation with depth. Accordingly, the authors defined a relative variance as the ratio 

between the standard deviation of the variable’s profile and the maximum variation over 

that depth range. At the depth of the ML the maximum variation increases sharply and is 

stronger than the standard deviation over this depth range. An initial estimation of a point 

residing below the ML depth is therefore possible by locating the minimum of the 

relative variance. A final adjustment is then made by examining the rate of change of 

standard deviation above this depth. The authors included an extended comparison with 

all commonly used methods from both families and further demonstrated its robustness 

for identifying the MLD in noisy data. In the present study, we used the density profiles 

to identify the MLD, because in the RS neither temperature nor salinity can globally 

define the ML. The vertical profiles of properties in the RS vary regionally owing to 

differences in the prevailing atmospheric forcing, as well as the strong advective fluxes of 

water exchanges at the straits connecting the RS to its adjacent Gulfs. 

For a thorough evaluation of the performance of the different methods, we applied 

and evaluated four criteria for determining the MLD in the RS. Two of these were based 

on property differences (density and temperature thresholds), one was a method based on 

the gradient of the density profiles and one was the method proposed by Huang et. al 

(2018). For the difference-based criteria a threshold value of density Δσ=0.125 kg/m3, 

which is in the range of commonly used thresholds (e.g., Dong, 2008), was chosen as 

being most appropriate for the RS. Accordingly, for the temperature-based method, the 

threshold was chosen as the temperature difference equivalent to a density increase of 

Δσ=0.125 kg/m3. 
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To apply the methods and make comparison with the model results, the available 

observations were first examined for their proper representation of the local ML. 

Estimation of MLD requires gap-free profiles with data available in at least the top 14 m 

(a requirement for model-based estimations) and a maximum depth that captures the 

vertical structure of the ML. The comparison was performed using 450 profiles, as 51 

profiles did not satisfy these criteria. Of these, 332 profiles were from the summer period, 

spanning all the regions of the main Red Sea basin (excluding the northern gulfs) and 118 

profiles were from the winter period, mainly from the NRS and CRS regions. No 

observations were available from the GoAq and GoS during the model simulation time 

period in either of the two seasons.  

The corresponding results from the simulation and the observations were 

individually examined and the estimates were compared with visually identified MLDs. 

Results for the selected profiles from each method are presented in Fig. 2.2. The most 

reliable MLD estimates were obtained using the relative variance method proposed by 

Huang et al. (2018). The method provided realistic estimates in the majority of the 

profiles and performed well for different vertical structure’s characteristics. It was able to 

account for the varying characteristics of the water column in the different regions of the 

RS regardless the stratification profile, (i.e., whether it was temperature or salinity 

dominated), as it does not depend on subjective thresholds, which are usually tailored for 

specific conditions (Fig. 2.2a,b). At the same time, although this method resembles the 

gradient approach in that it searches for the depth of maximum variability, it was 

generally more robust and showed less sensitivity to noisy data or weakly stratified 

profiles. This was especially important for the in situ datasets (Fig. 2.2c,d). Overall, the 
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method proposed by Huang et al. (2018) was the most reliable, as it accounted for both 

data sources without needing to specify dataset-specific thresholds, and was therefore 

used to estimate the MLD for both observations and model outputs. 

 

 

Figure 2.2 MLD estimates for selected profiles of salinity S (red lines), potential temperature θ 

(black lines) and potential density σ_θ (blue lines), as obtained using the following four methods: 

two property difference-based methods, with 𝜎1 threshold of 0.125 𝑘𝑔 𝑚S⁄  (dashed blue lines) 

and 𝜃	threshold that is equivalent to the 𝜎1	difference of	0.125 𝑘𝑔 𝑚S⁄  (dashed red lines), a 

maximum gradient method based on the 𝜎1 (dashed cyan lines), and the relative variance method 

of Huang et al. (2018), also applied on 𝜎1 (dashed black lines); e) location of the individual CTD 

profiles shown in panels (a-d). 

2.6. Model Validation 

We here focus on the validation of the model representation of the near surface 

stratification. We first validate the near-surface properties against the CTD profiles and 

then compare the MLD estimates from the model with those derived from the CTD 
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observations. Additional model validation is provided in the Appendix A. The latter 

shows a very good overall agreement between the model and satellite-derived daily 

averaged sea surface temperature (Section A2). We next examine the simulation of the 

major circulation features through their impact on the sea surface height as depicted by 

Sea Level Anomalies (SLA) derived from satellite observations (Section A3). The 

agreement of the spatial and seasonal distributions of the sea-level anomalies in the 

model and the satellite-derived data suggests qualitative consistency in the model’s 

representation of the circulation patterns (Section A3). The validation of the model’s 

representation of the general and mesoscale circulation is then provided. The model’s 

seasonal evolution of volume transport through the BAM, which is representative of 

the thermohaline-driven overturning circulation, closely matches observationally based 

values (Section A4.1). Comparison with the available velocity observations also shows a 

good agreement (Section A4.2).  

2.6.1. Model validation of the near surface stratification  

The near-surface (upper 350 m) model potential temperature (𝜃), salinity (S) and 

potential density (𝜎1) have been validated against the CTD profiles. The MLD estimates 

from the model have subsequently been compared with those derived from the CTD 

observations.  

2.6.1.1. Comparison with CTD observations  

The mean values and standard deviations of the vertical profiles of the potential 

temperature 𝜃, salinity S and potential density 𝜎1 in the top 350 m, as obtained from the 
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model and the CTD observations, are presented alongside their respective root mean 

square differences (RMSDs) in Figs. 3 and 4. The profiles and corresponding RMSD 

values are temporally averaged over the winter (October–April) and summer (May–

September) periods and over the individual RS regions. Following Raitsos et al. (2013) 

and Ahmad and Albarakati (2015), we separately consider the two gulfs in the north, the 

GoAq and GoS, the NRS (24º–28ºN), the CRS (18º–24ºN), and the SRS (between 18°N 

and the BAM), Fig. 1.1. This partitioning is based on the mean 𝜃 and S characteristics 

and the unique bathymetric features of each region. The model results were validated 

using the CTD observations within the time period of the model simulation (2001-2015); 

however, no observations were available from the two Gulfs in the north, i.e. GoAq and 

GoS, and the SRS in winter during the simulation period. In these cases we compared the 

available observations with the modeled climatological means for the same location and 

season. The mean vertical profiles obtained using all the available CTD observations are 

shown in the Supplementary Material (Fig. A7). 
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Figure 2.3 Mean vertical profiles of  𝜃 (red), S (blue), and 𝜎1 (black), obtained from CTD 

observations (dashed lines) and model results (solid lines) over the GoS in summer (May–

September) and GoAq in winter (October-April); note different scales. Shading shows the 

corresponding standard deviations and N denotes the number of observations considered. 

 

Figure 2.4 Mean vertical profiles of  𝜃 (red), S (blue), and 𝜎1 (black), in the top 350 m, from 

CTD observations available from 2001 to 2015 (dashed lines) and model results (solid lines), 

with the corresponding RMS differences, over the NRS (a,b), CRS (c,d) and SRS regions (e,f), in 

(a,c,e) winter (October–April) and (b,d,f) summer (May–September) period. Shading shows the 

corresponding standard deviation and N denotes the number of observations considered. 
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Gulfs of Aqaba. In the GoAq 61 sample stations were available from one expedition in 

winter (Feb 21– March 5, 1999). They showed the lowest surface temperatures and the 

largest MLD (more than 300 m) observed in the RS. Comparison with the model 

climatological means (Fig. 2.3a), suggests that both are representative of typical winter 

conditions (Carlson et al., 2014). 

Gulfs of Suez. Only two sample stations were available from October 1982, showing the 

typical strong salinity stratification that develops at the end of the summer period, while 

temperature shows a smaller vertical gradient. Salinities at depths exceeding 30 m are the 

highest observed in the RS, whereas the water above is less saline (Fig. 2.3b), due to the 

surface inflow from the NRS (Sofianos and Johns, 2017). This vertical salinity profile 

agrees well with the modeled climatology, whereas the observed temperatures lie within 

the range of the simulated climatological mean temperature profiles. 

North Red Sea. In the NRS, 84 observations are available during the summer and 89 

during the winter period, providing relatively good coverage (Fig. 2.4a,b). The simulated 

temperature and salinity closely match the vertical profiles based on the observations, as 

well as their seasonal variability (Fig. 2.4a,b). The RMSDs for all properties are small 

(<0.1 °C for 𝜃, < 0.2 psu for S and < 0.25 for 𝜎1 in both seasons), and remain relatively 

constant with depth. A small increase in the RMSD occurs in summer at the depth of the 

thermocline, where the vertical gradients of both temperature and salinity are strongest 

(Fig. 2.4b). Nevertheless, the MLD of these properties in the model and the observations 

are similar. 

Central Red Sea. The largest number of observations is available from the CRS (216 in 

summer and 90 in winter, Fig. 2.4c,d). During the winter period the modeled and 
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observed mean properties are very similar, with RMSDs less than 0.2°C for 𝜃, 0.3 psu for 

S and 0.3 for 𝜎1, everywhere within the top 350 m (Fig. 2.4c). The agreement is 

particularly good in the top 100 m. In summer, the thermocline shoaling to a depth of less 

than 30 m is accurately reproduced. Differences are larger within the intermediate depth 

range (50–150 m), where the observations show a local temperature and even more 

pronounced salinity minimum (Fig. 2.4d). These are typical summer conditions caused by 

the advection of colder and fresher GAIW from the SRS (Fig. 2.4d), (Sofianos and Johns, 

2007). The model reproduces the observed increase in variability of both properties over 

the same depth range (50–150 m), although the modeled variability is somewhat weaker, 

resulting in higher RMSDs in this depth range. This may be due to differences in the 

properties of the GAIW inflow and/or too strong mixing of the GAIW in the model.   

Southern Red Sea. In the SRS, 72 CTD observations are available in summer, while only 

three observations are available in winter and they fall outside of the model simulation 

period. Although the number of observations is small, they show a large seasonal 

variability that is characteristic for this region (Fig. 2.4e,f), caused by the seasonal 

reversal of the monsoon-driven water exchange with the GoAd (Sofianos and Johns, 

2015).   

In winter, the water in the approximately top 130 m is warmer and fresher owing 

to the inflow of surface waters from the GoAd, which overlie colder and saltier RS 

intermediate waters (Fig. 2.4e). The model’s climatological means agree well with the 

main characteristics of these water masses and the depths of their transition.  

In summer, the model reproduces the strong vertical stratification with a thin, 

warm and highly saline vertically homogenized upper layer (approximately 25 m deep) 
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overlying a colder and fresher layer that extends to approximately 300 m depth (Fig. 

2.4f), owing to the summer intrusion of the GAIW (Churchill et al., 2014; Dreano et al., 

2016).  The model reproduces the depth of the transition to the intermediate GAIW layer, 

showing the strongest variability of properties in the 50-250 m depth range; however, the 

minimums of salinity and temperature are slightly underestimated, as was the case in the 

CRS. This yields larger RMSDs for both temperature and salinity in the depth range of 

the intermediate waters. However, the differences are density compensating, leading to a 

relatively better representation of the vertical density stratification.  

2.6.1.2. Comparison with MLD estimates from CTD 

observations 

The MLD estimates from our model simulation were validated against those 

derived from the CTD observations for the same location and same day. They show 

generally good agreement during both seasons and throughout the basin (Fig. 2.5) despite 

differences in the vertical and temporal resolution between the model outputs (daily 

averages; vertical resolution from a few to tens of meters) and in situ observations 

(instantaneous; usually with a vertical resolution of 1 m). 

During the summer period (Figs. 2.5a, b), MLD estimates from both the 

observations and the model mostly range between 20 and 40 m, with very few estimates 

deeper than 60 m. During the winter period (Figs. 2.5c, d), the model reproduces the 

observed ML deepening (40–60 m); however, no winter observations were available from 

the time period of model simulation in regions where the deepest MLs develop (in the 

NRS and the Gulf of Aqaba). 
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During the summer period, MLD estimates show smaller differences along the 

basin’s central axis (Fig. 2.5e). The largest differences are in the northwestern part of the 

RS during winter (Figs. 2.5e, f), where MLD estimates from both observations and model 

results are the deepest (not shown). The RMSD is 13.8 m (12.6 m during the summer 

period and 15.6 m during the winter period), with differences showing a uniform spread 

in both seasons (Fig. 2.5g). In the CRS, the differences do not exhibit a clear spatial 

pattern. As the CRS is characterized by a highly variable and energetic mesoscale 

circulation (Zhan et al., 2014, 2016), this may be caused by strong advection of heat and 

salt by eddies or by differences in their exact locations during the day, considering the 

comparison is performed between the instantaneous observations and daily averaged 

model outputs. The MLD estimates obtained from the few observations available for the 

NRS in winter (where most of the deep mixed layers are observed, Fig. 2.5f) agree well 

with model estimates. 
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Figure 2.5 Histogram of the number of CTD casts available during the model simulation period 

(2001-2015), shown as a function of MLD with the binning interval of 10 m, for (a) summer 

(May–September) and (c) winter (October–April); (b,d) as (a,c) except from daily averaged 

model output; (e) the difference between the MLD estimates obtained from the CTD casts and the 

daily averaged model output for the summer and (f) winter periods; (g) scatter diagram of the 

MLD estimates obtained from the CTD casts and the daily averaged model output, for winter 

(blue) and summer (red). 
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2.7. Summary 

In this Chapter we described the development of a state-of-the-art regional ocean 

circulation model for the RS, spanning the period 2001-2015, and its validation against 

the available observations, focusing on the representation of the upper layer 

characteristics. On account of the complex small scale features revealed by the 

observations and previous modeling studies, the dynamic circulation and the complex 

bathymetry of the basin, the model was implemented with a higher resolution (1/100°, 50 

vertical layers) than previous models of the RS and was forced by a recently developed 

high-resolution (approximately 5 km) regional atmospheric reanalysis shown to 

successfully reproduce the spatial and temporal variability of the atmospheric fields used 

to force the model. This is the first attempt to use such high-resolution model simulations 

to analyze the RS circulation. Our work further extends the capabilities of the RS 

modeling system (iReds), comprising a set of state-of-the-art modeling components for 

simulating the atmosphere, ocean, waves, transports, and biogeochemistry in the RS and 

to support oil spill prediction efforts. 

For the validation of the model simulation we collected and analyzed a total of 

831 conductivity-temperature-depth (CTD) casts from the RS, including observations 

collected during all the major expeditions, spanning a time period of more than 40 years 

(1982-2013). The model output was extensively validated against the available 

observations, showing that it accurately reproduces the seasonal evolution of upper 

layers’ distribution of both temperature and salinity. Additional model validation 

included the comparison of the model daily averaged SSTs with satellite-derived data, 

which also provides a first order evaluation of the air-sea heat exchanges, and showed a 
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very good agreement of their spatiotemporal variability. Moreover, the agreement of the 

model’s velocity fields with those from available in situ observations, along with the 

spatial and seasonal distributions of the sea-level anomalies from satellite-derived data, 

suggests a qualitative consistency in the model’s representation of the circulation 

patterns. Finally, the model’s seasonal evolution of volume transport through the BAM 

closely matched the observationaly based values, suggesting a good representation of the 

exchange flows, which are representative of both the local circulation patterns and the 

general thermohaline-driven overturning circulation. 

As the main goal of this thesis is the study of the development of the RS MLs, we 

further evaluated different methods for the estimation of the MLD from both vertical 

CTD profiles and numerical model outputs. The most realistic MLD estimates based on 

both the CTD observations and model output, were obtained using the relative variance 

method of Huang et al. (2018). The method was able to provide reliable MLD estimates 

for different geographical regions and different vertical sampling resolutions. Because 

both CTD observations and the model show that the seasonal variability in the near 

surface stratification may be driven by changes either in temperature or salinity, the 

MLDs were determined by considering the potential density. Evaluation of the simulated 

MLD estimates against those from CTD profiles revealed that the model was able to 

reproduce the seasonal evolution of the upper layers’ stratification, the ML development 

and its spatiotemporal variability.  
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3. Chapter 3 

Seasonal Evolution of the Mixed Layers in the Red Sea and the 

Relative Contribution of Atmospheric Buoyancy and Momentum 

Forcing 

 

This Chapter has been submitted for publication as a modified article, entitled “Seasonal 

Evolution of Mixed Layers in the Red Sea and the Relative Contribution of Atmospheric 

Buoyancy and Momentum Forcing", in Journal of Geophysical Research - Oceans.  

 

G. Krokos1, I. Cerovečki2, V. Papadopoulos3, M. C. Hendershott2 and I. Hoteit1 

1King Abdullah University of Science and Technology, Thuwal, Saudi Arabia. 

2Scripps Institution of Oceanography, University of California, San Diego, USA.  

3 Hellenic Centre of Marine Research, Anavyssos, Greece. 

3.1. Introduction 

The aim of this Chapter is to provide a comprehensive representation of the seasonal 

evolution of MLs in the RS. Studies based on observations have provided a general 

overview, yielding significant insights into the MLD variability in the RS. However, due 

to the paucity of in-situ observations, knowledge about MLDs in the RS is still fairly 

limited (Eladawy et al., 2017). The paucity of in-situ observations makes it necessary to 

combine the observations from different years and even different decades. This however 
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may be ineffective because of a strong seasonal and interannual variability of the 

atmospheric forcing that drives a large fraction of the observed near surface stratification 

(Papadopoulos et al., 2013; Yao and Hoteit, 2018). Observations are very inhomogeneous 

both in space and time; they are mostly obtained during periods of smooth sea conditions, 

creating biases in MLD distributions, and hindering the identification of local extremes. 

In this Chapter, we use the results of the regional RS circulation model presented 

in Chapter 2, to study the spatiotemporal variability of the MLs and examine their 

relation to the momentum, heat and FW exchanges with the atmosphere. We also 

describe the climatology of atmospheric forcing using this novel atmospheric product and 

discuss the effects of the general circulation and the local circulation dynamics on setting 

up the upper layer properties and the MLD distribution. The seasonal and spatial 

distributions of wind stress, surface heat and FW fluxes from the model simulation are 

presented in Section 3.2. In this section we also discuss the relative contribution of the 

individual components of surface air-sea exchanges to model ML fields. The seasonal 

and spatial model MLD distribution is described in Section 3.4. A summary of the main 

findings concludes the work in Section 3.5. 

3.2. Atmospheric buoyancy and momentum fluxes  

As surface momentum and buoyancy fluxes are generally the major drivers of mixing in 

the near-surface layer and the oceanic ML development (Cronin & Sprintall, 2008), we 

hereby briefly describe the mean seasonal characteristics of wind stress and surface 

buoyancy flux. Buoyancy flux is further split into its heat and freshwater flux 
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components, as their effect on density occurs through changes in temperature and 

salinity, respectively, that generally exhibit different variabilities.  

3.2.1. Wind forcing 

The wind fields used in this work were analyzed in Langodan et al. (2017); therefore, we 

briefly discuss the most relevant features herein. The seasonal climatology of wind stress 

in the RS is presented in Fig. 3.1. In the north, winds blow southward throughout the 

year, generally intensifying in winter; this coincides with the occurrence of winter storms 

affecting the Mediterranean region (Papadopoulos et al., 2015). Wind stress is also 

intensified due to channeling of winds by the topography along the gulf’s axes in a 

southwesterly direction, strengthening toward their southern parts. Accordingly, wind 

stress in the NRS is generally stronger near the mouths of the GoS and GoAq and along 

the NRS’s western parts. In the south, the seasonal variability is predominantly governed 

by the monsoon driven wind reversal, with southeasterly winds in winter, and 

northwesterly winds in summer (Pratt et al., 1999; Langodan et al., 2017). Throughout 

the year, wind stress in the SRS is generally stronger in the vicinity of the BAM. Wind 

stress in the SRS intensifies in winter, when southern monsoon winds from the Arabian 

Sea enter through the strait. They blow northward with progressively lower intensity, 

mostly influencing the western parts of the SRS and CRS. These southeast winds meet 

the northwest winds from the Mediterranean Sea, creating an intermediate zone of calmer 

winds in the central RS (CRS), known as the Red Sea Convergence Zone (RSCZ; 

Pedgley, 1966), before exiting the basin through the Tokar Gap in its western part 

(Langodan et al., 2017). Gaps in the coastal mountain chains parallel to the RS axis 
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induce strong wind stress on smaller scales (Jiang et al., 2009; Menezes et al., 2018). This 

is especially the case in the CRS during summer, when eastward wind jets blow through 

the Tokar Gap before shifting southward towards the eastern part of the SRS.  

 

Figure 3.1 Seasonal climatology of the wind stress in summer (June–August), autumn 

(September–November), winter (December–February), and spring (March–May). 

3.2.2. Surface buoyancy fluxes 

The net surface buoyancy flux (𝐵) is the sum of the surface heat and freshwater (FW) 

flux components and can be expressed as  

𝐵 = −𝑔 ∙ 𝑎X ∙
Y

Z[\∙]^_
+ 𝑔 ∙ 𝑏b(𝐸 − 𝑃) ∙ 𝑆, (1) 

where 𝜌b is the water density at the surface, g= 9.81 ms-2 gravitational constant, 𝑐? the 

specific heat capacity, 𝑎X and 𝑏b are the thermal expansion and saline contraction 

coefficients* evaluated at the sea surface, and 𝑆 is the surface salinity. Q is the net heat 

flux, which is the sum of the net shortwave and longwave radiation, and the sensible and 

 
* Coefficients 𝑐?, 𝑎X and 𝑏b were computed using the Gibbs-Sea Water (GSW) 
Oceanographic Toolbox (McDougall and Barker, 2011) 
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latent heat fluxes. Finally, 𝐸 − 𝑃 (evaporation minus precipitation) is the net FW flux. 

All terms were evaluated using the daily mean model outputs. Positive buoyancy fluxes 

increase the stability of the water column and inhibit vertical mixing, whereas negative 

buoyancy fluxes reduce stratification and drive convective mixing. 

The heat and FW fluxes exhibit different seasonal variabilities and spatial patterns (Figs. 

7b and 7c, respectively). The seasonal variability of the net buoyancy flux (Fig. 3.2a) is 

mainly controlled by its heat flux component, while the seasonal variability of FW flux 

component is much weaker. Evaporation persists throughout the year reducing the near 

surface stratification, which plays an important role in preconditioning for ML deepening 

(Sofianos and Johns, 2015). The ocean surface gains heat (and buoyancy) in spring and 

summer, and generally loses heat (and buoyancy) during the rest of the year (Fig. 3.2a,b).  

In spring most of the Red Sea gains buoyancy from the atmosphere, especially in the 

SRS. The buoyancy loss persists only in the northern RS, in the vicinity of the straits 

connecting to the two gulfs (Fig. 3.2a). In summer, the ocean loses buoyancy only in the 

region influenced by the Tokar Jet, due to extreme evaporation (Fig. 3.2a,c). The 

strongest heat (and buoyancy) gain in summer is simulated in the western part of the NRS 

and in the southeastern SRS (Fig. 3.2a,b). 
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Figure 3.2 Seasonal climatology of the net air–sea buoyancy flux (a), and its heat flux (b) and 

freshwater flux (c) components in summer (June–August), autumn (September–November), winter 

(December–February), and spring (March–May). Positive values indicate ocean surface 

buoyancy gain. 
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3.2.3. Relative importance of Heat and FW fluxes  

The total surface buoyancy flux depends on the contribution of surface heat and FW 

fluxes through the respective changes they produce in the surface water’s temperature 

and salinity.   

In general, a FW flux of 1m/year contributes to the buoyancy flux as a heat loss of 

approximately -10 W/m2 (Large and Nurser, 2001). As the contributions of heat and FW 

generally differ in intensity, and may show different seasonal and spatial patterns, they 

have a different effect on the near surface stratification. In order to readily compare their 

contribution to buoyancy, we compute the heat-equivalent FW flux (𝑄jk) given by: 

𝑄jk = −𝜌b ∙ 𝑐? ∙ 4
𝑏b 𝑎Xl : ∙ (𝐸 − 𝑃) 

Annually averaged over the entire Red Sea, the surface heat-equivalent FW flux accounts 

for -21.2 ± 0.5 W/m2, which is significantly stronger than the surface heat flux (-9.5 ± 4.4 

W/m2), mainly because it has a uniform sign throughout the year. However, its variability 

is always smaller than that of the heat flux, and generally too weak to govern the total 

surface buoyancy flux variability. The monthly mean 𝑄jk	rarely exceeds -40 W/m2 

(compared to the monthly heat flux that regularly exceed -200 W/m2 during winter 

months in most parts of the RS). Therefore, the seasonal variability of buoyancy mainly 

reflects the seasonal intensity of heat exchanges with the atmosphere. FW fluxes provide 

the potential for ML deepening through their cumulative effect on the surface water 

density, and they are important mainly on longer (annual and interannual) time scales. 
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3.3. Relative importance of Buoyancy and Wind-induced mixing 

To assess the contribution of wind stress and buoyancy forcing to vertical mixing, we use 

the Obukhov length scale (Obukhov, 1946, 1971; Foken 2006). The Obukhov length 𝐿n 

is a universal length scale for exchange processes in surface layers and represents the 

ratio of the buoyancy and shearing effects (Phillips, 1977; Large, 1988). Therefore, it is a 

measure of the relative importance of wind and buoyancy forcing on oceanic turbulent 

mixing (Taylor and Ferrari, 2010). The length scale 𝐿n is defined by 

𝐿n =
(𝑈∗)S

𝜅𝐵r
, 

where, κ = 0.4 is the von Karman constant, 𝑈∗ is the friction (or shear) velocity and 𝐵r is 

the buoyancy flux. 𝐿n represents the depth at which the generation of turbulence is 

generated more by buoyancy than wind shear. The friction velocity represents the 

contribution of wind induced shear to turbulence and the buoyancy term is a measure of 

the contribution of convective mixing. Generally, large values indicate that wind induced 

mixing dominates over convective forcing, while small values indicate that turbulence is 

driven by convective processes.  
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Figure 3.3 Seasonal climatology of the Obukhov length in summer (June–August), autumn 

(September–November), winter (December–February), and spring (March–May). 

 

The seasonal climatological means of 𝐿n from the model simulation for the 

period 2001-2015 are presented in Fig. 3.3. The spatiotemporal variability of the relative 

contribution is inhomogeneous, but reveals characteristic seasonal and spatial patterns. 

The spatial patterns generally match the wind stress variability. However, the seasonal 

variability is mostly controlled by the variability of the surface buoyancy fluxes. Wind 

induced mixing has a higher contribution during summer, when buoyancy acts to increase 

stratification. There is a smaller influence during winter when convective processes 

dominate vertical mixing.  

Channeling of winds through the straits, combined with strong wind stress from 

jets blowing through mountain gaps, significantly increase turbulence in the water 

column. During summer, winds are dominant in the northern parts of the basin, as 

southern winds are channeled through the narrow Gulfs and exit towards the NRS. Wind 

stress is especially strong in the eastern CRS due to the Tokar jet winds. Their effect 

extends in the western part of the SRS, especially over the shallow regions. Effects of 
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lateral winds are also simulated, but to a lesser extent, in small regions in the NRS (e.g., 

at 22ºN and 24ºN). During autumn, the contribution of wind becomes gradually less 

important for the development of the ML, as buoyancy forcing becomes stronger 

throughout the RS, especially in the shallow regions of the SRS. During winter, the 

influence of momentum forcing remains strong in the SRS due to the monsoon-driven 

southern winds that are channeled through the BAM strait.  

3.4. Seasonal evolution of the MLD  

The simulation of the MLs in the RS reveals a strong seasonal and spatial variability. We 

present maps of the seasonal MLD climatology in Fig. 3.4, and of their spatial averages 

over the individual regions in Fig. 3.5. Monthly mean climatological MLD maps are 

provided in Fig. 3.7.  

Throughout the RS, MLs are deep from December until the end of March (Fig. 

3.5). The deepest MLs develop in January and February (Fig. 3.5). The MLs are deepest 

in the northern parts of the basin, and generally shoal toward the south (Fig. 3.4). In early 

spring, the near-surface starts to restratify and consequently MLs start to shoal (Fig. 3.5). 

Relatively deep MLs are sustained only in the northern parts of the basin and in the SRS 

near the BAM (Fig. 3.4). In summer, the thermal stratification further increases and the 

MLs generally become shallow almost everywhere in the RS (approximately 20 m deep, 

Fig. 3.4), with the exception of a local deepening in the southern part of the CRS (Fig. 

3.4). The MLs are also deeper in the GoAq and the western parts of the NRS. The MLs 

start to deepen in mid-September throughout the basin (Fig. 3.5). 



69 
 

 

Figure 3.4 Seasonal climatology of the MLD model estimates in summer (June–August), autumn 

(September–November), winter (December–February), and spring (March–May). 

 

Figure 3.5 Monthly mean climatology of the simulated MLD estimates averaged over the years 

2001–2015 and over the individual regions shown in Fig. 1: (a) NRS, (b) GoAq, (c) CRS, (d) 

GoS, e) SRS, and f) the entire RS. Lines denote the mean, the blue shaded areas represent the 
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standard deviation, and gray shaded areas indicate the range between the minimum and 

maximum monthly mean value. 

 

We have examined the influence of atmospheric buoyancy flux and wind stress on 

the seasonal MLD evolution by analyzing their daily correlations (Figs. 3.6a and 3.6b, 

respectively). These suggest that the seasonal variability of MLD is mostly influenced by 

that of surface buoyancy flux. Especially during winter, the large north–south gradient of 

the MLD reflects the meridional gradient of the atmospheric buoyancy loss, and 

especially that of heat fluxes. In spring, surface buoyancy gain increases stratification and 

the MLD starts to shallow throughout the RS (Fig. 3.4). In summer, the correlations of 

daily wind stress and MLD are strong almost everywhere in the basin (Fig. 3.6b). Wind 

influence decreases in winter when buoyancy forcing shows higher correlation (Fig. 

3.6a), especially in the northern RS where MLD is deepest (Fig. 3.4).  

The MLD seasonal and spatial variability in the RS generally shows high 

correlation with the atmospheric forcing. However, periods when correlation of both 

components of atmospheric forcing with MLD is low suggest that other processes 

influence its development. The stratification of the water column is also influenced by 

lateral transport of heat and salt by the general and mesoscale circulation (Sofianos & 

Johns, 2003; Yao et al., 2014; Zhan et al., 2019).  For example, the northward upper layer 

flow transports warmer waters from the south that tend to increase stratification. 

Accordingly, the shallowing of MLD in the CRS and NRS during spring that shows low 

correlation with buoyancy fluxes (Fig. 3.6a), suggests a stronger influence by the general 

circulation. Moreover, the presence of mesoscale eddies may affect the MLD locally by 
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vertically displacing the isopycnals. This is reflected as circular troughs and ridges in the 

MLD distribution, such as in the CRS during autumn and the NRS during spring, which 

also exhibit low correlation with both wind stress and buoyancy forcing (Fig. 3.6a and 

6b). 

 

Figure 3.6 Daily correlation between the MLD and the net air–sea buoyancy flux (a) and wind 

stress (b), respectively, estimated in summer (June–August), autumn (September–November), 

winter (December–February), and spring (March–May). 

Since the ML distribution and its seasonality vary strongly by region, we next 

discuss their main characteristics separately for each RS region.  
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Gulfs of Aqaba and Suez. Throughout the year, the deepest MLs in the RS develop in the 

GoAq (Fig. 3.5b). In winter, the monthly mean MLD average over the region can exceed 

200 m (Fig. 3.4), and these deep MLs persist longer than those in the rest of the basin 

(Fig. 3.5b). ML deepening is predominantly driven by surface heat loss that dominates 

vertical mixing during winter (Fig. 3.6a), while MLs are deepest in late winter (February–

March). The deepest MLs are found in the northern part of GoAq (monthly mean MLDs 

exceeding 180 m), although buoyancy forcing and wind stress are more intense in its 

central and southern parts (Fig. 3.4). This likely results from the upper layer inflow of 

warmer and less saline water from the NRS that affects directly the southern part of the 

gulf, but its influence reduces towards the north (Plähn et al., 2002). In summer, the 

monthly mean MLD averaged over the GoAq is approximately 30 m deep. They can be 

even deeper in the southern parts of the gulf (Fig. 3.4), showing high correlation with the 

intense winds channeled through the Straits of Tiran (Fig. 3.6b).  

The GoS has very shallow MLDs and small seasonal variability, with slightly 

shallower MLs in winter than in summer. Mixing is mainly driven by winds, except in 

winter, when buoyancy forcing is relatively stronger and shows higher correlation with 

the MLD (Fig. 3.6a,b). Because its shallow depths preclude ML deepening, the small 

volume of water exposed to surface buoyancy loss rapidly increases its density, driving a 

vigorous near bottom outflow of denser water. As the baroclinic circulation develops 

during winter, this dense water outflow drives an increased surface inflow of relatively 

warmer and fresher waters from the NRS (Sofianos & Johns, 2017). This surface inflow 

increases the upper layer stratification, decreasing the depth of the near-surface 

homogenized layer.  
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North Red Sea. MLDs in the NRS show similar high seasonal variability as in the GoAq 

(Fig. 3.5a). ML deepening starts in autumn, and correlation of the buoyancy flux with the 

MLD generally increases, following the onset of buoyancy loss (Fig. 3.2a). MLs are 

deepest between January and February, driven mainly by strong wintertime air–sea 

buoyancy loss (Fig. 3.6a). The monthly averaged MLD can locally exceed 150 m in 

winter, while large standard deviations indicate that even deeper MLs develop in some 

years (Fig. 3.5a). The large standard deviations emphasize the need for caution when 

combining the generally sparse observations to study MLDs in the RS. Deeper MLs 

develop on the periphery of the NRS (Fig. 3.4), due to the general cyclonic circulation 

that prevails throughout the year and intensifies in winter (Zhan et al., 2014). In the 

center of this cyclonic gyre, the MLs are shallower owing to the doming of the 

isopycnals, although convective events may drive deep but short lived MLs at its center 

(Sofianos and Johns, 2003; Papadopoulos et al., 2015; Yao and Hoteit, 2018; Asfahani et 

al., 2020). MLDs are also deeper in the western parts of the NRS throughout the year, 

especially during winter months (Fig. 3.4). Several factors may contribute to this. First, 

wind forcing is consistently stronger in the western parts throughout the year. In autumn 

and winter, the deepest MLs are correlated with the regions of greatest buoyancy loss and 

strongest vertical mixing in the western parts of the basin (Fig. 3.6). In the eastern parts 

of the NRS, MLs are shallower, as the relatively warmer and fresher waters advected 

from the south in the upper layers follow the general cyclonic circulation (Sofianos & 

Johns, 2003), increasing the stratification and shoaling the ML in this region. In the 

southern part of the NRS (toward the CRS), the MLD distribution is affected by 

mesoscale features, especially during the winter period when semi-permanent eddies 
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develop, which subsist until April (Zhan et al., 2014). The most characteristic feature is a 

semi-permanent anticyclone simulated at approximately 25°N, which shows low 

correlation with atmospheric forcing, and sustains a noticeable deepening of the local ML 

(Fig. 3.4). 

In spring the MLD generally shoals except in the western part of the NRS and in 

the vicinity of the straits connecting to the two gulfs in the north. Correlation of MLD in 

the vicinity of the straits of the two gulfs in the north is higher with buoyancy fluxes (Fig. 

3.4b), suggesting that ML deepening is due to wind-induced buoyancy loss. 

Restratification follows the onset of positive surface heat gain, but the low correlation of 

buoyancy forcing with MLD (Fig. 3.6) suggests that the increase in stratification might 

be associated with the lateral advection of heat by the general northward transport of 

relatively warmer and fresher waters from the south. In summer, relatively deeper MLDs 

are sustained only in its western parts where correlation with wind stress is higher, 

indicating that the effect of wind is through shear induced mixing. 

Central Red Sea. The deepest MLs in the CRS develop mainly along the axis of the basin 

and in its eastern parts (Fig. 3.4); they are, however, shallower than those in the NRS, 

with monthly means remaining below 40 m, as surface buoyancy loss in winter in this 

region is weaker than it is further north (Fig. 3.5c). Surface buoyancy forcing generally 

shows high correlation with MLD in the northern part of the CRS, while winds mainly 

correlate with MLD in the eastern part. The presence of a series of circular troughs and 

ridges in the MLD distribution in winter and spring, with low correlation to atmospheric 

forcing (Fig. 3.6), suggests the influence of mesoscale eddies. In the CRS, the general 

northward flow of the upper layers transitions from its western to eastern parts (Sofianos, 
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2002; Yao et al., 2014b; Zhai et al., 2015). Accordingly, the warmer and less saline 

waters from the south initially lead to shallower MLDs in its western parts, while their 

influence eventfully shifts toward the northeast.  

In summer, MLs in the CRS are generally shallow (less than 20 m), except in the 

south (around 18°N), where a strong anticyclone develops in response to the Tokar Jet 

winds. The anticyclone is part of a dipole eddy system, with a cyclone in the north having 

a weaker but noticeable influence on the MLD (Sofianos and Johns, 2015). MLD is 

strongly correlated with wind stress over the Tokar anticyclone, whereas its effects 

extend also to the eastern part of the SRS (Fig. 3.6b). Buoyancy fluxes are dominated by 

increased evaporation over the same region, but the correlation with buoyancy fluxes is 

weak (Fig. 3.6a). In contrast, correlation of MLD is higher with buoyancy forcing in the 

region where the cyclonic eddy persists (Fig. 3.6a,b). The semi-permanent dipole eddy 

system affects the MLs until October (Fig. 3.4). The MLD in the CRS generally exhibits 

higher spatial variability than the rest of the RS during summer; this characteristic is 

likely associated with the energetic mesoscale circulation (Raitsos et al., 2017; Zhan et 

al., 2014; Zhan et al., 2019).  

South Red Sea. Generally, the shallowest MLs in the RS basin develop in the SRS (Fig 

9e). They exhibit distinct seasonal characteristics, as this region is affected by the 

seasonal monsoon winds and the associated reversal of the water exchange pattern 

through the BAM (Sofianos and Johns, 2003; Yao et al., 2014a,b). During the summer 

monsoon season, MLs are restricted to a thin upper layer (less than 20 m), as a result of 

the intense surface heat gain (Fig.7b) and the southward transport of warmer and saline 

surface waters from the CRS. This shallow upper layer is vertically bounded from below 
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by the intrusion of the fresher and cooler GAIW. The SRS is affected by strong 

southward winds during this period, which show a higher correlation with the MLD (Fig. 

3.6b), and induce coastal upwelling along the eastern boundary (Sofianos and Johns, 

2003). MLDs thus exhibit a west-east gradient, in accordance with the observed SLA 

during summer (Fig. S2 in the Supplementary Material). 

Following the monsoon reversal in winter, the warmer and fresher surface waters 

from the GoAd enter the RS through the BAM. They mainly affect the western parts of 

the SRS (Yao et al., 2014b), increasing the upper layer stratification and shoaling the 

MLDs (Fig. 3.4). The deepest MLs (monthly means up to 80 m) develop in the eastern 

part of the SRS and along the meridional axis of the basin in winter (Fig 8). The strong 

southern winds entering the RS through the BAM show high correlation with the MLD, 

especially near the strait and along its eastern parts (Fig. 3.6b). Buoyancy forcing shows 

low correlation (Fig. 3.6a), as the surface heat loss in SRS is weak during winter (Fig. 

3.2). The zonal extent of deep MLs is restricted to the central part of the SRS by the 

presence of the extended coastal shallow areas on both sides of the region (Fig. 3.4). This 

increase in MLD, particularly in the vicinity of the BAM (Fig. 3.4), lasts until April (Fig. 

3.5e). In May, several factors contribute to ML shoaling: these include the gradual 

weakening of the southern winds, the increase in surface heat gain, and the 

reestablishment of the southward transport of warmer surface waters from inside the RS.  
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Figure 3.7 Monthly climatology of the MLD estimates, obtained using the method of Huang et al. 

(2018) on daily model outputs, for the model simulation period (2001-2015). 
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3.5. Summary  

This study provided a detailed description of the seasonal and spatial evolution of the 

MLs in the RS, based on a 15-year numerical simulation. Considering only the influence 

of atmospheric forcing he seasonal MLD evolution is mainly governed by the variability 

of the buoyancy fluxes, driven predominantly by its heat flux component. Although very 

high evaporation in the RS region dominates the annually averaged surface buoyancy 

forcing, its seasonal variability is too weak to significantly affect the seasonal variability 

of the total buoyancy flux. Reflecting the cumulative effect of wintertime surface 

buoyancy loss, the deepest MLs in the RS develop in January and February, following the 

peak in the surface heat loss. In early spring restratification by the surface heat gain 

causes the MLs to shoal, while relatively deep MLs are sustained by wind-induced 

mixing in the northern parts of the basin (NRS and the GoAq) and in the SRS near the 

BAM. Channeling of winds through the straits and jets blowing through mountain gaps in 

the CRS and NRS may induce MLD deepening locally, owing to wind-induced mixing 

and buoyancy loss. While wind stress correlates with vertical mixing in all seasons, 

overall its effect on MLD is mostly prominent during the summer period. 

Although the horizontal advection was not explicitly analyzed in this study, the 

simulated MLD distribution suggests an important influence by the general and 

mesoscale circulation. The lateral transport of heat and salt influences the upper- and the 

intermediate-layer characteristics, and thus likely the MLD distribution. Moreover, semi-

permanent eddies and gyres locally displace the isopycnals, reflected as troughs and 

ridges in the MLD distribution. Eddies have a noticeable impact throughout the basin. 
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Their effect on the MLD distribution is especially strong in the CRS during summer and 

autumn, where a strong anticyclone develops in response to the Tokar Jet winds. 

The complex patterns of atmospheric buoyancy and momentum forcing, 

thermohaline circulation and mesoscale activity are all imprinted on the MLD 

distribution, which shows similarly complex patterns, that cannot be directly linked to a 

single dominant factor; rather, it is an interplay between the surface air–sea exchanges 

and internal processes governing their distribution. While this study mainly examined the 

effect of air–sea fluxes on vertical mixing that drive the development of the MLs, the 

quantification of the effects of advective fluxes will be specifically addressed in our next 

study. 
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4. Chapter 4 

Processes governing the seasonal evolution of mixed layers in the Red 

Sea  

This Chapter has been submitted for publication as a modified version, entitled “Natural 

Climate Oscillations May Counteract RS Warming over the Coming Decades", in Journal 

of Geophysical Research - Oceans. 

G. Krokos1, I. Cerovečki2, P. Zhan1, M. C. Hendershott2 and I. Hoteit1 

1King Abdullah University of Science and Technology, Thuwal, Saudi Arabia. 

2Scripps Institution of Oceanography, University of California, San Diego, USA.   

4.1. Introduction 

The main processes driving the thermohaline aspects of the upper ocean 

circulation are linked to the dynamics of the mixed layer (ML). The transfer of heat and 

freshwater between the atmosphere and the interior of the ocean is mediated by this layer. 

The temporal and spatial variabilities of the ML are governed by the complex interplay 

between air–sea buoyancy fluxes and the advective and diffusive fluxes of heat and salt. 

The upper layer stratification and the ML distribution are strongly influenced by 

advection of heat and salt by the general and mesoscale circulation (Alexander et al., 

2000; Taylor & Ferrari, 2010).  Beneath the ML lies the pycnocline, a layer within which 

the density increases rapidly with depth.  The deepening or shallowing of the ML results 

in the interaction with the pycnocline through the entrainment or detrainment of denser 
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waters, respectively. The entrainment advection of heat and salt may result in the 

reemergence of conditions in previous season, i.e., their temperature and salinity signals 

stored in the deeper layers (Deser et al., 2003),  potentially explaining a substantial 

fraction of their variability (Kim et al., 2004). Detrainment may also impact the ML 

properties because of the small but significant vertical gradients of the properties within 

the ML (Kim et al., 2007). The effects of entrainment are important not only for 

modifying the physical properties of the ML but also for controlling the vertical 

redistribution of nutrients, which is of pivotal importance for the ecosystems in the 

oligotrophic RS (Acker et al., 2008; Gittings et al., 2018, 2019). Therefore, analysis and 

understanding of the individual processes that regulate the ML temperature, salinity, and 

eventually its density is of great interest. 

In this Chapter, we quantify the relative contribution of the individual processes 

governing the seasonal evolution of MLD using the results of the high-resolution 

numerical simulations. Further, we identify and quantify the relative importance of 

atmospheric forcing, diapycnal mixing, and divergence of the advective flux of 𝜃 and S 

within the ML using the daily-averaged model-closed potential temperature (𝜃) and 

salinity (S) budgets. In accordance with the analysis of Kim et al. (2006), we estimate the 

entrainment heat advection based on the exact closure of the ML 𝜃 and S budgets. We 

examine the role and potential of each of the aforementioned processes in the water 

column that ultimately define the relative contribution of heat and freshwater changes in 

density, which in turn determine the development and evolution of the ML. The paper is 

organized as follows. Section 2 presents the tools and methods, including a description of 

the ocean model simulation and the methods used for the heat and salt budget analysis. In 
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Section 3, we present the general characteristics of the ML in the RS. The spatial and 

seasonal contributions of atmospheric forcing, advection, diffusion, and entrainment to 

the ML temperature and salinity in the RS as well as their relative importance in 

controlling the ML density are presented and discussed in Section 4. Finally, Section 5 

summarizes our main results. 

4.2. Tools and Methods 

4.2.1. Potential temperature and salinity budgets 

The closed and complete budgets of the potential temperature 𝜃 and salinity 𝑆 

were determined using the daily averaged outputs obtained from the MITgcm simulation 

over the period from January 2001 to December 2015, based on 3D daily averaged 

archived fields. The salinity budget was diagnosed in the form: 

5s
5X
+	∇ ∙ (𝒖𝑆) = ∇ ∙ (κB∇<=𝑆) + ∂u[κC(∂uS − γyz )] + 𝑆	 ∂u(E − P − R),  (1) 

where 5s
5X

 is the salinity tendency, 𝒖 is the three-dimensional velocity, ∇<=  is the 

horizontal biharmonic operator, κB and κC are the horizontal and vertical diffusion 

coefficients, respectively, E	indicates evaporation,	P	indicates precipitation, and 

R	indicates run-off (E, P, and R in ms−1). The KPP (Large et al., 1994) representation of 

the vertical flux owing to the unresolved vertical mixing processes comprises κC ∂u𝑆,  

representing local unresolved vertical diffusive processes in the boundary layer, and 

κCγyz ,	 representing the turbulent non-local transport of properties. The potential 

temperature 𝜃 budget was calculated similarly as follows: 
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|1
|X
+	∇ ∙ (𝒖𝜃) = ∇ ∙ (κB∇<=𝜃) + ∂u[κC(∂uθ − γ}z )] +

Y(9)
[~	�^∆9

	, (2) 

where 𝐶? is the specific heat of seawater, 𝑄(𝑧) is the net air–sea heat flux (sum of 

latent heat flux, sensible heat flux, net shortwave and net longwave radiation; positive 

values indicate ocean heat gain in Wm−2),	𝜌/ is the reference density of 1029 kg m−3, 

and ∆𝑧 is the thickness of the model layer. While in the salinity budget surface forcing 

has been applied only to the top model layer, in the potential temperature budget 

incoming shortwave radiation has been vertically redistributed following Paulson & 

Simpson (1977), assuming that the penetration of downward shortwave radiation below 

the surface decays exponentially with depth: 

𝑄(𝑧) = 𝑄(0) �𝑅 exp 4 9
��
: + (1 − 𝑅) exp 4 9

��
:�, (3) 

where 𝑄(0) is the incoming shortwave radiation at the surface, 𝑧 is the depth, and 

𝑅, 𝛾�, and 𝛾� are constants for water type IB as defined by Jerlov (1968). The incoming 

shortwave radiation typically reduces to 10% of its surface value in the top 25 m and 

becomes less than 1% of its surface value in the top 75 m, such that the incoming 

shortwave radiation is typically redistributed throughout the top 50 m. The buoyancy 

flux, comprised of the heat and freshwater fluxes, is given by: 

𝐵 = �
[~
��Y
�^
− 𝜌/𝛽𝑆(E − P − R)�, (4) 

where 𝑔 is the gravitational acceleration, 𝛼 and 𝛽 are the coefficients of thermal 

expansion and saline contraction, respectively (both functions of potential temperature, 

salinity, and pressure). Positive heat and salt fluxes imply an increase in ocean density 

corresponding to either a potential temperature decrease or an increase in E	 − 	P. To 
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readily compare the relative contributions of heat and freshwater fluxes, the freshwater 

flux is expressed as the heat-equivalent freshwater flux 𝑄jk as follows: 

𝑄jk = −𝐶?𝜌/𝛽𝑆(E − P − R)/	𝛼 (5) 

4.2.2.  Potential mixed-layer temperature (MLT) and mixed-layer 

salinity (MLS) budgets 

The methods that are commonly used to estimate the changes in ML properties 

because of entrainment often do not permit budget closure because of inaccuracies in 

their formulation (Kim et al., 2006). Therefore, we have identified the effects of 

entrainment using the rigorous approach developed by Kim et al. (2006), which achieves 

exact closure of the MLT and MLS budgets. Here, we briefly outline this approach using 

the potential temperature 𝜃 budget as an example (the same approach is also used for the 

salinity budget). Following Kim et al. (2006), we schematically rewrite the potential 

temperature 𝜃 budget given by Eq. (2) as follows: 

51
5X
= 5Y

59
− ∇(𝒖𝜃) + (𝑚𝑖𝑥𝑖𝑛𝑔),  (6) 

where Q denotes the sources and sinks, ∇ is the gradient 4 5
56
, 5
58
, 5
59
:, and mixing 

denotes the turbulent mixing that includes horizontal and vertical implicit diffusivity and 

the non-local component of KPP; the remaining symbols are identical to those in Eq. (2). 

The depth average of Eq. (6) from the surface to the MLD h at time t and at a single 

horizontal grid point can be used to obtain the diagnostic balance of MLT as follows: 

  ∫ 51
5X

/
�< 𝑑𝑧 = ∫ 5Y

59
/
�< 𝑑𝑧 − ∫ ∇(𝒖𝜃)/

�< 𝑑𝑧 + ∫ (𝑚𝑖𝑥𝑖𝑛𝑔)	𝑑𝑧/
�< , (7) 
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Because h varies in time, the vertical integral of the 𝜃 tendency over the column 

of the ML can be given as follows: 

∫ 51
5X

/
�< 𝑑𝑧 = 5(<[1])

5X
− 𝜃�<

5<
5X
	,  (8) 

where brackets ([ ]) denote the vertical average over MLD at each horizontal 

point. Thus, Eq. (7) can be rewritten for obtaining the time rate of change of MLT at a 

horizontal grid point as follows: 

5[1]
5X

= [𝑄] − [∇(𝒖𝜃)] + [𝑚𝑖𝑥𝑖𝑛𝑔] − �
<
([𝜃] − 𝜃�<)

5<
5X

, (9) 

where ([𝜃] − 𝜃�<)
5(<)
5X

 represents entrainment (or detrainment) in the time-

evolving ML. 

 We further separate the terms of Eq. (9) into processes that occur within 

the ML and processes acting at its base and obtain the following equations: 

5[1]
5X

= [𝑄] − [∇;(𝑢𝜃, 𝑣𝜃)]�� + [𝑀𝐿	𝑚𝑖𝑥𝑖𝑛𝑔] + [𝑀𝐿	𝑏𝑎𝑠𝑒	𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠], (10) 

𝑀𝐿	𝑏𝑎𝑠𝑒	𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠 = − �
<
∆𝜃 5<

5X
− [∇; ∙ (𝑢𝜃, 𝑣𝜃)]��| ]X − [∇9(𝑤𝜃)] −

�
<
(κC∇9𝜃)9¡�<, (10a) 

where ∇; and ∇9  represent the horizontal and vertical gradients, 

𝑀𝐿	𝑚𝑖𝑥𝑖𝑛𝑔 denotes the tendency due to turbulent mixing within the ML (represented 

typically and in this study by the KPP non-local component), and [𝑄]	denotes the heat 

exchange with the atmosphere within the ML. Eq. (10) provides a prognostic formula for 

the local tendency of 𝜃. The horizontal advective tendency has been separated into 

a component occurring within the ML, [∇;(𝑢𝜃, 𝑣𝜃)]��, and the lateral induction 
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resulting from the horizontal advection of 𝜃 across a sloping ML base, 

[∇;(𝑢𝜃, 𝑣𝜃)]��| ]X. Thus, the processes at the ML base comprise the entrainment of 𝜃 

(given by the first three terms of Eq. (10a) and the vertical mixing of 𝜃 at the ML base 

(the fourth term in Eq. (10a). The entrainment of 𝜃 can be obtained by the sum of the 

temporal MLD variation	∆𝜃 𝜕ℎ 𝜕𝑡⁄  (the first term), the lateral induction (the second 

term), and the vertical advection (the third term; its contribution at the surface is much 

smaller than that at the ML base) (e.g., Cushman-Roisin, 1987); ∆𝜃 represents the 

difference in temperature between ML water and entraining water. 

The discrete formulation of Eq. (10) used to evaluate the processes that comprise 

the tendency of 𝜃 and S, vertically averaged over the time varying MLD, at a particular 

horizontal location is next described. 

4.3. Tendency and Entrainment estimates at a single horizontal model 

grid point 

Following Kim et al. (2006), we consider a vertical profile of tracer concentration C at a 

particular horizontal location, where the MLD varies in time.   
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Figure 4.1(Based on Fig. 3 in Kim et al., 2006) Schematic of the discrete formulation of 

entrainment tendency by the temporal mixed layer variability at one horizontal grid point 

for the (a) entrainment and (b) detrainment cases. Here 𝑇𝐶 denotes the sum of the 

temperature tendency components in Eq. (B1) after integrating over time. In 𝐶¤X, C 

represents the tracer concentration, and the subscript k and the argument t denote the 

depth and time indexes, respectively. Horizontal and vertical axes represent time (t) and 

depth (z). The top and bottom boundaries of the water column (solid line boxes) 

correspond to the sea surface and the mixed layer base, respectively. Note that 𝐶¤X	 is an 

instantaneous tracer concentration at time t. 

 

We first consider a time series of a tracer profile from our GCM at a particular horizontal 

location where the mixed layer depth varies in time (Fig. 4.1) (we use C for the tracer 

concentration instead of T as in Kim et al. (2006). At time t and at any level k, the sum 

tendency of tracer concentration integrated over time is: 

𝐶¥X − 𝐶¥X��	 ≡ TC¤X  .  (11) 
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The tendency of tracer concentration 𝐶 over the mixed layer, denoted by 𝑇𝐶n§|¨	(as in 

Eq. (4) in Kim), can be expressed as  

𝑇𝐶n§|¨ = 𝐶n§|¨
X − 𝐶n§|¨

X�� . (12)  

where	𝑇𝐶n§|¨ denotes the sum of tendency of the tracer concentration 𝐶 of the mixed 

layer, integrated over time, and 𝑚𝑙𝑑X denotes the mixed layer depth (MLD) at time t , 

while the subscript  𝑚𝑙𝑑X denotes an average over the MLD at time t. Considering a ML 

that evolves in time, with depth ℎ� and concentration 𝐶� at time t-1 and 𝐶�, ℎ�	at time t, 

averaging 𝐶¤ over the MLD leads to 

𝐶ª«¬¨
X = (ℎ�𝐶�X�� − ℎ�𝐶�X��) 𝐻⁄ .   (13) 

The change of concentration in the ML due to the change of its depth is given by the 

entrainment or detrainment process, which can be defined as  

𝐶®�X¯ = 𝐶n§|¨
X�� − 𝐶n§|¨°�

X�� ,    (14) 

and as shown in Kim et al. (2006), it can be expressed as 

𝐶®�X¯ = 𝑎 ∆<
;
Z𝐶n§|±²³

X�� − 𝐶´µb®X�� _,   (15) 

where ∆ℎ is the depth difference due to en(de)trainment, H the maximum depth between 

the two timesteps, and 𝑎  is -1(1) during en(de)trainment. 𝐶n§|±²³
X�� is the depth average of 

𝐶 at 𝑡 − 1 from the surface to the minimum mixed layer depth between the two timesteps 

(i.e. h1 in Figure 11), and 𝐶´µb®X��  the average of 𝐶 at 𝑡 − 1 in the en(de)trained volume (h2 

in Figure 11). 
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For the fixed volume, the budget equation for 𝐶 averaged over the MLD can be expressed 

as 

𝑇𝐶n§|¨ = 𝐶𝐹n§|¨ + 𝐶𝐴n§|¨ + 𝐶𝐷n§|¨,   (16) 

where divergence of advected and diffusive flux of 𝐶 is denoted as 𝐶𝐴 and 𝐶𝐷, 

respectively, and 𝐶𝐹 denotes sources and sinks. Using Eq. (B2), Eq. (B6) can be written 

as: 

𝐶n§|¨
X − 𝐶n§|¨

X�� = 𝐶𝐹n§|¨ + 𝐶𝐴n§|¨ + 𝐶𝐷n§|¨ , 

or 

𝐶n§|¨
X = 𝐶𝐹n§|¨ + 𝐶𝐴n§|¨ + 𝐶𝐷n§|¨ + 𝐶n§|¨

X�� . 

Adding the term  𝐶n§|¨°�
X��  to both sides yields 

𝐶n§|¨
X − 𝐶n§|¨°�

X�� = 𝐶𝐹n§|¨ + 𝐶𝐴n§|¨ + 𝐶𝐷n§|¨ + Z𝐶n§|¨
X�� − 𝐶n§|¨°�

X�� _, 

which using Eq. (B4) can be written as: 

𝐶n§|¨
X − 𝐶n§|¨°�

X�� = [𝐶𝐹n§|¨ + 𝐶𝐴n§|¨ + 𝐶𝐷n§|¨] + 𝐶®�X¯ . (17) 

Here the LHS of the equation is the tendency defined in the time evolving ML (difference 

between concentrations at 𝑚𝑙𝑑X	𝑎𝑛𝑑	𝑚𝑙𝑑X�� ), denoted by 𝑇𝐶® 

𝑇𝐶® = 𝐶n§|¨
X − 𝐶n§|¨°�

X�� .    (18) 

Considering separately processes that take place within the ML and at its base, we may 

further split the terms in eq. (17) 

𝐶n§|¨
X − 𝐶n§|¨°�

X�� = 𝐶𝐹n§|¨ + [𝐶𝐴��¨ + 𝐶𝐷��¨] + [𝐶𝐴´µb®¨ + 𝐶𝐷´µb®¨] + 𝐶®�X¯, (19) 
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where “in” denotes processes inside the ML and “base” processes within the 

entrained/detrained volume. Accordingly, results presented in this study consider the 

processes that define the tendency of 𝜃 and/or S in the form: 

𝑇𝐶® = [𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝑓𝑜𝑟𝑐𝑖𝑛𝑔] + [𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠	𝑖𝑛𝑠𝑖𝑑𝑒	𝑀𝐿] + [𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠	𝑎𝑡	𝑡ℎ𝑒	𝑏𝑎𝑠𝑒], 

where processes at the base include entrainment and the effects of advective and diffusive 

fluxes at the entrained/detrained volume at each time t. 

4.4. Seasonal evolution of the vertically averaged MLD temperature 

and salinity  

The seasonal and spatial evolution of the MLD variability in the RS based on the 

same numerical model simulation has been described in Krokos et al. (2021). Here, we 

briefly outline the main results of their study and their implications with respect to the 

seasonal variability of MLT and MLS. The estimated ML used herein has been 

determined by applying the relative variance method proposed by Huang et al. (2018) to 

potential density profiles, as described by Krokos et al. (2021). This method provides a 

universal means for identifying the MLD because density (as well as temperature and 

salinity) varies more strongly as we approach the ML when compared with its variation 

with depth.  

The deepest MLDs are generally found in the northern part of the RS basin and 

shoal towards the south (Fig. 4.2), reflecting the meridional gradient of atmospheric 

forcing, which is considerably strong in winter and in the northern part of the RS (Figs. 

3a and b). The seasonal evolution and meridional variability of the ML reflect the 
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variability of the heat flux component of atmospheric forcing (Figs. 2 and 3a). The 

seasonal variability in atmospheric freshwater fluxes is very weak, although strong 

evaporation contributes to an increase in salinity throughout the year and dominates the 

annually averaged surface buoyancy forcing (Fig. 4.3b). Annually averaged over the 

entire Red Sea, the surface heat-equivalent freshwater flux (Eq. 5) accounts for -21.2 ± 

0.5 W/m2, significantly stronger than the surface heat flux (-9.5 ± 4.4 W/m2). However, 

the monthly mean 𝑄jk	rarely exceeds -40 W/m2 (compared to the monthly heat flux that 

regularly exceed -200 W/m2 during winter in most parts of the RS). Therefore, the 

seasonal variability of the ML mainly reflects the variability of the air–sea heat flux, 

while the increase in salinity by evaporation provides the potential for ML deepening. 

The deepest MLs in the RS develop in January and February (Fig. 4.3a), after the 

maximum surface heat loss in December (Fig. 4.3a). The lowest ML temperatures and the 

highest ML salinities appear even later, in March, reflecting the cumulative effect of 

wintertime surface buoyancy loss (Fig. 4.3c). During early spring, considerable surface 

heat gain causes restratification and the shoaling of the ML. Relatively deep MLs driven 

by strong winds persist in the northern parts of the RS basin, including the North RS 

(NRS) and the GoAq, and in the South RS (SRS) near the BAM strait. The shallowest 

ML in the RS basin and the weakest seasonal variability can be observed in the SRS. In 

the Central RS (CRS), the ML properties are similar to those of the NRS in winter and to 

those of the SRS in summer.  

Strong winds, which can be attributed to the regional orography, can strongly 

affect the MLD distribution by inducing strong mixing and driving the development of 

mesoscale features. However, their effects are mostly local and become important mainly 
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during the summer when buoyancy forcing causes increased stratification. The most 

important is the effect of the Tokar Jet in the CRS that induces strong mixing and 

enhances buoyancy fluxes, resulting in the formation of the strongest semipermanent 

eddy in the RS (Zhai & Bower, 2013; Zhan et al., 2014), i.e., the Tokar anticyclone 

located at approximately 18°N (Figs. 4a and b). The channeling of winds through the 

straits connecting the RS with the two gulfs to the north drives increased vertical mixing 

in the northern and western parts of the NRS.  

Although the main features of the seasonal evolution of ML properties in the RS 

can be attributed to the seasonal evolution of atmospheric forcing, the effects of heat and 

salt advection by the general and mesoscale circulation also play an important role. This 

is especially the case in the SRS, where the seasonal cycle of the upper ocean 

stratification is dominated by the reversal of water exchanges with the GoAd, which drive 

the changes in both the temperature and salinity in the upper layers (Fig. 4.4b) that 

effectively counteract the effects of atmospheric forcing (Figs. 4.3c and 4.3d). The 

northward advection of these water masses by the general circulation causes the transfer 

of their properties and affects the near-surface stratification and MLD evolution 

throughout the basin (Figs. 4.4a and 4.4b). In winter, the intensification of the mesoscale 

circulation considerably affects the distribution of the ML, especially in the NRS and 

CRS.  

The distribution and seasonal evolution of the MLD show complex patterns that 

cannot be directly attributed to a single dominant factor but instead reflect the interplay 

between the surface air–sea exchange and internal oceanic processes. To quantify their 

relative contributions, we examine the individual terms of the potential temperature	𝜃 and 
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salinity S budgets integrated over the MLD (MLT and MLS, respectively). To facilitate 

their comparison and enable the interpretation of the effects of 𝜃 and S on ML evolution, 

these budgets are presented as density tendency (kg m−3 s−1), where a positive (negative) 

density tendency refers to cooling (warming) or salinification (freshening) of the water 

masses within the ML. 

 

Figure 4.2 Zonally averaged time–latitude diagram of the monthly MLD climatology in the Red 

Sea, time-averaged over the model simulation period from 2001 to 2015. 
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Figure 4.3 Time–latitude diagram (averaged over longitude) of the monthly climatology for heat 

(a) and freshwater fluxes (b) over the Red Sea and averaged over the ML potential temperature 

(c) and salinity (d) for the model simulation period from 2001 to 2015. 
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Figure 4.4 Seasonal climatology of (a) ML thickness and (b) sea surface velocities during the 

model simulation period from 2001 to 2015 in summer (June–August), autumn (September–

November), winter (December–February), and spring (March-May). 

4.5. Processes governing the seasonal variability of the mixed-layer 

potential temperature (MLT) and salinity (MLS) 

4.5.1. The mixed layer potential temperature (MLT) budget 

The characteristics of MLT in the RS and the processes that drive its seasonal evolution 

are discussed by region based on their distinct MLT and MLS characteristics (see Section 

4.2). We separately consider the two gulfs in the north (GoAq and GoS), the NRS (24°N–

28°N), CRS (18°N–24°N), and SRS (between 18°N and the BAM) (Fig. 1.1).  
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South Red Sea. The seasonal MLT variability in the SRS is different from that in the rest 

of the basin (Fig. 4.3c). The MLT tendency is predominantly governed by atmospheric 

forcing but is also strongly influenced by the advective fluxes caused by seasonal 

monsoon-related changes in circulation patterns (Figs. 4.5a and d). During summer, a 

weakly positive MLT tendency is mainly driven by strong surface heat gain, which is 

opposed by the diffusive and advective tendencies and entrainment (Fig. 4.5). The 

geographical maps of the individual terms of the MLT budget indicate that the advection 

of warmer surface waters from the CRS increases the MLT in the eastern parts and 

toward the strait, as they flow toward the BAM (Fig. 4.6d), reflecting the upper layer 

circulation (Fig. 4.4b). The processes at the base of the ML result in a small cooling 

tendency, mostly along the axis of the SRS, where the ML is deeper; this enables the 

mixing and entrainment of the cooler Gulf of Aden Intermediate Waters (GAIW), which 

are advected through the BAM (Fig. 4.6c). 

In autumn, the MLT decreases considerably because of the onset of atmospheric 

cooling and the advection of relatively cooler surface waters from the GoAd into the RS 

(Fig. 4.5d). During winter, atmospheric cooling dominates the MLT tendency near the 

BAM; however, in the central parts of the SRS, the air–sea fluxes are weak. Thus, the 

MLT decrease can be primarily attributed to advective fluxes (Fig. 4.6b). Further, the 

interactions at the base of the ML are intensified by the gradual deepening of the ML 

during autumn and winter (Fig. 4.6c). In the northern parts of the SRS, the entrained 

intermediate waters are typically warmer than the GAIW, increasing the MLT (Fig. 4.6c). 

However, in the central and southern parts of the SRS, the MLT decreases further 

because of mixing with the cooler GAIW that has accumulated during summer at 
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intermediate depths. In spring, a strong increase in MLT owing to radiative heat gain 

balances advective cooling, resulting in gradual restratification. The shallowing of the 

MLD in spring further increases the MLT through detrainment of the cooler waters at the 

base of the ML (Fig. 4.5).  

Central Red Sea. The seasonal variability of atmospheric forcing in the CRS is stronger 

than that in the SRS; further, advective fluxes drive a positive MLT tendency during most 

of the year (Figs. 5b and d). The processes at the base of the ML gradually become 

stronger northward, decreasing the MLT throughout the year (Fig. 4.5c). In summer, the 

MLT generally increases, except in the periphery of the Tokar anticyclone, where it 

decreases because of increased mixing and entrainment that oppose the surface heat gain 

(Figs. 6c and d). The Tokar Jet winds drive a strong local cooling of the surface waters in 

the western CRS; however, this is largely balanced by advective fluxes, and the MLT 

tendency remains positive.  

In autumn, intense surface cooling and entrainment of cooler waters during ML 

deepening drive a considerable decrease in MLT; both these processes are more intense 

in winter (Fig. 4.5b and 4.4c). Throughout autumn and winter, surface cooling is partially 

opposed by the advection of relatively warmer waters from the SRS (Fig. 4.5d). These 

warmer waters follow the general northward flow in the upper layers and transition from 

the western parts to the eastern parts of the basin through meandering currents and 

semipermanent eddies (Fig. 4.4b). The energetic eddy field drives strong interactions 

with the cooler underlying water masses, reducing the MLT through the processes at the 

base of the ML (Fig. 4.5c). The eddy effects are also apparent in the air–sea interactions, 

through the changes they induce in surface temperature (Fig. 4.6b). The cooling effects of 
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this strong mesoscale circulation through entrainment and mixing persist in spring; 

however, an increased MLT is facilitated by atmospheric heat gain and strong advective 

fluxes by the general circulation (Fig. 4.5).  

North Red Sea. The strongest seasonal variability of heat flux and the strongest heat loss 

in winter in the main RS basin can be observed in the NRS (Fig. 4.3a). Advective fluxes 

oppose the decrease in MLT throughout the year. Similar to the CRS, the NRS exhibits 

strong eddy activity that increases the advective fluxes and interactions at the base of the 

ML (Fig. 4.6c). In summer, the MLT tendency is generally positive, mainly due to strong 

advective fluxes (Fig. 4.6d) that follow a general cyclonic pattern (Fig. 4.4b). However, 

winds channeled through the two gulfs in the north maintain the air–sea heat loss and 

cause a small decrease in MLT in the vicinity of the straits (Figs. 6a and b).  A small 

decrease in MLT in the western parts of the NRS is mostly driven by processes at the ML 

base (Figs. 4.6a and 4.6c).  

In autumn, the MLT decreases throughout the region as a result of intense surface 

heat loss that further intensifies during winter. Although atmospheric forcing is stronger 

than in the CRS, the tendency of the MLT is weak as the effect of heat loss is spread over 

a larger volume of water resulting from the deeper ML (Fig. 4.5a). Accordingly, vertical 

mixing exerts a weak influence on MLT (Fig. 4.6e), with the exception of the eastern 

parts of the NRS in which the ML is shallower (Fig. 4.4a) and diffusive fluxes reflect 

mixing with relatively warmer waters advected from the CRS (Fig. 4.4b). During ML 

deepening, the entrainment of colder water further enhances the decrease in MLT (Fig. 

4.5b); however, its effects are less significant than in the CRS because of the weaker 

vertical variability of temperature. In spring, the MLT gradually increases; however, the 
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heat loss is maintained by strong winds, causing the MLT to decrease in the northern 

parts; this is further enhanced via mixing and entrainment (Figs. 4.6a, b, and e). 

Gulf of Aqaba. The GoAq is the region with the strongest wintertime air–sea heat loss 

and the deepest wintertime ML across the entire RS (Figs. 4.2 and 4.3a). All processes 

have distinct contributions in the northern and southern parts of the GoAq. In summer, 

heat exchange causes a minor increase in the MLT, which is mainly opposed by 

advective fluxes (Fig. 4.5). In the southern part, the ML is deeper (Fig. 4.2) and the influx 

of surface water from the NRS dominates the MLT tendency, whereas the ML is 

shallower and surface heat gain is dominant in the northern part (Fig. 4.6).  

In autumn and winter, atmospheric forcing and water exchange with the NRS 

gradually intensify, leading to stronger air–sea and advective heat fluxes, especially in the 

southern parts of the gulf, neighboring the NRS (Fig. 6d). The effect of upper layer flow 

from the NRS decreases toward the north and the MLT consequently decreases, mainly 

because of increased atmospheric cooling. Similar to the NRS, despite intense heat 

exchange with the atmosphere (Fig. 4.3a), the effects on MLT tendency are weak because 

of the deeper ML and the larger volume of water (Fig. 4.2). Entrainment processes 

increase the MLT (Fig. 4.5b), primarily because surface waters become cooler than those 

below the ML because of strong surface heat losses (Fig. 4.3a). In spring, surface heat 

gain and the upper layer inflow of relatively warm waters from the NRS gradually 

increase the MLT and subsequently drive restratification. 

Gulf of Suez. This is the region exhibiting the highest variability in seasonal MLT 

because the heat capacity of the region is small owing to its shallow depths. These 

shallow depths preclude the development of deep MLs; therefore, the entrainment 
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processes are weak. Similar to the GoAq, the southern parts display a stronger influence 

from advective fluxes through water exchange with the NRS, whereas surface forcing 

and mixing are more intense in the northern parts (Fig. 4.5). In summer, intense surface 

heat gain dominates the MLT tendency, which is only partially balanced by advective 

heat fluxes through the inflow of cooler waters from the NRS. In winter, intense air–sea 

heat loss over the small volume of water in the gulf results in the formation of the coldest 

waters in the RS. This strong cooling is partly counterbalanced by advective fluxes (Fig. 

4.5d), by the strong baroclinic circulation and the water exchange with the NRS. The 

relatively warm upper-layer water entering from the NRS increases the MLT, but 

gradually cools and subducts outflowing through the bottom below the ML.  
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Figure 4.5 Time–latitude diagram of the monthly climatologies of individual terms of the 

potential temperature (𝜃) budget given by Eq. (A9). a) Potential temperature tendency (TT) 

volume-averaged over the MLD and its components in the 𝜃 budget, (b) surface flux (TF), (c) flux 

due to processes at the ML base (Tbase), (d) divergence of advective flux (TA), and (e) diffusive 

flux (TD) of 𝜃; all values are expressed in density units (kg/m2s). Positive values indicate cooling 

(density increase), whereas negative values indicate warming (density decrease). 
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Figure 4.6 Seasonal climatologies for summer (June–August), autumn (September–November), 

winter (December–February), and spring (March–May) for individual terms of the potential 

temperature (𝜃) budget given by Eq. (A9). (a) Potential temperature tendency (TT) volume-
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averaged over the MLD and its components in the 𝜃 budget, (b) surface flux (TF), (c) flux due to 

processes at the ML base (Tbase), (d) divergence of advective flux (TA), and (e) diffusive flux 

(TD) of 𝜃; all values are expressed in kg/m2s. Positive values indicate cooling, whereas negative 

values indicate warming. 

4.5.2. The mixed-layer salinity (MLS) budget 

South Red Sea. The strongest seasonal variability of MLS can be observed in the SRS, 

mostly owing to water exchange through the BAM (Figs. 7a and d). Throughout the year, 

the dominant balance is that between advective and diffusive fluxes, which are 

considerably stronger than atmospheric forcing. The seasonal variability in atmospheric 

fluxes is weak in this region (Fig. 4.3b), causing the MLS to increase throughout the year 

(Fig. 4.7b). During the summer, advective fluxes increase the MLS (Fig. 4.8d) as the 

general upper layer flow transports high-salinity waters from the CRS, mostly along the 

eastern parts of the SRS (Fig. 4.4b). Because the ML interacts with high-salinity 

intermediate waters from the north, its entrainment results in a small increase in MLS 

(Fig. 4.7c). The fresher GAIW intrusion during summer remains below the ML; 

therefore, this intrusion does not affect the properties of ML. As the ML begins to 

gradually deepen at the end of the summer period and into the autumn, it reaches the 

depth of the GAIW, locally decreasing the MLS (Fig. 4.8c). In autumn, the mean flow of 

the upper layer reverses and the inflow of fresher water from the GoAd dominates the 

MLS tendency (Fig. 4.7d). This signal is diffused such that the dominant balance is (as in 

summer) between the advective and diffusive terms. The fresher water initially flows 

along the western parts of the SRS and then through its central parts (Fig. 4.4b), where a 
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considerable decrease is induced in MLS (Fig. 4.8d). In winter, this inflow spreads 

throughout the SRS, decreasing the MLS especially in its eastern parts (Figs. 4.8a and d). 

The channeling of winds as they enter through the BAM during winter increases mixing 

and entrainment and can partly counterbalance the advective fluxes, causing a local 

increase in MLS (Figs. 4.8d and e). 

Central Red Sea. The CRS exhibits the strongest increase in MLS in the entire RS. 

Throughout the year, the MLS throughout the basin increases owing to strong 

evaporation. Although atmospheric fluxes (evaporation) are more intense in winter, the 

increases in salinity are distributed over a deeper ML and their effects are small (Fig. 

4.7b). Throughout the year, the decreases in salinity caused by advective fluxes are 

strongly opposed by the increases in salinity via the diffusive fluxes, entrainment and 

evaporation (which also form the balance that largely holds in the NRS). The decrease in 

salinity via advection intensifies in winter (Fig. 4.7d), following the intensification of the 

general northward flow that transports relatively fresher water masses from the GoAd 

(Fig. 4.4b). The mixing of advected waters is especially strong in winter but remains 

intense throughout the year, exhibiting circular patterns that characterize the periphery of 

semipermanent eddies (Fig. 4.8e).  

The MLS tendency in the CRS is also strongly influenced by the processes at the 

base of the ML. During the summer, entrainment occurs at the periphery of eddies, 

especially the Tokar anticyclone, because of mixing with saltier waters below the ML 

(Figs. 7c and d). The intensification of mesoscale eddy circulation in autumn further 

increases the effects of entrainment. In winter, as the ML gradually deepens, it entrains 

highly saline waters from intermediate depths, and the contribution of entrainment 
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becomes equally strong to the advective fluxes. The cumulative effects of entrainment, as 

well as of the atmospheric forcing that also remains strong, result in the highest increase 

in MLS in the entire basin (Fig. 4.7c).  

North Red Sea. This region is characterized by the strongest evaporation and the deepest 

MLs in the main basin (Figs. 2 and 3b). Advection of high-salinity waters from the CRS 

in the upper layers occurs throughout the year and intensifies in winter (Fig. 4.4b), but its 

effect on the MLS tendency is negative, as these waters are relatively fresher than the 

ambient waters (Fig. 4.7d). The strong evaporation over the already high-salinity waters 

results in the highest MLS in the main basin (Figs. 4.3b and d). However, the overall 

increase in salinity within the ML is characteristically lower than that observed in the 

CRS. This can be partially attributed to the deeper MLDs because the increase in salinity 

is distributed over a larger volume. Moreover, because the vertical gradient of salinity is 

weaker in the NRS, the entrainment processes have a minor impact on the MLS (Fig. 

4.7c).  

Gulf of Aqaba. GoAq is subjected to the strongest evaporation in the RS, especially in 

winter (Fig. 4.3b). However, the increase in MLS is weak, especially in winter (Fig. 

4.7a), mainly because of the deeper MLs and the large water volume (Fig. 4.2). The 

increase in MLS by atmospheric fluxes (Fig. 4.7b) is further opposed by the inflow of 

relatively fresher water from the NRS (Fig. 4.7d) and its mixing within the ML (Fig. 

4.7e). In the northern part of the GoAq, the overall MLS tendency is dominated by the 

processes occurring at its base (Fig. 4.7c) because the advective fluxes gradually weaken 

and the effect of surface forcing is reduced, as it is distributed over the deeper MLs. This 

leads to a weak increase in MLS in winter by entrainment of saltier waters from deeper 
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layers. Shallowing of the ML in spring reduces the MLS, as saltier water masses are 

detrained during restratification (Fig. 4.7c). 

Gulf of Suez. In this region, the contribution of atmospheric forcing to MLS is the 

strongest in the entire RS region. However, the salinity tendency is weak, and MLS may 

even decrease during winter because of advective fluxes (Fig. 4.7). Similar to the MLT 

tendency, the processes in the GoS are influenced by intense baroclinic circulation. The 

inflow from the NRS advects fresher waters mixed with ambient high-salinity waters 

(Fig. 4.7d). Because of the inflow of these highly saline water from the NRS and the 

strong atmospheric fluxes, the enclosed and shallow waters of the GoS present the 

highest salinities in the RS (Fig. 4.3d).  
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Figure 4.7 Time–latitude diagram of the monthly climatologies of the individual terms in the 

salinity (S) budget. a) Salinity tendency (ST) volume-averaged over the MLD and its components 

in the salinity budget given by Eq. (A9), (b) surface flux (SF), (c) flux due to the processes at the 

ML base (Sbase), (d) divergence of advective flux (SA), and (e) diffusive flux (SD) of S; all values 

are expressed in kg/m2s. Positive values indicate salinification (density increase), whereas 

negative values indicate freshening (density decrease). 
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Figure 4.8 Seasonal climatologies in summer (June–August), autumn (September–November), 

winter (December–February), and spring (March–May) of the individual terms of the salinity (S) 

budget given by Eq. (A9). a) Salinity tendency (ST) volume-averaged over the MLD and its 
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components in the salinity budget, b) surface flux (SF), c) flux due to the processes at the ML 

base (Sbase), d) divergence of advective flux (SA), and e) diffusive flux (SD) of S; all values are 

expressed in kg/m2s. Positive values indicate an increase in salinity, whereas negative values 

indicate freshening. 

4.5.3. Relative contribution of temperature and salinity to the ML 

density budget 

Here, we compare the effects of the MLT and MLS tendencies on the ML density (MLR) 

tendency. The monthly mean climatology (for 2001–2015) with respect to the MLT and 

MLS tendencies averaged over the different regions considered in the RS are presented in 

Figure 4.8. The seasonal MLR variability is mostly controlled by MLT throughout the RS 

(Fig. 4.9). The MLS increases almost everywhere in the RS throughout the year; 

however, its contribution to density is lower than that of MLT. An exception to these 

general patterns is the SRS, where the MLS exhibits strong seasonal variability and the 

strongest influence on MLR tendency (Fig. 4.9a). In summer, the SRS is the only region 

in which MLS dominates the MLR tendency because of the southward flow of more 

saline water from the CRS (Fig. 4.4b). In winter, the SRS is the only region of the main 

RS basin in which the contribution of MLS with respect to the MLR tendency is negative 

because of the inflow of fresher water from the GoAd (Fig. 4.4b). The contribution of 

salinity to MLR is also strong in the CRS and becomes dominant during spring when the 

MLT tendency is small (Fig. 4.9b). Even though the salinity gradually increases 

northward, the MLS tendency gradually becomes smaller and constant throughout the 

year, and exhibits a decreasing contribution to the MLR tendency. The smallest impact of 
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MLS tendency with respect to the MLR tendency can be observed in the GoAq (Fig. 

4.9d), where its influence becomes negative between December and April, following the 

advection of relatively fresher water from the NRS.  

 

Figure 4.9 Monthly mean climatology (for 2001–2015) of the MLT (red), MLS (black), and MLD 

(blue) tendencies, averaged over the regions defined in Figure 1. In each panel, solid lines show 
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the monthly climatological mean and shading shows the corresponding monthly standard 

deviation. Positive values denote an increase in density (kg/m2s). 

 

Figure 4.10 Indices indicating regions of dominant processes that contribute to the average ML 

potential temperature (a), salinity (b), and density (c) during different seasons. The notations in 

the corresponding color bars denote the surface 𝜃 and S fluxes (TF and SF, respectively), 𝜃 and S 

fluxes due to the processes at the ML base (Tbase and Sbase, respectively), the divergence of the 

advective fluxes of 𝜃 and S (TA and SA, respectively), and the diffusive flux of 𝜃 and S (TD and 

SD, respectively); all values are expressed in kg/m2s. 
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4.6. Summary 

In the RS, the properties of the ML exhibit strong seasonal and spatial variability. The 

individual terms of the potential temperature and salinity budgets integrated over the 

MLD were investigated to identify the processes governing their geographical 

distribution and temporal variability. A schematic summary of the relative contribution of 

different processes to the seasonal and spatial variability of the ML potential temperature, 

salinity, and density tendencies is presented in Fig. 4.10.  

Atmospheric forcing plays a dominant role with respect to the spatiotemporal 

variability of the properties of the ML in the RS and is the predominant process that 

defines the ML density throughout most of the RS and over most of the year (Fig. 4.10c).  

The air-sea heat exchanges induce a strong seasonal signal in MLT tendency (Fig. 4.10a). 

In winter, intense surface heat loss decreases the MLT throughout the basin, with the 

strongest effect being observed in the norther parts of the RS, increasing the density and 

driving the deepening of the ML. The strong surface heat gain that starts in spring 

increases the MLT, causing the ML to gradually shoal.  Because of the lack of 

precipitation and extreme evaporation, the freshwater fluxes in the RS exhibit uniform 

signs during all seasons and considerably increase the MLS throughout the basin. The 

increase in MLS is strongest in summer when MLs are very shallow throughout the RS 

and the near-surface layer is exposed to strong evaporation. Although the seasonal 

contributions of the air–sea heat flux to density tendency is larger than the contribution of 

the salt flux, its annual average is less than that of the salt flux, because the heat flux 

changes sign seasonally, while the salt flux remains positive throughout the year. 
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The changes in density because of atmospheric forcing are mostly balanced by 

advective fluxes. Advection of cooler and fresher waters from the GoAd into the RS is 

the dominant process driving the MLS (Fig. 4.10b) and generally opposes the MLT 

tendency. The surface flow transports these water masses northward along the basin 

through meandering currents and strong semipermanent eddies, reflecting the general 

upper layer circulation in the RS, and considerably influences the distribution of the 

MLD. Throughout the RS, the spatial structures of all the processes indicate a strong 

mesoscale circulation and the characteristic patterns of semipermanent eddies. Eddies 

induce strong mixing and interactions at the base of the ML, and advective fluxes follow 

meandering currents around their peripheries. During winter, freshening via advection is 

strongest, following the intensification of the overturning circulation; however, it is 

weakest during summer and even increases the MLS in the SRS because the inflow of 

fresher water from the GoAd occurs below the ML, while the upper layer flow transports 

highly saline waters from the CRS. Although restratification is promoted by radiative 

heat gain following the winter period, the advective fluxes of salinity play the major role 

in driving the ML density (Fig. 4.10c).  

Entrainment plays an important role in governing ML density. ML deepening 

results in the entrainment of deeper waters that exhibit different characteristics when 

compared with those of the near-surface water and thus significantly influences the ML 

density. In the SRS, the timing and spatial patterns of interactions with cooler and fresher 

intermediate waters advected through the BAM are determined by the onset of ML 

deepening. The entrainment of intermediate-layer water is especially important for the 

ML in the northern parts of the RS. Cooler and highly saline waters entrained from the 
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base of the ML in the CRS are formed by convection in the NRS and the two adjacent 

gulfs. Cooling via entrainment of these waters promotes density increase and ML 

deepening. Moreover, the high salt content in these layers reemerges in the ML of the 

CRS and recirculates towards the north, as it reenters the general upper layer northward 

flow toward the NRS. The salt stored in waters below the ML, which reemerge during 

winter throughout the basin and most significantly in the CRS, promotes the 

preconditioning of the northern parts of the basin for denser water formation. This 

process provides a memory in the system through the reemergence of heat and salt stored 

in the deeper layers during previous seasons or years. Detrainment also influences the 

ML density during restratification because of small gradients in both temperature and 

salinity with depth inside the ML. This process may be directly linked to overturning 

circulations, as observed in the GoAq and the NRS, during which preconditioned salty 

waters subduct and are detrained during restratification, following the return flow toward 

the south.  

The results of the budget analysis demonstrate that the seasonal evolution and 

spatial distribution of MLs in the RS are the result of a complex interplay between the 

atmospheric forcing and circulation patterns, while the entrainment processes are 

considerably important for the MLT and MLS tendencies. Entrainment is of particular 

importance for the biology of the RS because it influences the redistribution of nutrients 

from the nutrient-rich deeper layers. The high sensitivity of the ML properties to external 

forcing and the role of the entrainment of water masses exhibiting characteristics set in 

previous periods suggest potentially strong interannual variability. The examination of 
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the interannual variability of ML properties is of significant interest for understanding the 

thermohaline functioning of the RS and its evolution under a changing climate. 
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5. Chapter 5 

Interannual and Long-term variability of the Red Sea Mixed layers 

Part of this Chapter has been included in the published article entitled “Impacts of 

warming on phytoplankton abundance and phenology in a typical tropical marine 

ecosystem", published in Scientific Reports, DOI:10.1038/s41598-018-20560-5 

5.1. Introduction 

The study of the seasonal evolution of the mixed layers in the RS revealed a strong 

influence by both atmospheric and oceanic processes. The evolution of the mixed layers 

in the RS is largely governed by atmospheric buoyancy forcing, while its variability is 

significantly influenced by the general and mesoscale circulation.  

The RS is affected by different climate regimes that present distinct seasonal, but 

also strong interannual variability (Carvalho et al., 2019). Accordingly, both atmospheric 

forcing and advective fluxes through its connection with the open ocean exhibits strong 

interannual variability governed by the interactions between different climatic modes that 

exert their influence over the basin. For example, Papadopoulos et al. (2013) 

demonstrated that extreme winter heat loss events over the NRS are associated with the 

eastern Mediterranean lower-atmospheric circulation, which in turn may be partially 

controlled by the North Atlantic Oscillation (NAO). They further suggested a decoupling 

between the Northern and Southern RS, with different trends and temporal responses. 

Dasari et al. (2017) demonstrated the influence of the El Niño southern oscillation 
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(ENSO) on the interannual variability of the Red Sea, and revealed a significant impact 

on wintertime sea surface temperatures and rainfall patterns over the RS during El Niño 

years. At the same time, several studies have indicated the importance of the Arabian 

monsoon variability on the exchanges through the BAM (Raitsos et al., 2015;). 

Moreover, Xie et al., (2019) using a high-resolution simulation, revealed a significant 

interannual variability and trends in the volume, and the corresponding salt mass and heat 

of the water exchanges. The exchanges have been shown to strongly affect the advective 

fluxes of heat and salt in the southern and central parts of the RS (Churchill et al. 2014) 

and the local marine ecosystem through their high nutrient content (Dreano et al., 2016; 

Raitsos et al., 2015). Moreover, several studies have indicated that the RS is going 

through an intense warming initiated in the mid‐90s, with evidence for an abrupt increase 

after 1994, following global climate change trends (Chaidez et al., 2017; Genevier et al., 

2019; Raitsos et al., 2011). The greatest interannual variability of SST is found in the 

northern Red Sea during winter and appears to be associated with the North Atlantic 

Oscillation (NAO) (Karnauskas and Jones, 2018). The ML temperature is representative 

of the changes in the heat stored in the active upper part of the oceans that interacts with 

the atmosphere (Kim et al., 2006). 

The interannual variability of external forcing has the potential to influence the 

basin scale circulation and the exchange through the BAM. The response of the RS MLs 

is crucial for the dynamic functioning of the basin. During strong atmospheric events, 

deep mixing leads to the formation of deep-water masses. These processes have been 

shown to take place in the northern parts of the RS during winter (Phillips, 1966; 

Sofianos and Johns, 2003; Yao et al., 2014a,b; Papadopoulos et al., 2013). As a 
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consequence of the water mass formation by convective mixing, zonal density and 

pressure gradients drive a near surface meridional transport towards the formation sites, 

and a deep-water transport towards the south (Sofianos and Johns, 2015). At the same 

time, ML salinity may also influence the dense water formation processes, by 

preconditioning of the upper layers for ML deepening. Moreover, the entrainment 

advection of heat and salt during ML deepening may result in the reemergence of 

previous year’s conditions, i.e., their temperature and salinity signals stored in the deeper 

layers (Deser et al., 2003),  potentially explaining a substantial fraction of the interannual 

variability (Kim et al., 2004). These processes drive the basin’s overturning circulation 

and ultimately influences the exchange of waters with the GoAd (Sofianos and Johns, 

2015). Therefore, analysis and understanding of the individual processes that regulate the 

ML temperature, salinity, and eventually its density is of great interest. 

The Red Sea ecosystem is strongly influenced by environmental conditions, 

which modulate it on different levels and largely determine its evolution and variability 

(Triantafyllou et al. 2014). Recent studies have illustrated the profound implications of 

synergistic physical and biochemical processes on the Red Sea ecosystem functioning 

(Ellis et al., 2019). For example, the concentration and the duration of the phytoplankton 

growing season in the Red Sea are modulated by the strength of the winter monsoon over 

the Arabian Sea, which affects the horizontal advection of nutrient rich waters from the 

Indian Ocean (Raitsos et al. 2015; Dreano et al., 2016). During the last decades, warming 

trends have been linked to increased frequency of extreme heat waves and coral reef 

bleaching events (Cantin et al. 2010; Osman et al. 2018; Genevier et al. 2019) and have 
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significant impact on the RS biological productivity (Raitsos et al. 2015; Gittings et al. 

2018, 2019).  

In this Chapter, we investigate the interannual variability of the RS MLs and the 

role of individual processes in governing the evolution of its properties using the results 

of the high-resolution numerical simulation described in Chapter 2. We first explore the 

interannual variability of the MLD and examine its variability in different parts of the RS. 

We then examine the relative role of MLT and MLS tendencies in driving density 

changes within the ML. We then quantify the relative contribution of the individual 

processes governing the evolution of these terms and discuss their role in the interannual 

variability of MLD. In light of the significant interannual variability of the MLs in the RS 

and its importance for its ecological functioning, we further examine its role in the 

biological productivity in the NRS, using remotely sensed data of chlorophyl as a proxy 

of its biological productivity. Finally, in Section 5 we summarize our main results. 

5.2. Interannual variability of the MLD 

The simulation of the MLDs in the RS reveals a significant interannual variability 

expressed both in their intensity and their latitude dependence. Estimates of MLD from 

the model simulation for the period 2001-2015 are presented as zonally averaged time–

latitude monthly averages in Fig. 5.1, and spatial averages over the individual regions in 

Fig. 5.2. As the deepest MLs show the stronger interannual variability, we also present 

the winter average maps of MLD, when the deepest MLs occur, in order to provide a 

more detailed description of their spatial features (Fig. 5.3).  
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Figure 5.1 Zonally averaged time–latitude diagram of the monthly MLD in the Red Sea over the 

model simulation period from 2001 to 2015. 

The seasonal pattern dominates the overall ML variability, while the north-south 

gradient is generally persistent throughout the simulation period, with the exception of 

the GoS, where the shallow bathymetry precludes deep MLs (Fig. 5.1). The interannual 

variability during the summer periods is generally small, as the MLs are very shallow 

throughout the RS, with the exception of the deep MLs in the Tokar region related to the 

Tokar anticyclone, which is a persistent seasonal feature that prevails during late summer. 

The deepest MLs develop in NRS and GoAq, showing distinct interannual variability in 

each region (Fig. 5.2). The highest spatial variability is simulated in the CRS, while the 
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SRS presents a rather consistent seasonal pattern (Fig. 5.1). Overall the deepest MLDs 

are simulated during the winters of 2003-04 and 2011-12 periods, with the period 2007-

08 also showing relatively deep MLDs (Fig. 5.3). In contrast, during the winters of 2006, 

2010 and 2014 the MLs during winter where generally shallow, also lasting shorter than 

the period’s average (Fig. 5.2). These years seem to represent a response to positive 

ENSO phases that occurred in the preceding years and have been related to warmer 

conditions over the RS region (Raitsos et al., 2013). For example, the 2009/10 El Niño 

was associated with record-breaking SSTs in the RS, while 2014 also coincides with a 

preceding El Niño period (Giitings et al. 2018).  

As the interannual ML variability vary strongly by region, both in their intensity 

and their duration, we next discuss their main characteristics separately for each RS 

region.  

Gulfs of Aqaba and Suez. Throughout the simulation period, the deepest MLs in the RS 

occur in the GoAq (Fig. 5.1). Monthly mean values averaged over the entire region range 

from 100-160m (Fig. 5.2), while locally monthly means values exceed 250m (Fig. 5.1). 

Deeper MLs are found in the northern part of GoAq, as they are less influenced by the 

upper layer inflow of warmer and less saline water from the NRS (Fig. 5.3). During 

summer the MLD variability generally ranges from 20-50 m, showing relatively higher 

variability than the rest of the RS. Opposite to the winter period, they are deeper in the 

southern parts of the gulf (Fig. 5.2). The deepest MLs are found during the winters of 

2003, 2011 and 2015. Deep MLs, are also simulated during 2006, 2007, 2012 and 2013, 

however, their duration is shorter and their overall winter mean remains near the winter 
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average over the simulation period (Fig. 5.2). Shallow MLs are simulated during 2002, 

2008, 2010 and 2014. Among them, the winter of 2010 is the year with the shallowest 

MLs during the entire simulation period.  

In the shallow GoS deep MLs are naturally prohibited and they generally present 

low interannual variability.  MLs are shallower in winter than in summer, as the 

intensification of the surface inflow of relatively fresher and warmer waters from the 

NRS during winter creates a two layer pattern that limits the MLD.  

North Red Sea. MLDs in the NRS show similar high interannual variability to the GoAq 

(Fig. 5.2). The summer MLDs show very weak interannual variability, remaining 

generally lower than 20m depth. The winter average MLD ranges from 50-100 m (Fig. 

5.2), while it can locally be deeper than 150 m (Fig. 5.1). Despite the proximity of the 

NRS to the GoAq, the winter interannual variability presents significant differences. 

Similar to the GoAq, relatively deeper MLs are found during the winter of 2003 and 

2007, however, ML deepening is weaker in 2011 and peaks instead in 2012. ML 

deepening also shows lower variability during the winters compared to the GoAq. 

Shallow MLs are simulated during 2006, 2010 and 2014, among which the year 2010 is 

the year with the weakest ML deepening. 

The spatial patterns are generally consistent throughout the years. Deeper MLs 

develop systematically on the periphery of the NRS (Fig. 5.3), consistent with the doming 

of the isopycnals due to the general cyclonic circulation. Deep MLs can be also found 

around the center of this cyclonic gyre during years of deepest MLs, which is consistent 

with convective events that drive deep but short lived MLs at its center (Sofianos and 
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Johns, 2003; Papadopoulos et al., 2015; Yao and Hoteit, 2018; Asfahani et al., 2020). 

MLDs are also deeper in the western parts of the NRS. In the southern part of the NRS 

(toward the CRS), the MLD distribution is affected by mesoscale features, especially 

during the winter period when semi-permanent eddies occur (Zhan et al., 2014). The most 

characteristic feature is a semi-permanent anticyclone simulated at approximately 25°N, 

which sustains a noticeable deepening of the local ML in winter. However, in some years 

(e.g. 2003,2004 and 2008) a pattern consisting of two distinct eddies appears in the same 

region. 

Central Red Sea. The deepest MLs in the CRS develop mainly along the axis of the basin 

and in its eastern parts (Fig. 5.3); they are, however, shallower than those in the NRS, 

with monthly means remaining below 50 m (Fig. 5.2). The MLD in the CRS generally 

exhibits higher spatial variability than the rest of the RS. This is mainly due to the intense 

mesoscale circulation (Raitsos et al., 2017; Zhan et al., 2014; Zhan et al., 2019), evident 

as series of circular troughs and ridges in the MLD distribution that modulate the MLD 

spatial patterns (Fig. 5.3). 

The interannual variability generally resembles that of the NRS, with deep MLs 

occurring during the winters of 2003, 2007 and 2012. Despite being exposed to similar 

wintertime atmospheric forcing as the NRS, the deepest MLs develop in different years 

compared to the NRS (2004 and 2011). The shallowest MLs during the winter period 

occur in 2002, 2010 and 2014, with the latter showing the weakest deepening throughout 

the simulation period. The summers show relatively high variability, with deeper MLs in 

years 2002, 2004, 2010 and 2011, which is mainly related to the variability in the 
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intensity of the Tokar anticyclone that develops in response to the Tokar Jet winds (Zhan 

et al., 2014). The anticyclone is part of a dipole eddy system, with a cyclone in the north 

having a weaker but noticeable influence on the MLD (Jiang et al., 2009; Zhai & Bower, 

2013).  

South Red Sea. The interannual variability in the SRS is distinct compared to the rest of 

the basin, as this region is directly affected by the seasonality of the monsoon winds and 

the associated reversal of the water exchange pattern through the BAM (Sofianos and 

Johns, 2003; Yao et al., 2014a,b). Generally, the SRS presents the shallowest MLs in the 

RS basin. During summer, MLs are restricted to a thin upper layer, exhibiting relatively 

high interannual variability. The variability appears strong also on a monthly timescale, 

however, its range is rather small as the MLDs are relatively shallow. Summers of 2001, 

2008 and 2009 present especially shallow MLDs, while 2003 and 2007 increased MLs 

were sustained. As the shallow homogenized upper layer is vertically bounded from 

below by the intrusion of the fresher and cooler GAIW, its interannual variability may 

indicate changes in the inflow of these intermediate water masses.  

Wintertime MLs are also relatively shallow compared to the rest of the RS, with 

monthly means averaged over the region at around 30 m depth. Following the monsoon 

reversal at the end of the summer, the upper layers are affected by the warmer and fresher 

surface waters from the GoAd and by strong southern winds channeled by the BAM, 

especially near the strait and along its eastern parts. The deepest MLs (monthly means up 

to 40 m) develop along the meridional axis of the SRS in winter, as both sides of the 

region comprise of extended shallow areas that limit the ML depth (Fig 5.3). The pattern 
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of the interannual variability during winter generally follows the variability of the CRS, 

however, years of the deepest wintertime MLs differ from the rest of the basin and are 

observed in 2008, 2009 and 2011.   

We next discuss the characteristics of MLT and MLS in the RS, and their relation 

with the simulated MLD, and examine separately the processes that drive their evolution 

by region (see also Section 4.2).  
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Figure 5.2 Monthly (black solid lines), winter (blue solid lines) and summer (red solid lines) 

averages of MLD, averaged over the regions defined in Figure 1.1, during the model simulation 

period from 2001 to 2015.  
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Figure 5.3 Winter averages of MLD during the model simulation period (2001-2015). 
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5.3. Processes governing the interannual variability of the mixed-

layer properties 

We first examine the interannual variability of the mixed-layer potential temperature 

(MLT) and salinity (MLS) tendencies that ultimately define the density tendency within 

the ML (MLR). The annual means (for 2001–2015) with respect to the MLT and MLS 

tendencies and the MLD averaged over the different regions considered in the RS are 

presented in Fig. 5.4. To facilitate their comparison and enable the interpretation of the of 

𝜃 and S contribution to ML density, these budgets are presented as density tendencies (kg 

m−3 s−1), where a positive (negative) density tendency refers to cooling (warming) or 

salinification (freshening) of the water masses within the ML. 

Overall, both terms lead to an annual increase in ML density, with MLS having a 

stronger contribution, while MLT shows stronger interannual variability. In general, the 

annual mean MLT and MLS show similar tendencies in all regions, with the exception of 

the SRS, where they often show opposite tendencies. Considering the entire RS, no 

significant trend can be detected and the annual variability is the dominant signal. During 

the simulation period, values show a small increase in the south for both terms (MLS and 

MLT), while in the north a small increase is simulated in the MLS.  

Even though the salinity gradually increases northward in the RS, the MLS 

contribution to MLR tendency gradually becomes smaller. The MLR tendency in the 

south and central parts of the RS are mostly influenced by MLS, however, in the north, 

where the strongest increase in MLR occurs, it is dominated by MLT. The smallest 

impact of MLS tendency to the MLR is simulated in the GoAq, owing to the advection of 
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relatively fresher water from the NRS, while its contribution to MLR becomes even 

negative in some years (e.g. in 2004, 2012). In the GoS both MLT and MLS equally 

affect the evolution of the MLR. 

The MLD generally follows the annual MLR tendency, driven either by the 

variability of MLT or MLS. However, the tendencies of MLD and MLR may also present 

opposite annual trends. For example, during the year 2014, MLS and MLT both show an 

increasing tendency in their contribution to MLR, however, the ML is restricted to 

shallow depths throughout the basin.  This is probably an indication of the role of 

circulation dynamics in controlling ML deepening, such as the intensity of the mesoscale 

circulation that is known to affect the development of the MLs in the RS. However, MLD 

shows a weaker response to MLR tendency during years following periods of reduced 

MLT and MLS tendencies. Indeed, during 2013 both MLS and MLT showed their 

minimum tendencies throughout the simulation period, suggesting a negative 

preconditioning for ML deepening for 2014. Similarly, MLD also shows an opposite 

trend to the MLR during previous years, for example in 2005 in the CRS and NRS, and in 

2007 in the CRS. This suggests that the development of the ML can be linked to the 

conditions prevailing during the previous years, either through their effect on the mean 

temperature and salinity within the ML or through the impact of entrainment during ML 

deepening of waters with properties acquired by the conditions prevailing in the previous 

years. 

We next examine the relative contribution of processes that drive the annual and 

interannual variability of MLT and MLS in the RS based on the exact closure of the MLT 

and MLS budgets, as described in Section 4.2.  
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Figure 5.4 Annual averages of the MLT (red), MLS (black), and MLD (blue) tendencies, 

averaged over the regions defined in Figure 1.1. Positive values denote an increase in density 

(kg/m3s). 
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5.3.1. The mixed layer potential temperature (MLT) budget 

Based on the results of the RS MITgcm simulation for the period 2001-2015 we have 

identified and quantified the relative importance of atmospheric forcing, diapycnal 

mixing, divergence of the advective flux and entrainment of 𝜃 and S within the ML (See 

section 4.2). The annual MLT tendency and the relative contribution of these processes in 

the different regions of the RS, along with the annual average of the MLDs, are presented 

in Fig. 5.5. Annual averages are computed considering the period from May of each year 

to April of the next year. In order to highlight the interannual variability of the 

contribution of different processes, and further examine their cumulative effect on the 

ML properties during the simulation period, we also present their accumulated annual 

anomalies in Fig. 5.6. Note that the accumulated values of MLT tendency shown in Fig. 

5.6 practically represent the anomalies of MLT itself. 

Considering the entire RS, the annual MLT is mostly influenced by atmospheric 

forcing balanced by advective fluxes, with a weaker but significant contribution by 

entrainment throughout the basin (Fig. 5.5). An exception is the SRS, where the balance 

is mainly between advective fluxes and entrainment, with a sporadic and weaker 

influence by atmospheric forcing. This reflects the dominant effect of the exchanges 

through the BAM, either through advective fluxes directly influencing the upper layers of 

the SRS, or by entrainment of the summertime cooler and fresher intermediate water 

inflow from the GoAd (GAIW).  

The annual variability of processes reveals that the intensity of the surface forcing 

is strongly linked to that of advective fluxes (Fig. 5.5). This reflects the response of the 
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overturning circulation to the MLR increase by atmospheric forcing. Intensification of the 

overturning circulation leads to increase of the water volume that is advected northward 

in the upper layers carrying relatively warmer (and fresher) waters from the GoAd along 

the RS. Given the dominance of atmospheric and advective fluxes, the interannual 

variability of MLT shows also high correlation with entrainment, despite its weaker 

contribution in the annual tendency (Fig. 5.6). The role of entrainment becomes more 

evident northward, with the exception of the GoS due to its shallow depths. 

The annual MLD generally follows the variability of the MLT annual tendency 

rather than the MLT itself (Fig. 5.6). The MLD and MLT variability further show a 

higher correlation during the warmer periods compared to years with strong cooling of 

the ML (Fig. 5.5). Reduced atmospheric forcing is always accompanied by a decrease in 

MLT and shallowing of the MLs. However, years with strong contribution by 

atmospheric forcing do not necessarily lead to the deepest MLs, despite their tendencies’ 

correlation. For example, years 2002 and 2007 are among the ones with the strongest 

contribution of surface forcing to MLT (Fig. 5.5). However, the MLT shows a small 

increase, as it is balanced by increased advective fluxes, and the ML remained shallow 

(Fig. 5.6). Moreover, the evolution of MLD and MLT may even be opposite in some 

years. For example, in year 2003 the MLT contribution to the MLR tendency is reduced 

despite a sharp increase in MLD, while in years 2005 and especially 2014, an increase in 

the MLT contribution is not associated with MLD increase (Fig. 5.5).  
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Figure 5.5 Annual averages for individual terms of the potential temperature (𝜃) budget given by 

Eq. (A9). (a) Potential temperature tendency (TT) volume-averaged over the MLD and its 

components in the 𝜃 budget, (b) surface flux (TF), (c) flux due to processes at the ML base 

(Tbase), (d) divergence of advective flux (TA), and (e) diffusive flux (TD) of 𝜃; all values are 

expressed in kg/m2s. Positive values indicate cooling, whereas negative values indicate warming. 
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Figure 5.6 Same as in figure 5.5, except for the accumulated anomalies of the annual averages 

for each term. 
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5.3.2. The mixed-layer salinity (MLS) budget 

The annual MLS average and the relative contribution of processes that drive its 

evolution in the different regions of the RS, along with the annual average MLD, are 

presented in Fig. 5.7. Their accumulated annual anomalies are presented in Fig. 5.8. 

Compared to the MLT, the annual MLS tendency shows a stronger dependence 

on advective fluxes and a higher contribution of the entrainment, which may even 

dominate over atmospheric forcing (Fig. 5.7). Freshening by advective fluxes partially 

counterbalances the increase of MLS by both atmospheric forcing, through evaporation, 

and by entrainment of saltier waters from below the ML. Considering the interannual 

variability, MLS is mainly driven by changes either in the intensity of advective fluxes or 

in the processes at the base of the ML (Fig. 5.8). The interannual variability of 

atmospheric forcing is generally weak and does not match that of MLS (Fig. 5.8).  

The effect of advection is stronger in the southern part of the basin and their 

interannual variability show high correlation with that of MLS, reflecting the role of the 

exchanges through the strait of BAM and the inflow of fresher waters from the GoAd 

(Fig. 5.7). It is also the dominant factor in the GoS, where entrainment is negligible due 

to its shallow depths, and thus MLS tendency is mainly governed by the variability of 

advective fluxes (Fig. 5.7). Entrainment processes are more important in the central and 

northern parts of the basin. They dominate over atmospheric forcing in the CRS 

throughout the simulation period and are especially strong in the NRS, where the larger 

increase in the MLS occurs. In the GoAq, although the role of entrainment is the weakest 

in the RS and it is the only region where the MLS tendency may even become negative in 
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some years (Fig. 5.7), its interannual variability shows a strong correlation with the 

accumulated anomalies of entrainment and largely regulates its variability (Fig. 5.8). 

Similar to the MLT, the annual MLS variability generally correlates with the 

annual MLD (Fig. 5.7). However, the MLS is also related to the long-term variability of 

MLD that generally show similar trends with MLS in all regions (Fig. 5.8). Increased 

MLS provides a preconditioning in the water column for reaching higher densities and 

the development of deeper MLs in the following years. Annual changes in the intensity of 

advective fluxes accumulate over the years. Accumulated anomalies of advective fluxes 

coincide with both MLS and MLD variability, especially in the SRS and CRS (Fig. 5.8). 

On the other hand, in the NRS and the GoAq, where the deepest MLs develop, the role of 

entrainment plays a more critical role in the interannual and long-term variability of the 

MLS (Fig. 5.8). This can be explained either through the accumulation of salt inside the 

ML itself or through its storage in the layers lying beneath the ML, that reemerge through 

entrainment in the following years. The correlation between the interannual variability of 

MLS and MLD further reveal an interplay between the increase in MLS and the potential 

for ML deepening. The potential of ML deepening is determined by the stored salt 

content in the upper layers, while MLS further increases by entrainment during ML 

deepening.  
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Figure 5.7 Annual averages of the individual terms of the salinity (S) budget a) Salinity tendency 

(ST) volume-averaged over the MLD and its components in the salinity budget, b) surface flux 

(SF), c) flux due to the processes at the ML base (Sbase), d) divergence of advective flux (SA), 

and e) diffusive flux (SD) of S; all values are expressed in kg/m2s. Positive values indicate an 

increase in salinity, whereas negative values indicate freshening. 
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Figure 5.8 Same as in figure 5.7, except for the accumulated anomalies of the annual averages 

for each term. 

5.4.  MLD and biological processes in the North Red Sea. 

 In this Section we demonstrate the significance of the MLD variation for the 

biological processes in the extremely oligotrophic NRS. The RS surface waters are 
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considered as poor in major nutrients, which is mostly attributed to the strong pycnocline 

that acts as a barrier preventing the nutrient rich deeper water to reach the surface layers 

(Doney et al., 2006). Increased stratification during warm conditions may contribute to a 

shallowing of the ML above the nutricline reducing the transfer of nutrients to the 

euphotic zone, and ultimately limiting phytoplankton growth - microscopic 

photosynthetic algae that form the base of the marine food web. In contrast, periods 

characterized by deeper MLs accommodate the entrainment of nutrients from the 

nutrient-rich deeper layers and their redistribution in the water column and increase the 

abundance and primary productivity of phytoplankton. 

The major source of nutrients in the RS is through the waters flowing inside the 

basin from the Gulf of Aden and especially the GAIW that enter at intermediate layers 

during the summer exchange pattern (Longhurst, 2007). These water masses provide a 

source of nutrients that drives the primary productivity in the SRS (Dreano et al., 2016). 

In contrast to the southern regions, the central and northern parts of the RS appear to be 

the most oligotrophic regions.  Remotely sensed observations have revealed that the CRS 

exhibits the lowest Chl-a values and is less productive when compared with the NRS 

(Raitsos et al., 2013). The NRS is a typical tropical marine ecosystem characterized by a 

distinct phytoplankton bloom that occurs during winter through convective mixing and 

entrainment of nutrients from deeper waters (Abualnaja et al., 2015; Acker et al., 2008; 

Gittings et al., 2019; Papadopoulos et al., 2015; Raitsos et al., 2013; Triantafyllou et al., 

2014). The NRS winter bloom is important for the regional ecosystem, driving the 

seasonal increase in abundance of primary productivity and the reproductive strategies of 

larger organisms. Phytoplankton abundance and phenology (bloom timing) can be used to 
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assess the condition of the pelagic ecosystem (Racault et al., 2014; Platt et al., 2003). 

Interannual fluctuations in the timing of phytoplankton growth can have far-reaching 

ecosystem impacts. Previous studies for different oceanic regions have revealed that 

changes in phytoplankton phenology can negatively impact the survival of commercially 

important species (Platt and Sathyendranath, 2008). 

Warmer conditions have been linked to reduced abundance and primary 

productivity of phytoplankton. This decrease results from enhanced stratification, less 

vertical mixing and reduced nutrient supply to the euphotic zone (Behrenfeld et al., 2006; 

Doney et al., 2006). Despite these, warmer climatic conditions (e.g., positive phases of 

the El Niño Southern Oscillation - ENSO) have been linked with higher biomass over a 

large region of the Red Sea, due to intensified (wind-induced) horizontal nutrient 

transport from the Indian Ocean (Raitsos et al., 2013). The NRS is unique in the fact that 

it is the only region in the Red Sea that does not emulate this pattern. Instead, 

phytoplankton dynamics in the NRS follow a typical tropical regime, where warmer, 

stratified conditions contribute to less vertical mixing and a reduction in phytoplankton 

abundance (Raitsos et al., 2015) 

The Chl-a response to variations in the MLD in the NRS is presented in Fig. 5.9. 

A moderate, positive correlation (n = 192, r = 0.29, p = 0.00005) between monthly Chl-a 

and MLD anomalies is identified. Inclusively, the interannual variability of Chl-a 

concentrations is determined by the strength of vertical mixing in the water column (Fig. 

5.9b).  Years characterized by reduced Chl-a (e.g. 2002 and 2010) coincide with a 

remarkably shallower MLD following weaker vertical mixing. As nutrient concentrations 

generally increase with depth (Reiss et al., 1984; Felis et al., 1998), weakening of vertical 
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mixing reduces nutrient supply to the euphotic zone, diminishing phytoplankton 

productivity. Inversely, stronger mixing events that penetrate deeper in the water column 

will replenish nutrients in the surface layer, inducing more intense phytoplankton blooms. 

These results are supported by Calbert et al. (2015) who demonstrated that bloom 

initiation in the central Red Sea likely occurs following MLD deepening and the 

entrainment of nutrients into the upper layer, allowing seed populations to flourish 

rapidly. In addition, Genin et al. (1995) reported that 96% of the interannual variability 

found in winter Chl-a concentration in the Gulf of Aqaba, over an 8-year period, could be 

explained by variations in air-sea heat fluxes, which control the maximum depth of 

mixing. 

The relationship between phenology and MLD is also evident in the termination 

of the bloom: shallower (deeper) MLDs are significantly linked to phytoplankton blooms 

that terminate earlier (later, Fig. 5.10). Weak vertical mixing contributes to low nutrient 

concentrations that will be quickly consumed by phytoplankton, thus restricting the 

period of phytoplankton growth. Furthermore, an earlier onset of restratification and the 

shallowing of the MLD inhibits the vertical transport of nutrients into the surface layer 

earlier. In consideration of this, a shortening of the bloom duration in response to reduced 

vertical mixing is a logical consequence of shifts in the timing of initiation and 

termination, which themselves, are ultimately reliant on the inception of winter mixing 

and the onset of post-winter restratification respectively.  

Despite the clear negative trend, the lack of significant relationship between MLD 

and bloom initiation anomalies (Fig. 5.10) may be attributed to the possibility that MLD 

dynamics are highly spatially heterogeneous. The commencement of convection and 
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mixing are usually localized and events are limited to specific areas and both enable the 

vertical redistribution of nutrients. Thus, the strength of our statistical relationships could 

be affected by the spatial averaging of the MLD over the entire NRS, masking local 

convection events. Furthermore, the intrusion of water masses from the southeast may 

locally affect the MLD, also impacting spatially averaged values. 

 The shallowest MLDs in 2010 are associated with the lowest Chl-a 

concentrations throughout the time series (Fig. 5.9). Due to the exceptionally limited 

mixing in 2010, we were unable to compute phenology metrics for the 2010 bloom. 

Visual analysis of the 2010 seasonal time series (figure not shown) confirmed that no 

discernible bloom could be identified during this year. 

Overall, during warmer conditions (characterized by more stratified conditions), 

the NRS phytoplankton bloom initiates later, is shorter in duration, and terminates earlier 

(Figs 5.10). The NRS has been reported to be the fastest warming region in the Red Sea 

and is warming approximately four times faster than the average global ocean warming 

rate (Chaidez et al., 2017). These findings suggest that future climate warming scenarios 

may have a two-fold impact on phytoplankton growth in tropical marine ecosystems:  a 

reduction in phytoplankton abundance and alterations in the timing of seasonal 

phytoplankton blooms.  
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Figure 5.9 Contour plot displaying vertical temperature profiles and mixed layer depth (MLD) in 

the northern Red Sea for the period 2001–2014. (b) Monthly anomalies of satellite-derived Chl-a 

concentrations and modelled mixed layer depth anomalies for the equivalent period. Positive 

MLD anomalies represent deeper mixing conditions. 
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Figure 5.10 Scatterplots of spatially averaged mixed layer depth anomalies vs. annual anomalies 

of phytoplankton phenology metrics i.e., bloom initiation, duration and termination, over the 

model simulation period 2001–2014. The red lines represent the linear regression between the 

two variables. Mixed layer depth anomalies were averaged over periods corresponding to each 
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phenology metric (initiation: October – December, duration: October - April, termination: 

February - April).  

5.5. Summary 

The annual MLDs in the RS and the processes that drive the variability of their 

properties where examined based on the results of the high-resolution model simulation 

for the period 2001-2015. Considering the annual mean MLDs, the results revealed a 

significant interannual variability expressed both in their intensity and in their association 

with latitude. Moreover, different regions exhibit their deepest MLs during different 

years, despite their proximity, indicating the importance of local processes that ultimately 

define the development of the MLs. Overall, three periods are identified with deeper 

MLs, lasting for about 2 years, with intermittent periods of shallower MLs. Among them, 

the winters of 2003 and 2012 present the deepest MLs, while the winters of 2010 and 

2014 are the ones with the shallowest MLs during the entire simulation period.  

The stronger annual variability of the MLDs in terms of their intensity are 

simulated in the NRS and GoAq during winter, where the deepest MLs also occur. 

However, the spatial patterns of the wintertime deep MLs show consistent features 

throughout the simulation period. The highest spatial variability is simulated in the CRS, 

possibly related to the energetic and highly variable mesoscale circulation, while the SRS 

presents a rather persistent and distinct seasonal pattern, as this region is characterized by 

the consistent seasonal monsoon winds.  

The interannual variability during summers is small, as the MLs are shallow 

throughout the RS. The GoAq shows again the highest variability, while in the CRS 



146 
 

increased variability is mainly related to the Tokar anticyclone in response to the 

variability of Tokar Jet winds. In the SRS the interannual variability of the MLDs during 

summer is mostly influenced by the intensity of the fresher and cooler GAIW intrusion, 

while during winter by the warmer and fresher surface waters from the GoAd. 

Overall, both MLS and MLT lead to an annual increase in MLR, with MLS 

having a stronger contribution, while MLT shows stronger interannual variability. The 

MLR tendency in the south and central parts of the RS is mostly influenced by MLS, 

however, in the north, where the strongest increase in MLR occurs, it is dominated by 

MLT. During the simulation period, values show a small increase in the south for both 

terms (MLS and MLT), while in the north a small increase is simulated in the MLS. 

The MLD generally follows the annual MLR tendency, driven either by the MLS 

or the MLT tendencies. The annual MLD generally follows the variability of the MLT 

annual tendency rather than the MLT itself. However, years with strong contribution by 

atmospheric forcing do not necessarily lead to the deepest MLs, despite their tendencies’ 

correlation. The MLS is also related to the long-term variability of MLD that more or less 

shows similar trends with MLS in all regions. Increased MLS provides a preconditioning 

in the water column for reaching higher densities and the development of deeper MLs in 

the following years. MLD shows a weaker response to MLR tendency during years 

following periods of reduced MLT and MLS tendencies (and vice versa), suggesting that 

the development of the ML can be linked to the conditions prevailing during the previous 

years. This is manifested either through the impact of annual forcing on the next year 

temperature and salinity within the ML or through entrainment of waters during ML 

deepening, with properties defined during their formation in previous years.  
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The results of the budget analysis demonstrate that the annual evolution and 

spatial distribution of ML properties in the RS are the result of a complex interplay 

between the atmospheric forcing and the water circulation patterns, while the entrainment 

processes are considerably important for the MLT and MLS tendencies. Considering the 

entire RS, the annual MLT is mostly influenced by atmospheric forcing balanced by 

advective fluxes, with a weaker but significant contribution of the entrainment throughout 

the basin. The intensity of the surface forcing is strongly linked to the variability of 

advective fluxes, indicating a strong response of the circulation to the annual mean 

atmospheric fluxes. Compared to the MLT, the annual MLS tendency shows an even 

greater dependence on advective fluxes and a stronger contribution by entrainment, 

which may even dominate over atmospheric forcing. Considering the interannual 

variability, MLS is mainly driven by changes either in the intensity of advective fluxes or 

in the processes at the base of the ML. The interannual variability of atmospheric 

freshwater fluxes is generally weak and generally does not match that of MLS. 

The effect of advection is stronger in the southern part of the basin and their 

interannual variability shows high correlation with MLS and MLT, reflecting the role of 

the exchanges through the strait of BAM. MLR increase, especially in the northern parts 

of the basin by atmospheric forcing leads to intensification of the overturning circulation 

and a faster northward transport in the upper layers that carry relatively warmer (and 

fresher) waters from the GoAd along the RS. Entrainment processes are more important 

in the central and northern parts of the basin. They dominate over atmospheric forcing in 

the CRS throughout the simulation period and are especially strong in the NRS, where 

the larger increase in the MLS occurs. In the GoAq, the role of entrainment is the weakest 
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in the RS and it is the only region where the MLS tendency may even become negative in 

some years. However, the interannual MLS tendency variability shows a strong 

correlation with the accumulated anomalies of entrainment.  

Entrainment is of particular importance for the biological processes in the RS, as 

it affects the redistribution of nutrients from the nutrient-rich deeper layers. We 

demonstrated that warmer condition and increased vertical stratification in the NRS is 

associated with substantially weaker winter phytoplankton blooms, which initiate later, 

terminate earlier and are shorter in their overall duration. These alterations are directly 

linked with the interannual variability of MLD. These findings suggest that future climate 

warming scenarios may have a two-fold impact on phytoplankton growth in tropical 

marine ecosystems: 1) a reduction in phytoplankton abundance and 2) alterations in the 

timing of seasonal phytoplankton blooms. In light of this, if phytoplankton phenology in 

the NRS is altered more drastically in conjunction with current climate change trends, the 

potential negative impacts on commercially important species may be detrimental for 

human populations that depend on coastal fisheries. 
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6. Chapter 6 

Long term evolution of the Red Sea upper layers using SST as a 

proxy for their variability 

This Chapter has been published as a modified article, entitled “Natural Climate 

Oscillations May Counteract RS Warming over the Coming Decades",  in Geophysical 

Research Letters  https://doi.org/10.1029/2018GL081397. 

6.1. Introduction 

The RS presents a complex circulation that is shown to respond strongly to atmospheric 

forcing variability. Interannual and long-term changes in atmospheric forcing may have a 

strong impact on the dynamical functioning of the RS, especially through their influence 

on its overturning circulation. Moreover, similar to other marginal seas, the RS has a 

shorter renewal time than the global ocean and is expected to have faster response to the 

reported global climate change (Belkin, 2009).  

Modeled datasets can provide a three-dimensional description of the ocean 

dynamics, but are also limited by the availability of in-situ datasets that can validate the 

simulated trends. Because of the availability of high resolution remotely sensed datasets 

of sea surface temperature (SST) and long-term reconstructions based on in-situ 

observations, the SST has been widely used as a proxy for the evaluation of the state of 

oceanic basins, their spatiotemporal variability and their response to local and global 

climate change. This allows the detailed investigation of the spatiotemporal variability in 
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contrast to the interior of the ocean, where observations are sparse in both time and space. 

SST can provide a first estimate of the response of the oceans to atmospheric forcing, 

especially in the near surface mixed layers. The study of SST variability further allows 

the investigation of the variability of this active part of the oceans on longer timescales 

and can provide important information on its response to local and global climate 

variability. Its evolution can further reveal internal modes of variability and can help 

evaluate its current state and allow the estimation of future trends. 

During the 20th century, the majority of Earth’s oceans have showed an 

increasing trend in SST, with signs of intensification in the last few decades (Ting et al., 

2009; Large & Yeager, 2012; Reid & Beaugrand, 2012). Recently, a number of studies 

have indicated that the RS displayed a significant warming (Raitsos et al., 2011; Chaidez 

et al., 2017).  The reported trends that have been observed at least for the modern 

instrumental period (1980−today), raise important questions on the variability of the RS 

functioning and the future of its complex and fragile ecosystem in a changing climate. 

Because of their relatively small volume and the slow rate of their water renewal, 

marginal semi-enclosed seas such as the RS, are more susceptible to global warming. As 

one of the warmest oceanic basins on the planet, a further increase of the sea water 

temperature could be critical for the RS marine ecosystem. 

Studies on the evolution of the SST are usually performed over short time periods 

during which the warming rates could be hindered or intensified by natural, longer-term 

variability. For example, analysis of long-term SST datasets suggested that this was the 

case for the adjacent Mediterranean Sea (Marullo et al., 2011; Macias et al., 2013). In 

those studies, an oscillation with a periodicity of about 70 years was reported for the 
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Mediterranean SST long-term variability. The sinusoidal SST variation was linked to the 

Atlantic Multidecadal Oscillation (AMO), a natural oscillation defined by the anomaly of 

the average SST over the north Atlantic (Richard A Kerr, 2000). Macias et al. (2013) 

reported that during the AMO positive phase, the human-induced warming rates in the 

Mediterranean for the period 1980-2005 may be overestimated due to the associated SST 

oscillation.  

Although AMO has been reported to affect the neighboring Mediterranean Sea 

(Marullo et al., 2011), its influence on the long-term RS SST variability remains unclear. 

The temporal variability of SST in the RS its potential relation to the AMO natural 

oscillation was investigated using four datasets of different time spans and spatial 

resolutions. We examine the reported high warming rates of the RS SST, taking into 

account the long-term natural SST variability, which we use as a basis to provide future 

projections. 

6.2. Datasets and methods 

6.2.1. SST datasets 

The temporal variability of SST in the Red Sea is investigated using four datasets 

of different time spans and spatial resolutions. Two modern-era satellite products, used in 

recent studies to assess the recent Red Sea SST trends (Chaidez et al., 2017; Raitsos et 

al., 2011), and two long-term reconstruction datasets were selected. The first dataset was 

provided by the National Oceanic and Atmospheric Administration (Reynolds et al., 

2007) on a 0.25 degree grid, with a daily resolution spanning a period from 1981 to 
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present. This specific product (AVHRR-OI) is the longest available single instrument, 

remotely-sensed dataset. The second is the operational SST and Sea Ice Analysis 

(OSTIA), provided by the UK Met Office (Donlon et al., 2012). OSTIA uses a blend of 

satellite data, together with in-situ observations from the International Comprehensive 

Ocean-Atmosphere Data Set (ICOADS) database. The analysis produces daily SST fields 

at 0.05 degrees resolution spanning the period 1985 to present.  

For the long-term analysis, we used two SST reconstructions: the NOAA’s 

extended Reconstructed Sea Surface Temperature [ERSST] and the Hadley Centre Sea 

Ice and Sea Surface Temperature [HadISST]. The ERSST dataset is a global monthly 

SST analysis on a 2°×2° grid that covers the period 1854-2018 (Smith & Reynolds, 2003; 

Smith et al., 2008). The specific version ERSST v5 uses new data from the recently 

released ICOADS 3.0 dataset and Argo floats, and does not include satellite data. The 

HadISST dataset was provided by the UK MetOffice on a 1° grid and covers the period 

1870-2018 on a monthly resolution (Rayner, 2003). The dataset is based on in situ 

observations from the Met Office Marine Data Bank (MDB) and the ICOADS dataset; it 

also includes satellite data from the post-1985 period. Being a strategic shipping route, 

the Red Sea enjoys continuous observations in the historical datasets. 

6.2.2. Atlantic Multidecadal Oscillation index  

AMO, first identified by Schlesinger and Ramankutty (1994), is a natural long-

term climate cycle defined by the SST patterns in the North Atlantic Ocean that exhibit a 

periodicity of 60-80 years (Kerr, 2000). Recent studies have shown that the AMO is a 

permanent feature of the climate system, associated with variations in the Atlantic 
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conveyor belt that has been shown to exist on millennial time scales (R. A. Kerr, 2005; 

Knight et al., 2006). The AMO has been linked to important climate impacts, such as the 

multidecadal variability of the North American and European summer climate and the 

northern hemispheric mean surface temperature (Sutton & Hodson, 2005; Knight et al., 

2006; Marullo et al., 2011). The AMO time series used in this study is a linear detrended, 

unsmoothed index based on the Kaplan SST dataset (Kaplan et al., 1998).  

6.2.3. Singular Spectral Analysis (SSA) 

 Singular spectral analysis (SSA) is used to identify the dominant modes of 

variability in a time series (Ghil et al., 2002). It is a powerful tool for   identifying 

oscillatory components in dynamical systems (Vautard et al., 1992). The concept of SSA 

relates to the decomposition of the original series into independent and interpretable 

components and its noise. The method is based on the principal component analysis 

(PCA), but more adaptable to various time scales and provides a better qualitative 

decomposition from short and noisy time series. SSA is implemented here to identify and 

reconstruct the dominant frequency signals. The method is applied to both averaged SST 

over the Red Sea and to individual basin-wide grid points for examining the spatial 

structure of SST variability (see also Appendix B). 

6.2.4. Linear regression model 

The reconstructed time series resulting from the SSA analysis and the estimated 

linear trends were used as a basis statistical model (described in details in Appendix B). 

A sinusoidal function, fitted to the reconstructed low frequency signal of the SSA 
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analysis, was used to represent the identified oscillatory signal. A linear regression model 

was then considered as a function of the linear trend and the oscillatory component. To 

account for persistence in the residuals of the initial model, we followed a general least 

square (GLS) approach (Shumway & Stoffer, 2017). An autoregressive modeling (AR) 

method was used to update the model and obtain estimates with white noise errors. An 

ordinary least squares method was then used to fit the updated model and obtain 

confidence intervals for the expected future SST. 

6.3. Results and Discussion  

6.3.1. Recent SST trends (Satellite era) in the Red Sea 

An assessment of the recent trends and spatial patterns of SST evolution in the 

Red Sea is performed by comparing the SST reconstructions during the satellite era (1985 

to present), for which data are available from all datasets. The annual evolution of the 

basin average SST and the related trends for each dataset are presented in Figure 1 (upper 

panel). Although the mean SST values vary between the different datasets, which mainly 

reflects the limited spatial coverage of the coarse resolution datasets, they are generally 

consistent in terms of interannual variability and trends, which is the focus of the present 

study.  

A noticeable feature during the satellite-era period is a warming trend of about 

0.2°C per decade (0.29°C for ERSSTv5), which is clear in all datasets, despite the 

differences in data sources and resolutions. Furthermore, all datasets suggest that the 

warming trend exhibits a North-South gradient, with higher warming rates in the 
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Northern Red Sea (Figure 1 – lower panel). This is consistent with the findings of 

Chaidez et al. (2017), who reported a similar trend for maximum annual temperatures in 

the Red Sea, more prominent in the northern part of the basin. These spatial patterns are 

better captured by the two high-resolution datasets (AVHRR-OI, OSTIA), but are also 

pronounced in the lower resolution (HadSST, ERSSTv5) products. Langodan et al. 

(2017) reported a gradual reduction of wind strength during the last decades over the 

Northern Red Sea, which is consistent with the warming SST trend. This emphasizes the 

connection between the variability of the prevailing atmospheric forcing and the climatic 

changes observed in the broader region. 
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Figure 6.1 Upper panel: Annual mean SSTs and their respective linear trends, over the1985-2015 

period. Lower panel: Spatial patterns of linear trends of SST in the Red Sea, for each examined 

dataset over the 1985-2015 period (a. ERSST, b. HadISST, c. AVHRR, d. OSTIA). 

6.3.2. Long-term SST variability 

The annual mean SST time series, averaged over the entire Red Sea, over the 

period 1875-2015 are presented in Figure 2. The period prior to 1875 (before the opening 

of the Suez Canal) was not considered in our analysis due to limitations in the available 

in-situ measurements, and the consequently reduced performance of the SST 

reconstructions. The two independent long-term SST products used in this study describe 
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a similar evolution of SST in terms of inter-annual variability and trends, consistent with 

Marullo et al. (2011) results in the Mediterranean Sea. Hereafter, we focus our analysis 

on the higher resolution HadISST dataset, which provides a better representation of the 

spatial structure of the SST variability in the Red Sea. 

 

Figure 6.2 Annual mean SSTs and their respective linear trends, based on the full length of the 

considered datasets: 1880-2015 for HadISST, 1880-2015 for ERSST, 1985-2015 for the two 

satellite SST products, AVHRR-OI and OSTIA. 

Regardless of the abruptness of the recent-era trends, the long-term analysis 

reveals a significantly lower (~0.04 °C/decade) overall warming compared to the trends 

inferred using only the satellite era datasets (~0.2 °C/decade); although, indeed, the last 

two decades is the warmest period the Red Sea has experienced. Fourier analysis of the 

annual SST time series averaged over the Red sea (Section B1 and Figure B1 in 

Appendix B), reveals a dominant frequency in the power spectrum of ~70 years, 

suggesting a sequence of alternating positive and negative trends. In Figure 3 (upper 
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panel), the annual mean SST time series, averaged over the whole Red Sea, are split into 

four periods of 35 years, each corresponding to successive phases of warming and 

cooling SST trends (Figure 3 – lower panel). A North-South gradient was observed in 

both cooling and warming phases, with higher rates in the Northern Red Sea. A 

multidecadal oscillation, similar to that identified in the Red Sea, has also been reported 

for the Mediterranean Sea and the Atlantic Ocean (e.g. Artale et al., 2006). This 

similarity may be attributed to the extensive atmospheric teleconnection affecting a large 

part of the Northern Hemisphere. A 70-year oscillation was also identified by Felis et al. 

(2000) who analyzed coral reef growth in the Northern Red Sea, based on a 245 year 

coral oxygen isotope record. The study also provided evidence of the relation of coral 

growth to SST variability and argued about the Atlantic origin of the observed SST 

variability and the eventual relationship to the AMO. Because the AMO has its origin in 

the North Atlantic region, an atmospheric teleconnection is most likely through the 

Northern part of the basin. Indeed, the northern Red Sea is mostly affected by climatic 

indices based mainly on the large scale atmospheric circulation that originates in the 

North Atlantic (Abualnaja et al., 2015; Papadopoulos et al., 2013; Viswanadhapalli et al., 

2016).  
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Figure 6.3 Upper panel: Annual mean SST, based on the HadISST dataset over the Red Sea, for 

the period 1880-2015, with the identified positive (red lines) and negative (blue lines) trends.  

Lower panel: The respective spatial patterns of the linear trends computed for each period. 

6.4. AMO and Red Sea SST 

Artale et al. (2002) and Marullo et al. (2011) suggested a clear effect of the North 

Atlantic regime on the Mediterranean Sea, expressed by the climatic indices North 

Atlantic Oscillation (NAO) and AMO. As the AMO exhibits a periodicity of around 70 

years, studies based on short-term datasets (e.g. limited to the satellite era) cannot detect 

potential links with long-term natural climate oscillations.  
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To assess if a similar AMO-related oscillation affects the Red Sea SST, we 

performed SSA on the annual average time series over the basin (Section B2 in Appendix 

B). Examination of the AMO-related temporal modes reveals that they account for a 

significant part of the Red Sea SST variability. The dominant pair of modes clearly show 

the existence of a low frequency oscillation that has a mean period of about 70 years, 

while their variance explains ~30% of its total interannual variability. SSA was then 

applied to the AMO time series. As expected, we found the dominant modes of the 

climate index to be representative of an oscillation of approximately 70 years (explaining 

~55% of its variability), in agreement with previous studies that estimated the period of 

AMO between 60–80 years (e.g. Schlesinger & Ramankutty, 1994; Delworth & Mann, 

2000). 

When the AMO index and the annual mean SST are reproduced using only their 

dominant modes derived by the SSA, the two reconstructed time series exhibit a very 

high correlation (0.91), with a lag of six years. The results, in which HadSST time series 

were shifted to account for the correlation lag (for straightforward comparison), are 

presented in Figure 4 (upper panel). In order to examine the spatial structure of the AMO 

related variability, the SSA analysis was then performed separately for each grid point of 

the HadISST dataset in the Red Sea and the adjacent Gulf of Aden. The results, in terms 

of variance explained by the associated modes, correlation with the AMO signal, and the 

associated lags are presented in Figure 4 (lower panel). In most cases, the modes 

associated to AMO were dominant, accounting for an important part of the SST long-

term variability. However, higher frequency oscillations prevailed in regions like the 

South-Central Red Sea. The accumulated energy, which expresses the percentage of 
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variability of the modes used for the reconstruction, is presented in Figure 4a. Similar to 

the spatial patterns of the recent trends mentioned earlier, the dominant signal is observed 

in the Northern Red Sea, with accumulated energy gradually decreasing, from 55% in the 

North to 15% in the South. 

The correlation coefficients between the SST and AMO filtered signals are 

presented in Figure 4b, and the related correlation lags in Figure 4c. The correlations are 

higher in the North and weaken towards the Southern Red Sea. However, despite the 

southward reduction in the energy of the related modes, the correlations exhibit high 

values also in the Southern Red Sea and the Gulf of Aden. Similarly, the correlation lags 

suggest a decoupling between the Northern and Southern Red Sea. 

The high correlation in the Northern Red Sea, and the minimum phase shift (1-3 

years) of the oscillation signal, suggest a direct influence of the AMO signal, probably of 

atmospheric origin, through the eastern Mediterranean. Despite the relatively small 

variability explained in the South, the correlation also suggests an influence from the 

AMO signal. The Southern Red Sea is strongly affected by water exchanges with the 

Indian Ocean (Yao et al., 2014; Dreano et al., 2016; Sofianos & Johns, 2015). Since the 

effects of AMO have also been shown to extend to the Indian Ocean (Marullo et al., 

2011), we hypothesize that the AMO influence may propagate by advection through the 

Gulf of Aden into the Southern Red Sea, and the significantly higher correlation lag 

(~10-11 years) may correspond to the time needed for the propagation of the AMO 

signal. 
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Figure 6.4 Upper panel: Normalized anomalies of the de-trended annual means of the Red Sea 

SST (HadISST, thin green line) versus AMO index (thin red line), and their low- frequency 

signals obtained by the SSA analysis (thick red and green lines respectively). Lower panel: Maps 

of accumulated energy in the low frequency modes of HadISST that are associated with the AMO 

(a), their correlation with the respective modes of AMO (b) and their corresponding correlation 

lags (c). 

6.5. Future projections 

Based on the agreement between the long-term oscillation frequency of AMO and 

the Red Sea SST, and given the evidence of AMO on millennial timescales (Kerr, 2005), 
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we statistically project the low frequency signal of the Red Sea SST over the next 

decades. In our analysis we consider that the long-term trend and the interdecadal 

oscillations, revealed by the spectral analysis, are decoupled and thus act independently. 

Therefore, the AMO related modes are treated here as the factor representing the natural 

dynamical system, whereas the contribution of climate change is represented by its long-

term trend.  

Following a GLS approach (described in details in Appendix B), we generated a 

future projection of the low-frequency SST variability (Fig. 5). The projection represents 

the combined effect of the low frequency signal associated with the AMO and the 

identified long-term trends, bounded by pointwise 95% confidence intervals.  
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Figure 6.5 Projection of SST time series based on the superposition of linear trends and the low- 

frequency AMO signal (red line), bounded by the 95% confidence intervals (shaded red areas). 

The annual mean SST is shown in green. The solid black line represents trends based on the 

historical period (1880-2015); the dotted black line represents trends based on the satellite era 

(1985-2015). The shaded blue area highlights the period of the projected negative trends. 

 

Assuming that the long-term trend due to global warming remains constant over 

the next decades, and not accounting for (yet to be explored) the potential impacts of 

climate change on the regularity of the AMO variability, the current average temperature 

is projected to decrease and remain below the current average temperatures during the 

negative phase of the AMO oscillation (next 3-4 decades). Nonetheless, the analysis 
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reveals that long-term trends identified in the Red Sea may be masked by the negative 

phase of the AMO over the next decades. A rebound of SST to new extremes is then 

expected to follow during the next positive phase of the AMO, reflecting the combined 

effect of the long-term trend and the positive phase of the identified oscillation. 

6.1.  Summary 

Analysis of different datasets of SST in the Red Sea confirms the short-term 

increasing alarming trends that have been reported in recent studies. We provide strong 

evidence suggesting that these trends are modulated by the existence of a long-term 

oscillation related to AMO, with a period of approximately 70 years. The reported trends 

for the Red Sea based on recent-era satellite datasets indeed overlap with a positive phase 

of the AMO. Thus, the warming trends during this period (1980-2010), although 

legitimate in absolute warming rates, are the combination of both global warming and a 

positive phase of the natural climate cycle. Hitherto, the effects of natural climatic 

variability, manifested in the Red Sea as low frequency oscillations that follow the AMO 

oscillation, have been dominant over the identified long-term trends. 

The AMO is projected to enter in a negative phase, after reaching its peak over 

the past decade. Given the estimated lag in the response of the Red Sea SST, the current 

period should exhibit the highest annual mean temperatures following the AMO peak. 

Based on our projection of the evolution of the SST in the near future, depending on the 

intensity and continuity of global warming, we expect a decreasing trend in SST. 

Assuming that global warming pace remains at current rates, the projected negative phase 

of AMO could overshadow its influence for a period corresponding to the half of the 
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AMO cycle (approximately 35 years). In other words, the negative phase of AMO is very 

likely to mask the global warming effect and temporarily mitigate the consequent impacts 

on the Red Sea. However, the warming signal associated with climate change will 

continue to affect the local SST, while a rebound of temperatures to new extremes is 

expected to follow in the next positive phase of the oscillation. 
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7. Chapter 7 

Concluding Remarks 

The marginal, semi-enclosed RS, presents a complex behavior in its thermohaline 

circulation and is shown to respond strongly to external forcing variability, providing the 

scientific community with an ideal natural laboratory to study physical mechanisms and 

physical–biological interactions on multiple spatial and temporal scales. The RS presents 

a remarkable biological diversity and productivity, hosting a diverse marine ecosystem 

ornamented by a rich coral reef community, and has a vital importance for various 

commercial, industrial and governmental operations and activities.  

Because of its elongated shape, spanning 19° of latitude, the RS is affected by 

different climate regimes that present distinct seasonal, but also strong interannual 

variability. Accordingly, the external forcing of the RS, in terms of both atmospheric 

forcing and through its connection with the open ocean exhibit strong variability 

governed by the interactions between different climatic modes that exert their influence 

over the basin. The climate of northern RS is influenced by large-scale atmospheric 

systems originating in the Mediterranean Sea, driving cool and dry southward winds, 

while the climate of the SRS is strongly influenced by the Indian monsoon system. The 

RS further presents a complex behavior in its thermohaline circulation that is shown to 

respond strongly to atmospheric forcing variability. The vigorous thermohaline 

overturning circulation in the RS can be attributed to the strong buoyancy forcing. 
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Interannual and long-term changes in atmospheric forcing may have a strong impact on 

the dynamical functioning of the RS, especially through their influence on DWF 

processes that drive its overturning circulation. Moreover, similar to other marginal seas, 

the RS has a shorter renewal time than the global ocean and is expected to have faster 

response to the reported global climate change (Belkin, 2009).  

The main processes driving the thermohaline aspects of the upper ocean 

circulation are linked to the dynamics of the mixed layer (ML). The transfer of heat, mass 

and momentum between the atmosphere and the interior of the ocean is mediated by this 

layer. The temporal and spatial variabilities of the ML are governed by the complex 

interplay between air–sea buoyancy fluxes and the advective and diffusive fluxes of heat 

and salt. During strong mixing events, important for ML deepening, formation of RS 

deep and intermediate water masses drive the basin’s overturning circulation and 

ultimately influences the exchange of waters with the GoAd. The ML also plays a crucial 

role for the biochemistry through the air-sea gas exchanges (such as oxygen), thus 

strongly impacting marine life. Deepening of the MLs in winter can entrain nutrient rich 

waters, which enhances the RS productivity. In contrast, intense stratification inhibits the 

vertical transfer of nutrients and partly explains the oligotrophic nature of the RS.  

The analysis presented in this dissertation comprises an attempt to build a deeper 

understanding of the processes that drive the evolution of the upper layer properties of the 

Red Sea, focusing on the development of the ML and its spatiotemporal variability. The 

ML characteristics of the RS are poorly understood, primarily because of the lack of in 

situ observations. Therefore, our analysis is primarily based on the results of a state-of-

the-art regional ocean circulation model (MITgcm) specifically developed for the RS, 
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spanning the period 2001-2015. On account of the complex small scale features revealed 

by the available observations and previous modeling studies, the dynamic circulation and 

the complex bathymetry of the basin, the model was implemented with a higher 

resolution (1/100°, 50 vertical layers) than previous models of the RS and was forced by 

a recently developed high-resolution (approximately 5 km) regional atmospheric 

reanalysis shown to successfully reproduce the spatial and temporal variability of the 

atmospheric fields used to force the model. Our work further extends the capabilities of 

the RS modeling system (iReds), comprising a set of state-of-the-art modeling 

components for simulating the atmosphere, ocean, waves, transports, and 

biogeochemistry in the RS and to support oil spill prediction efforts. 

The MITgcm configured for the RS with realistic bathymetry and atmospheric 

forcing has provided an unprecedented description of the 3D distribution of properties 

and their evolution, and was demonstrated to successfully describe the upper overturning 

cell and its seasonal variability. The model output was extensively validated against the 

available observations, including observations of temperature, salinity and velocity fields 

collected during all the major expeditions in the RS, spanning a time period of more than 

40 years (1982-2013), along with satellite-derived SST and SLA observations. The model 

accurately reproduced the seasonal evolution of upper layers’ distribution of temperature 

and salinity and the main features of the RS circulation dynamics. As the main goal of 

this dissertation is the study of the development of the RS MLs, we further evaluated the 

simulated MLD estimates against those from CTD profiles, using different methods for 

the estimation of the MLD from both vertical CTD profiles and numerical model outputs. 

The most realistic MLD estimates based on both the CTD observations and model output 
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were obtained using the relative variance method of Huang et al. (2018), determined by 

considering the vertical profiles of potential density. Evaluation of the simulated MLD 

estimates against those from CTD profiles revealed that the model was able to reproduce 

the seasonal evolution of the upper layers’ stratification, the ML development and its 

spatiotemporal variability. Thus, the results of this extended validation process provided 

us with confidence in the use of the simulation for the analysis of the MLs in the RS.  

Following the corroboration of the RS model simulation, in Chapter 3 we 

investigated the development of the MLs in the RS and provided a detailed description of 

the seasonal and spatial evolution of the MLDs. Moreover, we examined the relative 

contribution of the wind and surface buoyancy fluxes in inducing vertical mixing and 

driving the development of the ML. Reflecting the cumulative effect of wintertime 

surface buoyancy loss, the deepest MLs in the RS develop in January and February. In 

early spring restratification by the surface heat gain causes the MLs to shoal, with 

relatively deep MLs are sustained only in the northern parts of the basin, mainly by wind-

induced mixing. The seasonal MLD evolution is mainly governed by the variability of the 

buoyancy fluxes, driven predominantly by its heat flux component. Although very high 

evaporation in the RS region dominates the annually averaged surface buoyancy forcing, 

its seasonal variability is too weak to significantly affect the seasonal variability of the 

total buoyancy flux. Wind stress correlates with vertical mixing in all seasons, however, 

overall its effect on MLD is mostly prominent during the summer period. Channeling of 

winds through the straits and jets blowing through mountain gaps in the CRS and NRS 

may induce MLD deepening locally, owing to wind-induced mixing and increased 

buoyancy loss by evaporation.  
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The simulated MLD distribution further suggested an important influence of 

lateral transport of heat and salt by the general and mesoscale circulation, and by semi-

permanent eddies and gyres that locally displace the isopycnals creating troughs and 

ridges in the MLD distribution. The complex patterns of atmospheric buoyancy and 

momentum forcing, thermohaline circulation and mesoscale activity are all imprinted on 

the MLD distribution, which shows similarly complex patterns, that cannot be directly 

linked to a single dominant factor; rather, it is an interplay between the surface air–

sea exchanges and internal processes governing their distribution. 

The quantification of the relative importance of the external forcing and the 

internal oceanic processes driving the evolution of the ML properties was then 

specifically examined in Chapter 4. The individual terms of the potential temperature and 

salinity budgets integrated over the MLD were investigated to identify the processes 

governing their geographical distribution and temporal variability. Our analysis 

separately considered the advective fluxes, diapycnal mixing, and entrainment of heat 

and salt that ultimately define the ML properties. Our results demonstrated the dominant 

role of atmospheric forcing with respect to the spatiotemporal variability of the ML 

density, and especially through the air-sea heat exchanges and their impact on MLT. 

However, although the seasonal contributions of the air–sea heat flux to density tendency 

is larger than the contribution of the salt flux, its annual average is less than that of the 

salt flux, because the heat flux changes sign seasonally, while the salt flux remains 

positive throughout the year. Changes in density because of atmospheric forcing are 

mostly balanced by the advection of cooler and fresher waters from the GoAd that flow 

northward along the basin through meandering currents and strong semipermanent 
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eddies, reflecting the general upper layer circulation in the RS. Notably, our analysis 

revealed a significant role of entrainment processes in the evolution of the ML density. 

The heat and salt stored in waters below the ML reemerge during winter through the 

entrainment of deeper waters during ML deepening, and promotes the preconditioning of 

the northern parts of the basin for denser water formation. This process can provide a 

memory in the system, as the properties of the deeper layers have been set during 

previous seasons or years. The high sensitivity of the ML properties to external forcing 

and the role of the entrainment of water masses exhibiting characteristics set in previous 

periods suggest potentially strong interannual variability. The examination of the 

interannual variability of ML properties is of significant interest for understanding the 

thermohaline functioning of the RS and its evolution under a changing climate. 

In Chapter 5 we combined the methodological approach outlined in Chapters 3 

and 4, and attempted to investigate the interannual variability of the RS ML properties 

and the processes that drive their variability. The results revealed a significant interannual 

variability of MLD expressed both in its intensity and its variability with latitude. 

Moreover, different regions exhibit their deepest MLs during different years, indicating 

the importance of local processes that ultimately define the development of the MLs. The 

large interannual variability and the strong dependence on local dynamics further 

emphasizes the need for caution when combining the generally sparse observations to 

study the MLs in the RS.  

Overall, both salinity and temperature tendencies within the ML lead to an annual 

increase in its density, with salinity having a stronger contribution, while temperature 

shows stronger interannual variability. The annual MLD generally follows the variability 



173 
 

of the temperature tendency. However, years with strong contribution by atmospheric 

forcing do not necessarily lead to the deepest MLs, highlighting the role of salinity in 

preconditioning the water column for reaching higher densities and the development of 

deeper MLs in the following years. Salinity is strongly related to the long-term variability 

of MLD and generally shows similar trends in all regions. MLD response to the 

accumulated density tendencies suggest that the development of the ML can be linked to 

the conditions prevailing during the previous years. This is manifested either through the 

impact of the annual forcing on the next year temperature and salinity within the ML, but 

also through the entrainment of waters during ML deepening, with properties defined 

during their formation in previous years.  

Entrainment is of particular importance for the biology of the RS because it 

influences the redistribution of nutrients from the nutrient-rich deeper layers. Using 

remotely sensed Chl-a datasets as a proxy of the biological productivity of the RS, we 

demonstrated a strong link with ML deepening in the NRS. Years with shallow MLs are 

associated with substantially weaker winter phytoplankton blooms with shorter overall 

duration. These findings suggest that future climate warming scenarios may disrupt the 

timing of seasonal phytoplankton blooms and lead to a reduction in phytoplankton 

abundance. In light of this, if phytoplankton phenology in the NRS is altered more 

drastically in conjunction with current climate change trends, the potential ensuing 

negative impacts may be detrimental for the ecosystem functioning of the region. 

To assess the long-term variability of the RS and its response to climate change 

we utilized long-term datasets of SST as a proxy of the evolution of the basin and 

especially the active upper part of the basin that interacts with the atmosphere. The study 
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of long-term variability and trends in the oceans is hindered by the lack of consistent 

measurements that can adequately describe the variability of its properties, while 

modeled datasets are also limited by the availability of in-situ datasets that can validate 

the simulated trends. The study of SST evolution allows the investigation of the 

variability of this active part of the oceans on longer timescales and can provide 

important information on its response to local and global climate variability. Its evolution 

can further reveal internal modes of variability and can help evaluate its current state and 

allow the estimation of future trends. 

Analysis of different datasets of SST in the Red Sea confirmed the short-term 

increasing alarming trends that have been reported in recent studies. However, we 

provide strong evidence suggesting that these trends are modulated by the existence of a 

long-term oscillation related to AMO, with a period of approximately 70 years. The 

reported trends for the Red Sea based on recent-era satellite datasets overlap with a 

positive phase of the AMO, thus the warming trends are the combination of both global 

warming and a positive phase of the natural climate cycle. Moreover, the effects of the 

natural climatic variability have been dominant over the identified long-term trends. As 

the AMO is projected to enter in a negative phase, after reaching its peak over the past 

decade, our projection of the evolution of the SST in the near future suggests a decreasing 

trend. In other words, the negative phase of AMO is very likely to mask the global 

warming effect and temporarily mitigate the consequent impacts on the Red Sea. 

However, the warming signal associated with climate change will continue to affect the 

local SST, while a rebound of temperatures to new extremes is expected to follow in the 

next positive phase of the oscillation. 
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Overall, this dissertation has provided an in-depth investigation on the evolution 

of the RS upper layer properties and their spatial and temporal characteristics. Yet, 

further work is necessary in order to gain a deeper understanding on how climatic change 

may affect the dynamics of the Red Sea and their implications on its fragile ecosystem. 

Increased understanding of the processes governing the evolution of the RS will not only 

serve to improve our knowledge on the basin’s dynamical functioning but also lead to 

greater understanding of the physical-biological interactions in the RS. 
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8. Additional Thesis Contributions  

In addition to the work conducted for my PhD, I was also involved in other projects that 

utilized the model simulations performed for this thesis, as well as in the analysis of 

various in-situ and remotely sensed datasets to improve knowledge of physical and 

biological dynamics in the Red Sea. For each project, a publication has been written. A 

short description of the publications is provided in the following. 

8.1.1. Impacts of warming on phytoplankton abundance and 

phenology in a typical tropical marine ecosystem  

John A. Gittings1, Dionysios E. Raitsos2, George Krokos1 & Ibrahim Hoteit1 

1Department of Earth Science and Engineering, King Abdullah University of Science and 

Technology (KAUST), Thuwal, 23955-6900, Kingdom of Saudi Arabia. 

2Remote Sensing Group, Plymouth Marine Laboratory, Prospect Place, The Hoe, PL1 3DH, 

United Kingdom. 

 Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-20560-5 

 

In the tropics, thermal stratification (during warm conditions) may contribute to a 

shallowing of the mixed layer above the nutricline and a reduction in the transfer of 

nutrients to the surface lit-layer, ultimately limiting phytoplankton growth. Using 

remotely sensed observations and modelled datasets, we study such linkages in the 

northern Red Sea (NRS) - a typical tropical marine ecosystem. We assess the interannual 

variability (1998–2015) of both phytoplankton biomass and phenological indices (timing 
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of bloom initiation, duration and termination) in relation to regional warming. We 

demonstrate that warmer conditions in the NRS are associated with substantially weaker 

winter phytoplankton blooms, which initiate later, terminate earlier and are shorter in 

their overall duration (~ 4 weeks). These alterations are directly linked with the strength 

of atmospheric forcing (air-sea heat fluxes) and vertical stratification (mixed layer depth 

[MLD]). The interannual variability of sea surface temperature (SST) is found to be a 

good indicator of phytoplankton abundance, but appears to be less important for 

predicting bloom timing. These findings suggest that future climate warming scenarios 

may have a two- fold impact on phytoplankton growth in tropical marine ecosystems: 1) 

a reduction in phytoplankton abundance and 2) alterations in the timing of seasonal 

phytoplankton blooms. 

8.1.2. Interannual variability of the exchange flow through the 

strait of Bab-al-Mandeb 

Jieshuo Xie1,2, George Krokos1, Sarantis Sofianos3, and Ibrahim Hoteit1 

1Earth Science and Engineering Department, King Abdullah University of Science and 

Technology, Thuwal, Saudi Arabia, 2 

2State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, 

Chinese Academy of Sciences, Guangzhou, China, 

3Division of Environmental Physics, National and Kapodistrian University of Athens, Athens, 

Greece 

Journal of Geophysical Research:Oceans, 124(3), https://doi.org/10.1029/2018JC014478 
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This study presented the results of a 19‐year (1995–2013) high‐resolution, nonhydrostatic 

hindcast simulation to investigate the interannual variability of the exchange flow 

through the Bab‐al‐Mandeb (BAM) strait. The exchange flows through the very complex 

bathymetry of the BAM strait were simulated by grid nesting from the hydrostatic, 1‐km 

resolution regional Red Sea model (Figure 1a) into a nonhydrostatic, high‐resolution 

model of the Southern Red Sea region domain. Validation of the simulation against 

available in situ and satellite observations showed that the she simulation was able to 

resolve the physical processes that govern the variability of the exchange at the strait for 

a wide range of spatiotemporal scales, including the typical two‐ and three‐layer seasonal 

patterns and the related intraseasonal‐to‐interannual cycles.  

The study revealed that the seasonality of the exchange flow is predominately 

determined by the time‐varying surface winds, with a higher correlation over the Gulf 

ofAden, reflecting the importance of local Gulf ofAden processes for the exchanges at the 

strait. The alternation of the two seasonal patterns is driven by a combination of the 

buoyancy‐driven mean circulation with the wind‐induced transport. The onset/offset of 

the two patterns was estimated to take place one‐to‐two weeks after the respective 

monsoon‐driven wind reversal. Model results indicate that the onset dates and durations 

of both patterns exhibit a considerable interannual variability and significant trends over 

the 19‐year period. Significant interannual variabilities and trends were also identified in 

the total volume of water, salt mass, and stored heat of the exchanges. The budget 

analysis of these trends suggests that the duration of the two exchange patterns is more 

important in determining the interannual variability and the related trends than the 
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intensity of the exchange, or the variations in mean salinity or temperature of the 

exchanged water masses. 

8.1.3. Impact of atmospheric and model physics perturbations on 

a high-resolution ensemble data assimilation system of the 

Red Sea 

Sivareddy Sanikommu, Habib Toye, Peng Zhan, Omar Knio, Ibrahim Hoteit, Sabique 

Langodan, George Krokos 

King Abdullah University of Science and Technology, Thuwal, Saudi Arabia 

Journal of Geophysical Research: Oceans, 125. https://doi.org/10.1029/2019JC015611 

 

The study investigated the impact of ensemble generation strategies into an eddy‐

resolving 4 km MITgcm model of the Red Sea. Three different ensemble strategies were 

examined, including model initialization by ensemble of ocean states and inflating filter 

error covariance by 10%, adding ensemble of atmospheric forcing and perturbed model 

physics. The Ensemble Adjustment Kalman Filter of the Data Assimilation Research 

Testbed is implemented to assimilate observations of satellite sea surface temperature, 

altimeter sea surface height, and in situ ocean temperature and salinity profile 

Results demonstrate that the initialization using ensemble ocean states mainly improved 

the model outputs with respect to assimilation‐free run in the first few months, before 

showing signs of dynamical imbalances in the ocean estimates, particularly in the data‐

sparse subsurface layers. Forcing by ensemble atmospheric dataset yielded substantial 

improvements throughout the assimilation period with almost no signs of imbalances, 



180 
 

including the subsurface layers. It further well preserved the model mesoscale features 

resulting in an improved forecast for eddies, both in terms of intensity and location. 

Perturbing model physics slightly improved the forecast statistics and also the placement 

of basin‐scale eddies. Switching off multiplicative inflation leads to further 

improvements, especially in the subsurface layers. 

8.1.4. Three-dimensional signature of the Red Sea eddies and 

eddy induced transport 

Peng Zhan, George Krokos, Daquan Guo, and Ibrahim Hoteit 

Division of Physical Sciences and Engineering, King Abdullah University of Science and 

Technology, Thuwal, Saudi Arabia 

Geophysical Research Letters, 46(4), 2167–2177. https://doi.org/10.1029/2018GL081387 

 

This study investigated the three-dimensional signature of eddies in the Red Sea and 

provided quantitative estimates of the eddy-induced transport based on numerical 

simulation outputs. Mesoscale eddies are a dominant feature of the Red Sea circulation, 

yet their three-dimensional characteristics remain largely unexplored, hindering our 

understanding about eddy-induced transport in the basin.  

The outputs of the high-resolution MITgcm simulation covering the period 2001-2015 

was analyzed to investigate the three-dimensional signature of the Red Sea eddies, their 

contribution to the air-sea flux, and the eddy-induced transport of heat and salt. A 

negative feedback mechanism was also identified that relates the eddy intensity and the 

meridional steepness of the mixed layer depth in the basin. 
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8.1.5. Capturing a Mode of Intermediate Water Formation in the 

Red Sea 

Khaled Asfahani1,2, George Krokos3, Vassilis P. Papadopoulos4, Sarantis Sofianos5, 

Malika Kheireddine1, and Ibrahim Hoteit3, Burton H. Jones1 

1Biological and Environmental Science and Engineering Division, King Abdullah University of 

Science and Technology(KAUST), Thuwal, Saudi Arabia, 

2Environmental Protection Department, Saudi Aramco, Dammam, Saudi Arabia, 

3Physical Science and Engineering Division, King Abdullah University of Science and 

Technology (KAUST), Thuwal, Saudi Arabia, 

4Hellenic Centre for Marine Research (HCMR), Anavissos, Greece, 

5Division of Environmental Physics, National and Kapodistrian University of Athens (UOA), 

Athens, Greece 

Journal of Geophysical Research: Oceans, 1–12. https://doi.org/10.1029/2019JC015803 

 

This study investigated a series of intermediate waters formation events in the northern 

Red Sea, captured by Seagliders during the winter of 2016. The analysis is based on 

measurements collected by consequent deployments of Seaglider autonomous underwater 

vehicles along a 70 km transect, which was run repeatedly from the coast to midbasin 

during the period from October 2015 to May 2016. The observations revealed typical 

open ocean convection processes including a preconditioning phase followed by deep 

convection and spreading of the newly formed waters through lateral exchange. Winter 

conditions were characterized by surface cooling and enhanced evaporation, which were 

observed from late October until late February. During this period, the gradual surface 
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cooling and salinity increase resulted in the weakening of the surface stratification. 

Recurrent cyclonic gyres forced by strong atmospheric events led to episodic convection 

and the formation of intermediate seawater typical of the upper overturning circulation 

cell of the Red Sea. The deep mixing events was also accompanied by a remarkable 

bloom of chlorophyll in response to the nutrients delivery from the deeper layers. The 

end of winter was marked by the intrusion of lower salinity water presumably advected 

from the south and the reestablishment of the general cyclonic circulation, typical for the 

northernmost part of the Red Sea. To the best of our knowledge, this was the first 

observation study of such convection events in the northern Red Sea. 

8.1.6. The Gulf of Aden Intermediate Water Intrusion Regulates 

the Southern Red Sea Summer Phytoplankton Blooms 

Denis Dreano1, Dionysios E. Raitsos2,3, John Gittings4, George Krokos5, Ibrahim Hoteit1,5 

1Computer, Electrical and Mathematical Sciences & Engineering Division, King Abdullah 

University of Science and Technology, Thuwal, Saudi Arabia, 

2 Remote Sensing Group, Plymouth Marine Laboratory, Plymouth, United Kingdom, 

3 National Centre for Earth Observation, Plymouth Marine Laboratory, Plymouth, United 

Kingdom, 

4Biological and Environmental Science & Engineering Division, King Abdullah University of 

Science and Technology, Thuwal, Saudi Arabia, 

5Physical Science and Engineering Division, King Abdullah University of Science and 

Technology, Thuwal, Saudi Arabia 

 PLoS ONE, 11(12), 1–20. https://doi.org/10.1371/journal.pone.0168440 
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Knowledge on large-scale biological processes in the southern Red Sea is relatively 

limited, primarily due to the scarce in situ, and satellite-derived chlorophyll-a (Chl-a) 

datasets. During summer, adverse atmospheric conditions in the southern Red Sea (haze 

and clouds) have long severely limited the retrieval of satellite ocean colour observations. 

Recently, a new merged ocean colour product developed by the European Space Agency 

(ESA) — the Ocean Color Climate Change Initiative (OC-CCI) — has substantially 

improved the southern Red Sea coverage of Chl-a, allowing the discovery of unexpected 

intense summer blooms. Here we provide the first detailed description of their 

spatiotemporal distribution and report the mechanisms regulating them. During summer, 

the monsoon-driven wind reversal modijies the circulation dynamics at the Bab-el-

Mandeb strait, leading to a subsurface influx of colder, fresher, nutrient-rich water from 

the Indian Ocean. Using satellite observations, model simulation outputs, and in situ 

datasets, we track the pathway of this intrusion into the extensive shallow areas and coral 

reef complexes along the basin’s shores. We also provide statistical evidence that the 

subsurface intrusion plays a key role in the development of the southern Red Sea 

phytoplankton blooms. 

 

8.1.7. Physical connectivity simulations reveal dynamic linkages 

between coral reefs in the Southern Red Sea and the Indian 

Ocean 

Yixin Wang1, Dionysios e. Raitsos2,3, George Krokos1, John A. Gittings1, peng Zhan1 & 

ibrahim Hoteit1 
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1King Abdullah University of Science and Technology (KAUST), Department of Earth Science 

and Engineering, Thuwal, 23955-6900, Kingdom of Saudi Arabia. 

2National and Kapodistrian University of Athens, Department of Biology, Athens, Greece. 

3Plymouth Marine Laboratory (PML), Remote Sensing Group, The Hoe, Plymouth, PL1 3DH, 

United Kingdom. 

Scientific Reports 9, 16598 (2019), https://doi.org/10.1038/s41598-019-53126-0 

 

In this study, we investigated the circulation-driven physical connectivity of the 

genetically distinct southern Red Sea, with the aim of identifying the key physical 

connectivity patterns that can contribute to the observed genetic break. The southern Red 

Sea is genetically distinct from the rest of the basin; yet the reasons responsible for this 

genetic separation remain unclear. connectivity is a vital process for the exchange of 

individuals and genes among geographically separated populations, and is necessary for 

maintaining biodiversity and resilience in coral reef ecosystems. Here, using long-term, 

high-resolution, 3-D backward particle tracking simulations, we investigate the physical 

connectivity of coral reefs in the southern Red Sea with neighboring regions.  

The trajectories of passive particles are simulated using the Connectivity 

Modeling System (CMS) [Paris et al., 2013]. CMS is a multi-scale probabilistic model of 

particle dispersal based on a stochastic Lagrangian framework. Given a full field of 

velocity from the MITgcm outputs, the CMS calculates particle locations and keeps track 

of their pathways following a multiple and multi-grid approach. In this study, the 
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trajectories of passive particles are calculated with CMS based on daily averaged 3-

dimensional velocity fields as simulated by the Red Sea MITgcm. 

Overall, the simulation results reveal that the southern Red Sea coral reefs are 

more physically connected with regions in the indian ocean (e.g., the Gulf of Aden) than 

with the northern part of the basin. The identified connectivity exhibits a distinct 

monsoon-related seasonality. though beyond the country boundaries, relatively remote 

regions of the indian ocean may have a substantial impact on the southern Red Sea coral 

reef regions, and this should be taken into consideration when establishing conservation 

strategies for these vulnerable biodiversity hot-spots. 

8.1.8.  Coastal circulation and water transport properties of the 

Red Sea Project lagoon 

Peng Zhana, George Krokosa, Sabique Langodana, Daquan Guoa, Hari Dasaria, Vassilis P. 

Papadopoulosb, Pierre F.J. Lermusiauxc, Omar M. Knioa, Ibrahim Hoteita 

a Division of Physical Sciences and Engineering, King Abdullah University of Science and 

Technology, Thuwal, Saudi Arabia  

b Hellenic Centre for Marine Research, Anavissos, Greece  

c Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, 

MA, USA 

 Ocean Modelling (2021); 161, https://doi.org/10.1016/j.ocemod.2021.101791  

 

The Red Sea Project (RSP) is based on a coastal lagoon with over 90 pristine islands. The 

project intends to transform the Red Sea coast into a world-class tourist destination. To 
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better understand the regional dynamics and water exchange scenarios in the lagoon, a 

high-resolution numerical model is implemented. The general and tidal circulation 

dynamics are then investigated with a particular focus on the response of the lagoon to 

strong wind jets. Significant variations in winter and summer circulation patterns are 

identified. The tidal amplitude inside the lagoon is greater than that outside, with strong 

tidal currents passing over its surrounding coral reef banks. The lagoon rapidly responds 

to the strong easterly wind jets that occur mainly in winter; it develops a reverse flow at 

greater depths, and the coastal water elevation is instantly affected. Lagrangian particle 

simulations are conducted to study the residence time of water in the lagoon. The results 

suggest that water renewal is slow in winter. Analysis of the Lagrangian coherent 

structures (LCS) reveals that water renewal is largely linked to the circulation patterns in 

the lagoon. In winter, the water becomes restricted in the central lagoon with only 

moderate exchange, whereas in summer, more circulation is observed with a higher 

degree of interaction between the central lagoon and external water. The results of LCS 

also highlight the tidal contribution to stirring and mixing while identifying the hotspots 

of the phenomenon. Our analysis demonstrates an effective approach for studying 

regional water mixing and connectivity, which could support coastal management in 

data-limited regions.  

8.1.9. Phytoplankton Biomass and the Hydrodynamic Regime in 

NEOM, Red Sea 
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Nikolaos Papagiannopoulos1, Dionysios E. Raitsos2, Georgios Krokos1, John A. 

Gittings1, Robert J. W. Brewin3, Vassilis P. Papadopoulos4, Alexandra Pavlidou4, Nick 

Selmes5, Steve Groom5 and Ibrahim Hoteit1 

1Earth Science and Engineering (ErSE), King Abdullah University of Science and Technology 

(KAUST), Thuwal 23955, Saudi Arabia 

2 Department of Biology, National and Kapodistrian University of Athens, 15772 Athens, Greece; 

3 Centre for Geography and Environmental Science, College of Life and Environmental Sciences, 

Penryn Campus, University of Exeter, Cornwall TR10 9EZ, UK; 

4 Hellenic Centre for Marine Research (HCMR), 11527 Athens, Greece; 

5 Earth Observation Science (EOS), Plymouth Marine Laboratory (PML), Plymouth PL1 3DH, 

UK; 

Remote Sensing, 2021; 13(11):2082, https://doi.org/10.3390/rs13112082 

 

The study utilized satellite-derived Chl-a observations, high-resolution hydrody- 

namic model outputs and in situ datasets, to provide a detailed description of the seasonal 

and spatial patterns of phytoplankton, in relation to the oceanographic setting of the 

NEOM (short for Neo-Mustaqbal) region, for the first time. NEOM (short for Neo-

Mustaqbal) is a $500 billion coastal city megaproject, currently under construction in the 

northwestern part of the Red Sea, off the coast of Tabuk province in Saudi Arabia, and its 

success will rely on the preservation of biodiverse marine ecosystems. Monitoring the 

variability of ecological indicators, such as phytoplankton, in relation to regional 

environmental conditions, is the foundation for such a goal. We provide a detailed 

description of the phytoplankton seasonal cycle of surface waters surrounding NEOM 

using satellite-derived chlorophyll-a (Chl-a) observations, based on a regionally-tuned 



188 
 

product of the European Space Agency’s Ocean Colour Climate Change Initiative, at 1 

km resolution, from 1997 to 2018. The analysis is also supported with in situ cruise 

datasets and outputs of a state-of-the-art high-resolution hydrodynamic model. The open 

waters of NEOM follow the oligotrophic character of the Northern Red Sea (NRS), with 

a peak during late winter and a minimum during late summer. Coral reef-bound regions, 

such as Sindala and Sharma, are characterised by higher Chl-a concentrations that peak 

during late summer. Most of the open waters around NEOM are influenced by the 

general cyclonic circulation of the NRS and local circulation features, while shallow reef-

bound regions are more isolated. Our analysis provides the first description of the 

phytoplankton seasonality and the oceanographic conditions in NEOM, which may 

support the development of a regional marine conservation strategy. 

8.1.10. Organic carbon export and loss rates in the Red Sea 

Malika Kheireddine, Giorgio Dall'Olmo, Mustapha Ouhssain, George Krokos, Hervé 

Claustre, Catherine Schmechtig, Antoine Poteau, Peng Zhan, Ibrahim Hoteit, Burton H. 

Jones 

Red Sea Research Center (RSRC), Biological and Environmental Sciences and Engineering 

Division (BESE), King Abdullah University of Science and Technology (KAUST), Thuwal, 

Saudi Arabia, 

2Plymouth Marine Laboratory, Plymouth, UK, 

3National Centre for Earth Observation, Plymouth, UK, 

4Faculty of Earth Science and Engineering, King Abdullah University of Science and Technology 

(KAUST), Thuwal, Saudi Arabia, 
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5Laboratoire d'Océanographie de Villefranche, Sorbonne Université, CNRS UMR 7093, 

Villefranche‐sur‐mer, France, 6OSU Ecce‐Terra, Sorbonne Université, CNRS, UMS 3455, Paris, 

France 

Global Biogeochemical Cycles, 34. https://doi.org/10.1029/2020GB006650 

 

This study utilized data from a biogeochemical‐Argo float that was deployed in the Red 

Sea to study how a warm and hypoxic environment can affect the fate of the organic 

carbon in the ocean's interior. The export and fate of organic carbon in the mesopelagic 

zone are still poorly understood and quantified due to lack of observations. We observed 

that only 10% of the particulate organic carbon (POC) exported survived at depth due to 

remineralization processes in the upper mesopelagic zone. We also found that POC 

exported was rapidly degraded in a first stage and slowly in a second one, which may be 

dependent on the palatability of the organic matter. We observed that apparent oxygen 

utilization (AOU)‐based loss rates (a proxy of the remineralization of total organic 

matter) were significantly higher than the POC‐based loss rates, likely because changes 

in AOU are mainly attributed to changes in dissolved organic carbon. Finally, we showed 

that POC‐ and AOU‐based loss rates could be expressed as a function of temperature and 

oxygen concentration. These findings advance our understanding of the biological carbon 

pump and mesopelagic ecosystem. 

8.1.11. Multiple stressor effects on coral reef ecosystems 
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Joanne I. Ellis, Tahira Jamil, Holger Anlauf, Darren J. Coker, Joao Curdia, Judi Hewitt, 

Burton H. Jones, George Krokos, Benjamin Kürten, Dasari Hariprasad, Florian Roth, 

Susana Carvalho, Ibrahim Hoteit 

Global Change Biology 2019; 25: 4131– 4146. https://doi.org/10.1111/gcb.14819 

 

Using multiple linear regression models integrating in situ, satellite and oceanographic 

data, the study investigated the response of coral reef taxa to local stressors and recent 

climate variability. Taxa and functional groups responded to a combination of climate 

(temperature, salinity, air-sea heat fluxes, irradiance, wind speed), fishing pressure and 

biogeochemical (chlorophyll a and nutrients - phosphate, nitrate, nitrite) factors. The 

regression model for each species showed interactive effects of climate, fishing pressure 

and nutrient variables. The nature of the effects (antagonistic or synergistic) was 

dependent on the species and stressor pair. Variables consistently associated with the 

highest number of synergistic interactions included heat flux terms, temperature, and 

wind speed followed by fishing pressure. Hard corals and coralline algae abundance were 

sensitive to changing environmental conditions where synergistic interactions decreased 

their percentage cover. These synergistic interactions suggest that the negative effects of 

fishing pressure and eutrophication may exacerbate the impact of climate change on 

corals. A high number of interactions were also recorded for algae, however for this 

group, synergistic interactions increased algal abundance. This study is unique in 

applying regression analysis to multiple environmental variables simultaneously to 

understand stressor interactions in the field. The observed responses have important 

implications for understanding climate change impacts on marine ecosystems and 
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whether managing local stressors, such as nutrient enrichment and fishing activities, may 

help mitigate global drivers of change. 

8.1.12. Marine heatwaves reveal coral reef zones susceptible 

to bleaching in the Red Sea  

Lily G. C. Genevier1, Tahira Jamil1, Dionysios E. Raitsos2,3, George Krokos1, Ibrahim 

Hoteit1 

1Division of Physical Science and Engineering, King Abdullah University of Science and 

Technology (KAUST), Thuwal, Kingdom of Saudi Arabia 

2Remote Sensing Group, Plymouth Marine Laboratory, Plymouth, UK 

3Department of Biology, National and Kapodistrian University of Athens, Athens, Greece 

 Global Change Biology, (February), 1–14. https://doi.org/10.1111/gcb.14652 

 

The study proposed the use of marine heatwaves (MHWs) as a new approach for 

detecting coral reef zones susceptible to bleaching, using the Red Sea as a model system. 

Red Sea corals are exception- ally heat-resistant, yet bleaching events have increased in 

frequency. A strict definition of MHWs was applied on >30 year satellite-derived sea 

surface temperature observations (1985–2015), to provide an atlas of MHW hotspots over 

the Red Sea coral reef zones, which includes all MHWs that caused major coral 

bleaching. We found that: (a) if tuned to a specific set of conditions, MHWs identify all 

areas where coral bleaching has previously been reported; (b) those conditions extended 

farther and occurred more often than bleaching was reported; and (c) an emergent pattern 

of extreme warming events is evident in the northern Red Sea (since 1998), a region until 
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now thought to be a thermal refuge for corals. We argue that bleaching in the Red Sea 

may be vastly underrepresented. Additionally, although northern Red Sea corals exhibit 

remarkably high thermal resistance, the rapidly rising incidence of MHWs of high 

intensity indicates this region may not remain a thermal refuge much longer. As our 

regionally tuned MHW algorithm was capable of isolating all extreme warming events 

that have led to documented coral bleaching in the Red Sea, we propose that this 

approach could be used to reveal bleaching-prone regions in other data-limited tropical 

regions. It may thus prove a highly valuable tool for policymakers to optimize the 

sustainable management of coastal economic zones. 
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APPENDICES 

Appendix A 

Extended model validation 

A1. Remotely sensed data used for model validation 

Daily averaged SST is validated against corresponding fields from the 

“Operational SST and Sea Ice Analysis” (OSTIA), provided by the UK Met Office 

(Donlon et al., 2012), on a 0.05° horizontal resolution grid, available from 1985 to 

present. This dataset is based on a blend of microwave and infrared satellite 

measurements, a product developed by the Group for High Resolution SST (GHRSST). 

The OSTIA product has been validated by inter-comparisons with other historical 

datasets (e.g. Reynolds Optimal Interpolation and Hadley Centre SST), and is 

continuously monitored and validated with in-situ measurements (Donlon et al., 2012). 

This is the highest resolution remotely sensed dataset available for the Red Sea that 

covers the entire period of our model simulation (2001-2015). OSTIA SST has been 

previously used to analyze the RS SST variability and trends, and has been successfully 

validated against other available satellite and historical reconstructions in this region 

(Genevier et al., 2019; Krokos et al., 2019).  

 Sea level anomaly (SLA) derived from satellite altimeter data is used to evaluate 

the persistent circulation features and mesoscale activity in the Red Sea. SLA is defined 

as a measure of the sea surface height with respect to a mean sea level, computed by long 
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term averaging altimeter data. The dataset used in this study is the latest version of the 

SSALTO/DUACS products based on multi-mission satellite altimeter observations 

provided by AVISO (ftp://ftp.aviso.oceanobs.com/global/dt/upd/msla/merged/). The 

product utilizes information from a multitude of satellite altimetry data that ensure a 

better spatial coverage and fewer mapping errors than single satellite products (Ducet et 

al., 2000). The product is provided on a 0.25° grid with a monthly resolution for the 

period 1993-2015. 

A2. Comparison with remotely sensed SST  

A comparison of modeled and satellite-derived daily SST fields (OSTIA), over 

the time period of the model simulation, averaged over different regions of the Red Sea is 

shown in Fig. A1. The Root Mean Squared Difference (RMSD) between the satellite and 

modeled SST and their correlation coefficients, averaged over winter (October-April) and 

summer (May-September) period separately are shown in Fig. A2. The model SST 

generally agrees better with the satellite-derived SST during the winter period, and 

differences are larger during the summer period.  Averaged over the entire RS, the Root 

Mean Squared Difference (RMSD) between the satellite and modeled SST is 0.76 ± 0.23 

°C during the winter and 0.91 ± 0.36 °C during the summer periods. The correlation 

coefficients between the daily averaged SST fields are 0.97 ± 0.02 and 0.93 ± 0.05, for 

winter and summer periods respectively. The RMSD is less than 0.8°C almost 

everywhere in the RS (except in the shallowest areas, Fig. S1a). Overall, the correlation 

coefficient is spatially uniform, exceeding 0.95 almost everywhere in the RS (Fig. S1b).  
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Figure A.1 Modeled and satellite (OSTIA) derived daily SST over the model simulation period 

(2001-2015), averaged over different regions of the Red Sea. 
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Figure A.2  Upper panel: The Root Mean Square Difference (RMSD) between the daily modeled 

and satellite derived SST (OSTIA), time averaged over the model simulation period (2001-2015), 

separately for the winter (October-April) and summer (May-September) periods. Lower panel: 

The correlation coefficient between the two SST estimates. 

 

During the winter period, the agreement between the model and satellite SST is 

good almost everywhere in the basin. Some mismatch is apparent in the CRS and the 
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adjacent parts of the NRS, likely due to the existence of short-lived eddies prevalent in 

the region. A good agreement between the two SST datasets is observed in the NRS and 

the two northern gulfs during winter (RMSD of approximately 0.5°C). This is 

particularly important, as these regions present the highest seasonal variability and the 

deepest MLs. 

The largest differences occur in the shallow coastal areas of the SRS, especially 

during the summer period. This is expected, as these regions present a challenge for both 

satellite remote sensing and model simulation. Extended shallow regions in the SRS are 

relatively isolated from the open waters, due to the existence of complex coral reefs 

structures, and exhibit extreme variability in temperature. Accurate simulation of the 

local circulation is hindered by uncertainties in the bathymetry. Additional difficulties 

arise from high concentrations of atmospheric aerosols (especially dust) and cloud 

coverage in these regions (Dreano et al., 2016; Kumar et al., 2018), which impact the 

accuracy of both satellite observations (Donlon et al., 2012) and atmospheric modelling 

products (Viswanadhapalli et al., 2017). Remotely sensed data are also known to have 

large uncertainties in these areas due to shallow depths and land contamination by the 

large number of scattered islands (Donlon et al., 2012; Stark et al., 2007). Despite these, 

the RMSD between the model and satellite SST datasets is generally less than 1°C, 

except for a narrow band in the near coastal region of the SRS during the summer period.  

A3 Comparison with remotely sensed Sea Level Anomalies 

Climatological averages of the mean SLA from satellite observations and the 

model simulation are presented in Figure A3. The dominant circulation features are 
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reflected in the spatiotemporal variability of the SLA (Zhan et al., 2014). Observed SLA 

features represent the seasonal cycle of the general upper layer circulation and the impact 

of persistent cyclonic and anticyclonic eddies. The spatial and seasonal distribution of 

SLA in the model shows almost identical patterns and similar intensity with the satellite 

derived data, suggesting a qualitative consistency in the representation of circulation 

patterns. SLA reveals a seasonaly varying mean sea levels with alternating meridional 

gradients, which are generally stronger in the model simulation. This is expected as 

satellite altimetry cannot resolve small scale currrents and is known to underestimate the 

boundary currents near the coasts that are especially strong in the RS (Bower and Farrar, 

2015).  
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Figure A.3 Upper panel: Seasonal climatology of sea level anomaly derived from satellite 

altimetry data (AVISO) for the period (2001-2015), in: summer (June-August), autumn (Sep-

Nov), winter (Dec- Feb) and spring (March-May). Lower panel: The same, except from the model 

output. 

 

A succession of cyclones and anticyclones is evident throughout the year, with 

seasonal variations in their distribution. The main features during summer are the two 

strong anticyclones at 18 ºN and 23 ºN, and a series of smaller cyclonic features in the 

central and north parts of the basin. A west-east gradient in the south has been suggested 

to occur due to the strong northern winds, induced by the southward shift of the Tokar jet 

winds over the SRS during summer (Sofianos and Johns, 2003). During Autumn, the 
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surface circulation intensifies towards the north throughout the basin and strong eddy 

activity appears in the CRS, as well as a strengthening of the cyclonic circulation in the 

NRS. During winter, SLAs exhibit higher spatial variability and the west-east gradient 

reverses, with higher sea levels in the eastern part. The meridional gradient during winter 

has been linked to the seasonal southern winds in the south, and to the northward eastern 

boundary currents in the north (Sofianos and Johns, 2003; Bower and Farrar, 2015). 

A4 Validation of the model circulation 

This section focuses on the representation of the general and mesoscale 

circulation of the model simulation. We first evaluate the water exchange between the RS 

and the Gulf of Aden, as representative of the thermohaline-driven overturning 

circulation. We then perform a comparison with available current velocity observations to 

evaluate the representation of the energetic mesoscale field.  

 A4.1. Exchange flows through the Bab-Al-Mandeb Strait 

The exchanges through the BAM provide a benchmark for testing the 

performance of general circulation models of the RS (Bower and Farrar, 2015; Sofianos 

and Johns, 2015). The volume transport from the model for each characteristic water 

mass has been computed following the method of Xie et al. (2019). A three-layer pattern 

(with the surface outflow) was fitted into the model output in summer, and a two-layer 

pattern (with the surface inflow) was fitted in winter. The individual layers were then 

defined by their transport direction, and transport estimates were computed as a depth-

integral over such defined layers (Fig. A4). During winter, the upper layer inflow 
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(GASW) through the BAM is balanced by a deeper outflow (RSOW), whilst during 

summer, the three-layer pattern consists of a surface (RSSW) and a deep (RSOW) 

outflow, balanced by an inflow at intermediate depths (GAIW). Since the upper layers 

(GASW and RSSW) can be distinguished by the sign of their volume transport, for 

simplicity, both are presented and denoted as surface waters (SW). A summary of the 

volume transport estimates from observations at the BAM, compiled by Sofianos and 

Johns (2015), is used hereafter for the comparison with the model results. 

 

Figure A.4 Climatology of the volume transport at the strait of BAM (lines) and their respective 

standard deviations (shaded areas) for the period 2001-2015 from daily mean model outputs. 

Colors represent the different water masses: SW (blue), GAIW (red), and RSOW (green). Daily 

mean model outputs have been filtered with a 30-day low pass filter to emphasize the seasonal 

cycle. 

 

The timing of the seasonal evolution of volume transport agrees well with 

estimates based on direct measurements (Murray, 1997), and previous modeling studies 

(Yao et al., 2014a; Xie et al., 2019). Transition from the winter (three-layer) to the 
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summer (two-layer) exchange pattern takes place in early June and lasts till late 

September (Fig. A4). During the winter period, RSOW and the corresponding SW flow 

rates each exceed 0.5 Sv, reaching a maximum value of 0.6 Sv in February. During 

summer, the RSOW gradually weakens, and the GAIW intrusion is mainly balanced by 

the SW outflow. The RSOW outflow reaches a minimum in August, with an estimate of 

0.05 Sv, and during the same period, the volume transport of the GAIW intrusion reaches 

a peak value of 0.3 Sv (Fig. A4), both closely matching the values reported from 

observations (Fig. 8 in Sofianos and Johns, 2015). Finally, the model annual mean 

transport of RSOW (0.35 Sv, Fig. A4) is also nearly identical to the reported transport of 

0.36 Sv in Sofianos and Johns (2015). 

 A4.2.  Comparison with Current observations 

Regional observations and numerical simulations of the RS have revealed a 

complex mesoscale circulation, with energetic, quasi-stationary eddies and gyres and 

narrow boundary currents, while transports associated with these features have been 

estimated to an order of magnitude larger than the overturning circulation. (e.g. 

Quadfasel and Baudner, 1993; Sofianos and Johns, 2003; Yao et al., 2014a,b).  

Few observational datasets of current velocities that allow the spatial and 

temporal verification of the model outputs are available (Clifford et al., 1997). Two 

hydrographic and current surveys of the eastern Red Sea were carried out on the R/V 

Aegaeo in March 2010 and September–October 2011 (Bower and Farrar, 2015). The 

surveys provided continuous measurements of current velocities from a vessel-mounted 

ADCP down to about 600 m depth along the entire cruise track. As the dataset was not 
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available for this study, a comparison of the major circulation features in the upper layers 

is here based on results presented in a recent study by Bower and Farrar (2015), covering 

the eastern half of the Red Sea north of 22°N. The schematic diagrams of the upper half 

of the RS (Fig. 9, in Bower and Farrar, 2015), illustrating the major circulation features 

and the corresponding daily model outputs during the period of the surveys, are provided 

in Figure A5. Observations reveal complex patterns of eddies and meandering currents 

throughout the cruise track, with stronger currents associated with anticyclonic eddies of 

the order of 100-200 km. The model reproduces the main features of the upper layer 

circulation and the spatial variability of potential temperatures, with a generally good 

agreement in the positions and scales of the observed eddies. The simulation also 

captures the seasonal difference in the dominant circulation features, especially the 

intensification and meridional spread of the cyclonic gyre in the NRS. However, 

uncertainties in the exact timing of the measurements hinder the comparison of the two 

datasets.    
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Figure A.5 (a, b) Schematic diagrams illustrating major circulation features during two surveys 

carried out on the R/V Aegaeo in (a) March 2010 and (b) September–October 2011, and drifter 

observations, superimposed on the 0–200 m vertically averaged potential temperature (color 

shading) (Bower and Farrar, 2015). (c, d) The corresponding 0–200 m vertically averaged 

current velocities (black arrows) and potential temperature (color shading) from daily model 

outputs averaged during the survey cruises periods. 
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Observations available in this study were carried out during a cruise aboard the 

R/V Maurice Ewing from 4 August to 19 August 2001 (Sofianos and Johns, 2007), which 

captured the characteristics of the summer Red Sea circulation. The cruise followed an 

along-axis transect of the basin and current velocities were measured using a vessel-

mounted acoustic Doppler current profiler (ADCP). The observed current velocities, 

overlayed on the model velocity field are presented for 4 different depths (Fig. A6, from 

left to right: 14, 46, 78 and 126 m). Overall, the model captures all the main circulation 

features and their relative intensity throughout the RS, as well as their variability with 

depth.  
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Figure A.6 Velocity profiles at 4 different depths (from left to right: 14, 46, 78 and 126 m) from 

current profiler observations (red arrows) taken along-track the R/V Meteor expedition during 
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August 2001, and the corresponding simulated velocity profiles from daily model outputs (black 

arrows). 

 

In the SRS the velocity field exhibits a high spatial variability in both the model 

and observations. The surface outflow appears to strengthen from west to east, as waters 

flow towards the strait. The flow direction reverses at the intermediate depths, as a result 

of the intermediate water intrusion, which is confined in the deep along-axis tranch of the 

SRS (Fig A6. 46 and 78 m). In deeper layers (Fig A6, 146 m), a very weak flow towards 

the south is observed. 

Northward, the CRS measurements reveal an intense anticyclone accompanied by 

a smaller cyclone in its north. This feature is associated with the quasi-stationary dipolar 

eddy in response to the Tokar Jet winds (Bower et al., 2013; Zhai and Bower, 2013; Zhan 

et al., 2018). The first of the eddies, a strong anticyclone, presents the highest velocities 

captured throughout the expedition and are the highest simulated throughout the RS (~0.6 

m/s, in both the observations and the model). Its influence gradually weakens with depth, 

with a very weak signal compared to the surface velocities remaining at 146 m depth. A 

weaker cyclonic feature in its north is also well resolved by the simulation, however with 

a small southward shift and a slight underestimation of its intensity. Both observations 

and the simulation show a maximum depth of its influence at about 80 m.  

Following the along-axis survey, observed velocities reveal a anticyclonic 

circulation located at 23°N, also observed during the KAUST-WHOI cruise in autumn of 

2011 (Bower and Farrar, 2015). Both its scale and intensity along depths is realistically 

represented in the simulation. This eddy is one of the most characteristic semi-permanent 
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features in the NRS that persists for the most part of the year (Clifford et al., 1997; 

Sofianos and Johns, 2003). Its existence has been attributed to the seasonal buoyancy 

driven basin-scale circulation rather than wind forcing (Chen et al., 2014). It has 

influence in depth, which is well simulated, remaining strong in the deepest layer 

evaluated (Fig A6, 146 m). 

In the NRS, both datasets show a reduced velocity field, organized in a cyclonic 

gyre centered between 26ºN and 27ºN. On its western part, the observations shows a 

southward intensification of the flow parallel to the coast also evident in the simulation. 

Finally, velocities in the GoS, show a southeastward surface flow and an nothwestward 

flow bellow. This matches with the general circulation patterns during the summer (Fig. 

3.4). Velocities are less pronounced in Figure A6, mainly due to the compromise in the 

relative magnitude with the stronger velocity field in the RS. 
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Figure A.7 The mean vertical profiles of  𝜃 (red), S (blue), and 𝜎1(black),  in the top 350 m, 

obtained from the CTD observations listed in Table 1, averaged over the following regions 

(shown in Fig. 1): (left) NRS, (middle) CRS and (right) SRS, in (top) winter (October -April) and 

(bottom) summer (May-September) period. In each panel, the line shows the mean obtained by 

averaging over all the available profiles, shading shows the corresponding standard deviation, 

and N denotes the number of the observations that has been considered.  
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Appendix B  

Method for the future projection of SST and uncertainty estimation 

We hereby describe the methods applied for the analysis of the Hadley Centre Sea Ice 

and Sea Surface Temperature [HadISST] time series and the estimation of the linear and 

oscillatory components. The SST time series data will be fit to the following standard 

statistical model: 

Yz = 	Lz + Sz + Nz 

where Lz is the linear trend, Sz represents the oscillatory components, and Nz is a zero-

mean random sequence that captures the fluctuations around the trend, the identified 

oscillations, and also the auto-correlation in the SST time series. The general algorithm 

for the estimation and inference of the mean component (linear and oscillatory) as 

developed in the classical time series literature (Shumway & Stoffer, 2017), is described 

by the following steps:    

1) Compute an initial estimate of the linear trend: Lz = β/ + β�t, using ordinary least 

squares (OLS). Denote the OLS estimate of the linear trend as 𝐿¿ . 

2) Compute the residuals:  R0z = Yz 	−	𝐿¿z.  

From these residuals, estimate the oscillatory component Sz using a Spectrum 

Analysis (as described in S1 below) and a Singular Spectrum Analysis (SSA, as 

described in S2 below). The low frequency signal initially estimated from SSA is 
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then approximated as a parametric sinusoidal component and the parameters of 

the sinusoidal approximation are also obtained by the OLS fitting. 

Note that the OLS estimates of Lz	and Sz will be updated later to take into account 

the auto-correlation structure of SST via generalized least squares (GLS).  

3) Compute the residuals: 	R1z = R0z −	𝑆Àz.  

The residuals R1z	mimic the unobserved random fluctuations Nz in the model and 

account for the auto-correlation structure in the SST time series. We then search 

from the family of ARMA(p,q) models to determine the model that best describes 

the auto-correlation structure. Here, the Akaike information criterion (AIC) and 

the Bayesian-Schwartz information criterion (BIC) are used to select the best 

ARMA model, based on which the first order auto-regressive model AR(1) was 

adopted. Model diagnostics for the AR(1) are using the auto-correlation (ACF), 

partial auto-correlation (PACF) plots, as well the Box-Ljung test for the auto-

correlation of the residuals obtained from fitting the AR(1) model to R1z. All 

these confirm that the AR(1) model adequately captures the auto-correlation 

structure in the SST time series (see S3 below).  

4) After confirming that the AR(1) model is adequate for the SST time series data, 

the OLS estimate of the linear and oscillatory components are then updated by 

generalized least squares (GLS). This is practically equivalent to pre-whitening 

the SST time series using the estimated AR(1) structure of the fluctuations Nz.  
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5) Finally, the pointwise confidence intervals for the future mean SST are computed 

using linear functionals of the regression parameters, again taking into account the 

auto-correlation structure in SST.  

B1. Spectrum Analysis 

The available SST time series from all datasets, averaged over the Red Sea region, are 

first examined for linear trends. Estimates of the linear trend Lz are derived using OLS: 

LzÁ = β/Â + β�Ât. 

The results for the period 1985-2015 are presented in Figure B1 of main 

manuscript. The linear trends are also computed for the period 1875-2015 for the two 

available long-term datasets (HadSST and ERSST). The estimated constants of the linear 

trend for the period 1875-2015 for the HadSST time series are β¿/ = 0.043 and β¿� =

	27.144, corresponding to an annual trend of 0.043 oC. Similar results are obtained for 

the ERSST dataset (β¿/ = 0.057 and β¿� = 	27.01). The two datasets describe a similar 

evolution of SST in terms of inter-annual variability and trends.  Therefore, we hereafter 

examine the spatially averaged time series over the Red Sea from the HadSST dataset, as 

it provides a better representation of the spatial structure of the SST variability, due to its 

higher spatial resolution. 

The linear estimate is then subtracted from the initial signal to generate a 

detrended time series. The variability of the detrended SST signal is then analyzed for 

dominant frequency components. Figure B1 presents the one-sided periodogram of the 

discrete Fourier transform, bounded by the 95% confidence intervals. The power 

spectrum reveals a dominant frequency of 2 Hz, corresponding to a period of 70 years. 
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The same frequency is also dominant in the power spectrum of the AMO index. In both 

cases the lower confidence bound is comparable to the upper confidence bound of the 

power spectral density estimates outside the vicinity of these frequencies, indicating 

significant oscillations in the time series. A second significant frequency (4 Hz) is 

identified in the SST time series, but is not present in the AMO signal. The rest of the 

spectrum presents a wide range of lower energy frequencies in both signals and reflects 

the high variability in the Red Sea annual SST. 

B2. Singular spectrum analysis 

The Singular Spectrum Analysis (SSA) is then used to decompose the original time 

series. The method is selected for the analysis and reconstruction of the signals, as it has 

been shown to better describe the periodicity of oscillatory modes compared to the 

methods that use fixed basis functions, such as sine and cosines, as the Fourier transform 

(Ghil et al., 2002). The method also provides a high efficiency in low signal-to-noise 

ratios timeseries. The method is here applied to both averaged SST over the Red Sea and 

to individual grid points for examining the spatial structure of SST variability. 

SSA is first applied to the detrended annual time series of the area averaged SST 

(HadSST) and the AMO index. Since the dominant frequency identified in both time 

series is associated with a period of ~70 years, we select an M-point window for the SSA 

of 70 points (years in our annual time series). This corresponds to the upper valid limit 

for SSA (L <= N/2), given that the available SST data spans a period of N = 140 years. 

The analysis confirms the existence of similar frequency components in the power 

spectrum of the two time series (figure B2). A dominant pair of nearly equal SSA 
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eigenvalues (figure B2) denotes a cyclic behavior in both timeseries. These pairs 

represent the highest energy of (or variance explained by) the eigenvalues of the 

independent components. Specifically, the accumulated variance of the pair of modes 

associated with the common frequency explains ~30% of the total SST interannual 

variability. In the case of the annual AMO index the accumulated variance explains 

~50% of its total variations. The associated PCs and the reconstructed signal based on 

each of the first six components are shown for the two time series in figure B3 and Figure 

B4, respectively.  

Since this study focuses on the long-term variability of the Red Sea SST and its 

relation to the AMO, we apply the reconstruction for each time series based on the pair of 

eigenmodes that correspond to their common low-frequency signal. As discussed above, 

the related eigenmodes correspond to the dominant pair of eigenvalues in both datasets. 

The reconstructed (filtered) time series based on the related pair of modes for each signal 

are presented in Figure B3 of the main manuscript. The lagged correlation analysis 

between the two reconstructed signals shows a maximum correlation coefficient of R = 

0.913 at a time lag equal to 6 years. 

The same analysis is then performed point by point for the 2D dataset. The 

retained modes for the final reconstructions are in general different for each point, as only 

for the pairs of modes that were correlated with the identified AMO long term signal are 

accounted. The accumulated energy of the selected modes, the maximum correlation 

coefficient, and the related correlation lag computed for each point are presented in 

Figure B4 of the main manuscript. 
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B3. Method for the future projection of SST and uncertainty estimation 

The goal of this analysis is to obtain confidence intervals for the expected future SST 

given the complete dataset, i.e., E(YÅÆÇ	| Y�	, … , YÅ).  

Keeping in mind that the initial signal of SST was detrended using an estimate of 

its linear trend Lz	 derived from OLS: 

LzÁ = β/Â + β�Ât. 

SSA is then applied to the detrended time series, revealing two dominant components 

associated with the AMO signal. The reconstructed (filtered) time series based on these 

modes is considered as representative of the SST low frequency signal SX. An estimate of 

SX	is then approximated by a sinusoidal function: 

𝑆XÁ = 	β¿�	sin Ì
�Í
Î
tÏ 	+ β¿S	cos Ì

�Í
Î
tÏ, 

where T = 70 years is the approximate period of the oscillation with estimated 

coefficients β� = 0.0855 and βS = 0.1661.  

The model used to fit the time series is therefore described as: 

Yz = 	Lz + Sz + Nz, 

where Lz	and Sz are respectively the linear and oscillatory trends and Nz is the random 

fluctuation around the mean function LzÁ + SzÁ .  

The residuals RX  of the initial and the estimated time series are: 

Rz = 	Yz − LzÁ − SzÁ . 

These are then examined for correlation using their autocorrelation (ACF) and partial 

autocorrelation (PACF) functions (Fig. C5). The ACF presents a slow decay over lags 

and the PACF outlines a large significant value at lag 1, which suggests that the residuals 
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do not represent white noise. This is also confirmed by performing a Box-Ljung test (p-

value of 0.0037) (Brockwell & Davis, 1991). 

The previous results indicating autocorrelation suggest using a Generalized Least 

Squares (GLS) for estimating the parameters 𝛽 of the linear regression model. As the 

GLS method requires the identification of the correlation structure of random 

fluctuations, here we consider a family of autoregressive (AR) models of order p = 0, ..., 

5 to fit the residuals RX. The relative quality of the models is estimated by applying the 

Akaike (AIC) and Bayesian information criteria (BIC), which suggest an AR(1) as the 

optimal model in the considered class of models, with estimated AR coefficient φ̂= 

0.3288.  

The updated residuals derived from fitting the AR(1) model to the initial residuals 

are again tested for white noise structure. The Box-Ljung test for correlation returns a p-

value of 0.8558 and the Shapiro-Wilk test for Gaussianity a p-value of 0.8738. This 

indicates that the updated model adequately captures the correlation structure present in 

the random fluctuations.  

Based on the above, we update our model using an AR(1) filter, resulting in  

YzÔ = 	 LzÔ + SzÔ + Wz, 

where now YzÔ is the updated data, LzÔ  and SzÔ are respectively the updated linear and 

oscillatory trends and Wz is white noise.   

OLS is then applied on the new model to produce an estimate 𝛽′×  of the regression 

coefficients 𝛽Ô, which is later converted to produce a GLS estimate 𝛽Ø  of the regression 

coefficients 𝛽 in the original model.  The estimate is next used to fit the SST data. The 
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pointwise confidence intervals for mean SST based on the results of GLS are then 

computed as follows. 

The point estimate for the mean SST at a future time t+h is: 

µÚ(t + h) = LÜzÆB+SÜzÆB = CÜzÆB ∙ βÜ , 

where 

CÜzÆB = [1, t + h, sin	 4�Í
Î
(t + h): , cos	 4�Í

Î
(t + h):]		, 

The standard error estimate for  �̂�(𝑡 + ℎ) is:  

seß (t + h) = àCÜzÆB ∙ V×βÜ ∙ CÜzÆBÅ 	, 

where V×βÜ is the variance-covariance matrix of βÜ . 

The pointwise 95% confidence interval for µÚ(t + h) is then: 

[µÚ(t + h) − t(. 975, df) ∗ 	seå(t + h), µÚ(t + h) + t(. 975, df) ∗ 	seå(t + h)], 

where t(.975, df) is the 97.5th percentile of a student’s t-distribution with degrees of 

freedom: 

df = N − 1 − dim	(β), 

N is the length of the data and	dim(β) = 4. 

The updated estimate and projection with pointwise 95% confidence interval are 

presented in Figure B5 of the main manuscript. 
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Figure B.1 Periodogram of the SST (HadSST) and the AMO index for the period 1875-2015. Blue 

lines and asterisks for HadSST and red for AMO timeseries, while shaded blue and red areas 

respectively represent 95% confidence intervals. 

 

Figure B.2 Eigenvalues of the SSA analysis ranked by their energy for AMO and Red Sea SST 

(HadSST).   
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Figure B.3 The first 6 Principal Components (PC) of SSA analysis for a) AMO index and b) Red 

Sea SST (HadSST). The percentage of variance explained by each mode (E) is superimposed over 

each PC. 

 

Figure B.4 Reconstructed signals (RC) based on the first 6 PCs of SSA analysis, for a) AMO 

index and b) Red Sea SST (HadSST). The percentage of variance explained (E) by each mode is 

superimposed over each RC. 
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Figure B.5 Autocorrelation and Partial Autocorrelation of the residuals. 

 

 


